Lawrence Berkeley National Laboratory
Recent Work

Title
One loop regularization of Supergravity Il: The dilaton and the superfield formulation

Permalink
https://escholarship.org/uc/item/6b00r55k

Journal
Physical Review D, 61(8)

Author
Gaillard, Mary K.

Publication Date
1999-10-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/6b00r55k
https://escholarship.org
http://www.cdlib.org/

LBNL-44372
Preprint

~

cocreny] ERNEST ORLANDO LAWRENCE
’\‘ BERKELEY NATIONAL LABORATORY

One-Loop Regularization of
Supergravity II: The Dilaton
and the Superfield Formulation

Mary K. Gaillard
Physics Division

October 1999

Submitted to
Physical Review D

B v .
b L4 ) .
) ’ . . "
: - -~ N I . '
. - . \ R C - -
o ” " K - ~ - :
- e N . . N K -
. o T s . L I O A ; —
P - i : 5 A L’..‘ - g
v . ~ L . - L. et . i -
P _ D] e e a o "';. - - (D
. PR .. L ¢ N w3 o
7T [ A : £ 0 de
< Dot ) - \ P L o
> o oA e ) g
e b e _
T —— Tl a < - o
oy \—: R . ,V_i (Y Lo g E;‘
Y i o e -~ -3
_, L - - o oy - x o+
&A' {‘ Noa R H ' T . m o0
] - R L S P 2,
Ny b T ) * 7 (1]
N T3 i < @
e e S W N e putr
E— [ e X2 F T z o —
LN i iy ) )
LR ey vy < “ N - .o o+
I, Ll e e o P b
T d o o wm
— ‘: L. L. ~, S &
T N S N . o
> o8
- v \ 3 ks -
: S, a4l S =
Lo U ¢ E 9,‘
. . »
3 - ! oo oo
~ ' - M o 73
- 5 vy A 3 <
A 4 " o
R oo ' R
IS = - L e
! — 4 o
Ty i ._/ >, =5 O
— Y. Fx"" b < ?;’
A -, :

10N saoq

1 Ado)p

| AdOO 3ON3¥343Y |

SLEVY-TINGT



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States-Government or any agency thereof or the Regents of the
University of California.



LBNL-44372
UCB-PTH-99/47
hep-th /9910147
October 1999

ONE-LOOP REGULARIZATION OF SUPERGRAVITY II: THE
DILATON AND THE SUPERFIELD FORMULATION-t

Mary K. Gaillard

Department of Physics, University of California, and
- Theoretical Physics Group, Lawrence Berkeley Laboratory,
Berkeley, California 94720

Abstract

The on-shell regularization of the one-loop divergences of supergravity theories is
generalized to include a dilaton of the type occurring in effective field theories de-
rived from superstring theory, and the superfield structure of the one-loop corrections
is given. Field theory anomalies and quantum contributions to soft supersymmetry
breaking are discussed. The latter are sensitive to the precise choice of couplings that
generate Pauli-Villars masses, which in turn reflect the details of the underlying the-
ory above the scale of the effective cut-off. With a view to the implementation of
the Green-Schwarz and other mechanisms for canceling field theory anomalies under a
U (1) gauge transformation and under the T-duality group of modular transformations,
we show that the Kahler potential renormalization for the untwisted sector of orbifold

compactification can be made invariant under these groups.
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76SF00098 and in part by the National Science Foundation under grant PHY-95-14797.
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1 Introduction

It has been shown [1]-[3], that Pauli-Villars (PV) regularization of one-loop ultraviolet
divergences is possible for an N = 1 supergravity theory if Yang-Mills fields have canonical
kinetic energy. In this paper those results are generalized to include their couplings to a
dilaton. In Section 2 we summarize earlier results, and display the logarithmically divergent
one-loop corrections in the form of superfield operators, which permits the extension of
those results to fermionic terms [4, 5] in the one-loop corrected effective Lagrangian. This
formulation will also be convenient for the subsequent analysis. In Section 3 the dilaton
is incorporated in the Pauli-Villars regularization of anomaly-free supergravity described
in Ref. [3], hereafter referred to as I. The application of PV regularization to determine
soft supersymmetry breaking terms is also discussed in this section. It is shown that the
contributions to A-terms are highly sensitive to the details of the regularization. In Section
4 we regulate effective theories of orbifold compactification with twisted sector fields set
to zero in the background. We show that this regularization can be done in such a way
that the renormalization of the Kahler potential is invariant under modular (T-duality)
transformations; we have in mind the construction of an effective one-loop Lagrangian that is
perturbatively modular invariant. In Section 5 the discussion of regularization and anomalies
is extended to theories with an anomalous U(1) gauge symmetry. The results are summarized
in Section 6, where we discuss issues still to be addressed in order to achieve full anomaly
cancellation. Many calculational details are relegated to the appendixes.

2 Preliminaries

In this paper we consider supergravity theories defined by the standard Lagrangian [8, 9]
with N chiral multiplets Z¢ = ®!,..®"~1 S, where S is a gauge singlet, and Ng gauge
supermultiplets. The Kahler potential K, superpotential W and gauge kinetic function f
are given by

i

- 1ﬁ(s +9)+G(@,®) =k+G, W(Z)=W(®),
0apS = Oap(z + 1y), ' (2.1)

K(Z,2)
fab(Z)
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which are the classical functions found in string compactifications with affine level one.! In
this section we briefly recall the results of [1, 3], and cast them in a superfield form that will
allow us to short-cut some of the subsequent calculations.

2.1 One-loop logarithmié divergences in supergravity

The ultra-violet divergent part of the one-loop corrected supergravity Lagrangian for bosons
was calculated in {10]-[12]. The result for the logarithmically divergent contribution is

In A2

L = Lo+ Ly+Li+Ly+Ly+ NL + Ne(Ly + L),

Ly = Lo+41Lgs, L,=L,+Lgs, L,=L,—3Lgs,

InA?r o 3 2 a
Kp = K+ [e¥A;; A7 — 2V + (Ng — 10)M? — 4K2 — 16D,
K§ = ST D2 K, A=cFW=Al A;=DD;A 2.2)

where L(g, K) is the standard Lagrangian (8, 9] for N = 1 supergravity coupled to matter
with space-time metric g,,, Kéhler potential K and superpotential W. V = V+Dis
the classical scalar potential with V = e~¥A4;A* — 3M?2, A; = D;A, D = (2z)"'D°D,,
D, = Ki(T,z)}, M2 = e K AA is the field-dependent squared gravitino mass, and D; is the
scalar field reparameterization covariant derivative. Scalar indices are lowered and raised
with the Kahler metric Kj; and its inverse K™,

The operators L4 in (2.2) are given in component form? in Egs. (2.25-27) of I,
1 14
'LGB =5 (r’“’”"r,,,,pa — 4r®r,, + 1"2) , (2.3)

is the Gauss-Bonnet term which is a total derivative, and was not included explicitly in I
The operators L', are additional contributions that arise in the presence of a dilaton coupling

!The results can be generalized to the case f,5 = dapkaf, ko = constant, by making the substitutions

F2, - kiFS,, A2 - kEAS, T® — k; iTo,

2See Appendix D of I and Appendix E below for corrections to [10, 12]. There is an extraneous factor of
z in the second line of (2.26) in L



to the Yang-Mills terms. Their component field expressions read:

L, = 92DM? - 2B*W, W™ — 4s®WW
_% ‘;a FieFH + 10a 55 ¢ 4i %50 SD"F‘“’
2 { [za sF”8 + QD ] D,,E’T‘Kim(T"z)i + h.c.}

+zF, F} "Dy, 2 D™ K + 20D, 2* D, 2" K D° F#

+4DV + 2DK;D,2'DZ™, (2.4)
_— - 2 R _ -
L, = -s(W+W) (M*+V) - gM2 (Duz'D* 2™ Kim + 4V — 2D)
d,s0"s0,50"s 0,80,3 - N _ )
4 (2] v [t d L 1T oM 0% » %)
~TM* 4 o — = K (D#2'D 2™ + D2 DY)
2 0,s0#5
2 +a ppv i =M v
+TPWW + [ FA2F2% + g1 (2KinD,eD2™ — V = D)| 222
e_K . -
E— H.t A,
+5o (8,5D*7 A;A +h.c), (2.5)
where
W = l(F . Fy —iF, -Fb)——l—D D,,:-lpap Wﬂw|
o g \Te T e 2z @ 2 o Al
FE, = FuuFiFu, z=Res, W=W. (2.6)

with F;, the Yang-Mills field strength. As’in I we have dropped total derivatives (except for
the Gauss-Bonnet term) and other terms that do not contribute to the S-matrix, by virtue
of the classical equations of motion of the physical fields.

It will be convenient here to display these operators in superfield form. f-integration of
the superfield operators gives expressions that include the various auxiliary fields. Replacing
these by the solutions of their classical equations of motion gives the component expressions,
up to terms that do not contribute to the S-matrix. We will display here the component
expressions only for those operators that are not included in I. The component expressions
for operators constructed from tensor-valued functions T'(Z, Z) are given in Appendix A.

