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Abstract

Study of large electroweak logarithms at high energy in collider experiments
by
Nicolas Ferland
Doctor of Philosophy in Physics
University of California, Berkeley
Doctor Christian Bauer, Co-chair

Professor Lawrence Hall, Co-chair

Using the known resummation of virtual corrections together with knowledge of the
leading-log structure of real radiation in a parton shower, we derive analytic expressions
for the resummed real radiation after they have been integrated over all of phase space.
Performing a numerical analysis for both the 13 TeV LHC and a 100 TeV pp collider, we
show that resummation of the real corrections is at least as important as resummation of
the virtual corrections, and that this resummation has a sizable effect for partonic center of
mass energies exceeding /s = O(few TeV). For partonic center of mass energies /s = 10
TeV, which can be reached at a 100 TeV collider, resummation becomes an O(1) effect and
needs to be included even for rough estimates of the cross-sections.

We compute the leading-order evolution of parton distribution functions for all Standard
Model fermions and bosons up to energy scales far above the electroweak scale, where elec-
troweak symmetry is restored. Our results include the 52 PDFs of the unpolarized proton,
evolving according to the SU(3), SU(2), U(1), mixed SU(2)xU(1) and Yukawa interactions.
We illustrate the numerical effects on parton distributions at large energies, and show that
this can lead to important corrections to parton luminosities at a future 100 TeV collider.

We present a resummation of those double-logarithmically enhanced electroweak correc-
tion that arise in pp colliders because protons are not SU(2) singlets, by solving DGLAP
equations in the full Standard Model. We then show how to match these results with those
of fixed-order electroweak calculations. At a 100 TeV pp collider, contributions beyond order
a are ~ 10% at partonic center-of-mass energies of a few TeV. These are mainly due to
initial states with massive vector bosons.
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Chapter 1

Introduction

The Standard Model of particle physics describe all known non-gravitational interactions
between particles. It includes 3 gauge groups U(1), SU(2) and SU(3). U(1) and SU(2) are
spontaneously broken to U(1)e,, the electromagnetic symmetry, by the Higgs vacuum ex-
pectation value. Due to this symmetry, the electromagnetic interaction do not change the
internal properties of a particle, while the weak interaction, the broken part of U(1) and
SU(2), changes particles into other particles, such as charged leptons into neutrinos, up-type
quarks into down-type quarks, and protons into neutrons and vice versa. Spontaneous sym-
metry breaking arises when the ground state of a theory is not invariant under a symmetry
of its Lagrangian. In this case, low energy systems are not symmetric, but as the energy
increases over the energy scale that breaks the symmetry the symmetry of the Lagragian
appears since the system stops being dominated by its ground state. This energy scale is
the electroweak boson mass because below this scale, the universe is free of real electroweak
boson while above, electroweak bosons are radiated. This increase in symmetry happens
only double logarithmically such that the energy must be many times larger than the elec-
troweak scale for physical processes to have the electroweak symmetry. On the other hand,
the Higgs vacuum expectation value create the parity symmetry by pairing left and right
chiral fermions in massive fermions, and this symmetry is broken as the energy gets higher
than the electroweak scale.

The electroweak, U(1) and SU(2), Lagrangian can be equivalently written with bosons
(B, W#) respecting explicitly the symmetry but being unphysical, that is having a non-
diagonal mass matrix caused by the Higgs vacuum expectation value, or with bosons being
physical (A, W#, Z) but not respecting explicitly the symmetry. The massive bosons (W=,
Z) have also longitudinal modes which comes from the complex Higgs field which is H°, H*
when the symmetry is explicit and Wf, Zr, and h when physical bosons are used, where
h is the Higgs boson. Both sets of bosons are valid at all energies. The difference is that
the physical bosons are mixed by the interaction and preserved by propagation, while the
symmetric bosons are preserved by the interaction but mixed by propagation. The mixing
due to propagation is due to the mass matrix, so when the electroweak bosons masses is
negligible compare to the energy, the symmetric bosons are simpler to use. However, in any
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experiment the initial and final states are observed at low energy and thus are expressed in
the physical bosons.

There are many proposed future colliders including the Compact Linear Collider, the
International Linear Collider and the Future Circular Collider. The Future Circular Collider
would start as a electron-electron collider at the Higgs pole mass, but would then be upgraded
to a 100 TeV proton-proton collider. If it is built, this collider will offer new prospects
to study the Standard Model at high energy and potentially observe physics beyond the
Standard Model. It will also be at an energy largely beyond the electroweak scale, and
would thus show the effects of the electroweak symmetry. Those effects have been studied
in [1].

Also, important measurements that are planned for the Future Circular Collider include
the trilinear and quadrilinear Higgs self-interactions, which will be measured by the multiple
Higgs production rates. Therefore, it is important to know how the electroweak interaction
will modify the Higgs production and its background. In addition, electroweak bosons will
be an important background to many Beyond the Standard Model signals. Also, in many
Beyond the Standard Model models, there are new electroweakly charged particles which
are more massive than the Standard Model particles. Those particles will likely be produced
by Standard Model electroweak boson fusion and detected by decays into Standard Model
electroweak bosons, so their rate of production and their mode of detection will be greatly
affected by changes in the production and detection of the Standard Model electroweak
bosons.

Experiments at the Large Hadron Collider are now probing the structure of matter at
scales comparable with, and even beyond, the characteristic scale of electroweak symmetry
breaking. So far, no evidence has been found for a breakdown of the Standard Model (SM) in
particle collisions. Indeed, there is a logical possibility that the SM remains a good descrip-
tion of hard scattering processes up to scales far beyond those of any conceivable particle
colliders. It is therefore of interest to examine the features predicted by the SM for collider
events well above the electroweak scale. For this purpose, Monte Carlo event generators in-
cluding all the SM interactions on an equal footing are necessary. Such generators would be
useful for investigating the limits of LHC searches, the potential of possible future colliders
and cosmic processes at ultrahigh energies.

It is well known that perturbative corrections in scattering processes have infrared (IR)
sensitivity to soft and collinear emissions. For electroweak corrections involving massive Z
and W bosons, the mass of the vector bosons regulates the IR divergences, such that the
IR sensitivity yields logarithmic dependence on the ratio of the vector boson mass over the
partonic center of mass energy

Li=In—-, (1.1)

where s denotes the square of the partonic energy scale of the process, while my is a scale
of order the masses of the Z and W bosons. Both virtual and real corrections give rise to
such logarithmic corrections, and as usual, their effect cancels in fully inclusive observables.
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This situation is very similar to the more common situation of gauge theories with mass-
less gauge bosons, such as QCD, for which both virtual and real corrections are IR divergent,
and the divergence cancels in the sum that enters in any physical observable. In exclusive
processes, there are double logarithmic corrections that can be resummed to all orders,
leading to Sudakov form factors. However, in electroweak processes, there are two main dif-
ferences: First, for massive gauge bosons, both virtual and real contribution are separately
finite (albeit with logarithmic dependence on the ratio of the mass of the vector boson to the
center of mass energy), such that there is no need to combine them for physical observables.
Second, even if the measurement is completely inclusive over the final state, the initial beams
of colliders are typically not SU(2) singlets, such that there are additional double logarithms
that appear even in observables and final states that are fully inclusive with respect to extra
boson emission [3—18]. Thus, essentially any measurement has logarithmic sensitivity to the
ratio m?, /s, such that for high enough center of mass energies electroweak corrections become
very large. And since the beams of any current or proposed future collider are not SU(2)
symmetric, no observable measured at such colliders can be symmetric, irrespective of how
inclusively one defines the observable and the final state. For processes with non-symmetric
final states, such as charged lepton pair production, even if fully inclusive with respect to
electroweak boson emission, there will be additional double logarithms.?

Thus, in general every order of electroweak perturbation theory comes with two extra
powers of logarithms of the form In s/m?. This means that electroweak perturbation theory
is an expansion of the form

(0) = (0)? + a,L2(0)M) + [a,L2]* (0)®) + O(asL2m™), (1.2)

where ay is the SU(2) coupling. Electroweak (EW) perturbation theory, therefore, becomes
badly convergent at large partonic energies. However, the convergence can be improved by
identifying the double-logarithmic terms and resumming them to all orders.

Much effort has been put into understanding the electroweak logarithms arising from
virtual corrections [5,6,19-32,34,40,41]. A general result for the logarithmic dependence
at one-loop has been derived in [21,22], and a general method for the resummation of
these logarithms has been developed in [32,34]. This method uses SCET which has been
developed in [42-45]. While real radiation of electroweak gauge bosons typically leads to
different experimental signatures, in many cases some amount of real radiation is included
in the event samples. For example, in many analyses missing energy is not vetoed, such that
radiation of Z bosons which decay to neutrinos is included, and any analysis that is inclusive
over the number of jets includes real radiation of hadronically decaying vector bosons.

Logarithmic dependence from real emission, however, has, before we start working on
it, been studied much less. The O(«) correction from real emission can of course easily be
included using phase space integrations over tree-level matrix elements, and a study of the
effect of such real radiation on many experimental observables was performed in [46]. It was

IThe other extreme case where the observable is completely exclusive over the extra electroweak radiation
has been studied many times before [4,5,19-39].
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found that the real corrections can have a sizable effect, albeit typically not quite as large
as the virtual corrections. The effects of real radiation have recently been studied in [47,48].

In Chap. 2 [49], we present the impact of electroweak correction resummation on the Drell-
Yan cross-section. This motivate the inclusion of the resummation in fully differentiable
calculations for an arbitrary number of radiated electroweak bosons. In Chap. 3 [18], we
implement the differentiable electroweak correction resummation of initial state by including
the electroweak interaction in the parton distribution functions evolution. This procedure
approximates the electroweak bosons mass to be zero which misses important terms included
in fixed order electroweak corrections, this is why in Chap. 4 [50] we developped a procedure
to combine those calculations.

1.1 Running couplings

The one-loop running of the gauge couplings oy (I = 1,2,3) is given by

27 27 q2
ar(q2) ar(q1) Pr a1 (1-3)
where, for ng, generations and ny Higgs doublets,
1 20 1 41
— = Ipg=-—— 1.4
/81 3p1 9 ng 6nH 6 ) ( )
2 22 4 1 19
/82 3 ( IOVQ) 3 3ng GnH 6 ) ( )
4
At scale Mz = 91.2 GeV we take
Gin20w = —1 093, a—apsin?fy = —— . as = 0.118 (1.7)
a1 + Qo ’ ’ 128 ’ ’ ’ ’
which gives
a1(Mz) =0.0101  ag(Myz) =0.0340 a3(Mz) =0.118. (1.8)

We set all Yukawa couplings to zero, except for the top Yukawa coupling ay = y?2 /4.
Its running receives significant Yukawa and QCD contributions:

aOéy ay

9 o (Byay — Bsas) | (1.9)

where Oy = 9/2 and s = 8. The solution is
. _{ i1 } [ozg,(ql)}7 (1.10)

ay(q2)  as(qe)  los(qr)  ay(q)] [as(qe)
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where

We also define

and

Bs _
By

Bs 33—4dn, T’

24 8

27

swiq) =

ew(q) =

Bs—fB5 8ng—18 2°

We take my(m;) = 163 GeV, which implies ay (m;) = 0.0349, and a3(m,) = 0.109.

a1(q)
a1(q) + a2(q)

a2(q)

a1(q) + ax(q)’

9

(1.11)

(1.12)

(1.13)

(1.14)



Chapter 2

Resummation of electroweak Sudakov
logarithms for real radiation

We consider the Drell-Yan cross sections op,_s,¢, and opp,0,1 . Here £ denotes either an
electron, positron or a neutrino, and V' denotes either a Z, a photon or a W boson. For
Drell-Yan production at NLO accuracy, the first cross section includes the tree-level and the
one-loop virtual correction, while the second cross section denotes the real radiation of a
gauge boson. Collectively, we will represent these two cross sections as op,—,¢,¢,x -

To calculate this hadronic scattering cross-sections one starts as always by factorizing the
short distance partonic scattering from the non-perturbative physics describing the binding
of partons into hadrons

O pp—final — Z /dZCadeb fa(xay \/g)fb(xba \/E) 6ab—>ﬁnal(xa7 Tp, S) ) (21)
ab

where f;(z;) are the parton distribution functions to find parton ¢ in the proton p with
momentum fraction z;, and G4 fnal(q, 2p) denotes the partonic scattering cross-section.
By Lorentz invariance, the dependence of the partonic cross-sections on the momentum
fractions x; is only through the product s = x,x,S, where S is the square of the hadronic
energy scale, and not through the rapidity Y = In(z,/x;)/2. Thus, one can write

dopp—sfina .
%ﬁl = %: £ab(3) Uab—>ﬁnal<s) ) (22)

where the parton luminosity is defined as

Lap(s) = /d%dﬁb fa(@a, V/5) fo(@p, \/5) 6(s — 24255 . (2.3)

It is the purpose of this chapter to derive simple analytical expressions for the resum-
mation of electroweak Sudakov logaritms at leading logarithmic (LL) accuracy. To achieve
this, we combine knowledge of the resummation of the virtual corrections, together with the
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known IR structure of real radiation from parton showers. This allows us to obtain simple
analytical results which we present here. This approach is similar to the one used in [19],
where these effects were discussed focussing on ete™ collider. We then use these results to
give expressions for the individual contributions to the hadronic cross-sections o, ¢,x as
a function of the center of mass energy /s. We reproduce the well known fact that resum-
mation has a large effect on the virtual contribution for y/s 2 2 TeV. The resummation of
the real corrections changes the fixed order results by more than 40% for /s = 2 TeV, and
this effect grows to about 200% for /s ~ 25 TeV.

2.1 The structure of logarithmic terms in the
perturbative expansion

To first order in electroweak perturbation theory the partonic scattering cross-section can
be written as

. A (0) . (1

Oij—st10sX = 0455000, T 040100 X 0 (2.4)
~(0) . ~(1) . .
where ¢;;°,, ,, denotes the Born cross-section, and 6;;”,, 4, x the O(a) correction. This first
order perturbative correction can be decomposed into a virtual and real contribution, and

each of these two terms can be further separated by the flavor of the vector boson in the
loop or real final state. This gives

~(1 R R
UEjLeleQX = Z [%'—wleg + O'ij—>€1€2V} : (2.5)
%

Here the first term describes the contribution from one-loop diagrams with V = {Z, W* ~}
in the loop, while the second term is given by the real radiation of an electroweak gauge
boson V.

Each of the terms on the right hand side of Eq. (2.5), contains double and single loga-
rithmic terms of the form a Ly and « L}.. By the KLN theorem [51], these logarithmically
enhanced terms cancel when we sum over complete gauge multiplets. Thus, the completely
inclusive cross-section has no logarithmically enhanced terms (called “finite” below)

(1) e
O opstrtax = finite . (2.6)
a,b,l1,02

The sum of the initial state is over a,b € {u,d}, that of the final state is over ¢,¢y €
{eT,e™,v}, and we sum over the virtual contributions, and well as the real contributions
with either a Z, a photon or W in the final state. Since the logarithmic enhancement depends
on the mass of the vector boson, the logarithmic corrections from Z bosons, photons, and
W bosons cancel separately between real and virtual corrections. Furthermore, since the
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emission of a Z boson or a photon does not change the flavor of a fermion, the cancellation
of the terms enhanced by Lz happens for each flavor assignment separately. This gives

5'27_%152 -+ a'ab_wl@z = ﬁnite, &Zbﬁélfg + (3',117_)[1(27 = finite. (27)
The emission of W bosons, on the other hand, changes the flavor of the fermion. This
implies that the cancellation of the terms enhance by Ly, only happens after summing over
all flavors

Z [&rgﬁglfg + a-ab—)flégi/v} — ﬁnlte . (28)
a,b,l1,02

An important consequence of Eq. (2.8) is that a finite answer is only obtained if one sums
over all initial state flavors. Thus, the hadronic cross-section given in Eq. (2.2) still contains
contributions enhanced logarithmically by factors of Ly,. This is because each initial state
flavor is multiplied by a different parton luminosity, such that the sum over initial state
flavors cannot be observed.

2.2 Fixed order calculations of the virtual and real
contributions

In this section we consider the fixed order expansion of the virtual corrections 6}, ,, ,, and the
real contributions d4p-¢,¢,v. For both terms, we quote here only the dominant contributions
that are enhanced by two powers of Ly .

For completeness, we start with the Born cross-sections, including the contributions from
both photon and Z exchange for the neutral initial and final states, and from W exchange

in the charged cases. They are given by
8502 + 6oy + 9as

6-5’17,—)6_6"' = N 54
5B N 17a? — 6oy + 90
uu—vv T 54
B o 2502 — 6agay + 92
dd—e—et T 54
5B N 5a3 + 6ayag + 903
dd—vi — 54
B B 2(1%
Oudsvet = ?
R 202
Uﬁi—w*u - ?2 3 (29)

where we have defined the constant
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with No = 3 denoting the number of colors. All coupling constant are evaluated at the scale
/s, the center of mass energy, a; = a;(+/$).