In the Kahler U(1) superspace formulation of supergravity, a general “F-term” La-
grangian takes the form [9] =

La=L(®,) = /d40 &4 +he., @)

3



where ® is a chiral superfield of Kihler U(1) weight w(®) = 2. Here we construct these fields
as bilinears in chiral superfields of weight 1, namely the Yang-Mills field strength superfield
W¢, the curvature superfield W, (the lowest components of the totally symmetrized spino-
rial derivatives D{7Waﬁ7}| are elements of the Riemann tensor), and the superfields

~

T, = —% (ded - 8R) T, T.=TD.Z, (2.8)

where T;(Z, Z) is any (tensor-valued) zero-weight function of the chiral and anti-chiral su-
perfields. In particular, the chiral superfield

Ky=Xp = —% (DsD* - 8R) D.K, (2.9)

was introduced in [9]; the lowest component of its spinorial derivative —3D*X,| is the kinetic
term for matter fields in the classical Lagrangian. Then defining

1. 1 1
Oy = éW"'ﬂ”’Wam, Ym = ZW:W& @, = "“'2'XﬂXﬁz (2.10)

we may write (see Appendix A), up to total derivatives and field redefinitions,

20

Ly = 410y +6(Ly— CaLyy + Lo) - T La
. 1 . " 1 »
Iy = Lw+ %LX +5Lar Lo=—3Ly+6Ly~ zLas (2.11)

where C, is the quadratic Casimir in the adjoint representation of the gauge subgroup G, :
Tr(ToTh)adj = 0a6Co with T, a generator of G, and Ty any generator. L, is given in component
form in (2.40) of I. The operators L, and '

~

Ly = (V+2M?) KinD,Z"D*7 + M? (2V + 3M* + 2D)
+D,2D*' D, 2" D" " Kin Kim (2.12)

are “D-terms” of the form

La=L{¢s) = / d*0E¢, = —il'g / d%% (D? - 8R) ¢a+hec., w(ps)=0. (213)



To include these we define the zero-weight real superfields

. 1 . - B o
af . pogi Jp. 7mpB A
Taﬁ- = 16D Z'Do 2Dy 2" D7 Z" Tijinns
. ) . 1 . .
pwr = EW:DaZZWEDﬂZmEm, Ty =3D"Z'DuZ’T;j + hoc,
z? at17by17e 17 B z’ a8 |
pwe = Z—W“ WWiW,, éw = ZW“ WWW,. (2.14)
With these definitions we have |
1. 1 1 - :
b = 30— Zowr+ows, do=K¥ K- KW (2)P. (2:15)

The last term in @ is equivalent to a renormalization of the Kéhler potential; up to a field-
dependent Weyl scaling and higher order terms in the loop expansion parameter, the shift
in L£/,/g due to a shift F(Z, Z) in the Kéhler potential is given by

1 - o o
—\/—gAFL = ApL=—FV + (e X AA™ + D,2'D*3"™) 0,00 F

Aar|exiiay Lp (1o z] },_1_ 4
{a,F[e F A+ 5-Dy(T"2) | +he _\/E/d BEF.  (2.16)

As shown in Appendix A, L, can be obtained as a linear combination of L, and an operator
generated by a metric field redefinition that eliminates terms quadratic in the space-time
scalar curvature and the Ricci tensor. That is, it is equivalent to a linear combination of
L, and a D-term (2.13) constructed from the superfields that determine the elements of
the super-Riemann and torsion tensors [9]: ¢, = RR, G,G*,.... In addition we have the
F-terms L., L, with

1

o = 2070%y, — T3 [Tl +2AT)IWE]

1 .
% = X° [Ca+2(T)iWeE], To=Ti, (2.17)

~ where Z* is a matter chiral superfield (w(Z) = 0), ['% is an element of the affine connection
associated with the Kéhler metric, and CM is the matter quadratic Casimir for the gauge
subgroup G,: (T,T}): = 6,CM. These contributions to (2.2) are canceled by identical contri-
‘butions from negative signature PV chiral superfields Z? with the same gauge charges and
Kihler metric as the matter fields.



The terms proportional to Lo, 4 are partially canceled by the introduction of PV chiral
superfields ¢¢ with Kahler metric

Koo =e*K, TS, = 0cdSK;, TS, = acd$Xa, (2.18)

some of which carry gauge charge. Assuming ¥¢(T,)$ = 0, the ¢C-loop gives a contribution:
2

(Ly+ In)go = 1° [2CuLng + (o€ = ) a°La, (2.19)

where 7€ = +1 denotes the signature of the PV field ®“. The operator L3 depends both
on elements Rjajs of the Kihler Riemann tensor and on covariant scalar derivatives of
A = KW, it is the bosonic part of a D-term® (2.13):

1 .
b3 = §RakalRﬁkm + (Rakale—K/2Akl + hC) . (220)

Cancellation of this term and of the logarithmic divergence in the renormalization of the
Kahler potential in (2.2) require PV chiral superfields Z I with nonvanishing K;;, and with
superpotential couplings to the light chiral multiplets. The part of Kz that depends on
the gauge couplings of the light fields is canceled by superpotential couplings of the PV
fields ®* to the Z* and to PV chiral fields Y; that transform according to the gauge group
representation that is conjugate to the light matter representation. These couplings are given
explicitly in Section 3, slightly modified with respect to those adopted in I, as required by
the presence of the dilaton. The superfield form of the operator Ly is '

Ly = L(¢p) +L(®;), ¢ = dwx — 4wk — 26wz — déw,

®, = 12WeoTe, T;‘:—% (D* - 8R) (z7'Dfa), fi= of

9z

This term and the remaining contributions to Ly, , are canceled by the introduction of

(2.21)

massive Abelian gauge fields, some of which couple to the light Yang-Mills fields through
a nontrivial gauge kinetic function, as described in I. The superfield structure of Ly is less
transparent. It is equivalent up to terms that vanish on shell to linear combinations of the

3Note that Ty = e ¥/2Ay(Z, Z) is a superfield of weight w(Ty) = 2; its spinorial derivatives satisfy
DPTyy = eX/2DPZ™ Dy, (e ¥ An), DaTrt = € %/?Dy Z% Agy;. For general dilaton couplings, L3 contains the
additional term 3 fle=¥ AJR, kj ! A, W which vanishes in the model considered here since Azs = 0.
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the generic operators introduced above and D-terms that involve supergravity superfields:
¢ = G 3K,;sD*SDPS, . ... As shown in Appendix C, this term must be exactly canceled by
PV Abelian gauge multiplets that couple to the dilaton.

2.2 PV regularization with a dilaton

The ultraviolet divergent one-loop corrections to supergravity were calculated [10]-{12] in
the presence of a nontrivial gauge kinetic function of the form:

fa\Z) = basf(D)ka,  f(2) = + iy # constant. (222)

In [1] it was shown that the dilaton-induced quadratically divergent contribution, given by
[T, is defined as in (2.8)] )

2Ng fifm ( zi 4o A : ~
STrH > — = (A'A™ + D,2'"D¥Z™) = —Ng D*T,|, T; = D;In(f + f), 2.23
A W' DH2") = —Ng D°T,| (F+9, (229
can be regulated by the introduction of Ng additional Pauli-Villars chiral multiplets 7¢ with
K(m,m) =3 (f + O, W(m) =3 pa(r®)?, g =+1 (2.24)

The expression for the logarthmically divergent loop corrections [12] with an arbitrary holo-
morphic function f(Z) is very complicated. Here we consider the much simpler case of the
string dilaton, with the dilaton couplings defined by (2.1). For this model (2.23) takes the
form

STYH 5 —2Ng (M2 + a“jfzug) — Ng D°ka, (2.25)
and the gravitino mass is equal to the gaugino mass:
M} =M; =M =e%AA. (2.26)
In addition we have ]
f+f=eXE9 =k (2.27)

so instead of introducing the additional PV fields in (2.24), we need only modify the Kahler
potential for the gauge fields ¢© used in [1, 3] to regulate gravity loops:

K(¢°,¢C) = excXHhck|gC)2, (2.28)
- |

7



where the case of canonical gauge kinetic energy, f(Z) = 1, is recovered for f¢c = 0.

A term proportional to (2.25) is also generated if Abelian gauge PV superfields couple
to the dilaton. We find that it is this latter mechanism that must be used in order to cancel
the dilaton-dependent logarithmic divergences that arise from gauge loops. We will also
need to introduce chiral PV multiplets with a Kahler potential of the form (2.28), with the
constraints (see Appendix C)

S nCBe = Y 1nCPeoc = 0. | (2.29)
c C .

3 Anomaly-free supergravity

Here we assume that there are no gauge or mixed gauge-gravitational anomalies: TrT* =
Tr({Te, T }T.) = 0, where T, is a generator of the gauge group. This section closely follows
I, and the reader is referred to that paper for the contributions that are unchanged when
the dilaton is included. :

We introduce Pauli-Villars chiral supermultiplets Z = ZI, Z,, that transform under the
gauge group like Z¢, and Y = }7}"‘, }A’I"‘, that transform according to the conjugate represen-
tation, as well as gauge singlets Y°, Z°, and chiral multiplets ®2 = @2, %, 2, that transform
according to the adjoint representation of the gauge group. Additional charged fields X [‘,“
and U ﬁ transform according to the representation R and its conjugate, respectively, under
the gauge group factor G,, and V[,A transforms according to a (pseudo)real representation
that is traceless and anomaly-free. Their gauge couplings satisfy

Sonpcs =Y. Cr =0y, (3.1)
B,A z
where .
Ter (T°T°) = 8uCh, (32)

which may imply a constraint on the matter representations of the gauge group in the light
spectrum, as discussed in I. In addition, we introduce gauge singlets 7, as well as U(1)
gauge supermultiplets W, = W,?, Wy, with signatures 772, My respectively, that form massive
vector supermultiplets with chiral multiplets Z,(Y”s = &%’ of the same signature and U(1)g
charge g,0,3.



For the Pauli-Villars fields we take, for illustrative purposes, the Kéhler potential |

- 1 —
Key = Y [eamﬂ%’km + 5 (0 +0,)7 + X2 30 (IXP + JUAP + |v;‘|2)]
A

Y
+3 (eCpngs + ek padn + gafe) + X (KZ + KY),
a,a a

P ¥/
KZ = 3, [Kijzézi +5 (KIJZCI!Zi + h.c.)] +122)3,
I1,J=t,5 :
S o ,
KY = ¥ KPYPTR—al ¥ (YeTe +he) + VP |1+ (o) il |
I,J:i,_‘i I=1
_ 3 _ - 1
Ky = K9, K{= A 3 Bs = -2, as=Lrzs=0,

~ o~

1 1
Ky = 0,0,K — K;K; — % (fiK; + f;K;) — é};fifj, b? =1, b =0,

~ 1 = 1 i L oy 7
S "'2'Efi7 ky = K; +§;fi, Ky = K™kf, af =1, al =aq, (3.3)
and K'Y is the inverse metric. We take the superpotential
WPV = Wl + W2)
Wi = S [Su ey +pZird + ity
a’ﬁ I a
1 ; 1
3 Tu 60 + 5 (UK + 5 D))
v
Wo = Y [aaWiZLVe + WZIVP + 2000t VP (Ta2))
Q
1~ ~ oo
+ Z [§Z¢§ZgWij + cachYs?W] ) (3.4)
24

where the index a refers to the light gauge degrees of freedom. Finally, we take for the gauge
kinetic functions:

oo = gob (s +> ha f,-Z;ona) . fY =0,

Vs = O [ =105, fi' =) €"p5,. (3.5)
B

The matrices p44, dag, €ap, are nonvanishing only when they couple fields of the same sig-
nature. The parameters u, v, play the role of effective cut-offs. The parameters a, b, c,d, e, h,

9



are of order unity, and are chosen to satisfy*:
a = E a = -2, a’—ZnZa4a=+2,

c = ancz“s Q—Zﬂzgi 2_ 17 Znaga"L

e = —Zna elg=—4=3¢, ¢ Z ‘peﬂeﬁe ey,
aﬁny
anh2 2, w=) nlhaca=1. (3.6)
[

The signatures of the chiral PV multiplets satisfy

5 3 7 X
Y = Y nE=3n2=1, nfa=nf nf=+1, nY=nf,
[ ] (43

a

Sl = -1, YnZ=0, nf=n¥, nZ=n,
>y = —12, Y pi=-Ng, Y n°=-12-Ng=Ng, (3.7)
Y v Y .

and, from the results of I, we require for the exponents in (3.3)

a=Y necac=-10, o = ;nca(z; = —4, ‘ (3.8)
C B

where in (3.8) and throughout this section ¢€ is any chiral PV field except Z,V, and o}’ =
0, ﬁys —2. The Kahler potential for ¢% assures the Kéhler anomaly matching condition
for the term quadratic in the Yang-Mills field strength, as discussed in I and in Section 4
below, as well as the correct form of the gauge—depehdent contribution to the renormalization
of the Kéhler potential. |

“The contribution to K, Eq. (3.15) below, from the last term in (3.4) differs from that of I, where in
(2.5) we set ¢ = —2 — N§ = 10 + Ng, by the term —NgM? needed to cancel the NgM? term in (2.2).