The virtual corrections from W exchange that are enhanced by two powers of the loga-
rithm are easily obtained for example using [21] and are given by

aw L2, 1103 + 6aias + 903

ui—e—et 471' 27
W aw L3, 303 — 2040 + 303
Ovi—svo = -N
4 9
SW __yow L%, 5a% — 6aya + 903
dd—e— et A7 27
SWE o aw L% a2 4+ 2a109 + 303
dd—vi — A7 9
AWt o aw LI2/V 40[%
Ovd—vet = — A7 T
L3, 402
Girey = —N QVZWW%. (2.11)

Those from Z exchange are given by

az LY (99 — 36653, + 22105, )02 + (9 — 3083, + 26sf;,) (6aras + 9a3)

642 _ _=—-N

uti—e— et An 156
52 Nz L% (81 — 1253, + 1365y, )3 + (9 — 1253, + 8s}y) (—6aa0 + 903)
67, —_NY L% 5(9 — 2453, + 100sy,)af + (9 — 24s3, + 20sy,) (—6aia 4 903)
dd—e—et A 156
7 az L (27 = G5y + 10siy)at + (9 — Osfy + 25i) (Basaz +9a3)
JdJ—HJD =-N A 186
57, _ N L% 2(9 — 18s%, + 14sfy,) a3
ud—vet —
4 27
2 2 4\,.2
~7 ayz L3 2(9 — 18s3, + 1ds}y)as
iy = N : 2.12
o’d'u*)e v 47T 27 ( )

The virtual corrections from photon exchange that are enhanced by two powers of the loga-
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rithm are easily obtained and are given by

A —

N Qem L'2y 850&% + 6061@2 + 90(% %

Oua—se—etr — A7 54 9
5 N Qlem L?Y 17a? — 6oy + 904%?
uuU—vy T 4’7T 54 9
5 _y Qem L3 2503 — 6ayag + 903 20
dd—e—et A7 54 9
5. —_N Qlem Lg, 5a2 — 6agan + 90[%2
dd—vv A 54 9
57 - _ _p Zem L% 2;“%%
ud—vet 47 3 9
6-;11—)6—1/ == Q%L?Y%“%%’ (213>
m

where the logarithms depend on a scale A, below which a photon is no longer resolved,

L=l (A_) | (2.14)

S

The double-logarithmically enhanced real corrections with a Z boson or a photon in the
final state are related to the corresponding virtual corrections via

A _ ~Z
Oq1qe—0102Z = 0 g g0—0165 (2.15)

é-‘]1(72_)Z162’)’ = _a-zlqg—)€1€2 ) (2]‘6)
which directly follow from Eq. (2.7), for those with a W boson in the final state we find

aw L3, 502 + 2703

Oud—se—etw+ = N

47 54
R aw L2, o? +27a2
. aw L%, 1702 + 2702
Ovi—e— oW+ = N A W 1 54 2

aw LIQ/V 506% + 270&%
47 54 ’

(2.17)

Oddmse-ow+ = N
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while those with a W™ are given by

aw L3, 503 + 2702

Odise—etw—- =N - -
Oda—svow—- = N QMZL:%V ot -izrj?oz%
Ouasvetw- = IV QMZL:%V 1704%54;12705
e = QVZ: k5o ;4%% ' (2.18)

From these results one can obtain the inclusive cross-sections, which have been summed
over all final state flavors

aw LY, ot — 33

a-uﬁ =-N

47 9
. aw L%, a? — 3a2
bai=—N—p =
R (07774 LIQ/V a% - 30‘%
=N
Tud Ar 9
R (07774 L%/v 04% - 30‘%
=N 2.1
od Am 9 (2.19)

From these expressions one can very easily validate that in ) , 645 all double logarithms
cancel.

2.3 LL resummation of the leading logarithms

Virtual corrections

To resum the electroweak Sudakov logarithms for for the virtual contributions we follow
the work of [34,37], which uses renormalization group equations in SCET. The calculation
proceeds in three steps. At the scale MZQ ~ s, one matches the full theory onto 4-fermion
operators in SCET, where each of the fermion is represented by a different collinear sector in
SCET. One then runs the theory from the scale pg to the scale jiyy ~ my, at which point the
massive gauge bosons are integrated out of the theory and electroweak symmetry is broken.
As long as s > m?,, the mass of the vector boson can be set to zero in the matching onto
SCET at the scale jig, and in the calculation of the anomalous dimension which governs the
running from pg to py. This implies that one can use an unbroken SU(2), simplifying these
calculations substantially.

In [34,37], this resummation was carried out in full generality to NLL' accuracy. For
the purposes of this work, we only work to LL accuracy, which simplifies the structure
significantly. The first simplification is that only tree level matching is required both at the
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high and low scale. Furthermore, no operator mixing arises in the running from the high to
the low scale. This will allow us to write relatively simple analytical formulae.

As already mentioned, in the effective theory between pig and py one can use unbroken
electroweak symmetry, such that there are a total of 7 operator that contribute

L :CQLT QTLT + CQLS QSLS + CurLs UsL? +Cprs DSLS
+ CQESQSES + Cygs USE® + CpEs DSE® , (2.20)

where we have defined the fermion bilinears in either triplet or singlet representation
FS =FyrF,  FT = FrogtF. (2.21)

Here ) and L denote left-handed quark and lepton fields, respectively, while U, D and F
denote the right handed up-type quarks, down-type quarks and electron fields. The tree
level matching is given by

s C’g) I%T = 4may
sCY = dra, Y Yy (2.22)

where I and F' denote the initial and final fermions of each singlet operator, and Y; is the
hypercharge of particle . The hypercharge normalization used is

Y;=Q; —T?, (2.23)

where @Q; is the electromagnetic charge of the fermion f = ¢/¢ and T? is the weak isospin.
In general, the renormalization group can mix these operators, however this mixing only
arises starting at NLL. Since we are only interested in LL accuracy we can write

2

M%Oiw) =T S0 (2.24)

where the cusp anomalous dimension is

Here [T}]7 is the SU(2) Casimir of the j'th fermion (3/4 for left-handed fermions and 0 for
right-handed fermions) in O;.
The solution to this RGE can easily be written down analytically, and one finds for the

Wilson coeflicients at the low scale

Ci(uv) = U (v, 1) Ci(pq) - (2.26)
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Working in the limit a; Inm3, /s ~ 1, one obtains the simple result

exp |:_Fz(\/§) In?

] : (2.27)
exp | ~Ti(y/3) In?

]

UiLL(:qu HQ; S) =

SIS SR

For ug = /s and py = my this result simplifies to

U; = UM (my, /5;8) = exp [—FZ(\/E) In? %] . (2.28)
B
Note that the anomalous dimension and therefore the evolution Kernel only depends on the
type of initial and final state particles. Thus, we have

Urrs = Urpr = Urr (2.29)

The SU(2) ® U(1) gauge structure is broken at py = my to the U(1)en, and below that
scale only the photon remains as gauge degree of freedom. Thus, below the scale my one
continues to run to a scale py, at which point the photon becomes unresolved. This running
is determined by the cusp anomalous dimension

rem() = Seml g2 (2.30)
2
where
0 =Y ¢ (2.31)

is the sum of the square of the electromagnetic charges of all particles in the operator. The
evolution Kernel between p and pp is

o 2 2 pa
exp [——;;r“ ot I 75}

Uz (ua, py; s) = : (2.32)
Qfot exp [_ aze;rn Q%ot 1112 %}
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We obtain the simple results for the resummed virtual corrections,

ALy 4(4U5, + Uy +16 Uiz) o + U, (ay + 3an)? Uy ()
6351%%1/17 =N 10 UIZJLOZ% i igff S 30z2)2 [ 8/9 7o (A, my; 3)}2
Aﬁ%e+:N4“%L+W%+4“%Iﬁ+Um“”_3%f[@Mxmmw@f
otk = v AU U 30y
Aﬁ—wﬁ = N@ [U14/9 (A, my; 5)}2
Gl ey = NQUQTO‘ [Uho (A my:s)]” (2.33)

Note that since a;/ay = tan?(0y) ~ 0.32, the term proportional to o (which depends on
various different evolution Kernels) is numerically suppressed compared to the term propor-
tional to (ay &= 3a)?. Thus, to a good approximation, each leptonic final state gets the same
suppression factor Ug, from the resummation.

A simple check of our results is that they reproduce the Born results given in Eq. (2.9)
if we set all resummation Kernels to unity, and that they reproduce the fixed order results
in Eqgs.(2.11), (2.12), and (2.13) if we use the expansion U? = 1 — 2;In* 2% 4 ... and

Js
M%mmﬁ—»wm@dwy n? &) 4.

Real corrections

In this section we will calculate the resummation of the real emissions. We first give the
results for the case of a single SU(2) gauge symmetry, and then extend the results to the
case of the broken SU(2) @ U(1) of the standard model.

Simple SU(2)

For a single SU(2) symmetry, the virtual results can be obtained from Eq. (2.33) by setting
a1 = Qem = 0. It will be useful to rewrite them in a slightly different form, separating the
contributions from the different helicities

~LL AB SU(2) 2

The resummed logarithms are now contained in the factor Ajg((j,) JH I (m?,, s;s). The super-
1 42 *1 *2

script H denotes that each fermion has a fixed helicity. The Born cross-sections are given
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by
2
8 (T2 T3 )
3

~B o
O-quH*)eHZH =N

202

~B 2

Tatapetey = N 75 (2:35)
where T;’H denotes the weak isospin of the fermion ¢/¢ with helicity H. The factor ASY®)resums
the leading logarithms and is given by

ASE(Q 2
SU(2 at a1 64! m
Aqugewg (m3,, s;5) = exp —% In? TV : (2.36)
where
AR = 2N TR (2.37)

H, HyHyH =
ay ay 4y 45 2m & v
i

and the sum over i runs over all particles i € {¢, ¢/, ¢ (I}, Summing Eq. (2.34) over all
possible helicity structures, we reproduce Eq. (2.33) in the limit a1 = aey = 0.

By rewriting our result as in Eq. (2.34), one notices that it can be interpreted as the
exclusive cross-section for the scattering process ¢ qlf — (101 where ASE? JH i (m?, s;8) is
a Sudakov factor describing the probability of not having an emission of electroweak gauge
bosons between the scales s and m? for a process with center of mass energy s. Since of
course the emission of a massive gauge boson always gives rise to a scale above m#,, this
exclusive cross-section is by definition equal to the virtual result.

Eq. (2.34) is precisely the result that a parton shower would predict for the exclusive cross-
section!, and one can use insight from parton shower evolution to derive the expressions for
real gauge boson radiation. The real emission of a gauge boson is given in a parton shower by
the product of Altarelli-Parisi splitting functions, which describe the emission with a given
transverse momentum k2, multiplied by a Sudakov factor, which gives the no-branching
probability above the value of k% as explained in [52]. Thus, the total inclusive real radiation
cross-section (the cross section with one or more extra gauge bosons in the final state) is
given by

s d
ALL _ .B 9 SU(2) 5
Ol gl pH gl yny = OgH gl ol gl /2 dk7, dkiszquq;Ig{Igg(kT7svs)
m
v

~ SU(2
= iy (1= Dty (7% 539)] (238)

I'Note that our Sudakov factor for the initial state particles does not include the ratios of PDFs that
usually arise in backward evolution. This ratio of PDFs only contributes to NLL.
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Such an inclusive cross-section makes sense only if the measurement is not breaking the
SU(2) symmetry. This is because the inclusive cross section is defined at a scale pu ~ kr,
while the SU(2) symmetry is only broken at the scale y ~ my. This implies that the flavor
structure one would obtain at the scale k7 can be changed by the further emissions of extra
gauge bosons, making an inclusive measurement with definite flavor structure (which is what
breaks the symmetry) ill defined.

Continuing to work in an unbroken SU(2) theory, one can also define the exclusive real
radiation cross section (the cross section with exactly one extra gauge boson in the final
state). This requires adding an extra no-branching probability from the scale k2 to the scale
m},, which accounts for the fact that no extra gauge bosons are emitted from the fermions
and the extra gauge boson with lower k2. This extra factor is given by

ASE(QZHKHV(mVa k%v ) AV (m%h kig“v ]%%)ASE(QEHZH (mv’ k:%’ ) ’ (239)

where the term Ay gives the probability of not emitting extra gauge bosons off the emitted
vector boson

(2.40)

Ay (md, k2 K2) = exp [—2—”1 QmV} |

47 k2

while the second term describes the no-emissions probability below k7 off the fermions

SU(? H H(mV $; )
SU(2) 2 12 ) — G607

A H HgHgH(mV7kT?S> p— ASU(Q) <k2 g S) .
qH HZHeH T> <

(2.41)

Combining everything together, one therefore finds

CATLL
q{{qf—M{IZé{—O—V

s d
~B 2 SU(2) SU(2)
Uqflqéi_,eflgéi /m2 dkT @ |:Aq1 qH€H€H<kT78 3)] A H HKHZH{/(mV’kT? )

k2
SU( SU
y qf)WH Aty %H@H(m%,s; s) / k?T In — Pl  Ap(mZ, k2 k2) . (2.42)

Hal el gl A

The integral can be performed easily, and we write a general result

dk? B
Ig(mi, s) = /2 k:2T In — /<:2 [Av(mi, k7 k7)) (2.43)
27 Vas BCy . mi ay fCy . my, 2 ..\8
Yo [ g B F T e ) [Av(md s 9] -1

With this result, the exclusive cross section for a single emission is given by

~LL ~B
Ot senetn vy = O g A HgHeH

ASU( JEHZH (m%, s;8) [ (m?, s) . (2.44)
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Full SU(2) ® U(1)

We now extend the results obtained with a single SU(2) gauge symmetry to include the full
SU(2) ® U(1) gauge structure. The Born cross-section is now given by

~

O'quH_,gHgH =

2
8 (0T8T + 1Yy Yo

3
202
~B 2
Ograpmebey =N 37, (2.45)

where as before T3, denotes the weak isospin of the fermion f = ¢/¢ with helicity H and
Y;rn denotes the hypercharge of the fermion f = ¢/¢ with helicity H. The hypercharge
normalization used is given by Eq. (2.23).

We can write the LL cross section as the Born cross section times a Sudakov factor. How-
ever, contrary to the case of a single SU(2) symmetry, in the broken SU(2)®@U(1) symmetry
of the standard model, below the scale y = my one needs to continue to evolve the operators
with the electromagnetic running. This gives

~LL __~B 2 . em 2 2.
O-t]lHqé{—)f{IZgI - O-q{{qf*)E{IZéiAqflqglfffg (mV’ 53 S) Aq{{qfff{gg (A s Ty S) . (246)

The Sudakov factor from s to m#, factors into two pieces, one for the SU(2) symmetry and
one for the U(1)

ASU@)

H HpH pH
a1 g3 41 4

(Y, 538) ALt g (M 53 5) (2.47)

2 .. —
Agftqpteste My, 78) = gf gl o ol

The SU(2) contribution was given in Eq. (2.36), while the term coming from the U(1)
symmetry is given by

AUlgl)H

U(1) 2 . o ) R m%/
Bogggrenay (M 5:5)) = exp > M| (2:48)
with
U(1) o 2
Apqparey = 50 2.0 (2.49)

The running below my is determined only by the total charge of the operator, and one finds

2 A2 2
" HZ{I@(AQ,m%/; s) = exp [—%Z—gm <ln2 — —In? &)} . (2.50)

[S)
H
91 45 S S

Summing over all possible helicity structures, we reproduce the resummed results of Sec. 2.3.
To obtain the resummation of the real radiation, we follow the steps of Sec. 2.3, taking
into account the full SU(2)®U(1) structure above m? and the running due to the photon
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below m?,. For the W bosons, the U(1) symmetry does not contribute, but one needs to
be careful about the flavor structure when breaking the electroweak symmetry. One finds

é‘LL
afl g — el e+ W
_ A ( ) em (AQ 2, ) dk’%l A ( k k )
= | Dggrageprey (M, 53.9) Al o g+ (A miss) | 2R v(my, ks b
m
~B ~B ~B w*
X (O-q/{-l H*mHZHA fl +U H oyl ZH@HA +0' H H*%/HeHAgH "‘(7 H@{I@/éngg >
2,
- A g HZHgH(mV7S S)A Hﬁ{wgfwi<A , My S) Il(mv,s)}
~B ~B A ~B w*
X (Uq/H H_%HKHAql +0' " /H_MHKHA +U " H_)E/HKHAZH +U H_%HKIHA o ) s

(2.51)

where f is the fermion f becomes after having radiated a W* thatis v =d, d =u, I' = v
and v/ = [ and for any flavor set which allows a W* emission there is one of the Born cross
section which is zero because its electromagnetic charge is not conserved. Also, we broke

ASU( 13 ot in its component related to the emission of a W=, that is
Aty = Atz + Z AV (2.52)
with
A = Z‘—;, AN =0, AN = ;‘; ;(T;”)Q. (2.53)

For the emissions of Z bosons and photons, one needs to take into account the mixing
between the third component of the SU(2) gauge symmetry and the U(1) gauge symmetry.
The emission of a W? boson is given by