10



3.1 Quadratic divergences

For the class of supergravity theories considered here, the on shell® quadratically divergent

contribution is proportional to

1 ‘ .
SIH = 3(3+Ne—N) D*Xa| + (V + M?) (7+38Ng - N)
+Ng D%,| + DT, (3.9)

where X, = K,, etc. are the chiral superfields defined in (2.8). The contribution of the
Pauli-Villars fields to STrH is

N 1
STEHPY = (gzng-znp) (V+M2)—§(an—2n2> DoX,|
Y P P . 7 .

+>_m, D%kl + Y 1p DTE,|, (3.10)
Y P
where P refers to all heavy chiral multiplets: ¢* = Z,Y;, 4. From (2.28) we have
I =Ta, T$,=(ccXa+PBcks)d3, (3.11)
and we obtain for the contribution from heavy PV modes:
1 A
STeHpy = —3 (N~ Ng = 2a) D" Xo| + (V + M?) (3Ng — N') — D°T|
+(B+ f) D%kqf,
B = YncBe, N=3mp, Ng=3.7% f=3n (312
C P v v

Using (3.8), the absence of quadratic divergences requires
N = 30a+1-N=-29~N, B+ f=-Ng,
N, = a—2—Ng=-12— N. | (3.13)
As explained in [1, 3] the O(?) contribution to Sp + Sy = [d*z (Lo + L) takes the

form of a correction to the Kihler potential, once additional finiteness contraints on the PV
masses have been imposed. Throughout this section we set (see Appendix C)

B=0, f=-Ng, B =3 1cBt=2 Y ncachc=0. (3.14)
C C

5Specifically, a contribution proportional to r — D*X,| — 6(17 + M?), where r is the space-time curvature,
can be removed to one-loop order by a scalar field dependent Weyl transfromation.

11



3.2 Logarithmic divergences

The Pauli-Villars contribution to (2.2) is, after an appropriate space-time metric redefinition,

In A?
Lpy = \/‘3112 - [NGL — NgL, + N'L, +Z:77P(LP+L2)+L3 +Lw+eL]
lnA2
+AKI£, K’ 327‘(’ ZUPAPQA Q . ) (315)

Using (3.6)—(3.8), (3.14) and (2.26), the PV contributions found in I are modified to read®

In A2 . A |
K = ;2,”2 [—-e”KAijAzJ +2(a+1)V+(2c+4—2a+ NL)M? + 4K° + SgD]
In A? . . | |
= —g5,3 ¢ AudY +2V + (Ng — 6)M® — 4K - 8D, (3.16)

Ly = 6€'L(¢we) + 2hL(¢w) — 2wlw = 2eL(we) +4L(¢w) — 2Ly
Lo = L®)+L(), ®.=-3%,
e = Swk — dwr — 4D — 4w, (3.17)

;ang’ = —Ly— —?;aLa, ZnPL{’ = L1 +6L% )y +a' Lo+ B Lg+ LT,
Ly +1f = (LY +1Lf), - —L(<I> ) = 2Lg + 2L, — 8A 2L
= —L3+4AyL+4Ap2L + 8ApL — 5L(<1>;,) —2Lg + 2L}, — 82y,
Ly = L(®), &= —%k"ka, Ly =z (W+W) (V + M?), (3.18)

- where the subscript I refers to the result of I. The contributions L, and Lg follow immediately
from Egs. (3.11) and (2.17). Lg and L(®}) are given explicitly in Appendix B, Eq. (B.26).
6See Appendix B of I and Appendix B below.
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In I the logarithmic divergences were found to cancel” with e = —3. Hence we write

eLe+Lw(e) = —3(Le);+ (Lw)+ Lo — 2Ly —4(3+e€)ApL, L, = L(¢,) + L(®;),
e

¥, = 2B, & =4éw+(B+e) (bwx — 26wz ) — dws. (3.19)

The renormalization of the Kahler potential is now finite if e = —4. Complete cancellation

of the ultra-violet divergences then requires, once the conditions (3.8), (3.14) are imposed,
' 1
o+ L, — §L(¢>g) =0, (3.20)

which is achieved for e = —4.

3.3 Soft supersymmetry breaking terms

Pauli-Villars regularization can be used to calculate one-loop contributions to soft supersym-
metry breaking. The calculation of gaugino masses has been given in [11] for string-derived
supergravity with the dilaton in a linear supermultiplet, and including a Green-Schwarz
(GS) term. These include the “anomaly mediated” contribution [12, 13] as well as addi-
tional model-dependent contributions. A general analysis of soft supersymmetry breaking
terms in this class of models will be given élsewhere [14]. As an example, we calculate here
the one-loop induced A-term for supergravity theories with matter in chiral supermultiplets.
To obtain this contribution we take constant background fields, and the effective one-loop
“potential is given simply by '
i dip

: 1 1
_ v [ ap 2 .2 — 2, 19 2
L = 5 (27T)4S'I‘r1nn (p m H) 32W28Tr17[ (hm + 59 ) In(m?)

1., (m? 3hg* - g¢* 1
il <u2) *omz ~ 2ami T O3 (3:21)

"These operators are the bosonic parts of D-terms of the form (2.13) with:

(dw); = —6dwe, (de)1 +4D = dpwx — dpwe = 2o — 6y — 26wy,

from which it follows immediately that the conditions (2.20) and (2.46) of I give L + Lpy = 0. The term
—-3C%qp (W“b + H.c.) + 4ApL is missing from the right hand side of the third of Eqs. (2.43) of I, and 8D
should be replaced by (8 — 4e)D in the second of those equations.
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where p is the normalization scale, and h + g is the effective field-dependent squared mass
with the PV mass term removed:

Hpy=H+m? H=h+g, h~m’ g~ml. (3.22)

We dropped a term —%rS’I‘rH in the integrand; in the constant background field approxi-
mation r — V after a Weyl transformation. Assuming < V >= 0, terms proportional to
V' can at most contribute small corrections to soft terms already present at tree level. The
second equality in Eq. (3.21) is schematic: [H, m?] # 0 in general.

Soft terms are generated by the PV fields &4 = Z, ¥7, ¢ that govern the wave function
renormalization through the dimension three operators in W, Eq. (3.4). We denote by
®> =Y ZT, o, respectively, the fields to which to which they couple in Wi:

Wi(94,@%) = 3 padee (3.23)
A=a
Setting
KAA = hA(Z).7 Ka& - ha(z)1 (324)
we have _ .
mhy =ml = faph, fa=eXgilgr" (3.25)

The first two terms in Eq. (3.21) are the shift in the potential due to the shift dK
in the Kahler potential. The first term, proportional to m?, corresponds [1] to 6K =
S pcpm%, cp = constant. They contribute A-terms and scalar masses proportional to those
already contained in the tree potential, with coefficients suppressed by the factor 1/32x2
(m? ~ 1 in reduced Planck units), and we neglect them.

From the general matrix elements evaluated in Appendix C of [10], assuming D-terms
vanish, dropping derivatives, space-time curvature and gauge fields, we have

(H9)g = =hg=e%A44%%, (HY);=0,
(HX)} = K*ugKP%Acp = g% =e ¥ fapaAap,
(H)j = A*Pug=g8, (H®E=(HE+5(V+M?), (3.26)

for fermions x and. scalars ¢, respectively. For the reasons given above we can neglect the
V term, and terms containing only powers of HX cancel in the supertrace. The M? term
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does not contribute in leading order to the A-terms, so they get contributions only from the
scalar trace terms that have factors of HfﬁQ:

HﬁB = hpp= e"K (AiD'AAB - AABA) , haﬂ =0,

Hﬁﬂ = gag=¢€ -“KAD ( KWAB) AWA/; = —6A/3/.LA (A - A’&,fA) . (3.27)
Taking into account the fact that [H,m?] # 0 in the integral Eq (3.21), we have on the
right hand side:

Teh?In(m?/p?) — 227},1 (hghﬁ + hABhAB) [q(mf,,sz) - ln,u2] :

1 2) — m In(m%/u? :
a(mimy) = TARGAE) - mbmh/) (3.28)

and

2
Tfr3hg

0 0
ez th [gﬁgAa ~q(m%,m}) + g2 gAa 5 q(mA,mB)] +h.c.