~LL B 2 .
O'q{{qg[_wjlng_i_wg O-qf{ng—%{{fHAql qHﬁHﬂH Aq HZH€H<mV7S, 5)
dk?
em 2 2, T 2 2
X Aq{’q§€{’€§(A , M5 S) / 2 In — 2 Av(mv,k’T,k: ), (2.54)

while for the emission of a U(1) boson B

~ALL ~B 2 ..
Jqfqg—)ﬁflﬂg-i—B o {{ —>€H£HAq1 q! ZHZH Aq{{quHgH(mV,S,S)
dk% . s
em 2 -vr
X A g (A2, mi; s) = In— (2.55)
T

To combine these two expressions into the emission of a Z boson, we have to mix the
amplitude of the emission of a W3 with the amplitude of the emission of a B. Each individual
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U(1)
emission is given by breaking the coefficient A", o eH o and A }(, o eH gl in their components

for an emission from one fermion, and the amphtude is glven by the square root of this

emission. We mix the amplitudes using that
Z =swB —ewW?,

where ¢y = cos(fy) and sy = sin(y). This gives

~LL ~B em 2 2.
O'q{—[qZH 4{1€£{+Z =0 {{ éHfH Aql q2 KHEH(mV,S S) Aq{’qféflff(‘/\ ,mV,S)

dk:% 2 2
X 2 k2 ]'n kz R H H@{{Zf(mVJfT)u

where we have defined
2
U(l) AWB
Rq{"’qf[{‘l@lf <mV7 kT - aw Z SW — Cw _AV mV7 k%y k2) )

w3 _ Q1 3 2
AfH _%(TH) )

with
u() _
A =g YfH ,
By using the simple relations
AU(l)

fH 1 SW A?I/LIS
Yin, \/ \/
aw 27'(' Cw

we obtain the final result for the Z boson emission cross section

~LL A
o =0
HoH oHeH 17 =

B
aflq gk

em 2 2.
—)EHfH Aql q2 gHzH(mV7S S)A H Hf{"lfg(A ’mV7S)

(2.56)

(2.57)

(2.58)

(2.59)

(2.60)

(2.61)

dk mixin,
x / = k—Q( 2 A g — AT\ A (3 1)

2
2 AW3 2 1.2.1.2
+ CWAq{Iq;[E{IZgIAV(mV7 ki kT))

— 5BH
1

em 2 2.
et ol Aq1 qHEHEH(m\/vs S)A H HZ{’Z?(A ,mv,s)

1 m?
( WA 5

q1

mixing 2 2 w3 2
—A HKHZH [;(mv,5>+CWAq{{q£[€{{e£{ [1(mV,S)> s

(2.62)
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where

aem

mixin . 3
A = — 2 TVY:. (2.63)

q1 qz

For the emission of a photon, we use that, for a scale higher than the electroweak bosons
masses, the photon is a mixing of the B and W? bosons.

v =cwB+ swW?, (2.64)

while, for a scale lower than the electroweak bosons masses, the photon can still be produced
proportionally to the derivative of its no-branching probability A%} ot o g (k% m2; s).

~LL ~B
Tl git el el 1y = Tl gl el est Aq1 gl et et (mv, $; 5)
2
em 2 4U(1) 9, My,
X ‘h q2 KHZH(A mv,s) (Cqu quHzH_]-Og (—S )
mixing 2 w3 2
+A q H[HZH-[ (mxm ) +SWAq{1qéq£{{€£{]1(mV,s))—l—
v d 2 2 A AQ 2
dkﬁ |: e ks . m ] em k2. g
ne o TdEZ togtettegr (b s 8) | Bt gy (A s )
_ 4B 2 em 2 2.
= Oygrtgr een Dqftqiettegt My, 85 8) Ayt o g (A, My )
2 AU(l) 1 1 Q(m%/) Amlxmg I ( )+
X |cC — 10 —_— m S
W q{{qQHE{Jgg-IQ g S gl el et Vs
2 2 2
a) A m
2 tot 2 2 V
A HéHlel(mv, 5) + ? (ln ? — ln T) ] . (265)

2.4 Results

In this section we analyze both the cross section with virtual corrections and those with real
corrections for both the the 13 TeV LHC and a 100 TeV proton-proton collider. The main
reason to present the results for a 100 TeV collider is that it is the main candidate to succeed
to the LHC and the importance of our results increase with the energy. Our results show
that resumming both the real and virtual logarithms is essential for a 100 TeV collider.

We begin by explaining the format used in all of our plots: solid lines represent the re-
summed LL corrections, while dashed lines are the fixed order double logarithmic correction.
Black lines correspond to the virtual corrections while the real corrections with Z, photon,
W and W~ are shown in red, orange, blue and green, respectively. For each plot, we show
on the top the perturbative corrections relative to the Born, in the middle the relative size of
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Figure 2.1: The cross-section summed over all lepton flavors for the 13 TeV LHC. On the top
we show the individual corrections relative to the Born cross-section as defined in Eq. (2.66),
in the middle the relative size of the resummation as defined in Eq. (2.67), while on the bot-
tom we show the total perturbartive correction relative to the Born as defined in Eq. (2.68).
Virtual corrections are shown in black, while real corrections with a Z, photon, W+, W~
are shown in green, orange, red and blue. Resummed corrections are shown in solid lines,
while fixed order results are dashed. The x-axis denotes the fraction of the partonic center
of mass energy relative to the collider center of mass energy.
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Figure 2.2: The cross-section summed over all lepton flavors for a 100 TeV pp collider on the
right. All colors are the same as in Fig. 2.1.

the resummation and on the bottom the total perturbative correction after summing virtual
and real relative to the Born. To be more precise, on the top we plot for virtual and real

B
o 016 — O, g,
. pp—r£1£2 —l1 4 — 0165V
Virt : — s Real (V) : ——"—, (2.66)
Upp—>f1€2 0pp—>€1Z2

using either the resummed or fixed order expression. In the middle we show for the virtual
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Figure 2.3: The cross-section for ete™ for the 13 TeV LHC on the left, and 100 TeV pp
collider on the right. All colors are the same as in Fig. 2.1. Note that the scaling of the y
axis is different for the LHC and the 100 TeV collider.
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for both fixed order and resummed. All effects are shown as a percentage.

We start with the result for the fully inclusive cross-section, where we sum over the flavors
of all final state particles. In other words, we are summing over the virtual corrections for
any lepton flavor, and the real corrections for any lepton flavor and gauge boson type. In
terms of equations, for the fixed order result, the virtual are obtained by summing over all
terms in Eqs. (2.11), (2.12), and (2.13); while the real are given by Eqs. (2.15), (2.17),
(2.18), and (2.16). The resummed result are given by Eqs. (2.33), (2.62), (2.51), and (2.65).
All those results are for A = my, that is we are resolving the photon only down to the
mass of the Z. A lower A would reduce all the exclusive cross section but the real cross
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Figure 2.4: The cross-section for vv for the 13 TeV LHC on the left, and 100 TeV pp collider
on the right. All colors are the same as in Fig. 2.1.

section for photon as calculated in eq. (2.65) which will increase up to a value of A low
enough than O‘th <ln2 A?Q —In? ng’> =1-¢ AUFSUHKHZHZI og ( ) AleIE‘iHEH] 1 (mi, s) —
S%VAq{qulg{ngl<mv’ s), and then decrease if A continues to be lowered.

The results for the virtual and real contributions both at fixed and resummed order are
shown in Fig. 2.1 for the LHC and in Fig. 2.2 for the 100 TeV collider. For the LHC,
the corrections from virtual contributions range from O(15%) at /s ~ 1 TeV to O(30%) at
Vs ~ 3 TeV, while the real corrections for a given gauge boson are about a factor of 3 smaller
individually. However, as can be seen from the ratio plot in the middle, the relative effect of
the resummation is more than twice bigger for the real correction compared to the virtual
correction. This clearly shows that the size of the resummation effect cannot be inferred
from the size of the fixed order correction alone. The relative effect of the resummation for
the virtual reaches from O(10%) at /s ~ 1 TeV to O(20%) at /s ~ 3 TeV while the relative
effect of the resummation for the real reaches from O(20%) at /s ~ 1 TeV to O(50%) at
Vs ~ 3 TeV.

In the lower part of the plot for the fixed order, one can see that after summing the
virtual and real, the perturbative corrections largely cancel, but a small effect at the O(1%)
level persists. For a fully inclusive cross section the logarithmically enhanced virtual and
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Figure 2.5: The cross-section summed for e™v for the 13 TeV LHC on the left, and 100 TeV
pp collider on the right. All colors are the same as in Fig. 2.1.

real corrections cancel against each other, up to the fact that the pp initial state is not an
iso-singlet. The large cancellation can be understood from Eq. (2.19), which shows that
switching the flavor of initial state anti-quark changes the sign of the partonic cross-section.
Since pdf’s for sea quarks are similar in magnitude, one expects fz/, ~ fg,, explaining the
cancellation. For the resummed result on the other hand, there is no cancellation. That is
because even if the initial state is an SU(2) singlet, the cancellation would occur only for an
inclusive result, that is summing the virtual to the real for any number of gauge boson. The
remaining correction for the resummed result is thus mostly due to the production of more
than one gauge boson with also an order 1% correction due to the initial state not being an
SU(2) singlet. This remaining correction ranges from 2% at /s ~ 5 TeV to 7% at /s ~ 25
TeV.

For the 100 TeV collider, the results are qualitatively the same, but given the much larger
reach in energy, the overall size of the effects are much larger. The virtual contributions range
from O(30%) at /s ~ 5 TeV to O(60%) at /s ~ 25 TeV, with the real corrections again
roughly a factor of 3 smaller. The relative size of the resummation, is also much larger, and
at /s ~ 25 TeV changes the result by O(50%) for the virtual and by O(200%) for the real
corrections. Thus, at such large energies, resummation has to be included to get a reliable
estimate of the effects, not only for virtual corrections but also for the real emissions. Once
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Figure 2.6: The cross-section for ve~ for the 13 TeV LHC on the left, and 100 TeV pp collider
on the right. All colors are the same as in Fig. 2.1.

the virtual and real corrections are added at fixed order, the total corrections again are very
small, at the percent level; while for the resummed result, the total correction ranges from
O(10%) at /s ~ 5 TeV to O(30%) at /s ~ 25 TeV.

Next, we consider the results for final states with specific leptons flavors. From the
Figures 2.3 to 2.6, one can see that at the LHC, the virtual corrections range from O(15%)
at /s ~ 1 TeV to O(30%) at /s ~ 3 TeV, with the exact numbers depending on the
leptonic final state chosen, while at a 100 TeV collider they can exceed 50% at /s ~ 25
TeV. Resummation at the LHC changes the virtual corrections by O(10%) at /s ~ 1 TeV to
O(20%) at /s ~ 3 TeV, while at a 100 TeV collider the effect can become as large as 50%.
Resummation at the LHC changes the real corrections by O(20%) at /s ~ 1 TeV to O(60%)
at /s ~ 3 TeV, while at a 100 TeV collider the effect can become as large as 200%. After
summing over virtual and real corrections, the remaining perturbative corrections grow with
energy are much larger than in the fully inclusive case. This is of course expected, since by
specifying the leptonic final state, we are not considering an inclusive final state any longer.
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Chapter 3

Standard Model Parton Distributions
at Very High Energies

To construct a general-purpose SM event generator,! the three phases of a hard collision,
namely initial-state parton showering, parton-parton collision and final-state showering, need
to be simulated including all SM particles and interactions. For the initial-state showering,
parton distribution functions (PDFs) for all the SM fermions and bosons need to be computed
and tabulated beforehand, so that showering can be generated backwards from the hard
process, guided by the scale dependence of the PDFs [54, 55].

Recently, a final-state parton shower including emissions from all interactions in the Stan-
dard Model was developed [56], which illustrated the importance of electroweak splittings at
high energies. For initial-state radiation the generalization of the DGLAP [57-59] evolution
equations using all the Standard Model interactions has been worked out in [12], but so far
no numerical implementation of these results has been published.

As already mentioned, understanding the DGLAP evolution of PDFs using all interac-
tions of the SM is a required first step in developing a complete initial state parton shower.
Moreover, it already allows us to study many new qualitative features of very high-energy
processes, such as lepton-initiated processes in hadron collisions and the polarization induced
by electroweak PDF evolution.

The inclusion of QED corrections into parton distributions is a well established proce-
dure [60-67]. However, above the electroweak scale around 100 GeV, the contributions of
other electroweak bosons become non-negligible and new effects appear [3—17]. PDFs of lep-
tons, vector and scalar bosons are generated dynamically, and left- and right-handed fermions
evolve differently. There are also comparable effects in the third generation of quarks due to
their Yukawa interactions. Some effects of the SU(2) interaction are double-logarithmically
enhanced, due to the non-singlet nature of the incoming states.

The PDF evolution equations for the full Standard Model have been presented in Ref. [12].
In the present chapter we recast those equations in a form suitable for event generation and

IFor a review of existing generators, see ref. [53].
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solve them numerically for a given set of input distributions at the electroweak scale. The
resulting PDF set extends through the region of interest for future colliders and well beyond,
so that we can study the onset of the regime where all the SM interactions start to become
comparable.

Our solutions to the SM evolution equations are obtained in the approximation of exact
SU(3)xSU(2)xU(1) symmetry. That is, we neglect fermion and Higgs masses and the Higgs
vacuum expectation value, the effects of these being power-suppressed at high scales. We
impose an infra-red cutoff my on interactions that involve the emission of an electroweak
vector boson, V' = W for SU(2) or B for U(1). Leading-order evolution kernels and one-loop
running couplings are used. All the electroweak PDFs are generated dynamically from the
QCD plus photon PDFs, starting from a matching scale ¢ ~ my. In practice we take
qv = my = 100 GeV. In Sec. 3.3 we show some effects of varying these parameters, to
provide an indication of uncertainties due to subleading logarithms and power-suppressed
terms.

For the evolution of the photon, we decompose its PDF into W3, B and mixed B/W?3
components at the input scale, evolve these components, and reconstruct the photon PDF
from them at higher scales using the running SU(2) and U(1) couplings. For the top quark,
we set the PDF to zero below the top mass scale and then use the leading-order massless
evolution kernels, as for other fermions. This treatment of the transition region around
the electroweak scale is clearly over-simplified but it should give a reliable indication of the
magnitude of electroweak effects at higher energies.

The accuracy of our resulting PDFs is leading logarithmic, with subleading logarithmic
effects included where possible, but not in a complete way. Contributions to the evolution
from the U(1), SU(3) and Yukawa interactions are therefore correct at the single logarithmic
level. However, as mentioned above, the SU(2) interactions give rise to double logarith-
mic effects in the PDF evolution, such that single logarithmic effects in SU(2) non-singlet
quantities are not fully under control.

The organization of the chapter is as follows. In Sec. 3.1 we define the relevant parton
distribution functions for unpolarized proton beams and the general form of their evolution
equations, paying particular attention to the conservation of momentum in the presence of
the cutoff my, for vector boson emission. After specifying all the necessary splitting functions
and running couplings, we write the explicit evolution equations associated with the five
interactions: SU(3), U(1), SU(2), Yukawa and mixed U(1)xSU(2), for all the SM partons in
a flavor basis. As usual for DGLAP evolution, we do not include 4 point interactions which
are suppressed at high energies.

For a numerical implementation, as described in Sec. 3.2, the flavor basis is not convenient,
as too many coupled equations are involved. Instead we use the basis of conserved quantum
numbers introduced in Ref. [12]. As shown there, the double-logarithmic evolution of SU(2)
non-singlet PDFs can then be factored out, which stabilizes and accelerates the solution
of the equations. In this way we are able to evolve all the SM PDFs to arbitrarily high
scales with satisfactory speed and precision. In practice we evolve up to 108 GeV, where the
approach to asymptotic behavior is well established.
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3.1 The evolution of parton distributions in the full
Standard Model

Definition of the parton distribution functions

The standard definition of an z-weighted parton distribution is given by the matrix element
of a bi-local operator, separated along the lightcone. For fermions, one finds the standard
definition, but without spin averaging as we are separating the fermions into left- and right-
handed. Thus, each fermion has only one possible spin determined by its helicity and the
sign of its momentum

Fa) = 2 [52 e mmenlp] G0() o0(-y)p), (3.1)
o) = @ [52 e =yl y(y) §i0(—y)) 3:2)

where p is the renormalization scale. Since we have separate left- and right-handed PDFs,
for each generation there are a total of 8 quark PDF's and 6 lepton PDF's to consider, giving
a total of 42 fermion PDFs.

Parton distributions functions of the vector bosons are given by
2 [dy

fV(CE, ,U,) = ﬁ_p o efinﬁ-py ﬁuﬁ'j<p‘ V“)\ V)\l, } > (33)

spin avg.

Since SU(3) is unbroken, we consider a single PDF to describe the gluon field. For the
SU(2) ® U(1) symmetry, on the other hand, one needs to take the symmetry breaking into
account. For the W* and W~ boson we simply include separate PDFs for each of the two
gauge bosons. For the B and W3, however, one needs to be more careful to take the mixed
contributions of these two bosons into account. Such contributions arise from the fact that
the left-handed fermions and Higgs carry both isospin and hypercharge. This implies that
besides B and W5 PDFs one needs to include a mixed PDF, which is given by?

2 [d -
(o) = 2 [B e o] B (-0l

+he..  (3.4)

spin avg.

2T

From these PDF's one can then construct the PDF for the photon, the transversely-polarized
ZY and their mixed state as a transformation of the PDF for the B, the W5 and their mixed
state. Using A = ey B + syW3 and Z° = —sy B + ¢y W3 one finds

Iy Ciy Sty Cw Sw I
Iz = Sty iy —CwSw Jws ) (3.5)
fyz —2cw sy 2ewsw Gy — Sk faw

2Note that our definition of the mixed PDF fgyy is the sum of BW3 and W3 B contributions, and similarly
for the mixed PDF f, 7.



CHAPTER 3. STANDARD MODEL PARTON DISTRIBUTIONS AT VERY HIGH

ENERGIES 30
and thus
IB ck %, —CcwSw f
fwy | = Sty Gy cw Sw fz |- (3.6)
few 2o sw —2cwsw  Chy — sS4 frz

For the electroweak input at scale u = ¢y we have f,(z,qy) # 0 and fz(z,qv) = fyz(x,qv) =
0, so the input conditions at that scale are

fe=¢cvfy, fws=5swly, [ow=2cwswfy. (3.7)

Thus, when relating the PDFs at the input scale u = ¢y in Eq. (3.7), one chooses sy =
sw(qv) and cw = ew(qy). After evolving these three unbroken PDFs to a higher scale g,
the physical photon and Z° PDFs are reconstructed using the corresponding running values

of ew(q) and sy (q).
Finally, one needs to include PDFs for the scalar bosons. One writes

ful@) = @ [5L e (o] ay)a(—y)]p)

(3.8)

and PDFs for each of the 4 Higgs fields H°, H°, H* and H~ are included. The relationship
to the 4 Higgs fields in the unbroken basis to the physical Higgs and the longitudinal gauge
bosons is as follows: The H* PDFs correspond to those of the longitudinally polarized W=.
In the notation of Ref. [12], the neutral Higgs fields are
h—1iZ _ h+iZ
HOZ( ¢ L)7 HO:( +Z L)’ (39)
V2 V2

where h and Z;, represent the Higgs and the longitudinal Z° fields, respectively. The corre-
sponding PDF's are

fuo = Ut fn iUz~ faun)] (3.10)

far = Ut Tz = iUz — faun)] (311)
and one can also define the mixed PDF's

fuoin = 3 Un Fzu =1z + )] (312

faow = 3 U Fz + 1z + )] (313)

Both of these mixed PDF carry non-zero hypercharge, such that they are not produced by
the DGLAP evolution in the unbroken gauge theory as considered in this chapter®. Thus,
one immediately finds

o= Sz, = fnz, + fz,0 =0, (3.14)

3They are only produced through insertions of the Higgs vacuum.
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and

fu=fay = gm0+ fan)s  fuz, = —Frn = — 5 (o — fm). (3.15)

In summary, there are a total of 52 parton distribution functions that need to be con-
sidered. Apart from the QCD quark and gluon distributions, the charged leptons, and the
neutral electroweak boson PDFs (3.7), all the other SM PDF's are set to zero at scale gy and
evolve according to the generalized DGLAP equations presented below.

For the input used here, and because fermion masses and Yukawa couplings are neglected
except for the top quark, several fermion PDF's are identical. The lepton PDF's are indepen-
dent of generation. Also the right-handed fermion and antifermion PFDs are identical, apart
from the top quark, unless they are different at the matching scale ¢y. This is the case only
for the up and down quarks. The right-handed top and anti-top are slightly different, since
they interact through the Yukawa coupling with H* H~, respectively. Thus the number of
distinct right-handed quark PDFs is reduced from 12 to 9, the left-handed leptons from 12
to 4, and the right-handed leptons from 6 to 1, making a total of 36 non-identical PDF's.

General evolution equations

We consider the z-weighted PDF's of parton species ¢ at momentum fraction x and scale ¢,
fi(z,q). In general they satisfy evolution equations of the following forms:

2ak(q)

P;,G(Q)fi(%Q)‘i‘ZCij,l/max dZPi]]'%,I(Z)fj(x/37Q)
j T

(9 oy
a5, fil@a) = > :D

1

> {qa%fi(w, q)} - (3.16)

I I

Here, the sum over I goes over the different interactions in the Standard Model and the
notation [q0/0qfi(x,q)]; implies that we only keep the terms proportional to the coupling
a; when taking the derivative*. For the rest of the section, we will show the evolution of
each f;(x,q). We choose I = 1,2,3 for the pure U(1), SU(2) and SU(3) gauge interactions,
I =Y for Yukawa interactions, and I = M for the mixed interaction proportional to

an(q) = Vaa(q) a2(q) - (3.17)

The first contribution, proportional to PZV}, denotes the virtual contribution to the PDF evo-
lution (the disappearance of a flavor i), while the second contribution is the real contribution
(the appearance of flavor i due to the splitting of a flavor 7). The maximum value of z in

“Note that [...]; is only introduced for notational convenience and should not be interpreted as setting
all other couplings to zero. In particular, the PDFs appearing on the right-hand side of Eq. (3.16) still
depend on the value of all coupling constants.
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the integration of the real contribution depends on the type of splitting and interaction, and
we choose
ij,I

max

, (3.18)

1—-2Y forl=1,2 andi,j & Vori,j eV
=" S Vortd

1 otherwise

that is, we apply an infrared cutoff my, of the order of the electroweak scale, when a B or W
boson is emitted. This regulates the divergence of the splitting function for those emissions
as z — 1. Such a cutoff is mandatory for I = 2 because there are PDF contributions that
are SU(2) non-singlets. The evolution equations for SU(3) are regular in the absence of a
cutoff, as hadron PDF's are color singlets. Similarly for U(1), the unpolarized PDFs have
zero hypercharge,® but we include the same cutoff for 7 = 1, since the B and W3 are mixed
in the physical Z and ~ states.

Note that the precise choice of the cutoff is somewhat arbitrary, and as already mentioned,
we choose my = 100 GeV in this chapter. Changing this value changes our results by
subleading logarithmic effect, at the same level as other effects not included. However, given
that the SU(2) evolution is double logarithmic, this implies that the ambiguity is single
logarithmic for the SU(2) coupling. By matching our results to fixed order, one would
account for these term at first order in ay. This is beyond the scope of this chapter.

While the flavor basis chosen above is the most intuitive basis, the fact that all 52 PDFs
are coupled to one another makes it quite difficult to solve the evolution equations. To
decouple some of the equations, it helps to change the basis such that the ingredients have
quantum numbers that are conserved in the Standard Model. Choosing the total isospin T
and CP as the quantum numbers, the PDFs for each set of quantum numbers required are
shown in Table 3.1.

{T,CP} | fields

{0, +} 2ng X qr,ng X L, ng X q, ,ng X Ly, g, W B, H
{0,—} 2ng X qr,ng X Lg,ng X qr ,ng X Uy, H

{1,+} ng X qr,ng X {r,, BW, H

{1,-} ng X qr, ,ng X {r, W, H

{2,+} | W

Table 3.1: The 52 PDF's required for the SM evolution can written in a basis with definite
conserved quantum numbers. (5n, + 4) PDFs contribute to the {0, +} state, (5n, + 1) to
the {0, —}, (2ny + 2) to each to the {1,+} and {1,—} and 1 to the {2,+}, where n, = 3
stands for number of generations.

Note that in general there can be additional mixed PDFs, which however are zero in our
initial conditions and which are not generated in the evolution. In particular, there can be
states mixing left-and right-handed fermions, but they are not present in the initial condition

®Although there can be contributions with non-zero hypercharge for transversely polarized beams [12].
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when only considering unpolarized beams because those states are not Lorentz scalar. Thus,
we can drop these states from our evolution.

The sum of momenta of all non-mixed PDFs in the particle basis is conserved, since it
is the momentum of the proton. Momentum conservation applies independently for each
interaction since physics would still be coherent if we removed one interaction from the

Standard Model.

Z/dm[ fzxq)} =0for] =1,2,3,Y, M. (3.19)

1#BW

This is equivalent to the sum over all T = 0, CP = 4+ PDFs in the isospin and CP basis
because only these states contribute to a sum over the PDF's in the particle basis. For the
other values of T and CP, the PDFs correspond to differences of PDFs in the particle basis.
For example an isospin 1 PDF is added in PDF of an up-type fermion, but subtracted in the
down-type PDF, thus it has no effect on the sum.

Combining Egs. (3.16) and (3.19) gives

zmax(q
0= Y [arfe +chz/dx/ 4z Py (2) fy(x/2.0)

1#BW
v Zmax(‘]) R
-y / ds fi(r,q) + 3 Cp / dz P (2) / drfy(z/z,q)
i#BW i 0 0
V P )
= 3 P+ 3G [ P @), (3:20
1#BW

where we have defined the momentum averaged PDF

(fi(a)) E/Odm fi(z,q). (3.21)

Solving the equation for each of the (f;(q)), since all the input particle PDFs can be set
independently, we get

Zik(q)

= — g Cji,l/ zdszIiI(z) fori # BW. (3.22)
- 0
j

Thus, momentum conservation determines the factor P} for all non-mixed fields in the
particle basis.

Note that the result from momentum conservation agrees up to power corrections with
the more traditional definition of the virtual corrections as loop insertions on the fields of
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the PDF, which we denote by f’z‘/} Summing over possible loops, one has

L)
PY (@) = —Cppa / dz P ()

VV,I

. Cvvir [ @ '
P“/;[(q) = _T/ dz P§V,I(Z) - Z CjVi,I/ dz Pﬁ/[(z)
0 J€lh 0
. Zmax (q) )
PI‘J/Z-,](Q) = _OHH,i,I/ dz PI}}H,I(Z) - Z CjHiJ/ dz PﬁH,I(Z) ’ (3.23)
0 jef 0

where Y jesn 18 asum over all fermions and Higgs bosons which are not antiparticles, and

Crpir = Z Chpot (3.24)

J

and similarly for Cyy,;; and Cyp,r. To see that Egs. (3.22) and (3.23) agree with each
other, we will work it out explicitly for the virtual contribution to a fermion. One uses for
the fermions that P, ;(z) = Pf% (1 — 2z) and Cyf; = Cyy; to obtain the correct relation:

Zmax 1
PXI(q) = —Cypr [/0 zdzPJ@J(z)%—/OzdzP‘ﬁfJ(z)}

Zmax 1
= —Cypr {/ zdz Pf}J(Z) + /(1 —z)dz Pﬁc’l(z)}
0 0

where . .. denotes power corrections in 1—zy,,¢. The argument is exactly the same for P}g (q),
while for Py;(q) one simply uses that PJ,;(z) and Pf,;(2), and P, (2) and Pf}; (2), are
symmetric in z <> 1 — 2 to write [zdz = [dz/2. In our implementation of the evolution
equations, we use Eq. (3.22), to ensure exact momentum conservation without explicit power
corrections.

Since the mixed PDF fgy is a pure T = 1 state, it does not contribute to the momentum
sum. This implies that one cannot derive its associated virtual contribution from momentum
conservation. However, using the traditional definition in terms of loops, one sees that in
this case the U(1) and SU(2) virtual corrections each apply to only one of the two fields
involved, and therefore

1 1

pj‘a/w,l(Q) =5 1‘3/,1(61) ; ng,Q(Q) -9 v‘lff,z(Q) ) (3.26)

while the virtual contribution is zero for the other interactions.
One can simplify the general evolution equations in Eq. (3.16) by defining a full Sudakov

factor
“dq ar(q) v,
A;(q) = —~ 2\ p , 3.27
(q) eXp[Ej /qv - v 1(d) (3.27)
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as well as a partial Sudakov factor for each interaction

T dq ar(q
A;1(q) = exp {/ — i )Plv}(q/)] , (3.28)
o ¢ T
where gy is an arbitrary cutoff, which for convenience we set equal to my,. This allows us to
write 5 fi(z.q) @
i\Z,q arlq R
|: ,I(Q) qaq szl(q) :| s T ; 3,1 7,1 f] ( )
where again the notation [...]; implies that only terms from the interaction I are kept. This
gives
9 | filw,q) d fi(z,q)
Ai(q) a5~ [ = Aiir(q) 45~
D5, | agg | ~ 229095800,
ar(q)
= ) — Z Ci i Pl & f;, (3.30)
I J
where g
n 22 (q) .
Plyofi= [ dPLh/m0). (3.31)

Splitting functions

The splitting functions depend only on the type of particles, which for the Standard Model
are the spin 1/2 fermions, denoted by f, spin 1 gauge bosons, denoted by V', as well as spin
0 Higgs bosons, denoted by H.

Denoting the three gauge interactions of the Standard Model collectively by I = G, the
splitting functions involving gauge bosons are given by

1+ 22
Prraz) = 37— (3.32)
Plo(z) = Pra(l—=z), (3.33)
1
Pha(z) = 3 (2% 4+ (1—2)7], (3.34)
1 —
Plez) = 2|5 - —+— © 21— 2) (3.35)
2z
Piiyc(2) = 1 (3.36)
PXI/%H,G’(Z) = PII{%H7G(1 - z), (3.37)

Pllya(z) = 2(1-2). (3.38)
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The factor of 1/2 in Pyy has to be included since we are considering fermions with definite
chirality. For the Yukawa interaction (Y'), one obtains

1—=2

Piiy(2) = ——. (3.39)

Piy(z) = Pfy(1-2), (3.40)
1

Pfiy(2) = 5 (3.41)

I =3: SU(3) interactions

We start by considering the well known case of SU(3) interactions. The relevant degrees of
freedom are the gluon, as well as left and right-handed quarks. The coupling constants are
(with Cr =4/3, Cy =3, Tr = 1/2)

qu73 — ng’3 — CF y ng,g — TR, 099’3 — CA . (342)
This gives for the evolution of a quark or gluon®
a f Q
{Aq,g 5 AqJ = f’ [CrPE ¢ ® fo+ TrPRc® [, (3.43)
4313

Aysql e | = %o pr CpPE 3.44
g,SCla—qu = Avv,(;@fg"'z FPVia @ fql - (3.44)

9, 3 f

The Sudakov factor can be obtained from Eq. (3.22) using the coupling constants in
Eq. (3.42). This gives

PYy(q) = —Cp /0 zdz [Pfa(2) + Pl g(2)] (3.45)

1
Png(q) = — / zdz [Cy P‘I/%V’G(z) +8n,Tr me(z)} , (3.46)
0

where we have used in the last line that there are 8 chiral quarks plus antiquarks per gener-
ation.

Since the gluon is massless, the upper limit in all the z integrations is equal to 1 [see
Eq. (3.18)]. This implies that the convolutions Pf;; ® f, and Py, ; ® f, in Eqs. (3.43) and
(3.44) are both divergent. However, at the same time the virtual splitting functions that
enter the Sudakov factors A, 3(q) and Ay 3(q) defined in Eq. (3.28) are also divergent, such
that the divergences cancel in the evolution of the actual PDFs. Using +-distributions, as
explained in Sec. 3.2, one obtains evolution equations that are free of any divergences, and
which can be implemented numerically. Alternatively, for parton shower implementation,
one can impose a cutoff of the form Eq. (3.18) with my replaced by a small parameter
mg > AQCD-

SFrom now on we omit the arguments of functions for brevity.
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I =1: U(1) interactions

For U(1) the relevant degrees of freedom are left- and right-handed fermions (denoted by
the subscript f), as well as the U(1) gauge boson B. The couplings involving fermions and
gauge bosons are

Cppa=Cppa1=YF, Crpi=N;Y},  Cpp1=0 (3.47)

where the hypercharges of the different fermions are given by
= - Y. == Yo, = —< Y, =—= Y., =-1, (3.48)

and the color factor Ny is equal to 3 for quarks and 1 for leptons. The couplings involving
the Higgs bosons are

1
Chng = Cpr1 = Chpy = 1 (3.49)
where h here stands for any of the four Higgs boson PDF's.

Plugging this into the general evolution equation gives

0 ff | aq
A = —Y?2[P N;P 3.50
{ flqanfJ_1 . [Pfec® fr+ NiPfoo ® fa], (3.50)
0 fB _ 2 R
Ap1q— = ZYf Ra® fr+ - ZP\/H,G ® ful (3.51)
a ABI 1 n
0 fn ] ap 1
{Aqua A, = 74[PI]{%HG®fh+PHVG®fB} . (3.52)
The virtual splitting functions, required for the Sudakov factor are given by
1—mTV 1
PYi(q) = =Y} / zdz Pf 4(2) +/ zdz Pl o(2)] (3.53)
0 0
1% 11 ' R ' R
PBJ(q) =—n, ENC +3 zdz va,G(Z) — [ zdz PHV’G(Z) , (3.54)
0 0
1 1—’”TV 1
Pg,l(Q) =71 / zdz PI}}H,G(Z) + / zdz PXI/'%H,G(Z) ; (3.55)
0 0

where we have used in the second line that for each generation there are 4 left-handed quarks
(one needs to count particles and antiparticles separately), 2 right-handed up-type quarks,
2 right-handed down-type quarks, 4 left-handed leptons and 2 right-handed electrons, and
that there are a total of 4 Higgs bosons.
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I =2: SU(2) interactions

The SU(2) interactions are more complicated, since the emission of W* bosons changes the
flavor of the emitting particle. This, combined with the SU(2) breaking in the input hadron
PDFs, leads to double-logarithmic scale dependence in the DGLAP evolution, rather than
only single-logarithmic dependence as in the evolution based on U(1) and SU(3).