_ - 8
= —e 3K/ZZUA|:(mé+F amlnfB) mBa—mz—q(mi,mZB)
AB B

_ 0 — -
+ (mé + F™0;1n fA) miwq(mi, m2B)] naAi(D;Asp) A% '
+he. 4, (3:29)

where F™ = —e~X/2 A™ is the auxiliary field of the superfield Z™. In (3.29) we have explicitly
retained only contributions to A-terms (and “B-terms”). Scalar masses get contributions
from additional terms in (3.29) as well as from Trg*/24m? in (3.21). The one-loop corrected
scalar kinetic term is

Lxg = D,ZD'3™ (Kim+ 0Kim) = D2 D*a™(27)IK;7(Z7)2,

(Z2)] = 5;1+%Kfﬁ5m,-,,
1

0K = —35,.3¢ KZ?]AAABAAB [q(mA,mB) lnu] (3.30)

where zp is the renormalized field, and the matrix-valued anomalous dimension is

, L o 1 , i _.
v = K™D,D; P 550K = 3 ~2D’Di(e‘KZnAAABAAB) =e XS nad4BAup+---,
n AB
1 jkl a
~ 5 [ KWW™ — 402 (T°6) K (Tu )™ ] . (3.31)
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where the ellipses represent higher order terms. To evaluate the A-terms we expand Egs.
(3.28) and (3.29) in terms of the light gauge-charged fields ¢*. For example we have
STeh? = 2(haph®® + hjh5)
= —2mée‘3K/2Ai (DiAAc)AAC +hec. +---

= —2mge K2 AP Kimyl + he. +---. (3.32)
If at tree level we have , |
Kiﬁl = hi(z)&im + O(‘¢|2)1 Az - eK (ij¢i¢k + ,U'z]¢7) + O|¢|3) (333)
using
m2 2 +m? 9 g(m%,m%) =1 (3.34)
B om2, A0m? B ’
we get a one-loop contribution to the A-term
1 M Fi j P
LY = 35.3¢ KI2gm A K iyl [mé (1 + ln(mfj/uz)) + F?0, lnmfj] +h.c.
= > e h5 gl [E Bhcima(hs/heho)? +mi(he/ ”")%] %
ijk ! ,
[m@ (1 + ln(mfj/;f)) + F™35 1n fij] +hec +---,
1 . o .
In mgj = 3972 Zq(mivm%)D]Di(e KAABAAB)/’Y{’
AB
1 ' . . .
Onln f;; = 39,2 ; [qu(mi,m%)] DiD;(e X AAB A p) /. (3.35)

Note that the term linear in ¢ in A; can arise from a quadratic term in the superpotential or
- in the Kahler potential; the relation between the corresponding supermultiplet mass and the
one-loop induced “B-term” is the same in both cases. If m,?j = u? and one assumes canonical
kinetic energy for both the light fields and the PV fields, £, reduces to the “anomaly
mediated” term found in [7]. The contributions that depend explicitly on the PV masses are
contained in the component field expression of the superfield operator (2.16) that determines
the renormalization of the Kéhler potential. The term proportional to ln(mz?j /u?) is not
negligible if the scale of supersymmetry breaking is significantly below the Planck scale. A
further model dependence is in the Ozlnf;; terms.
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In contrast to the case of gaugino masses studied in [13], the one-loop corrections to the
soft terms in the scalar potential are sensitive to the details of the Pauli-Villars regularization.
In the gaugino mass case, the PV squared mass matrix commutes with relevant (gauge
superfield dependent) matrix elements. The regulator masses appear only through the Inm?
term, averaged over all charged PV fields, and only the field dependent part fp(z) of m% =
fp(2)p% contributes to gaugino masses. The field dependence (i.e., the dependence on fields
that do not vanish in the vacuum, such as the dilaton and moduli) on this “average” Inm?
is completely fixed in terms of the field-dependence of the light field Kahler metrics. Both
the requirements of finiteness discussed in Section 3 above and the supersymmetry of the
Kihler anomaly [16] uniquely determine the field dependence of Inm? once the tree-level
theory (including possible couplings of charged matter to a GS term) is specified. However,
only a subset of charged PV fields contribute to the renormalization of the Kahler potential.
While the Kéhler metrics of the fields ®* that appear in W, is determined by the finiteness
requirement, the metrics of the fields ®* to which they couple in W) is arbitrary. Since
the associated Kahler anomaly is a D-term, it is supersymmetric by itself and there is
no constraint analogous to the conformal/chiral anomaly matching in the case of gauge
field renormalization with an F-term anomaly. As a consequence the “non-universal” terms
appearing in [,ioft cannot be determined precisely in the absence of a detailed theory of
Planck scale physics. In the following sections we give examples in which the PV masses
that contribute to L}, are field independent. ' '

4 String-derived supergravity and T-duality

Effective field theories from superstring compactifications are perturbatively invari-
ant [17] under an SL(2,Z) group (T-duality) of transformations on the chiral superfields
Z — Z'(Z), which is a subgroup of a continuous SL(2, R) group, itself a symmetry of the
classical Lagrangian. Here we will refer to both groups as modular transformations. They

effect a Kahler transformation:

K(Z,2) - K(Z',Z")=K'(Z,Z)=K(Z,2)+ F(Z)+ F(2),
W(Z) - W(Z)=W'(2)=eTOW(2), (4.1)
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and therefore leave the classical Lagrangian invariant. Because (4.1) includes phase trans-
formations on chiral fermions, the symmetry is anomalous at the quantum level. Ungauged
nonlinear o-models were considered in I, where it was shown that, while the PV Kahler
potential can be chosen to be invariant under (4.1), regularization of the theory with invari-
ant PV masses requires constraints on the light spectrum. Moreover, for gauged o-models,
invariant regularization does not appear to be possible for any choice of spectrum. Indeed, in
supergravity theories obtained from orbifold compactifications of string theory, the (weight-
ed average) masses of gauge nonsinglet PV chiral multiplets are fixed [16] by matching field
theory and string theory loop corrections to the moduli-Yang-Mills couplings, and- cannot
all be invariant under T-duality transformations. '

Specifically, we consider a class of orbifold compactifications with, in addition to the
dilaton, the chiral superfields Z? = T%, &P, where T%, i = 1,2, 3, are the untwisted moduli,
and the Kihler potential

G = Yg+er|erP+0(|er),

The modular transformation
T — T'i:‘,‘—T—._—"b, S8 =8, ad—bc=1,
, icl* +d
B - P =e %", F'=In(icI"+d), (4.3)

where qf, are the modular weights of @7, effects the Kahler transformation (4.1) with

F(Z) =Y Fi(T"). (4.4)

Setting to zero the gauge-charged background fields, the one-loop corrected Lagrangian
contains the term®:

1 v . 2
i 2 P, Yona T (C2lnM?)
. a 2
(M*)g = K" puggK" urg, (C)g=04Cs, (45)
8The sign of this term in (3.3)—(3.7) of I is incorrect

L1 D
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and CP = (TYT?)p is the eigenvalue of the quadratic Casimir operator on ¢”. Since the
parameters ppg of the superpotential (3.4) and - for vanishing gauge-charged background
fields — the elements Kpjy; of the metric connect only fields ¢* with the same values of CF,

we have '
> naTr (C¢In M?) =3 n"ClTrln M3 = Y n"C; InDetMp. (4.6)
« P P

With the choice of Kihler potential (3.3) we have, for P, M # T', S:

PM _  sPM_gbg' PM _ sPM _—q¢bg' PM . _ _ _K/25PM
Kz" = §¢7e9, K;¥ =46"e , KX’U’V,Y—e v,
2 - 2 2 _ _K,2 2 __ Ky 2
MX,U,V - uX,U’V’ MZ"? =€ ,J:’Z"l’;, DetM@a =€ Detu@“,
2 — A(K-2Y".4%Y), .2 i__ q: i i ’
ME’? - ez( Z'q g )/‘1’2’)77 qg = dlag(Qpp Tty QPN__4)- (47)

Then using the constraints (3.7) we obtain

1

£13 64r2

> FF;, {Z n"CPIn Detu?; -> G (K - 2Zqzi,gi) + C’“K] : (4.8)
a P P i

As is well known [18]-[20], [16], invariance under (4.3) is restored by the GS mechanism; the
Kshler potential of the dilaton® and its modular transformation property are modified to

read

kz—ln(S-_i—S+CE8G), g=5-mp . (4.9)

8n? 8wz’

so that the variation of £;, and of model-dependent threshold corrections, are canceled by a
variation in the tree-level coupling of the dilaton to the Yang-Mills fields. The contribution
in (4.8) satisfies the string matching condition [16] when the Green-Schwarz term and the
string-loop threshold corrections are included. Threshold corrections [18, 21] can be included
as moduli-dependent terms in the PV superpotential W, : up = up(T?).

In order to achieve full perturbative modular invariance, we must investigate more com-
pletely the anomaly structure of ‘the one-loop corrected effective theory, including gauge
nonsinglet background fields. Supersymmetry relates conformal anomalies, associated with
logarithmic divergences, to chiral anomalies that arise from linearly divergent integrals in

9The Kihler potential k no longer satisfies p;; = a; = 0, in the notation of [12], resulting in additional
contributions to the loop corrections. However the modification of k is of one-loop order, and hence the
corresponding one-loop corrections are of two-loop order, which we do not consider here.
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quantum corrections to the low energy effective theory. When the theory is regulated.in
such a way that all integrals are finite, there are strictly speaking no anomalies, but a corre-
sponding noninvariance of the quémtum corrected theory results from the noninvariance of
the regulator masses. For example, only light quark loops contribute to the chiral anomaly
that permits neutral pion decay; the anomaly from heavy quark loops is exactly canceled by
the explicit chiral symmetry breaking due to the quark mass term. The contribution of a
PV quark with negative signature has the opposite sign; it’s anomaly cancels the light quark
anomaly and one is left with the explicit breaking term that exactly reproduces the light
quark anomaly.

Provided we can define modular transformations on the PV fields such that Kpy is
invariant and W, is covariant (W — e FW), the noninvariance of the regulated one-loop
Lagrangian will arise solely from the noncovariance of W; which governs the PV mass-
matrix Mpy. The Kahler potential for the 6, in (3.3) is modular invariant provided the
chiral superfields 6/ = 6, under (4.1). In addition, if we take for the ®* mass term in (3.4)

Wi(e) = 3 [ugoton + sulgacn], (4.10)
o
the superpotential for chiral fields ¢* with dilaton-like couplings is modular covariant. Then
the one loop action can be written as

L1=Liy+ Ly, L= %STr In [D? + H(Mpv)] +T_(Mpy), (4.11)

where L;,, is modular invariant and £, contains only chiral supermultiplet loop contribu-
tions. As a result the masses and covariant derivatives appearing in the noninvariant contri-
bution contain no Dirac matrices except in the spin connection, and their contributions are
straightforward to evaluate.

As shown in I, under a transformation on the PV fields that leaves the tree Lagrangian
and the PV Kihler potential invariant, with W5 covariant: '

@ = g®, Mpy(®) = Mpy(d')
L = »Cinv"'ﬁx(MPV)a MPVZQ_IM;’V.% (412)

because all the operators in the determinants except Mpy are covariant. Therefore the
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anomalous shift in the Lagrangian is given simply by
Aﬂl = Ex(Mpv) — ,Cx(Mpv). . (413)

As discussed in I, the quadratically divergent terms may be made invariant by constraints on
the PV mass parameters. In this paper we consider only anomalies arising from logarithmic
divergences and the associated chiral anomalies. As a first step toward the construction of
a modular invariant one-loop effective Lagrangian, we give examples below of regularization
prescriptions with modular covariant PV couplings except in the PV mass terms. In addition
we choose the mass terms such that the renormalization of the Kahler potential is modular

invariant.