The relevant coupling constants are (where uy and dy denote any up- and down-type
left-handed fermion)

Cupar2 = Capup2 = Cwrup2 = Cw-q,2 = % : (3.56)
Curur2 = Owyup2 = Capdy 2 = Cwidp 2 = % : (3.57)
Cuwto2=Caw-2 = Nf% , (3.58)

Cuswys = Cawyz = Ny, (3.50)

Crwswss = Ceweo = Cawes = 1, (3.60)

where as before the color factor Ny = 3 for quarks, 1 for leptons. The couplings of the W3
state to the Higgs are given by

1

T (3.61)

Chnz = Cwino = Chwy 2 =

where again h stands for any of the 4 Higgs bosons, while those of the charged W states are
given by

Cutmop = Chogto=Chrw+a=Cyrute
1
- CHOW*,Q - CW*HO,Q - 5 . (362)

The couplings for the charge-conjugate states are the same.
This gives for the evolution of the fermions

a fuL o (6%} R de fuL
[AfL’QqanmL oo {Pff’G® { > "1
+N;Prva ® [f o f%} } : (3.63)

8 de o (0%} R fuL de
{AfL’QqanmL - W{Pff’c® { 2 T

+N; Py ® {f% +f iﬂ } . (3.64)
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For the W™ and W35 bosons we have

{A 0 fW*} B %{P\I/%V,G’@[fWJr"i‘st]"i_l Vi ® [frre + frol
2

W’an_QAWQ 9
1
+Z§PVf7G® |:fuL+fJL+fVL+fZL]}7 (365)
gen
9 fw. Qg 1
Ao o~ —= ph 14+ —pR
[ W,QQanW72:|2 . vve @ [fwe + fw-] + 1 VH,G®zh:fh
1
+ZZP§f:G®ffL}’ (366>
fr

where the sum in the last line is over all left-handed fermions and anti-fermions. The equation
for the W~ can be obtained from that of the W™ by charge conjugation.
Finally, for the Higgs bosons we have

0 0
|:AH,2 4= o ] = %{PI}}H,G ® {fi + fH+}
2

8q AH,Q 2 4
+Ppyva ® [fV;H + %} } ) (3.67)
J fro o) R Ju+  fmo
A — = =2!p JHET
{ H’zqé’qAH,QL w{ HHG® | Ty Ty
+Ppyve ® {ﬁVT— + fZVS} } . (3.68)
The virtual splitting functions are
v 3 = R ' R
Pm(q) =—2 /0 zdz PffﬁG(z) +/0 zdz PVﬁG(z) , (3.69)

1-v 1 1
Pv‘éz(q) = —2/0 zdz P{I/%V’G(z) —ny(Ne + 1)/0 zdz Pﬁvg(z) — /0 zdz Pf}v,g(z),
(3.70)

1-v

3 1 !
Phala) = — [ |7 sz P+ | zdzpﬁH,G<z>] , (371)

from which the Sudakov factor can be constructed using Eq. (3.28).

An important aspect of the SU(2) evolution equations is that, contrary to the other
gauge groups, the dependence on the ratio my /g does not cancel between the real and
virtual splitting functions. As an example, consider the evolution equation for an up-type
fermion, given on the first line of Eq. (3.63), with the virtual contribution given by the first
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line of Eq. (3.69). The sum of the contributions of real and virtual splitting functions is
given by

1-v
« q 1
O A PR G R fa(#/2) + fuef) B fu @]+ (372)
0
where ... represents less singular terms. Thus, the SU(2) breaking in the proton, which

renders f,(z) # fa(2), gives rise to a logarithmic dependence on my /g, which leads to a
double-logarithmic dependence upon integration over q. As we will see later, the effect of
this dependence is to double-logarithmically suppress the SU(2) breaking effects at high
energies.

I =Y: Yukawa interactions

The interaction of Higgs particles with fermions is described by the Yukawa interactions. In
this work we only keep the top Yukawa coupling, setting all others to zero. This gives the
following couplings

Cipiny = Cnotpy = Curipgy = Crppy = Cogy = Cr-p v =1, (3.73)

where ¢3 denotes either the left-handed top or bottom quark. We furthermore need

CtRHO,Y = OtRH-&-’y - CtLHO,Y - CbLH—,Y = NC . (374)
This gives contributions to the top quark PDF's, as well as the left-handed bottom PDF:
0 i ] Qy R
Aq%,Y qa—qu;Y y = 7 Pff,Y ® ftR + NcPfH,Y ® fao ¢ (3~75)
Ay gl S | v fpr NoP 3.76
w9 Ay ), o LI E [fer + fo] + NePriy @ [fro + fu+] 5 (3.76)
Ay gl Jo = D PE @ f + NPy ® f (3.77)
@Y qé)q AQi v, = 1y @ Jtg cPray @ fu- ¢ - )
It also contributes to the evolution of the Higgs bosons:
[AH,Y C]a—q AH,Y] y = ?PHf,Y & [ftR + leL] ) (3.78)
Ay g2 = PR @ fin + fi,) (3.79)
HY q(’?q AHO,Y . T HEY tr tr] - .
The Sudakov factors can be obtained using Eq. (3.28) with
1 1 1
Phle) = 5Phrle) == [ 2ae P - [Pl (). es0)

1
PY 1 (q) = —2Ne /0 2dz PRy (2). (3.81)
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I = M: Mixed B — W3 interactions

Finally, we need to consider the evolution involving the mixed BW boson PDF. The non-
vanishing couplings are

Y,
Cewsom = —Cpwpm = gf, (3.82)
Y,
CfUBW7M = _OdeW,M — Nf?f ; (383)

where f, and f; represent the up- and down-type left-handed fermions and anti-fermions
of all generations. Since Y7 = —Y; and T35 = —T3y, the couplings for fermions and anti-
fermions are identical. The factor of 2 in the first line comes from our definition of fgy as
the sum of BW and W B contributions. The diagonal coefficients Cf,r, »r and Cf 5, v are
zero because there is no vector boson with both U(1) and SU(2) interactions. For the same
reason, there are no Sudakov factors associated with the mixed interaction. The couplings
involving the Higgs bosons are

1
Cewatm = —Cpwraom = 5 (3.84)
1
Cr+pwm = —Cropw,m 1 (3.85)
where, as for the fermions, the same relations hold for the charge-conjugate states.
Plugging these into the general evolution equation gives
0 ] (633 Yf R
- = ~JIN,P 3.86
agiln] = NP fow (380
0 1 Qo Yf R
- = — = JIN,P 3.87
|:qaqffd_M oV Ve @ few, (3.87)
8 ] O pr
[qa—quw = 7[2 YiPlo® fr.— Y YiPlo® fr,
- M fu fa
1 1
+§ZP\}/%H,G®fhu - §ZP\§H,G®fhd} ) (3.88)
hu hq
8 [03Y3 1
= = —~_pR 3.89
— = —-P . 3.90
|:q8qfhd:|M 1 Hv.e @ few (3.90)

As already discussed, the mixed gauge field PDF fgy has Sudakov factors associated with
the U(1) and SU(2) interactions, given by Eq. (3.28). Since there is no corresponding real
emission term in the evolution equation for fgw, it evolves double-logarithmically and is
suppressed at high scales relative to the unmixed PDF's.
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3.2 Implementation details

Our treatment assumes that the SM PDFs at very high energies can be obtained by smoothly
matching the broken and unbroken symmetry regimes at a matching scale ¢y ~ my -, which in
practice we take to be 100 GeV. Our input PDFs at 100 GeV are obtained as follows. We take
the CT14qed PDF set [66] at 10 GeV and replace the photon PDF by that of the LUXqed
set [67]. We do not use the CT14qged photon because the LUXqged photon, while being
consistent with CT14qed, has much smaller uncertanties and a smoother x dependence. The
LUXqed PDF set combines the PDF4LHC15 nnlo_100 parton set [68] with a determination
of the photon PDF from structure function and elastic form factor fits in electron-proton
scattering. However, we do not use the LUXqed partons, because being NNLO they are not
positive-definite, which we require for our LO treatment and is satisfied by CT14qed.

We evolve this hybrid CT14-LUX PDF set from 10 to 100 GeV using leading-order
QCD plus QED evolution, which incidentally generates the charged leptons. The resulting
parton, photon and lepton PDFs form our input to the unbroken SM evolution upwards
from 100 GeV. The input left- and right-handed fermion PDFs are identical. The input W?3,
B and mixed B/W? PDFs are determined by the photon (and the absence of the Z°) at
the matching scale according to Eq. (3.7). The remaining vector boson, neutrino and Higgs
PDFs are all generated dynamically starting from zero at the matching scale.

The equations given in Sections 3.1 completely define the evolution of all parton distri-
bution functions in the unbroken symmetry regime. However, as already explained, one can
rewrite the equations slightly to make them more amenable to a numerical implementation.
First, switching to a basis of states with well-defined isospin decouples the set of 52 equations
to some degree. In this new basis another transformation eliminates the double logarithmic
sensitivity to the ratio my /q. Second, by combining the virtual and real splitting functions
into +-distributions, one can reduce numerical sensitivity to the cutoff of the 2z integrations.
We will now discuss these simplifications in turn.

Switching to a basis of conserved quantum numbers

As we already explained in Section 3.1, the set of 52 evolution equations can be decoupled
to some degree by switching to a basis of well-defined isospin T and CP. Writing a fermion
PDF with T and CP as fT°F, we write the left-handed fermions as

(R S A ) DR/ N A A IR CY )
fOL_:i(fuL+de_de_fﬁL) ) flL_:i(fuL_de‘i‘de_faL) , (392)

where uy and dy refer to left-handed up- and down-type fermions. Right-handed fermions
are given by

1

(fra+ f7n) 5 f = 3 (frn = I7a) - (3.93)

N | —

0+ _
fre =
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The SU(3) and U(1) boson PDFs have T =0, CP = +
I =1, 5 =I5, (3.94)
while the SU(2) boson PDFs can have T = 0, 1,2 with respectively CP = +, —, +
1 _ 1
g;rzg(fw++fw—+fwtﬂ)> fw :§(fw+—fw—), (3.95)
1
fof = 5 (ws + fw= = 2fwo). (3.96)

The mixed BW boson state is a combination of 0~ and 1~ and therefore its PDF has T =1,
CP =+
fow = fow . (3.97)

For the Higgs boson, one writes similarly to the fermions
1 1
= 1 (fa+ + fao+ fao + fa-), fu = 1 (fu+ = fuo — fao + fu-), (3.98)

b= 3 e+ fuo— fao = ), TH = e — o+ fao — fir-) . (399)

In terms of these states the longitudinal vector boson and Higgs PDFs are then, using
Eq. (3.15),

fo+ = o+ + o+ i (3.100)
L

fw-=Tfa +fu = o = fir s (3.101)

fz, = fo=fo" — fi . (3.102)

Cancellation of double-logarithmic dependence in evolution
equations
In the {T, CP} basis the singular contributions to the evolution equations (those that are

proportional to the splitting functions P ;(2), P, o(2) and Pfy o(2), which diverge in the
limit z — 1) are diagonal,

A g LI _orprerpn o prer (3.103)
s aq Ai,] ; T 1, 2, ) ?

such that the PDF multiplying the divergent splitting function is the same as that appearing
on the left-hand side. Here, as in TP, the label i now refers to a parton species f,V, H
rather than a particular parton. Recalling that the Sudakov factor takes the form

*dq ar(q :
T

Vv

q d / / Zx’nax(q)
—Cu/ _QOéI(Q)/ 2de PR+ (3.104)
0

= exp
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where ... represents less divergent terms, and
Cis=>» Cuyforlei, (3.105)
kei

where k and [ are particular partons, we have

6 ag
a5 f7P| = SDERL © R+ PR 4
I

_ Y| pTCcP p+ TCP _ ilcp V (TCP
= [ i Pir®fi T+ <1 il ) Pt f; +...,
(3.106)
where
PY
PH®fi = PL®fi+ C—jf (3.107)

i (a)

— /Ozma" dz [PF(2)0(z > 2) f(x/2,q) — 2B 1(2) f(z, )] + ... .

The +-prescription defined by Eq. (3.107) regulates the divergence in the integrand as z — 1
and therefore if we define the modifying factor

DTCP
' Ci,]

= [Ag (g PR G (3.108)

then the evolution equation (3.103) becomes

R [
@I
6(] Fi’ECP ,

- %DEFPP.;I ® fIP 4 ..., (3.109)

v

with no logarithmic dependence on my /q on the right-hand side.
For all interactions except SU(2), one can show that DY = C; 1, so that the modifying
factor (3.108) is unity”. For SU(2) we have explicitly:®

3
Cio=Cho = 1 Cya =2, (3.110)
"For the U(1) interaction one has D;ljlcp = (1 = 0, and we choose to set the modifying factor to 1 in
this case.
8Here we have used the numerical values for the Casimir operator eigenvalues for the corresponding

SU(2) representations, CEU(Q) = 3/4, CiU(z) = 9.
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DY = D= . Dl =Dl = (3.111)
£2 H,2_4’ f2 — ¥H2 — 4’ .
Dy, =2, Dy,=1, Dyh=-1, (3.112)
so that

+ 0+ +  _ A4/3
F]‘QQ =Fpy=1, F;/J,i2 =AY g (3.113)

=1, Fo=A/, Fii=AY. (3.114)
For the mixed PDF fpy we have Dg{,m = 0 and therefore
Filys = Dpwa = A3 = Fl; (3.115)

The equations finally used to evolve the PDFs in the conserved-quantum-number basis
are given in Appendix A.

3.3 Results

We begin by showing how the PDF's of strongly interacting particles are changed by including
the evolution of the full Standard Model. Figure 3.1 shows results on the evolution of left-
and right-handed quark PDFs, shown solid and dashed respectively, normalized to their
values assuming pure QCD evolution. In each plot we show the results at three different
scales, namely ¢ = 10* GeV, ¢ = 10° GeV and ¢ = 10® GeV. The values of 10° and 10®
GeV are of course far away from energy scales one can reach at any collider in the near or
distant future. However, showing the results at such unattainable values helps to illustrate
their approach to asymptotic behavior.

All the light quarks (and antiquarks, not shown) evolve to lower values compared to pure
QCD at small z, due to an overall loss of energy to the electroweak gauge bosons through the
additional splittings ¢ — ¢W and ¢ — ¢B. At higher x values, the up and down quarks (top
row) exhibit different behaviors, with the left-handed up PDF evolving more rapidly to lower
values compared to pure QCD, while the down quark eventually evolves to higher values.
This is because the left-handed up and down distributions evolve towards each other, their
difference being double-logarithmically suppressed at high scales. The right-handed quark
PDF's have no double-logarithmic component and evolve to slightly lower values than pure
QCD, due to energy loss through the additional splitting qr — qrB.

The asymmetry between left-handed charm and strange quarks also evolves double-
logarithmically towards zero, primarily through a more rapid decrease of the strange PDF.
At high x the behavior is more complicated because the input CT14qed charm PDF is larger
than the strange above x ~ 0.7. The right-handed quarks behave qualitatively the same as
those of the first generation.
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The left-handed top and bottom quarks also must evolve towards equal values, which
in this case means that the top has higher values than in pure QCD, while the bottom
evolution looks similar to strange, relative to pure QCD. The right-handed b-quark behaves
qualitatively like the right-handed quarks of the first and second generation, while the right-
handed top quark, being generated purely dynamically, behaves differently at large x. Since
the right-handed top has vanishing initial condition, the splitting tg — tzgB, which would
decrease the PDF, is sub-dominant compared to the process B — tgtr. This means that at
large x the right-handed top PDF is increased, rather than decreased.

The effect on the gluon PDF is shown in last row of Fig. 3.1. While the effects are quite
small up to ¢ ~ 10* GeV, at larger scales the back-reaction from the changing quark PDFs
is affecting the gluon PDF at an appreciable level.

It is interesting to study how rapidly electroweak symmetry is restored. To illustrate
this, we show the asymmetry

AL — fUL — de

B fUL—i_de?

compared to the result if only QCD evolution were turned on. This asymmetry ratio is
shown in Figure 3.2 for the three generation of quarks as a function of ¢, for various values
of x. For all generations the asymmetry decreases as q gets larger, driving the PDF's of the
different isospin states towards each other. The onset of the deviation from pure QCD is in
the range 1 — 10 TeV. The ratio between the full asymmetry and the result using only QCD
evolution is given by

(3.116)

A% (2,q) ~ [Apa(@)] Ao (2,0) (3.117)

where Ayo(g) is the fermion Sudakov factor, as given in Eq. (3.108), independent of the
generation.