4.1 No-scale supergravity

First we consider a toy “superstring-inspired” model [22] with a single modulus T'; the Kahler

potential and superpotential given by

N-2
K=k+G, G=-3In (T +T-3 |<I>”[2) , W = dp,, OPPIP". (4.14)
p=1
The modular transformations are defined by
T o =0 o ,9_5 ad-be=1,
il +d
B — P =eFBP?, F=3In(icT +d), (4.15)

To construct a modular invariant PV Kahler potential and a modular covariant super-
potential W5, we note that if the PV Kahler potential and superpotential of (3.3) and (3.4)
are modified by the additional terms

Kpy = K& 4 Z [pa > KiZoZ4 + 5 pa (Z,?,)2 + h.c.}
We = WS4 Z [pa Y WizlZ] - -2-p; (22)2 W} : (4.16)
I=i

the one-loop corrections are unchanged:

A% = %, = ALy = RE

nI0m

L=0. (4.17)

700
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For the Kahler potential (4.14) we have, for Z* = T, 7
1 2
Ki = Gi, BZBJG = gaiGj, K[_] - —§GiGj,

and, under (4.15),

! K _
K{ = -aia{% :NZ (K] -+ E,) y K:ﬁz = NfNyglKkﬁa

9 :
K}J = ]Van;n [KNM - g (FnKm + FmKn + Fan)] .
In addition,
Wi = e FN] (W; - F;W),
! 62W(Z’) k m —F
Wy = o =N, [Ne | (Wi — FuW)]
= e_FNfN;n[ka - KW, — B, Wi — (ka - Fka) w
—N, (Wi — F) 8 My,

Writing the transformation (4.15) in the form

P ; i z
Z = ( )—)Z’(Z), Mi=92 Ni-%

T VAN oz’
M = (6 F:’%’ —%i‘t;jf’@q)’ N:<eF’(;”5§ %Ft;ﬁscpq)’
and using
W,d? =3W, Fy=-3FF,
we obtain

— 2
I/I/z; = Ni N.7 [Wmn - g (FnWm + FmWn - FanW)] .
If we also modify the Kahler metric for Z to read

Klgj = Ki]--l‘ aZGiGJ—, K% = aGi, K()Zj — an,

(4.18)

(4.19)

(4.20)

(4.21)

(4.22)

(4.23)

(4.24)

the metric for Z is just the inverse of that for ¥ (see Appendix A of I), i.e. its inverse is

given by
K[ =K7, Ky =-aG’, K% =1+d’G'G..
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Because of (4.17), there is no additional contribution to LZ or K’, but there is now a
contribution ng similar to L}A’. We can incorporate this contribution if we change the values
of ay and a’? and the parameters in Wg(?). Moreover, nothing is changed if we substitute
Wo(Y,2) —» W,(Y, Z). Finally, because of the property (4.18), the derivatives of the Kihler
metric G, satisfy: ‘

rert, = Lwvrnecararel), - Ye,
Go = Glan Gfa=—%(DéDd—8R) (GiDaZ7),
LT = 365, Gg:-% (DsD* - 8R) [GiDa(T22)], (4.26)

while the derivatives of the metrics for ¢¢ with ¢ = —1, and for ?p;és, satisfy [see (2.41)
of I

CaoamD 2 ¢ _ C
FDaFCa = aCGaGa, FDQ = aCGa(sD,

[3.(1%)5 = Th(T*); +a°Gs, Th, =T}

o 9 L 1 i
(0" O, =150, + (507 + 6*) (6°Gu + GGL) 2 (597 + ") GuZis

1 & T 1 & i
Gia =—3 (DaD* ~8R) GiDaG, Zi=—5 (DD* ~8R)DaZ’. (427)

Therefore, since in addition kg = e?*, the contribution of fields with metric K;; can be
canceled by an appropriate combination of ¥, Z, ¢, provided some ¢ are gauge-charged.

As a consequence of the above, the ultraviolet divergences are still canceled if we modify
(3.3), (3.4), (3.6) and (3.7) to read [note that k'k; = 1, and G*G; = 3 is invariant under the
modular transformations (4.15)]

S4Bk v T 1 ~
Kpy = 3 [eav“ﬂwm + 50y + 07)2] + e (IX212 + U + [VAR)
Y A .
r 3
+ 30 [ (Cpips + eFpedn + gaga) +ef > eﬁzk|¢;|2]
a La r=1
+ 3 [e7*1681% + 2165 — 7 (505 + huc.) +e*|g3)7]
+30 | 2 (LIS + e 19517) + IS + KZ + KY
a |I#£S ’

23



W,

eazc"{ 3 [Z’ZJ(G,J-*—aGG) (GGZ’Z"+hc)]+|Z2|2

I,J=i,3
lZG .Z1 ( 2 g0 a,,z") 3”2 (22" + h.c.] }
I=3 Qo
e’ G [ D GifY,a?Jg —aa Y (YPYIG +he) + Y2 (14 3a2)
I,J=i,j gy =
1, b=0, of=a"=0, of =o' =1, (4.28)
[Z (2278 + 1 Z578) + 3 ut (9107 + (¢3)2)]
o | P£S
2|2 (ua%% + uawawa) + Z ot ¢"]
1 S '
+ 3 (WURXE + Y (VD?) + 5 32 uod®0”,  (429)
Ay C,D

Z{—VV,-,-Z;ZJJF?)%(Z};) W~—32 WZIZ0+2Z<,0 Y2(T.2) }

+V2 3 ZL(VPW + aaWi¥s) + Z CaBS W, (4.30)

a>1

8% (s + Zhaaﬁi%") , f8=0,

o3 0ap,  fap = 9apS, =3 e"‘ﬂgbg, (4.31)
8
1 1
a —'6, &,zi'g, d:.—&’:-—l, &1 :-'—"0,
h 2, e=-4=3¢, ¢=5 w=1, (4.32)
> Zn;=Zn;=Z f——Zna=—Zn}§=+1,
o
/)4 na—na, ng =g, na—_na P=qdre, Y =gk,
Ta = Moy Mgy =g, M =-m =-1, |
an _12) Zn'y = _NG’ 2777 =-12 — NG = &7 V (433)
v v _ v
where ¢!, ¢; transform like Z!, Y7, respectively, under the gauge group, ¢" = ¢°, ds, do, and

in Wi the sum over ¢€ includes ¢p_;o but not ¢F=I0

, and a, @’ are defined as in (3.6).
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The metric derivatives for Z are the same as for ¥ in (4.27) except that (I'§,)z =
—(C§a)y, and the derivatives for X' = Y, Z are related to those for X = Z,Y by

Cx)pe =~ (Tx)pa + NGa, (Tx)3e (T0)§ = (Tx)5a (T)§
(Cx)5 Tx)f0 = Cx)  Cx)% + N (1£3) GG (439)

Since Z and Y have opposite signature, the additional surviving contributions are equivalent
to that of a set ¢€ witha =8=0, o/ =3 = —6 = —4N/3. To cancel this contribution we
must modify (3.8) and (3.14) to read

f=—-Ng, 4+d =0 =-0=+4N/3, | (4.35)

where in the sums defining these quantities

¢C = ¢"/, X';?’ UZ) V7A7 ¢’}Y’3 @; | (436)
In other words [see (C.2) of Appendix C],
S L = —L,, LY+IL%=0,
T
N .
T

Since (T,Z)'F; = 0, Kpy is invariant and W, is covariant (W, — e FW,) under (4.15)
provided the PV chiral multiplets transform as

¢IC — e—aclf‘qbc, ]/Ila — e—aYFNij (Y_;x + aaFon), Y()’ — e—aYFYO

7Y = e FMizl, 70=eT (2° - 0 ZlF), (4.38)
with all other PV superfields invariant. Note that we have chosen W; such that all masses are
covariant for fields that appear in the gauge kinetic functions f4Z. Provided each ¢€ appears
in only one term in W, [i.e. poc¢®¢C or Luc(4€)?, the squared-mass matrix defined in

(4.5) is block diagonal Thus, for example, if we include a modular covariant T-dependence
in the mass terms for some ¢ # Z,Y, we have

(M2)E5 = (MR)E =75, (MR5=(MR)E=0p%h,

Ml = Ml = opln(it)|re¥0-eremkortoe)  (439)
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where 7(it) is the Dedekind function:

n(T") = e3F n(iT"),

-

and
M3e = M = eF+P-ar—aptbr) pp2, - 4P o 7y, (4.40)

with M2 = M? otherwise. The n(it) factor can be interpreted as a parameterization of string
loop threshold corrections, as mentioned in Section 4.1. We now turn to a more realistic
model from string theory.

4.2 The untwisted sector of orbifold compact_‘iﬁcations

Consider next the classical Lagrangian for the untwisted sector of orbifold compactifications
with three untwisted moduli. It is defined by the K#hler potential and the superpotential®®

K = k+G, G=G* W =du0*"0%20%,
3 n
Gt = Y G GO=—-In (T" +T -3 [<I>‘“'|2) : (4.41)
i=1 '

a=1
Setting ZP = {T%, ®()}, we now have the properties
8,0,G = 6;GPGY, K,u=-> G,G,,
i#£]
STW,GP = 0, Y Wyey® ™ =w. (4.42)
P a

The Lagrangian is invariant under modular transformations:

G - G'=F+F, F=) F, F' =T +d),

(e , , 0Z® 971
Z = (T)——-)Z(Z), M=, Ni= o,

y o g [€TE —ReTO@\ o (eFs Fere
J 0 e——2F' ’ M 0 6217‘z ’

.F;' Ei == FtT;, .F,J = —(5,;]',Fiz. (443)

10Tt is straightforward, but slightly more 'cumbersome, to generalize the results to the case of a Kihler
potential as in (4.41) with n — n;, n; # n;.
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Properties analogous to (4.19), (4.20), (4.26) and (4.27) are given in Appendix D. In analogy
with the discussion of the preceding section, we introduce PV superfields Z©,¥{qy), and
modify K¥'% and W5(Z) in (4.28) and (4.30) to read [here we suppress the index @, and now
G7,G{) =1 for fixed  is invariant under (4.43)] |

3 b 3
K? = "9y K7 - —22— (G4G) +he), K¥=e"¢Y KY,
I=1 I#J : I=1
Kf = S ZPZMGE, +aGL?, GL =Y 2ZPGY +a71ZD,
PM P
K}/ = Z YPYMGI(’,S'L - a; (YPY(()I)G](JZ) + h.C.) + WOI)Y/@[) (1 -+ az)] ,
PM !
by = 25 =2=-a=&=1, by =0, (4.44)
- _— ~ - 1 o
Wa(Z) = %quZPZQ —a! ;z‘” (W(ai)Z(A’) — —2-a‘1WZ(°I))
1#£]
+V2 Y 2P (aW, Yo + VpW). (4.45)

P,a>1

In addition we replace the fields ¢'%,¢;, I # S by g0 gy P # S, with Kéhler
potential :

K? = Z [eG(i) (; |¢(PI)I2 + |¢(OI)|2) + K72 Z |¢(PI)|2] ) | (4.46)
P

i

The mass terms for theses fields are determined by W; in (4.29) with
ZP’YP_)Tlaz(AI)aTI)}/(AIﬁ ZO,YO “*Z(Ol)vyv(ﬂl)a

¢I’07¢I, I#Sv _>¢(PI),(OI)7¢(PI)7 P:léS7

and the sum over C in the definitions of @, o/ now includes ¢(p;). The Kahler potential is
invariant and W, is covariant under modular transformations provided

$¢ = "%, Yo an=e "N (Yo +ak, Yon)
ZIQ — C—QZFM;,IZP, Z«OI) - e—aZF (Z(OI) _ aZPF;) ,
Yo = € Yoy, ¢MD=eF¢™) N=Po. (4.47)
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The renormalization of the Kihler potential (3.16) arises from Z, Y, ¢, 0, ¢, ¢s, contributions
and is modular invariant, since we have chosen the PV couplings such that their masses are
covariant. Writing, for ¢* # Z,Y,

K(47,67) = eSrPHgPP, Gp=300hGO,

Wi(g%,6") = e []InGt)"»¢76", (4.48)
we have |
M:fp _ szl _ M% H ln(iti)luzg, el —Cp—=Gpi—k(Bp+Bp1) | (4.49)
and | .
Mgp _ Mﬁ - e.z'_(p(i)-q-i‘("))(l—‘ajp—a;,+b},) Mf,p, ¢P + 7.Y. (4.50)

4.3 Including the twisted sector

The Kahler potential for orbifolds is not known beyond leading (quadratic) order in the fields
Z* # S, T, except for the untwisted sector, whose Kahler potential (4.41) is determined by
the metric on the compact space. As a consequence, we cannot determine the one-loop
effective action for the twisted sector, but we can include twisted sector loop contributions
to the untwisted sector action, provided the superpotential contains no terms quadratic in

the twisted sector fields. The general modular invariant superpotentialll

3
W =3 w, ﬁ (T 1 [Z“ I (Ti)] : (4.51)
a Jj=1 a =1

depends on the moduli through the Dedekind 7-function, interpreted as arising from string
world-sheet instanton effects. In the absence of these effects, which we neglect here, there is
no superpotential for twisted sector fields. We will set background twisted sector fields to
zero, and include only quantum corrections due to the (modular invariant) quadratic term
in Z® # S, T%, ®* in the superpotential:

K = k+G*+) ¢ |Z°],

9" = — 2 qIn(T +T°) + fIO% /(T + T°)] (4.52)

1There can be additional factors which are holomorphic, modular invariant functions of the moduli.
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If K depends on the moduli only through the compact radii, we have
=Y ¢G, fo=-Y ¢ml1-Y |@"P/(T"+T7). (4.53)
i : B b
Under a modular transformation -

7" = e™Z% F*=Y ¢F. (4.54)

To regulate the twisted sector contribution, we introduce negative signature PV fields &4, ® 4
that transform under the gauge group like ®* and its conjugate, respectively, with Kahler
potential and superpotential

Ky =Y (.c,»s"’|<1>“‘|2 + eK/2|<I>Al2) , WI'= ZH In(it') |24y, @49 4. (4.55)
A

Under (4.3) we have

- _1
q)A — € FG(I)A, by —e 2F(I)A,

(47 = T3 = SrOPOing, (4560
Combi.ning this with (4.49), (4.50), the one-loop Yang-Mills Lagrangian (4.8) takes the form!2

L3

4 > ZF‘“’F“ ZnPCPb’ In |p(it*)|* — an< 2Zq;',gi) +C"‘K], (4.57)

where the sum over P now included the twisted sector fields. The first term in (4.57) correct-
ly reproduces the threshold effects (neglecting the universal, modular invariant term [21])
provided

b, =3 n"Clbtp =Cr +> Cp(1-2g) - C° (4.58)
P P

Then the variation in (4.57) is cancelled by the variation in the classical Yang-Mills La-
grangian due to the transformation property (4.9) of the dilaton.

12There are additional dilaton-dependent terms (formally of two-loop order) if the gauge charged fields
couple to the GS term (refgsterm).
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5 Anomalous U(1)

_ The modifications needed for regulating one-loop supergravity in the presence of an
anomalous U(1) gauge group Gx are described in detail in I. The light matter loops generate
a quadratically divergent term proportional to 2z !DxTrTx and logarithmic divergences
proportional to TrTx associated with the operators @, in (2.17). To regulate these terms
we must introduce PV chiral multiplets ¢* with superpotential terms that are not invariant
under U(1)x. As discussed in I, in order for the superpotential to remain holomorphic under
a U(1)x gauge transformation, we require the transformation properties

1 _
Aﬁ - .Af,[—g‘lDMg, Vx—)V)’(ZVX+§(A+A),
7'~ g%z, 2T g A7 g=(gh) Tt = et (5.1)
The chiral Yang-Mills superﬁeld W is obtained as a component [9] of the twc_)-form Fun,
which is the super-curl of the Yang-Mills one-form potential .A,,, and is also the chiral projec-
tion of the commonly used Yang-Mills superfield potential Vx: W, = —; (DdDd‘ — 8R) DVy.
While the light fields are defined to be covariantly chiral [9] under U(1) x, the U(1) x-charged

PV fields are covariantly chiral only with respect to the nonanomalous gauge group; their
invariant superpotential takes the form

Kpy(|¢F[?) = e9" (D+2axVx |gP 2, (5.2)

5.1 General supergravity

If we assume that the U(1)x generator commutes with the Kahler metric in the general
supergravity model of Section 2, we can simply assign zero U(1)x, charge to X,,,U,,V,, and
to ¥ for a set of values oo = o with 3o 7, = —1. U(1)x gauge invariance of Kpy and W,
as defined in Eq. (3.4) requires oy = Yao- We must also remove ¥, Z{m as well as a pair
with a # ag and net positive signature from the second term in W, Eq. (3.4). With this
choice the linear divergences associated with the U(1)x. anomaly are canceled. The chiral
anomaly reappears due to the noninvariance of the mass terms coupling the Yo to fields
Z! with the same U(1)x charge as Z%, and forms a supersymmetric F-term with the chiral
anomaly. Note that the renormalization of the Kéhler potential is U(1)x invariant in this
general case, since ¥, Z!I do not appear in W,.
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5.2 Orbifold compactification

In this case we cannot impose the condition that the Kahler metric commutes with the
U(1)x generator, but with an appropriate choice of PV U(1)x charges and superpotential,
the U(1)x generator does commute with the Kéhler metric for PV fields with PV masses
that are not U(1)x covariant. For the untwisted sector of the orbifold model of Sections
4.2-3, we have '
Ta(T) = GG + 62 = Tigna(Tx)(an + 92

Tea(Tx); = ga(Tx)s =T4.(Tx)5- (5.3)

(an

The contribution from G, which is defined in (4.26), is canceled as before provided g%

—g* = ¢Z“ and to cancel the new contributions, we assign U(1)x charge to ¢(4D:

¢” = %" and to ¢ qx = Lencace§ = ~2, Tonchea§ = Senca§ = 0, where gy
is chosen to cancel the contribution from the last term in (D.4) of Appendix 4. We also
require g§ = g% for the PV regulator fields for the twisted sector. With these choices, the

renormalization of the Kahler potential is U(1)x invariant.

6 Summary of results

We have shown that it is possible to regulate supergravity at one loop by introduc-
ing Pauli-Villars fields in chiral multiplets and Abelian gauge multiplets. For calculational
simplicity, we restricted the dilaton couplings to those of the classical limit of supergravity
derived from the heterotic string, but there is no impediment in principle to extending our
results to the more general case. In the context of string theory, this generalization is re-
quired, for example, when nonperturbative string effects and/or GS terms are included in
the effective “tree” Lagrahgian. It would also be useful to know the full one-loop correc-
tions in the linear multiplet formulation. However, certain one loop-effects such as the soft
supersymmetry breaking terms and the anomalous contributions to the Yang-Mills kinetic
term, depend only on gauged-charged matter and Yang-Mills loops. In this case, with the
dilaton appearing only as a background field, it is fairly straightforward [13, 14] to include
the above-mentioned terms, and to generalize the results to the linear multiplet formulation
for the dilaton. The A-terms for general supergravity without a GS term were calculated
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in Section 3, and were found to be very sensitive to the details of the precise choice of the
Pauli-Villars couplings, which in turn can be determined only with a detailed understanding
of Planck-scale physics.

String-derived supergravity is anomalous at the quantum level under perturbatively exact
symmetries such as T-duality and U(1)x of the underlying string theory. When appropri-
ate Green-Schwarz terms are included, the effective field theory should be invariant, up to
nonperturbative string effects, at the quantum level. One could, for example, make the regu-
lated tree Lagrangian fully modular invariant by including appropriate factors of the modular
covariant Dedekind function n(:7") in the PV mass term W;. These would be interpreted
as threshold corrections from heavy string and Kaluza-Klein modes. However, string-loop
calculations show that at least a part of the modular anomaly is canceled by a GS term; in
particular, for orbifolds like Z3 and Z; with no N = 2 supersymmetric twisted sector, there
are no (modular noninvariant) threshold corrections [24] to the gauge kinetic term: b2 =0 in
(4.58). Moreover, cancellation of the U(1)x anomaly other than by a GS mechanism seems
problematic.

A part of the conformal anomaly can be directly inferred by replacing In A% in (2.2) by
the real superfield In M?(Zi, Z™), where the lowest component M?(z,z™) = M?(Z¢, Z™)|
is the PV squared mass matrix. Under a transformation that leaves the regulated tree
Lagrangian invariant except for the PV mass terms, the shift in (2.2) is determined by [see
(4.12)] M2(Z¢, Z7™) — M2(Z¢, Z™) = eH@+EE) pp2( 7% 2™ where H(Z) is a holomorphic
function of the chiral fields. The supersymmetric anomalies associated with the F-term
operators given in Section 2 are also F-terms which contain the associated chiral anomalies;
the general form of these operators is given in Appendix 2. It has been conjectured [19]
that all of these anomalies might be canceled entirely or in part, depending on the string
threshold corrections in specific models, by the GS term included in (4.9). This would
require a tree-level coupling of the dilaton to the chiral superfields ®w, ®, in (2.10), for
example, inducing additional operators (and potential anomalies) at the one-loop level.. The
D-term operators of Section 2 give rise to D-term anomalies, also displayed in Appendix
A. In principle these could also be canceled by a tree-level coupling of the dilaton to real
superfields such as those in (2.14) via a D-term of the form (2.13), again implying additional
 operators at one loop. One such D-term is the shift in the Kahler potential, (2.16). We have
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shown that the regularization of this term can be made free of modular and U(1)x anomalies
for supergravity from orbifold compactification with background twisted sector fields set to
zero. It is not clear that this can be achieved with twisted sector fields in the background.