Next, we study the size of the PDF's of particles not charged under the strong interac-
tion. Since these PDF's are only generated by emissions due to the U(1), SU(2) or Yukawa
interactions, they are vanishing at all scales if one is including only SU(3) evolution. The
only exception is the photon, which has a non-vanishing initial condition at ¢ = 100 GeV.
Figure 3.3 shows results on the electroweak boson PDFs normalized to the gluon PDF, both
evolved using the full Standard Model. One can see that the electroweak gauge boson PDF's
become a significant fraction of the gluon PDF, especially at large values of x. The photon
PDF is the largest mainly because it has a non-zero input. The PDF for the W boson is ini-
tially larger than the W~ boson PDF at large x because the W7 is mainly generated through
emissions from the up-quark, whose PDF is larger than the down-quark which mainly gen-
erates the W~. Since the difference between W' and W~ has isospin 1, the W evolves
more slowly and the W~ more rapidly, so that they approach each other at high ¢. At low
x they are more similar as are the up-quark and down-quark PDFs. The Z° PDF is similar
to the W but it is smaller at low x and larger at large 2. The mixed vZ PDF is small and
positive at small x and negative at large x. There is no constraint to be positive definite for
a mixed PDF as it is the product of two amplitudes rather than the square modulus of one.
Its absolute value becomes very large at large x and g¢.
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We also show the PDFs for the longitudinally polarized gauge bosons, the Higgs boson,
the mixed PDF between the Higgs and the Z; and the leptons. The Z; PDF is the same
as the Higgs in our approximation, see Eq. (3.15), so we do not make a separate plot for
it. The boson PDF's are shown in Fig. 3.4, and the leptons in Fig. 3.5, both normalized to
the gluon. Both are expected to be much smaller than the transverse vector boson PDFs,
because they are generated via a second order effect of emission from the vector bosons and
via Yukawa emission from the top and bottom quarks, which are much smaller than the up
and down quarks. The mixed PDF is even smaller because it is generated by the asymmetry
between transverse W+ and W~ PDFs and the top and anti-top PDFs. The W, and W,
PDFs are very similar, for the same reason.

As a final result, we study several parton luminosities, choosing a future 100 TeV pp
collider as a reference. While the energy scales that can be reached at such a collider are not
quite large enough to get O(1) effects, the effects of the full Standard Model evolution are still
numerically relevant. In Figure 3.6 we show the q;¢; luminosities for the six different quark
flavors, normalized to their values if only QCD evolution is taken into account. One can
see that all except the tf luminosity are reduced appreciably from their values if only QCD
evolution were taken into account. This will affect searches for Z’-like particles at a future
100 TeV collider. The dd luminosity is decreasing more slowly as the double-logarithmic
evolution drives it larger than QCD at high x (see Fig. 3.1).

We also show selected luminosities of vector bosons combined with quarks, normalized to
the average of the u@ and dd luminosities. One can see that luminosities involving one trans-
verse vector boson become of comparable magnitude to the ¢q luminosities. Luminosities
involving the longitudinal gauge and Higgs bosons are much smaller.

Finally, to illustrate the uncertainties associated with subleading terms, we show in Ta-
bles 3.2 and 3.3 the dependence of some integrated PDFs (momentum fractions) on the in-
frared cutoff my and matching scale q;,. We see that there are variations in the electroweak
PDFs of the order of £10% at 10 TeV and 5% at 100 TeV for the ranges of parameters
indicated. The relative variations in the light quark PDFs are smaller as they are dominated
by QCD evolution. There are of course in addition the usual uncertainties associated with
the input PDFs and higher-order QCD corrections.

my/GeV | qv/GeV | up | tp | Wi | Wy e; v, h
100 100 851 1043|046 | 0.33 | 0.0019 | 0.0012 | 0.0026
50 100 842 | 0.43 | 0.46 | 0.34 | 0.0019 | 0.0012 | 0.0027
50 200 848 | 0.44 | 0.39 | 0.29 | 0.0017 | 0.0009 | 0.0025
100 200 856 | 0.43 | 0.39 | 0.29 | 0.0017 | 0.0009 | 0.0024
200 200 8.64 | 0.42 | 0.39 | 0.28 | 0.0017 | 0.0009 | 0.0024

Table 3.2: Momentum fractions (%) carried by various parton species at scale ¢ = 10 TeV.
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my/GeV | qv/GeV | ug | tp | Wi | Wo | e Ve h
100 100 7.53 1 0.56 | 0.64 | 0.50 | 0.0031 | 0.0025 | 0.0061
20 100 7.43 | 0.61 | 0.63 | 0.51 | 0.0031 | 0.0026 | 0.0062
50 200 7.48 | 0.61 | 0.58 | 0.47 | 0.0028 | 0.0021 | 0.0059
100 200 7.58 | 0.60 | 0.58 | 0.46 | 0.0028 | 0.0021 | 0.0055
200 200 7.68 | 0.59 | 0.58 | 0.45 | 0.0028 | 0.0020 | 0.0054
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Table 3.3: Momentum fractions (%) carried by various parton species at scale ¢ = 100 TeV.
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Figure 3.1: Quark and gluon PDF's in the full unbroken SM, divided by their values assuming
pure QCD evolution only. Left- and right-handed quark chiralities are solid and dashed,
respectively. The thin gray lines show where the scales on the x- and/or y-axes switch

between linear and logarithmic.
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Figure 3.2: Asymmetry between up-isospin and down-isospin left-handed quark PDFs, de-

fined in Eq. (3.116), in the full unbroken SM, compared to the result when only QCD
evolution is included.
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Figure 3.3: Electroweak bosons PDF normalized by the gluon PDF. The thin gray lines show
where the scales on the x- and/or y-axes switch between linear and logarithmic.
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switch between linear and logarithmic.
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Figure 3.6: Quark anti-quark luminosity in the full unbroken SM, divided by their values
assuming pure QCD evolution only.

05
0.0020
100 TeV pp 100 TeV pp
A —
g 04 8 — Wid
&
I < 0.0015 -
k-i ) 3 — Wou
1 03 I — hd
c / +
g ; 8 00010
T 02 g
3 '3 .
= = 0.0005 /
J o0l 3 : - )
N Iy \
0 0.0000
007 10 20 30 40 50 60 0 10 20 30 40 50 60
q(TeV) q(TeV)
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and dd luminosity assuming pure QCD evolution only.



54

Chapter 4

Combining initial-state resummation
with fixed-order calculations of
electroweak corrections

In the previous chapter, we developed a set of parton distribution function valid at very high
energy when we can neglect the electroweak symmetry breaking. It corresponds to resum
the initial-state electroweak corrections. It is interesting to combine those corrections with
fixed-order calculations in a way that is valid at all energies.

We present a way to resum double logarithms associated with the asymmetry of the initial
state, and to match the results with those of fixed-order EW calculations.! For this purpose,
we will study completely inclusive observables, which are defined to sum over a completely
SU(2) symmetric final state. The example we use later in the chapter is inclusive di-lepton
production at a pp collider, which is defined to include a lepton-antilepton pair of a given
generation and any number of extra gauge bosons in the final state. So to next-to-leading
order (NLO) EW accuracy, this process sums over the final states (70~ (+V), (Tv,(4V),
vl (+V), vy (+V), where ¢ denotes, for example, the electron and vy the electron neutrino
and the (+V) denotes the possible addition of a v, Z or W* boson. Since the final state
is SU(2) symmetric, the only SU(2) breaking effect is coming from the fact that the initial
state protons are not SU(2) symmetric. The large logarithmic terms from the initial state
radiation can be resummed through a DGLAP evolution [57-59] using the interactions of
the full Standard Model [12], which was performed recently in [18]. By performing the
DGLAP evolution to first order in electroweak effects, one sums all double logarithms and
a large class of the single logarithms, namely those coming from the hard collinear parts of
the splitting functions. Not included are subleading logarithms such as those coming from
precise limits of integration and higher-order corrections to splitting functions and running
couplings. This resummation is called leading logarithmic (LL). ?

1For recent examples of NLO EW calculations see [69-73] and references therein.
2 A similar resummation of final-state logarithms in non-symmetric final states could be performed though
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This DGLAP evolution uses SU(3) ® U(1)epn for scales ¢ less than some matching scale
qv of order my, and the full unbroken SU(3) ® SU(2) ® U(1) for ¢ > qy. Performing this
evolution up to the scale y/s of the process results in the PDFs

2 (V) (4.1)

for all SM parton species A. Given these PDFs, the logarithms are resummed at leading
logarithmic accuracy by writing

O =3 [0, 0,(@) L34 (w253 V5) Ban(®,), (42)
AB

where EI\D,L denotes the phase space of the partonic process, B AB(&),Z) is the cross section for
the process initiated by partons A and B and d®,, is the phase-space element including their
momentum fractions:

A, = dz, dzg dd, . (4.3)

O(®,,) denotes the value of the given observable calculated from the phase space point @,
and

Lo%(@a, x5;Vs) = f3 (w4, V/5) 3 (wp, V) (4.4)

is the parton luminosity evaluated with the full SM PDFs. Note that since the parton
luminosity in the full SM has contributions from initial states not usually present, such as
electroweak gauge bosons, one requires knowledge of partonic cross sections that are not
usually considered.

Which initial-state partons A and B are required depends on the partonic process (inclu-
sive di-lepton production in our case) and how one counts powers of the coupling constants.
We summarize the scaling of the various PDFs with the electroweak coupling in Table 4.1.
Gluons obviously do not contribute at the order we are working. One can see that in the strict
LL limit, where one only requires to reproduce a"L?" terms, one only needs to keep quarks
in the initial state. However, transverse vector bosons (the photon as well as massive vector
bosons) are only suppressed by one power of the logarithm, and their relative contribution
grows with increasing partonic center-of-mass energy. This makes them phenomenologically
quite relevant and we will keep them in our analysis. Leptons, longitudinal gauge bosons®
and Higgs bosons are further suppressed, and their contributions will be neglected in the
following discussion, although their effects, together with the Yukawa couplings to the top
quark, have been kept in the solution to the evolution equations.

DGLAP evolution of electroweak fragmentation functions but will not be implemented here.

3Note that longitudinal gauge bosons can become very important in situations where the partonic process
is sensitive to non-gauge interactions, for example in Higgs and heavy quark production. In such cases one
should include their effects in fixed order. An alternative approach is proposed in [56].
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vy 1 a2t
Vo 1 a”L?”_l
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14 2 anl2n—?
h 2 Q"L 202

Table 4.1: The scaling of the PDFs with the EW coupling constant.

Since the DGLAP evolution assumes the unbroken Standard Model (SM) above the
matching scale gy ~ my, it drops all terms of order my /y/s, which clearly misses important
threshold effects around the electroweak scale.* Furthermore, single logarithmic terms of
order aLis are not fully accounted for in the DGLAP evolution. While these effects do not
need to be resummed for any scale /s of interest, at first order they can still give a relatively
large effect and introduce an uncertainty in the SM PDFs even for /s > ¢y. One way to
estimate their importance is to vary the values of ¢,y and my, chosen in the DGLAP evolution,
and it was shown in [18] that this can give an effect for certain PDFs at the 10% level, even
for \/s ~ 10 TeV.

The threshold effects, as well as the single logarithmic terms, are properly included in
any fixed-order EW calculation. This means that one way to obtain a result that includes
the resummation of the LL logarithms, threshold effects, as well as single logarithmic terms
is to combine a fixed-order EW calculation with the LL resummation. This is accomplished
by the simple equation

(O)xvojiL = (O)nro + (O)rr — [(O)1rl, - (4.5)

Here (O)nro denotes the fixed-order EW calculation at next-to-leading order, and [(O)r.],,
denotes the expansion of (O)yr, in « up to the same order as included in the fixed-order
expansion; in our case that requires an expansion to first order. This term is required to
subtract the O(1) and O(«) terms that are double counted between the NLO and the LL
result. It can be written as

(Ol =Y / 4%, 0,(®,) [LW (2,251 V5)] . Bas(®,). (4.6)

where [ﬁil\g(x As LB \/E)L is the expansion of the SM parton luminosity.
In summary, to combine a fixed-order EW calculation with the LL resummation of the
logarithms one requires only knowledge of the partonic cross sections Bap(®,) with A, B

4Some terms of this nature may be included by using modified splitting functions [56].
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including any SM particle (which are already required for the LL resummed result), as well
as the expansion of the SM parton luminosity. We perform the calculation of the latter in
Section 4.1, where we also study the convergence of the PDFs and parton luminosities in
detail. In Section 4.2 we show the numerical impact of adding the LL resummation to a
fixed order computation for the example of di-lepton production. We give the results of the
required partonic cross sections in Appendix B.

4.1 Standard Model parton luminosities and their
expansion

The parton luminosities in the SM, as defined in Eq. (4.4), require PDFs using the full SM
evolution. The corresponding DGLAP equations are, in the notation of Chap. 3,° to leading
order in all coupling constants

0
qa_qu‘SM(‘T’Q) = > OH;Q) P (q) ;M (2, q) +Zj:@j’]/x

1

@) g

Pi]j{,I(Z)ijM(x/ZaCZ) )

(4.7)

z

where the sum over I goes over all possible different interactions® in the Standard Model:
I =1 for U(1l), I = 2 for SU(2), I = 3 for SU(3) and I = M for mixed interactions
proportional to ap(q) = v/ a1(q) aza(q). The latter represent interference between processes
initiated by U(1) and SU(2) bosons. As in [18] we choose ¢y = my = 100 GeV. Note that
one might want to go to higher orders in the QCD evolution, and for that one can use the
known higher-order splitting kernels.

Since the evolution in the unbroken Standard Model only applies for scales ¢ > ¢y, one
requires a boundary condition at the scale ¢y, which we write as

fiSM(xv QV) = finOEW<x’ QV) : (48)

The precise definition of f"°*W required depends on what level of accuracy is desired. One
clearly needs to include the QCD evolution from the hadronic scale gy ~ 1 GeV to the scale
qv, since agzlngy /g ~ 1. QED evolution gives rise to single logarithmic effects, and by
including this evolution one includes terms of order o™ In" gy /gy, which should be subdom-
inant to the double logarithmic terms generated by the EW evolution above ¢qy. However,
by including this evolution also below gy one is using O(«) evolution both above and below
qv. For this reason, we choose as boundary condition

FroY (@ qv) = [ (@), (4.9)

SHowever, contrary to Chap. 3, the PDFs here represent the actual momentum fraction distributions
rather than the z-weighted distributions.

6In this chapter we neglect Yukawa interactions and the Higgs self-interaction, which make only very
small contributions.
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where the PDF set QCED is obtained by SU(3) ® U(1)em evolution from scales below gy .
Specifically, as in [18], we use the CT14qged PDF set [66] at 10 GeV and replace the photon
PDF by that of the LUXqed set [67,74]. The strongly interacting partons are rescaled to
obtain exact momentum conservation. The resulting PDF set is then evolved up to the
matching scale ¢y = 100 GeV using leading-order (LO) DGLAP equations that include
QCD and QED effects. In this way we obtain a LO PDF set at the matching scale which is
consistent with our LO evolution above that scale.

The first contribution in Eq. (4.7), proportional to RVI, denotes the virtual contribution
to the PDF evolution (the disappearance of a flavor ¢), while the second contribution is the
real contribution (the appearance of flavor ¢ due to the splitting of a flavor 7). The maximum
value of z in the integration of the real contribution is given by Eq. (3.18) depends on the
type of splitting and interaction

This implies that an infrared cutoff my is applied when a U(1) boson B or SU(2) boson
W is emitted. The physical origin of this cutoff is that the energy of a massive vector boson
is bounded by its mass”. It is also required, since contrary to the standard SU(3) and U(1)
evolution equations, which are regular as z — 1 due to a cancellation between real and
virtual contributions, the SU(2) evolution equations are not regular as z — 1 due to the
non-singlet nature of the initial state.

Before we expand the resulting PDFs, it is worth recalling where the double-logarithmic
sensitivity is coming from, since this is not present in the usual DGLAP evolution. One can
understand this by looking for example at the evolution of an up-type left-handed fermion
due to the SU(2) interaction:

4o (410

0 sm G2 17mTV dZPR fc?Ll\/I(x/27Q) 32/[('1'/'27(]) 3z Eiw(flf,Q)
qa—q up = ?/ ~ 11.c(2) 5 + 1 - 1
where the terms ... do not contribute to double logarithms. The splitting function Pf% ;(2)
is singular as z — 1. If the initial state were SU(2) symmetric, one would have f,, (x,q) =
fa,(x,q) = fo,(z,q) and the combination in the square bracket would be of the form
3/4(fo,(x/z,q) — 2z fg,(x,q)], such that the divergence in z — 1 would cancel in the differ-
ence. Since f,, (z,q) # fa,(x,q), this cancellation does not happen, generating logarithmic
sensitivity to the ratio my /q from the integral over z. This soft dependence gives rise to
the double logarithmic sensitivity in the solution of the DGLAP equation. As was shown
in [12, 18], in a basis of definite weak isospin, this double logarithmic sensitivity drives any
terms with non-zero isospin to zero as ¢ — 00, thereby restoring EW symmetry asymptoti-
cally. For the PDFs included, we will retain all DGLAP effects, even those that do not give
rise to double-logarithmic terms.

As explained earlier, our aim is to obtain not only the luminosities resulting from the
resummed SM PDFs but also their expansion to first order in a;. This will permit matching

"Note that the precise value of the mass my does not matter at LL accuracy. In [18] the effect of varying
my by a factor of 2 was used to obtain an estimate of the uncertainties from higher logarithmic effects.
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to exact fixed-order calculations and assessment of the contribution of terms beyond fixed
order. To expand the PDF's to first order in a3 we define

[fiSM(xac.I)]a = finOEW('T7Q) +gz(x7Q) (411)
such that [ oM (z, q)] ,, only includes the linear terms in ayxz. This implies
M, q) = [ (2, 9)], + Olad ) . (4.12)

The boundary condition for g; is

gi(x,q < qv)=0. (4.13)

The definition of the function g;(z,q) obviously depends on the definition of ff"W(z, q).
The function g; vanishes for ¢ < qy, so f2°EW coincides with fM for those values. Since the
SM evolution for ¢ > gy is adding the full SU(2) ® U(1) evolution, it makes sense to choose

fRoEW (2. q) to only include the SU(3) evolution above that scale. In other words, we choose

HoEW | QCED evolution ¢ < gy,
/i (z.9) = { QCDevolution ¢ > gy . (4.14)

One could also choose a definition that includes the QED evolution for ¢ > ¢y. This
would introduce spurious single logarithmic [aL,]" terms in the difference between f>M and
[fP™(z, q)]a, which are in principle beyond the claimed accuracy. However, the definition
Eq. (4.14) trivially avoids these spurious terms, which is why it is our choice for the remainder
of this chapter.

The DGLAP equation for [f#™(z, ¢)], can easily be obtained by expanding Eq. (4.7) to
obtain

0
qa_q [flSM(x’ q)] a

a3(q)
= T P ( ) [fSM :L‘ q +ZCZ]I/ Z]3( ) [fzSM(x/ZaQH(X] (415)
« q no. Zmax dZ no.
3 A R e+ o [ R q>] .
Ic12,M j z
In other words, we have simply set [fP™(x, q)]o = f°EW in the second line, since the dropped
terms give rise to second order effects. This gives
0
qa_qgi(xv q)
as3(q) dz
= 37r P(q) gi(, q) +Zcij,1/ — Pii(2)g;(x/2,9) (4.16)
J
ar(q) | v noEW ) R noEW
+ D, | PI@ @)+ ) Cia — P (@/z0)| -
Ie1,2,M j *
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Figure 4.1: Scaling of the expanded PDFs with the parameter r, which multiplies a;—1 2 .
On the left, we show the left-handed quarks of the first generation, in the middle the right-
handed quarks of the first generation, and on the right the vector bosons. One can clearly
see that the expanded PDFs are linear in «;.

We have implemented the DGLAP equation Eq. (4.16) with boundary condition Eq. (4.13)
and solved for g;(x,q). As a cross check on the resulting expanded PDFs one can validate
that the result is indeed linear in the coupling constants ay—i 2 . For this, we perform the
rescaling a; — ray, and then plot [fSM(x, ¢)] for various values of r (normalized to the
result with » = 1). Figure 4.1 clearly verifies the expected linear behavior.

Given the resummed result for the SM PDFs, together with this first-order expansion,
one can obtain a first estimate of the higher-order effects, and the convergence of electroweak
perturbation theory. For this, we define the two ratios

noEW M (. q)]
rioEW (2 q) = G : P (g g) = L e 4.17
1) = g 0 =T g) 10
Defining the function h;(z,q) to be the difference between [f#M], and f*™ we can write
M, q) = f°Y (@, q) + gi(2, q) + hi(e,q), (4.18)

where g;(z,q) is the same function used in Eq. (4.11). As already discussed, the function
gi(w,q) is of order oy, while the function h;(z,q) contains the resummed terms of a? and
higher. With these definitions, one can write

gi(wa Q> + hz('r? Q)
fM(=,q)

hz<$7Q) ~ Oé2
—fiSM(x, 7 1+ O(ay). (4.19)

Thus, the deviation from unity of the first ratio shows the size of the first-order correction,
while the deviation of the second ratio shows the size of the higher-order corrections. Note
that for PDFs for which fPf°EW(x, q) vanishes (in our case the massive vector bosons) the
first ratio vanishes, and the second ratio gives

hz’(x7Q>
9i(z,q)

rioEW(z q) =1 -

N1+O(O[[)7

TZSM’a(x,q) =1-

rM () =1- ~ 14 0(ag) (4.20)
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Figure 4.2: The ratio of the “noEW” and expanded SM PDFs relative to the PDF evaluated
in the full SM for left-handed quarks.
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Figure 4.3: The ratio of the “noEW” and expanded SM PDFs relative to the PDF evaluated
in the full SM for the massless vector bosons.

and is therefore an estimate of the size of the second-order term relative to the first-order
term.

The results are shown in Fig. 4.2 for left-handed up and down (anti)quarks. One can
clearly see that at low values of ¢ the second-order correction is much smaller than the
first-order correction, which is indicative of an absence of large logarithmic corrections. For
q 2 10* GeV, however, the logarithmic contributions become noticeable, and the second-
order correction grows relative to the first order, becoming comparable to the latter, at least
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Figure 4.4: The ratio of the “noEW” and expanded SM PDFs relative to the PDF evaluated
in the full SM for the transversely-polarized massive vector bosons.

for some of the PDFs, by ¢ ~ 10° GeV. Notice that at high ¢ the left-handed up and down
quarks move in opposite directions, to restore isospin symmetry asymptotically.

For the gluon and photon, the results are shown in Fig. 4.3. The gluon does not couple to
the massive vector bosons directly, so the electroweak effect is strongly suppressed. Since the
“noEW” PDF's include only QCD evolution, the photon does not evolve at all in that case,
and receives a large first-order EW correction. In higher orders it can couple directly to the
massive bosons, so its PDF is double-logarithmically sensitive to the ratio my /q. Therefore,
although the higher-order corrections are much smaller than the first order for ¢ ~ gy, they
grow much more rapidly at high values of q.

For massive vector bosons r"®W(z, q) is zero, since their PDFs vanish when only QCD
effects are included for g > ¢qy. Therefore, given our results, the validity of the perturbative
expansion can only be studied through the ratio r*%(z, q), whose deviation from unity starts
at first order in «a; as given in Eq. (4.20). In Fig. 4.4 one sees clearly the poor convergence
of the perturbative expansion of massive boson PDFs: the deviation from unity is much
larger than one power of a;, which of course is due to the double-logarithmic dependence on
my /q. The ratio between the expanded PDF and the full PDF can deviate from unity by
an amount in excess of 10%.

Given these PDFs and their expansions, one can find the first-order expansion of the SM
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luminosity
[Eihg(zAa TB; \/E)] o = EOEW(zAv \/E) EOEW(:BBa \/E) + fEOEW($A7 \/g) gB(va \/g)
+ ga(za, v/s) 3"V (x5, V/5). (4.21)
From the definition Eq. (4.11) this obviously satisfies
L35 (a w55 V5) = [L35(wa, 75 V5], = Olo). (4.22)

Thus the difference in Eq. (4.22) can be used to add resummation terms to a NLO calculation,
since it excludes all terms in the luminosity £5% at O(1) and O(a;) while including all LL
terms of higher order.

Parton luminosities involving two massive gauge bosons (such as Lz, Ly+y - ) only start
to contribute at order o, since the PDF of each such boson is suppressed by one power of
ay. This means that their effect is not included in the first-order expansion of the luminosity
discussed above. However, vector-boson fusion (VBF) processes (those involving two massive
gauge bosons in the initial state) can be significant numerically. For this reason, one might
want to include their effects exactly at lowest order, and only rely on the LL approximation
to predict their higher-order terms. This requires subtraction of the O(a?) terms from Ly
when computing the expanded luminosity. The resulting modified expanded luminosity

[ﬁ%(ﬂﬁAawB;\/g)]mOd: EOEW(Jan\/E) EOEW(wB,\/E)‘FfﬁOEW(J?A,\/5)93(933,\/5)

) + ga(za,V3) [V (25, V/s) + 9a(x4,V3) 95(xB, V/$)daB vy,
(4.23)

coinciding with Eq. (4.21) for all channels except VpVr, allows the inclusion of the exact
lowest-order ViV contribution together with all resummed higher-order terms in that and
the other channels. Thus to combine a fixed-order calculation including all EW effects at
NLO, as well as the VBF process VrVr at LO, which we denote by

(O)xrotvv = (O)nro + (O)5 (4.24)
one would compute
(O)NLosvv+LL = (O)xosvy + (O — [(O)r]? . (4.25)
where
(Ol = 3 [42,0,(®) [L3hwaam Vo2 Ban(@n).  (426)
AB

In Fig. 4.5 we show the results for a few selected parton luminosities

ﬁAB(mgg) = /dZEA dl‘B ﬁil\é (CL’A,Z’B;TI’LM) ) <mgg —\V J]1I25> s (427)
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Figure 4.5: Plots showing luminosities for various choices of initial states. We show in black

£3Min red LW in blue [£3M] and for V7V initial states in orange [L‘SM]SOG‘

for pp collisions at /S = 100 TeV, rescaled by the square of the invariant mass me to
overcome the steeply falling nature of the functions. We show in black £5M in red £°FW  in
blue [LSM} ,, and for VV initial states in orange [,CSM}SOO]. One can see that for left-handed
quarks the difference between £°°FW and £%M is larger than the difference between [ﬁSM] N
and £M for all values of my, considered, indicating that the double logarithms are not yet
large enough to have a/In®*(m2,/m?) 2 1. However, for my > a few TeV the higher-order
terms become significant. For right-handed quarks, there are no double logarithms and
the coupling is smaller, so the convergence of the perturbation series is much faster. For
the v~ initial state, recall that the “noEW” photon PDF is frozen at the matching scale
qvy = 100 GeV so the order a correction is large and dominates the expansion. For the
~Z luminosity the higher-order terms are more significant. Finally, the W*+W ™ luminosity
vanishes for [ESML. Using the modified expansion reproduces the dominant features of the
full luminosity, but higher order terms are still very important for my, 2 few TeV.
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4.2 Resummation of logarithms in inclusive di-lepton
production

In this section, we study the effects of higher-order leading logarithms in the process of fully
inclusive di-lepton production. This will allow us to assess the correction from logarithmic
resummation that needs to be applied to fixed-order calculations in order to achieve NLO+LL
accuracy. Note, however, that we do not include the fixed-order calculation here.

The definition of fully inclusive di-lepton production was given in the introduction, but
we will repeat it here for completeness. The inclusive process is defined to include a lepton-
antilepton pair of any charge of a given generation and any number of extra gauge bosons in
the final state. So to NLO EW accuracy, this process sums over the final states ¢*¢~(4+V),
Crug(+V), opl= (+V), Dpve(+V). Here £ denotes, for example, the electron and v, the electron
neutrino and the (+V) denotes the possible addition of a v, Z or W* boson. Since we are
summing over both electrons and neutrinos, and we are including the radiation of extra
electroweak gauge bosons, the final state of this process is SU(2) symmetric, as required.
In order to regulate the strong enhancement of forward lepton production in vector boson
fusion, we impose a cut on the transverse momentum of each lepton py > 100 GeV. This
implies that the accessible di-lepton invariant masses are meg > 200 GeV.

To compute the partonic Born cross section Bag(®,) in Eq. (4.2), one relates it to the
square of the relevant matrix element via

1

M(AB — )|, 4.28
4pA_pBI ( )| (4.28)

BAB((I)n) =

where ¢ denotes either a charged lepton or a neutrino. As discussed in Section 4, for the initial
states A and B one needs ¢q of all possible quark flavors and helicities, as well as V'V, where V'
can be any one of the electroweak gauge bosons, v, Z% W=, or the mixed v/Z° representing
interference contributions. The contributions of initial-state leptons, longitudinal gauge
bosons and Higgs bosons are much smaller and will be neglected. Details of the cross-section
calculations are given in the Appendix.

The leading-logarithmic differential cross section do/dmy, is shown for a 100 TeV pp
collider in Fig 4.6. In order to make the plot easier to read, we have multiplied the differential
cross section by mj, to overcome its steeply falling nature. We have stacked the contributions
of the various initial states qq, vy, vV and VpVp (where Vi now denotes a sum over massive
transversely polarized electroweak gauge bosons) on top of each other. In the lower part of
the plot, we show the ratio to the total contribution, giving a better estimate of the relative
size of each contribution. One can see that the dominant contribution is from the ¢g initial
states, but the relative size of the initial states with two vector bosons grows with increasing
mye. For a 100 TeV collider, the contributions with vector bosons in the initial state are
around 25% for my = 10*° GeV ~ 30 TeV.

Next, we take each of the four contributions and investigate their convergence under
EW perturbation theory. For this, we compare the result of the LL-resummed cross section
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Figure 4.6: The differential cross section mj,do /dmg(pre > 100 GeV) for a 100 TeV collider,
showing the makeup of the total cross section in terms of the individual initial states.

mj,dory,/dmg, with its first-order expansion [mj,dorr,/dmy)], for the various initial states.
The results are shown for a 100 TeV pp collider in Fig. 4.7, where in black we show the
resummed result, and in blue its first-order expansion. The difference between these two
is the correction that should be added to a fixed-order calculation to achieve NLO+LL
accuracy. For comparison, we also show in red the “noEW” result. The difference between
the blue and red curves shows the logarithmically enhanced order-a contribution. As one
can see, for the ¢¢ channel, the expansion of the LL result is quite close to the full LL result,
indicating that the higher-order corrections are quite small. This is due to two facts: First,
the right-handed quarks do not receive any double-logarithmic contributions (and their single
logarithmic terms come with coupling constant «; rather than ay). Second, since sea quarks
are mostly iso-singlet, the double logarithms only arise from iso-vector contributions of the
valence quarks. Each of these facts reduces the double logarithmic effect by roughly a factor
of 2, such that overall the effect is smaller by a factor of 4 compared to an individual qrqy,
parton luminosity. Note that one of these factors of two would be absent for a pp collider,
so one would expect the effect to be larger there by a factor of 2.

For 77 initial states, one needs to keep in mind that our definition of f*EW does not
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Figure 4.7: The expansion of the various contributions to mj,do/dmy(pre > 100 GeV) for a
100 TeV collider. We show in black the result obtained using £5™, in red that using £"FW,

in blue that using [ESML and for VpVr initial states in orange that using [ﬁSM} Zmd.

include any QED evolution for ¢ > ¢y. This means that the photon PDF freezes out at the
scale qy for this PDF. Since the effect of the evolution is of the same size as the value of
the PDF at ¢ = qy, the first order (difference of red and black) gives an O(1) effect. The
second order (difference of blue and black) is considerably smaller than the first order for all
values of my,, but from the absolute value of the correction it is also clear that the expansion
parameter is much larger than a.y, /7 as one might naively expect. For example, for my, ~ 1
TeV, the second-order correction is almost 5%.

Any process with massive bosons in the initial states is suppressed by one power of
a for each. Therefore the “noEW” luminosity vanishes for vV and VpVy, and for VpVp
the [SM], luminosity also vanishes, as indicated by the red and blue lines in the last two
plots. However, for vV the second-order correction (the difference between the blue and the
black line) reaches tens of percent at high my, indicating that the higher order perturbative
corrections are significant. For VpVp initial states, we also show in orange the result of
the modified expansion Eq. (4.23), which includes the leading O(a?) term. The difference
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between the orange and black curve denotes O(a?) terms, which are tens of percent of the
leading O(a?) terms, indicating again a poorly convergent perturbation series.
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Figure 4.8: The expansion of the complete result mj,do /dm(pre > 100 GeV) for a 100 TeV
collider. The colors are the same as in Fig. 4.7.

Putting these results together, we show in Fig. 4.8 the combination of the various chan-
nels. One can see that perturbation theory is not very well behaved and for my = 5 TeV,
the second order correction is essentially of the same size as the first order correction (there
is an accidental cancellation for very large my, which makes the first order correction become
small). The overall effect of the corrections of order a? and higher for my = a few TeV is
of the order of 5%. Most of this comes from the VBF processes, so the correction to the
modified expansion Eq. (4.23) is much smaller.

To understand how these results depend on the center-of-mass energy of the collider, we
also show results at 27 TeV, which is the energy that might be achieved by a high-energy
upgrade of the LHC using novel magnet technology [75], and a fictitious 1 PeV collider. In
Fig. 4.9 the relative importance of the various channels is shown. One obvious effect is that
at high energies one has access to larger values of the di-lepton invariant mass, for which
the logarithmic enhancement is stronger. However, even at fixed invariant mass the relative
importance of the initial states with vector bosons is diminished (enhanced) for a 27 TeV
(1 PeV) collider. This is because at higher energies one is probing smaller values of z, and
the vector boson PDFs, like that of the gluon, rise rapidly with decreasing z. For a 1 PeV
collider at the highest accessible di-lepton invariant mass, the contribution of vector boson
initial states is almost 50% of the total cross section.
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Finally, we study the convergence of perturbation theory for individual channels for a
27 TeV and 1 PeV collider in Figs. 4.10 and 4.11, respectively, and the complete result in
Fig. 4.12. Qualitatively the effects are the same as for a 100 TeV collider, but the overall
size of the effects are decreased (increased) for the 27 TeV (1 PeV) collider.
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Figure 4.9: The differential cross section mj,do/dmg(pre > 100 GeV) for a 27 TeV and 1
PeV collider, showing the makeup of the total cross section in terms of the individual initial
states.
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Figure 4.10: The expansion of the various contributions to mj,do/dme(pre > 100 GeV) for
a 27 TeV collider. The colors are the same as in Fig. 4.7.
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Figure 4.11: The expansion of the various contributions to m},do /dmg(pre > 100 GeV) for
a 1 PeV collider. The colors are the same as in Fig. 4.7.
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Figure 4.12: The expansion of the complete result m$,do/dmy(pr, > 100 GeV) for a 27 TeV
and 1 PeV collider. The colors are the same as in Fig. 4.7
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Chapter 5

Conclusions

The LHC experiments explore the energy scale around and beyond the electroweak scale. As
of now, there has been no discovery of physics beyond the Standard Model. For this reason,
it is interesting to examine the assumption that the Standard Model is valid up to very high
energies. At energy significantly higher than the electroweak scale, one can assume that the
electroweak symmetry is unbroken.