The full set of anomalous operators contains additional terms that arise due to the fact
that the PV masses are not constant; D“H # 0. Determining these requires keeping higher
order terms in the derivative expansion (as in the calculation of soft terms in Section 3.3)
and retaining total derivatives (like the Gauss-Bonnet term) in the coefficient of In A2, In
addition it is necessary to verify the cancellation of linear divergences — or equivalently!3 to
show that (4.12) is satisfied by comparing that expression with with the anomaly calculated
from L(®') — L(®P). These issues will be addressed elsewhere.
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Appendix

A. Component expressions of general superfields operators

After eliminating the auxiliary fields using their tree-level equations of motion [9]:
Fi=—eKP2Ji 2R| =e K14, —zD, =D,, (A1)

we obtain for the bosonic terms for the superfield operators introduced in Section 2.1:

1 .
DﬁTa| = 6ﬂOzTO + (qmne)ﬂa Tmm TO = 5 DaTal ’ Tmn. - €#€;Tuu’
13However this procedure applied to modular and U(1l)x anomalies will not insure, for example, the
correct dilaton dependence of the Kihler metric.
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D°T.| = —2DaT; (e ¥AA™ + D2’ D*2™) + 207 D,T}(T°2),
Tw = [(Du#'D2™ - D,2*Du2™) D — iFg, (Tuz)'| T, (A.2)

w

where m,n are tangent space Lorentz indices, and «, [ are spinor indices in the two-
component spinor notation!* of [9]. For the bosonic parts of the F-terms of Section 2.1
we obtain:

L(WeTS) = Da (D, D7 4 K 41 M) +iD, 7 V2P FY | DpTE
a‘a T P B z

+Wa(T%2)'T¢ + hec., (A.3)

L(T°T.) = LTI, = (W + W) (Tuz)! (T2 TLT;

" [% (Do DPz™ + &M ATA™) +4D,2" ufﬁ‘Fé‘”] (T°2) (T;DnT; + T;DaT;)
— (Duz™D*2 + e ¥ A™AY) (D, 2"D* 2 + e ¥ A" A7) D, TiD,T]
~DHZD'Z™ (D! Do 7" — Dyu2"D,2" ) DuTiDaT) + hc.. (A.4)

In se_ction 4 we also introduced F-terms of the form
L(T,T): = L9TT,, (A.5)

that is, they are they same as (A.4) except for the signs of two four-derivative terms. In
addition we have, with X, = K,, '

1
L(6dw) = / d40%W°‘ﬁ"Waﬁ7+h.c.

1
§D0Wﬁ7jpawﬁ75 + h.c. + fermions
| 1 1

]' v v LR
= 6Lgp + Zr,w'r" - ﬁr2,+ EX“,,X“ + fermions. | (A.6)

Up to terms that vanish on shell due to the graviton tree-level equations of motion, we have
the identity [see (2.23)—(2.25) of [10]] '

1 ' 9 1 1 :
5 (3ruwr® —1%) = 3Ly - sla — 5 Xw X", (A7)
14The component field expressions use the metric g,, = diag(+ — ——), the opposite of the metric of [9].
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and we obtain

1 . l 4 E afy | ___]; a) |
SIx+Lan = 75 [ = (W Wagy — 5XaX) +he. (A.8)

For the D-terms we obtain

Lidwr) = (xF,;fFﬁ,",DuziD“zﬁ‘ +4e KDAIA™

+2iDpziDuz'7‘D“F;‘” +2DD,2'DP 7™ + )Tiﬁ,, | (A.9)
LT = K (AD,,ziDﬂzJ + %’DG(T“z)iﬁj> by
e (M ATH — SFWH) 1
- (D,‘Zﬁ'D"zi +e X Aﬁ‘fii) Dy (e ﬁjtij)
+e XD, z*D# 2 A7 (Dity; — Djtyr),
Ti = e Xty w(Ty)=w(ty) —2=2, (A.10)

LT) = (D™D, DD sl + K AP B A A

+2e“KA’7‘AiD,,ZﬁD"zj)Tijm,—,, (A.11)

In the fully regulated Lagrangian, In A? in (2.2) is replaced by the real superfield In M2(Z¢,Z™),
where the lowest component M2(2%, 2™) = M?%(Z%, Z™)| is the PV squared mass matrix. Un-
der a transformation that leaves the regulated tree Lagrangian invariant -except' for the PV
mass terms: M2(Z:, Z™) — eHO+H2) p2(7i 7m) where H(Z) is a holomorphic function
of the chiral ﬁelds, the full anomaly associated with the one-loop generated F-term operators
given in Section 2 can be expressed in term of supersymmetric field operators of the form

’ . 1 4 E.a !
LT,T.H) = 2/d 05T TLH(Z) + he.

= % H (z)’DaT[’,’D"‘Tﬂ + h.c. + fermions

= —2ReHTT; — ReHT,,T* — ImHT,,T" + fermions
= —2ReHL(T,T') — ImH TL,,T“” + fermions, (A.12)
where L(T,T',1) = —1L(T°T}) is defined by (A.4), and

o 1, E
ReH (§LX + LGB) +ImH T = - / d0EH(Z) (W"‘ﬂ”w&ﬁ7 _ ;)—XO,X“) +he. (A13)
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The chiral anomalies in the above expressions arise from the standard nonlocal operators
generated by fermion loops. For the D-terms operators of Section 2, the corresponding
anomalies are also D-terms:

L(¢,H) = / d*0E¢H +h.c.. (A19)

In addition there are contributions from terms involving derivatives of the Pauli-Villars
masses that do not grow with the cut-off and were not included in Section 2.

B. Modifications of the Z,Y; contributions

The fields Z play the same role as Z! in 1. However, if we were to use the Kihler potentials
KZ%,KY adopted in I, we would have for the covariant derivatives of the gauge kinetic function
f(z) =s: . |

ffy =DiD;f = —T§;fe #0, (B.1)

which would generate unwanted contributions from Z!-loops. The effect of the fi-dependent
terms in KZ is to eliminate these contributions; their presence in turn requires compensating
modifications of K¥ and KY. In this appendix we calculate the modifications with respect
to I of the Z!,Y; loop contributions.

Denoting by a tilde quantities derived from the Kahler potentials K%Y in (3.3) with
fi =0, that is

R = 2| B2)
Fi=0
we have
LZ+LY = LZ+LY+A(Lf+1LY), (B.3)
In I we found
. 2 .
(Lsz + L},)I = —L3 - %C_K (AZAE'LI + hC)
2 X S
| Da(T2)' L] + 1D, 2™ (T, 2) K L¥* + h.c.
| m\/ﬁ[D (T*2)'L; + 1D 2™ (To2)' Kin L + c]
+4A‘7L1 + 12Ap2 Ly + 8Ap Ly, (B4)
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where the subscript I denotes the Lagrangian with f = constant. We have

A,,,;Cz = A,,,C} + IIIWA, Af,L = A“yLI, AMzL = AM2LI,

1 LHre — 1 ﬁl;a_'_%Fauu_l_?_lﬂﬁvapu, . (BS)

and, from the results in (B.18) and (B.20) of [12],

2 ; 2 ' )
~——— |Du(T%2)"L; + h.c.| + 8ApL = ——— |D,(T*2)' L] + h.c.
7 [Da(T") | +880L = ——== [Da(1%2) ]
) . ) o
+8ApL; — 2-’3‘;%“1{,-,;, [D42(To2)™ + (T,2)D*2™)] + 32M°D
3uy a K T iD sm h 4 v L H |
—4z?’D [ i (132)'DyzZ™ — .c.] + EED [Ouzd*z + 0,y0"y]
+total derivative. (B.6)
Combining these results, we obtain
L2+ = (LE+LY) +2M* (W+W) - %L((bg), (B.7)

where we used (C.76) of [12].
Writing '

K = k+G, k=-In(s+3), k =—f/22>
Ki; = Kiy+Kiy K= Kij — KK,

Ky = “2—];E'(fin+iji)—"2%fifja : (B.8)

the effect of the f;-dependent terms in K Z is to eliminate the contributions to K 17 with
IJ =LS,SL, L # S (note that Kss = Kgg = Kgg = 0). Since

K KY = —K., KV, (B.9)

we simply need to subtract the terms quadratic in Ky in products of Ky and its derivatives.
We have

Ky = Kiki+ Kjk; — 2%k:k;, |
D%, = &%k;+ 8%k + KEK + KEK, — ARPE, (B.10)
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where k} = k"™ kz; projects out s-components. Then using

kim = k,;kﬁ,,, kij = k,;kj, Djki = —kikj, kiAi = A, k{AJ = kiA,
As = ICSA, Ask = ksAk - kskkA, kiAij = Aj - ij, (Bll)

we obtain

Ay = KipgA—T% 4, = —Ajk — Aik; + 2Akk;,
By = 0al%, = 6%kjm + ¥ kim + KEKjm + KEKim — 4k kjm, (B.12)

and [with k,, etc., defined as in (2.8), (2.14)]

s 1 _ BB pelt 8 (1 . :
R R e = By R+ 8k (kop — Kop) »

AR = A RA[ R+ 44Kk, | (B.13)

Then from the expression for Lz given by Egs. (2.13), (2.20), (A.10) and (A.11) [or explicitly
in (2.27) of I], we obtain, with nZ = —1,
| #s0,50"5 2 o
ALZ = _0us0"50,50"5 Z KinD,7'D,z"0"s8"5 — 8M*
24 x?
Vs -K
—12M?*V — 2M? 030”5 + 2ex (Duzia"sA,-/_l + h.c.)
O*s0,s

+ ( 272

9z [Du2 (A A7 - 3A:A) + hic| — 4V
P ij i -C.

+8M>D + 2¢7% (AAyD, D2 — AyAIAA +hc). (B.14)

T2

+ h.c.) (V + Mz) —4e7 %D, S DFZ™ A A,

+2e

As noted in I, the derivatives of the metric defined by

KpYPY?= S K% Y5-ad (Y,-Y‘)ni + h.c.) + |Yo|? (1 + aznim) : (B.15)
17=ij =

are most easily easily evaluated in terms of the derivatives of the inverse metric

KPvpYo = > (Ki]— + a2nmj—) Vv’ +a > (YIYom + h7c.) + |Yo|2 (B.16)
, 1= =
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One finds for the elements of the affine connection

ng = —aD;ky + a3Kjﬁ‘njnz-3ﬁ,nk, F(I)k = —aKimBﬁ,nk,
Iy = —Th— @K™ k0nrr, T = K™ k;0nsk. (B.17)
It follows immediately that I'p, = ['B_, so there are no changes to H2, LY. For K¥ we have

ki = K; — ki, (Ta)grga = (Ta)gfga’ and

DI(Tay)J = DI(Tay)‘_I - a2kj(Taz)ia DI(Tay)O = DI(Tay)Oa
DO(Tay)J = DO(Tay)J - asija, DO(Tay)O = DO(Tay)Oa

Roim = Rgim — &’kim,  Rigm = R?im =0, |
i = Bifin +0° (Skjm + KeFjm = kiksm) (B.18)

with the result that for P Q= 17,

Dp(Twy)?Do(Tay)” = Dp(Tuy)?Do(Tuy)”,
DP(Tay)Qngm = DP(Tay)QRSkﬁu » (B.19)

and the modifications to L}? are determined by

~ ~ ‘ k
RE R%: = RE.RZ.+2RY..
—|-Cl,4 (2kkkﬁlkjkﬁ - kkajﬁ — Kkmkjﬁ - kj“ Kkﬁ - Kjﬁlkkﬁ)

= REmR%n +2(a* - 20%) kxkink;kn

—a* (kemKjn + Kimkin + kjmKin + Kjmkin) (B.20)

where Rg:%jﬁ is the Riemann tensor derived from &.

The Kahler metric for ¥s, ¥ has K™ — k™ and «; = k;, and is the same as the Y-metric
in I, with the Kahler potential K(z,Z) — k(s,5) and a = 1. Since (I'V)%, = Sa, and D, S|
has no bosonic terms we need only consider

(T7)a = —Tia — 0%ha = —3ka, (TV)0y = 0%ka =ka, @7 =100, (B.21)

Since Y, nZ = —1, (B.21) gives a total contribution equal to —10Lg to LT, (3.18), but a
portion —4Lg of this is included in 8'Lg. Using (2.25) of I to evaluate the contribution from
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(B.20), with a2 — a = —~2, a* — o’ = +2, we obtain a net contribution:

0,80"50,50"5 2 P, v
3-'-“——@:—— - ;é-Kim‘D,,z D,,Z ) o#sd”'s

+(3M2 - V) a“ifﬂg + 26;K (D,2'0"54:;A+h.c)

~AM? KD, 2" DHZ™ — 4M? (3M? +2V) — 6L, (B.22)

ALY =

and

0,,50"50,50"3 ~o
e, — 4V

0,50"3

12

A(LZ+LY) = —4M’KyzD,7'D'z™ +

—20M* (M*+ V) + (M2 - V)

. z ) ‘DHEMAA
+ (8 saus + h.c.) (V + Mz) _ 4e—K'Duz1D#2mAiAm

212
+8M?D + 27X (AA; D, D2 — A AT AT A+ hc.)
1 i _. . '
+2e-K3x—”” [Du7' (A4 A — A;A) +he] — 6L, (B.23)

Using the relations [see (B.18) of [12]]
2 _. ’ . . - o
'\—/'_"q-EiAZAC_K +hec. = 2¢2K (DHZE'D”'Z]A,'J'A — AijAZAJA + hc)

+8M* (V +3M® — D) + 2aM* (W + W)
+4e~KDH2 D, 2™ (A;Am + KinAA),

otz

20, [(V +M?) T] = 20, le-"a:—“’ (4:4" - QAA)]

= 25"9? [Duz' (A A7 — AA) +hecl
+2(V + M?) (V;x - a“”;i’“x)

= 2e-K§£f [Du7 (A A — AiA) +hecl
+(V + M?) (6”23;”3 — x\l/ﬁ fiLi+ W + h.c.)
+4 (V2 + M2V) — (V + M?) @igﬁ,
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8 T i
. — (Du#"AiA +h.c.)
—2M°D + V? + AM?V + 6M*, (B.24)

ALM:Z = 26

and dropping total derivatives we get

A(LE+LY) = —%{ [f’ (V + M?) +2e7%4 A] +hec. }
~8ALp2 — 2Lg + 22V (W+W) . | (B.25)

Combining (B.25) with (B.7) gives the result in (3.18), with
L(®y) = -32M°D 4 DY, s0"s5 2i8” 0"5D,F,
~SL(®)) = ~32MD— S Das05 — 5o#sSD.F,

+2 [oms (iF + g”%Da) KinD'Z" +hc ],
0,80,5 0,50"s0,50"5

Ly = M*+ M? 26
p = M AMon 1674 (B.26)
In addition we have, using ¥*'W; = 0,
ALAY = AF A, - A, Al = A;;AY - 2 (A4 - AA)
= Ay A7 - 2" (V +2M?),
Za,Ya _ ] i 7 <3 i T
AfsTe = A8, AY s =6iA+ale" (K, - k) (A - KA),
AIZ(:,,Y,, = @, (/ii - k’A) : AZ"’Y“ = a.eXW;,
~ =P — 55 _
ALY = 242K,y — 20244, AZDAES =22 AA, (B.27)

~

giving the result in (3.16). Note that the overall normalization of A;Z% differs from that!®
used in I for A

Finally, there is a contribution from the diagonal part fd,, of the gauge kinetic function

Jab:

T = hafy T2 =hofy FE=hafik;,

15There are extraneous factors of X and W in the last term of the expression for A} , in L

1



f f = 2h2f'f; = 8x°h2, f~~ 26 Y o Ohoca f’k A= —4zA,
AkIQ' = DkAIQ - akAIZg e k'iALQ (Fy) A

Akm = —a(1+0?) kikeA = —2k;k A,
f~ tho = —4zhace (Ax — krA). o (B.28)

Then the scalar mass-matrix element H takes the form [12]
HZY = K (Aka/ik - APQA) + §quw, ’
HESHES = —2ahece (V + M?) (W +W) + 22°R2WW
e, , ' (B.29)

where the dots represent contributions independent of W that have already been included.
Together with the results given in Appendix B of I, we obtain the contribution (3.17).

C. Parameter constraints

Defining
B=3n%c, o=2) n%cac, (C.1)
C C .

if 3 = —Ng — f and/or o # 0 there are additional contributions to the logarithmic diver-
gences:

In A? 2 , ,
Lev 3 Vigss [(a—ﬁﬂ)Lﬁ"ﬂLg]’

Ly = M*(V+3M?)+ M?KnD, ' DHZ™ + i O 438 S ppe
. 3,
+2DM? + (K D,z D*2™ + V + 3M* + 2D) 4352 d
Oy ) _ _ )
4362 2 Kin (DH£D¥ 2™ — DUZ™DV5), (C.2)
where L is given in (2.5). The contribution from (C.2) contains for example the terms
0,50"3

2 -
(0 _ gﬁ) Ly—BL, > (026 KmDud D3m0
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;0,50,5

s, (C.3)

(a - —-ﬂ) K, Dz i 55

that are not generated by any other contribution, requiring ¢ = 8 = 0.

D. The untwisted sector in orbifold compactifications

Here we give explicitly the relations needed for modular covariant (Kpy, = Kpy, Wi =
e FW,) regularization of the theory defined by (4.41). Under the modular transformation
(4.43) we have

K;’ = Ng (Ky+ Fy), K;’;m = N;,’NZ:Zan,

Knu — Y (FiGY + F4GY + FiF))
1#]

Kpq = NpN7'

it
W, = e FNI(W,— FW). (D.1)

p

Wy = e—FN:Nz;n [Wmn -, (F;{Wm:ia + FLW, =(aj) — F,’nF,{W)

The operators that determine scalar curvature dependent quadratic divergences and the
logarithmically divergent contributions L, » are: '

I, = NG, T?°T%, =(N+1) G(Z)G(’)+G”“G‘1

pa?
i 1 & 1 - 1 & 7
GO = 2 (pdp — 8R) D,GY, Gf;a——_——s-(DdD —8R) (GYDo2") 8, 1,
N = n+2, TLTY= TGH+Ge Tf=3(TYH% (D.2)
] 1 b .

The corresponding operators from ZP, P+ S, are

(1) (15)2, = T+ (o) (G080 + GC) —2 () G

Q Pa
Gpa = —% (DaD* - 8R) G, DG, ;,
=%, (T7)5 (T =TL(T)i +a%G2, (D.3)
P Po J
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and the metric derivatives for ¥p, P # S, are related to these by (I‘A)ga =— (I‘g) . The
derivatives for X' = Z Y are now related to those for X = Z, Y by

(FX’)ga (FX')ga = (PX)Za (Fx)ga + N (1 + 2) G*Gl,

(Cx)pa == (Cx)po + NGa, |

(Tx1) 24 (To)g = (Tx)Fa (T)g £ XaTrT,. (D4)
The divergences from matter loops are canceled loops from Z!,Y; and ¢™), N =0,P =
0,T,A=1,---,n

NI)ap(MI & e NI <
ST TN, = NG°Ga, TR, =NG,, (D.5)
1

with additional contributions that require a modification of the constraints on the parameters
o', 3,0, as in Section 4.1, with N — 3N in (4.35). When an anomalous U(1) is present we

require that some ®¢ carry U(1) charge so as to cancel the last term in (D.4), as described
in Section 5.2.

E. Errata

Here we list additional corrections to [12] that involve dilaton couplings, and were not re-
ported in I.

1. The second line of the RHS of the expression (C.48) for TrY? should read

S0 (e + (R B - (BB - (R Fe)')
2. A contribution is missing from T§*€ in (C.59), namely

8,@8,,

z?

T§* = [Ly, ]~ (M) — [Lyuy ] (M"") +(a ¢ a) = 22 papuy,

3. There is a term missing from the expression (C.43), namely a contribtion

3 ), 20,
z?

yDaFﬂ.

involving the graviton-gaugino connection in 2 (D,ﬂh)z (f)ﬂm):.
a
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‘4. The sign of the first term on the RHS in the expression for 73 in (C.44) is incorrect.

5. A contribution to 79+¢ is missing from (C.59), namely

0,z0,y “
Tga = -L‘}—z——D“Fw,.

6. Asnoted in I, there are errors in the coefficients of M2D in the traces given in Appendix
C. For the string dilaton case considered here the changes with respect to the canoncial
gauge kinetic energy case considered in I are: —18 in STrHZ, Eq. (C.36); —14 in
LTx (H¥)?, Eq. (CA41); +2 in —T}¢, Eq. (C.44); +58 in 1STrHZ,, Eq. (C.47); +52
in $STrHZ , Eq. (C.62).

X9’
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