We have shown that at high energy, the resummation of the electroweak Sudakov loga-
rithms has a large impact of the result of cross-sections with radiation of electroweak bosons.
We considered Drell-Yan production of leptons at a hadron collider, and presented result for
the logarithmic resummation at LL accuracy for electroweak corrections to the total cross-
section in simple analytic form.

Using these analytical results, we have analyzed the size of the corrections numerically
for the 13 TeV LHC and a possible future 100 TeV pp collider. Our results show than the
real resummation is as important as the virtual resummation and its importance increases
fast with the partonic center of mass energy: at the LHC, the resummation effect over the
fixed order goes from around 10% at 1 TeV to around 20% at 3 TeV for the virtual with
any leptonic final state and goes from around 20% at 1 TeV to around 50% at 3 TeV for
all kinds of real emissions with any leptonic final state. The resummed virtual over the
Born cross-section goes from around 10% at 1 TeV to 30% at 3 TeV, while each resummed
reals are around the third of the resummed virtual. At a future 100 TeV pp collider, the
resummation effects over the fixed order can be much larger, and are around 50% for the
virtual and 200% for the real at 25 TeV in most cases. The resummed virtual over the Born
cross-section is around 80% at 25 TeV.

For final states with fixed lepton flavors, summing the virtual and real corrections does
not reduce the magnitude of the double logarithmic terms, as expected for a result that is
not inclusive. After summing over all lepton flavors, a large cancellation is observed at fixed
order, but a small logarithmic sensitivity remains, due to the fact that protons are not SU(2)
singlets. On the other hand, for the resummed results, a large effect remains because we
are including only the first emission for the real. The cancellation will happen only for an
inclusive result, that is summing the virtual and the real for any number of emitted bosons.
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We have implemented numerically the full set of generalized DGLAP evolution equations
for all the parton species and interactions of the unbroken SM in leading order. The input
PDFs of 5 quark flavors, the gluon, photon and charged leptons at a starting scale ¢, = 100
GeV for the full SM evolution are obtained from parton and photon PDFs at 10 GeV by
QCD plus QED evolution. The input left- and right-handed fermion PDF's are thus identical
at scale gy but they evolve differently above that scale. The top quark PDFs (not present
in the input) start to evolve from the top mass scale. The input photon is resolved into
its U(1), SU(2) and mixed components, which are evolved independently from scale ¢, and
reassembled into the photon and transversely polarized Z° at higher scales. The charged and
longitudinal vector boson, Higgs and neutrino PDF's are generated dynamically starting from
zero at scale gy. This simplified treatment misses some symmetry-breaking effects around
the electroweak scale, but these are power-suppressed at higher scales and our results should
provide a guide to the ways in which the PDF's deviate from pure QCD evolution.

Amongst the most interesting features of the SM is the distinction between left- and right-
handed fermions. The evolution of the right-handed PDFs deviates little from pure QCD,
owing to the weakness of the U(1) interaction. The left-handed PDFs generally deviate from
pure QCD at the 5-10% level by 10 TeV.

Another important SM characteristic is the restoration of isospin symmetry at high scales.
This is manifest in the decreasing asymmetry between the up- and down-type quark PDFs,
which sets in at 1 — 10 TeV, the up-type being pulled down in the first generation and
conversely in the third. The suppression of the asymmetry is a double-logarithmic effect
that can be treated in fixed order at present energies but is resummed to all orders in the
evolution.

The electroweak bosons are generated quite copiously, the W in particular at high z due
to splitting u — dW ™. The photon and Z° PDFs also grow rapidly, eventually exceeding
the gluon at high x. The PDFs of the longitudinal vector bosons, the Higgs boson and the
leptons are generally much smaller as they arise from second-order splittings.

Finally, we have used the generated PDFs to present some parton-parton luminosities at
a 100 TeV pp collider. These results are just an illustration of the size of the effects that can
be expected at such a future collider, and a more detailed phenomenological analysis will be
presented in a forthcoming publication.

We found a rich structure in the proton when probed beyond the electroweak scale. The
associated PDFs are interesting and useful in their own right. They also represent a key
component of event generators that aim to embody the full Standard Model in initial-state
parton showering, a topic we plan to explore further.

We have proposed a method for combining resummation with fixed-order electroweak
calculations, without double counting of terms already included. This is done by expanding
the evolution equations to fixed order in the electroweak couplings and computing the terms
that need to be subtracted to avoid double counting. The remaining terms then provide a
resummed estimate of the higher-order effects beyond those that have been computed exactly
in fixed order. The relative size of the first- and higher-order terms provides an indication
of the convergence of electroweak perturbation theory.
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In order to combine resummed and fixed-order calculations without double counting, one
needs to specify carefully the terms included in each case. In particular, the PDF sets used
for the latter should not include terms present in the electroweak evolution equations used
for the former. We therefore propose a “noEW” scheme for fixed-order calculations, in which
there is no U(1),,, evolution above the electroweak scale. In particular, the photon PDF used
in the fixed-order calculation is frozen at a matching scale g ~ my ~ 100 GeV, and the
resummation takes care of all the photon evolution above that scale.

Using this scheme, we have presented comparisons between “‘noEW” results, the full
leading-logarithmic resummation (SM) and the resummed results expanded to fixed order
([SM],), at the level of PDFs, parton-parton luminosities and fully-inclusive di-lepton cross
sections. The difference between [SM], and “noEW” represents the part that should be
replaced by an exact order-a calculation for improved precision. The difference between SM
and [SM], then indicates the extra contribution from the resummation of enhanced terms
of yet higher orders. Our results are shown mainly in the context of a future pp collider of
center-of-mass energy 100 TeV, but we also show some effects at a possible 27 TeV high-
energy upgrade of the LHC and at much higher energy.

A notable feature of our findings is that there are relatively large contributions to the
PDFs of the electroweak vector bosons beyond order «, reaching tens of percent beyond
scales of ~ 10 TeV. This is reflected in their contributions to luminosities and the di-lepton
cross section. Even at fixed invariant mass, the relative importance of the initial states with
vector bosons increases with collider energy. This is because at higher energies one is probing
smaller values of z. Since the contributions of vector boson fusion processes begin at order
a?, one may wish to make an extra subtraction of this piece from the resummation, resulting
in a scheme we call [SM]™°4. In this scheme one can include the exact lowest-order VBF
contribution, the difference between SM and [SM]™°? then indicating the effect of remaining
resummed terms. We find that the latter are still quite significant, again reaching tens of
percent beyond scales of ~ 10 TeV.

Our approach naturally to compute resummed PDFs that can be combined with fixed-
order calculations invites a number of future developments. Foremost of these would be the
inclusion of exact order-a calculations in the way we have proposed, together with order-
a? VBF contributions. The fully-inclusive di-lepton process that we have considered is not
experimentally relevant, owing to the presence of unobservable neutrinos. This could be
rectified either by including Sudakov factors for a fully exclusive ete™ or pu*p~ final state,
or by computing fragmentation functions for the inclusive production of charged leptons.
Ultimately, fully exclusive final states containing all combinations of jets, leptons, photons
and massive bosons could be simulated by an event generator based on complete Standard
Model evolution equations for initial- and final-state parton showers.

In conclusion, we calculated that the logarithmic resummation of real electroweak correc-
tions will have an significant impact on the cross-section predictions for the next generation
of colliders. We implemented the PDF's using the full SM evolution and implemented PDFs
that can be combined with fixed order calculations to get both NLO and LL accuracy.
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Appendix A

Equations used in the forward
evolution

A.1 SU(3) interaction

e T =0and CP = +:

0 Q:
{qa—qﬁ?*] = f [CrPf 6 ® fO7 + TrPF o ® fy] | (A.1)
3

0 as + R 0+
qa_fg = [CAPVV,G X fg + CFP\/ﬁG X fz } . (AQ)

q 3 v g

Here
fg:zlz o2 o (A.3)
qL dRrR

where the sums run over all left-handed quark doublets and all right-handed quarks.
The factors of 4 and 2 are due to the different normalizations in Egs. (3.91) and (3.93).

e All other states:

a3

0
[qa—qfq] \ = ?OFP;}G ® fq- (A.4)
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A.2 U(1) interaction

e T =0and CP = +:

9
[qé?_qf19+ = Y2 [Pfrc @ i+ NPl ® fs] | (A.5)
1
9 ]
{C]a—fB = |:PBlfB+ fG®fZ f+P\]/%H,G®fI(3{+}v (A.6)
q 1 ™
0 . a1
{qa_q 191+_1 = ;4 [P5H0®f ++PII}V,G®JCB] ; (A7)
where
_4ZYfL +2ZYfR (A.8)
e T=1and CP = +: 5
Oél].
e tsi| = S5 (A9)
e All other states:
0 (65}
il - 1 Al
[qaqff}l ﬂ_YfPfG®ff7 (A.10)
0 o 1
{qa—qu]l = ﬁ1P§H7G®fH' (A.11)

A.3 SU(2) interaction

e T=0and CP =+
0

0423

qa—qfof = — 1 [Phe@ i+ NePrg® '] (A.12)
L 12
P Py Al
g | = & 2Pfyq @ fiy Z Vo @ [+ Plye® fit| 5 (A13)
i P
[0 o4 ] Qg3 o, 0+, pR 0+
Qa_q H = 1 [Piire ® fat + Pive ® fu'] - (A.14)
i P
e T=0and CP = —:
|:qa_qu:|2 = 7T4 fG®ffL y (A15)

0 a9 3 _
{q_ 0 } _ 2 “Phye® fi - (A.16)
9 w4
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e T=1and CP = +:

e T=1and CP = —:

e T=2and CP = +:

A.4 Yukawa interaction

e T =0and CP = +:

where

0t
qaqu

_qa—qftO;
[0 o4

g7 |

Qy

a!
%2[1{5‘;3/ tr +PffY®f0++N0PfHY®fH}

Qy
|

0+
S

1+ 7
4/3 0 f o @21
iy, = ~iriess
14+ ]
a3 0 [y _ ol 1t
Hﬁqacm‘;f; = o glne®ln
12 O few | _ 0
TN |
= ? 4PffG®f +§NfPfV,G®fW
a
= ?2 vve ® fiv ZPVf®ff + Py @ fi
L fr
(67) [ 1 +
= |77 HHG®f + 3 PHVG®fW .
™| 4 ’
24
sz 0 fw 2 5t 2+
Av2qan3‘,//§ _?PVV@)JCW :

7|:P‘1‘§7Yf;)§_+Pﬁay®ff;+N0PfH»Y®fg{+:|

++R%y®£54,

_ £0+ 0+
_ftR +fq3i .
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(A.17)

(A.18)

(A.19)

(A.20)

(A.21)

(A.22)

(A.23)

(A.24)
(A.25)

(A.26)

(A.27)
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e T=0and CP = —:

where

e T=1and CP =+

9 1+:|
[ (9qqu Yy

e T=1and CP = —:
0 1_}
{qaqu .

e
dq H v

0—  _ 40— _ 40—

A.5 Mixed interaction

e T=1and CP = +:

0 14
g f =
{ g |y,
{3;5 -
8q M
{ 0 }1]{ _
8q 15y

ay Y
—M—fova,G ® fEt

Qy
m

Qy

0 o] a _ _ _

qa—qffg = %[Pq‘%,yf;% +Pf},y®ftOR _NcPfH,Y®f19[:|
1y

8 07_ aY 14
qa_qftR = 72 PtRY th +Pffy®f + NePray © fr
I 1y
i 8 7_ Ay _
qf)_q% = 7|:PHYf +PHfY®fOHf:|7
I 1y

— {Pq‘%,yfqlg — NPy @ f’ﬂ

— [Pg,yf}; - ng ® f;g}

o _ _
% |:Pt‘£y.ft1L + NPy @ f11{ ]

| Pl iy + Pl o 1|

2

OéMl

4

42Yf fc®f

PII}VG@)fBWv

HG®f
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(A.28)
(A.29)

(A.30)

(A.31)

(A.32)

(A.33)

(A.34)

(A.35)

(A.36)

(A.37)

(A.38)

Equation (A.37) differs slightly from Ref. [12] where, taking into account the definition there
of fps = few/2, an 8 would appear in place of 4 in the first term on the right-hand side.
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Appendix B

The partonic Born cross sections for
di-lepton production

The expressions for the Born cross sections with AB = ¢ and AB = W*W ™ are given in
Table B.1, with the various functional dependences on the Mandelstam variables s, ¢, u,

s=(pa+ps)’, t=@a—p)?, u=(s—p), (B.1)
AB — ' Buagp
qr/rAr/r = Lo/rlL/r = fL/Rz,L/R(s, tou) (a1Y,Ye + axl,Iy)?
qr/rAL/r = Lr/LlR/L sus fL/ng,R/L(s, t,u) RY Y}
qrqp, — Lty 8% for(s,t,u) a3
_ 7.(.2
WHW~= —erer 872 ((;)(s,t,u) o3
WHW= = v g ((+)’_)(s, t,u) a3

Table B.1: Born cross sections for ¢q and W+W = ‘going to lepton pairs. Here e stands for
the charged lepton. The cross sections for BA — (¢’ are the same as AB — (¢’ with t <> u.
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given by!
4 u?
Jr/ro/r(s, t,u) = 332 (B.2)
42
Jr/rr/L(s, t,u) = 33
1u?
ngL(S,t,U/) = 38_2
(1) ot P4l
fyo(stu) = -—3
2 2
(2) _ut'tu
f(+’_)(8,t,u) T4t 2

For the scattering involving neutral gauge bosons in the initial state one can either work
in the unbroken basis (where the neutral bosons required are B, W3 or mixed M = B/Wj3)
or in the broken basis (where the neutral bosons required are v, Z or mixed M = ~/Z). For
the unbroken basis the results are given in Table B.2 with

t2 _|_ u2
In(s tiu) = " (B.3)
Lu? + 2 (t — u)?
tu) ==
f(:t,3)(87 JU‘) 8 ut 82
1u? +¢2
tu) ==
f(:l:,B)(Sa 7U) 3 ut
lu+t2t—u
t =+—
f(:t,M)(Sa 7u) S ut P
while for the broken basis the results are in Table B.3 with
lu? +t2u
f+7—y(8,t,U,) = 5 &2 ? (B4)
Tu? 4+t ¢
f—,’y(satau) = 5 52 aa
1u? + 2 202 u\ 2
Fon(s tiu) = == Ay ARl
' 8 wut CwSwS
1u2 + 2 2c2 1\ 2
f—Z<Svtvu):_u y (S—I— CW)
' 8 ut CwSwWS
1u? +t? s+ 2¢%u
f+,]\~4(87t7u) = Z L
st CWwSWS
1u? + t? 202t
f,yM(s,t,u)z—u + 17 s+ 2y

4 su  cwsws
where sy and ¢y represent the sine and cosine of the weak mixing angle, respectively.

In keeping with our neglect of power-suppressed terms above the electroweak scale, all fermion and
boson masses are set to zero.
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AB — ' Bas
W3W?3 — o0 % In(s, t,u) a3 I}
W3 B — 00 %fN(s,t,u)alanglf
W3M — €0 | 87 fu(s,t,u) Jarag as Yo I}
BB — Ul 872 fo(s, t,u) a3 Y
BM — 0/ %fN(s,t,u) aragan Y2 I
MM — 00 %fN(s,t,u)aloQYfIg
WEW?3 — (.0, 5 fian) (st u) o
W* B — (.0 % f,B)(s,t,u) oq ag
WM — 0.0 | 3 fuan(s,t,u) yaras as

Table B.2: Born cross sections for V'V in the unbroken basis going to lepton pairs. Here M

stands for the mixed B/W3 PDF. The cross sections for BA — ¢’ are the same as AB — (/'
with ¢ <> w.

AB — oV Bag
vy =l 5 fv(s,tu) o Qf
vZ — Ul %fN(s,t,u) o Q7 R2
v M — 00 %f]v(s,t,u) a? Q3 Ry
27— % In(s,t,u) a® R}
ZM — 00 %fN(s,t,u) o? Qi R}
MM — 00 % In(s,t,u) o Q? R?
Wy — 0,0, % fem (s, t,u) o
W*Z — (.0, % fe,z) (s, t,u) a o
WEM — 0,0, %f(ivﬂ;[)(s,t,u)aag

Table B.3: Born cross sections for V'V in the broken basis going to lepton pairs. Here M

stands for the mixed v/Z PDF. The cross sections for BA — (' are the same as AB — (/'
with t < w.





