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The New Minimal Standard M odel

Hooman Davoudiasl, Ryuichiro Kitano, Tianjun Li, and Hitoshi Murayﬂma
School of Natural Sciences, Ingtitute for Advanced Sudy, Einstein Drive, Princeton, NJ 08540, USA
(Dated: May 11, 2004)

We construct the New Minimal Standard Model that incorporates the new discoveries of physics beyond
the Minimal Standard Model (MSM): Dark Energy, non-baryonic Dark Matter, neutrino masses, as well as
baryon asymmetry and cosmic inflation, adopting the principle of minimal particle content and the most general
renormalizable Lagrangian. We base the model purely on empirical facts rather than aesthetics. We need only
six new degrees of freedom beyond the MSM. It is free from excessive flavor-changing effects, CP violation,
too-rapid proton decay, problems with electroweak precision data, and unwanted cosmological relics. Any
model of physics beyond the MSM should be measured against the phenomenological success of this model.

The last several years have brought us revolutionary new
insights into fundamental physics: the discovery of Dark En-
ergy, neutrino masses and bi-large mixings, a solid case for
non-baryonic Dark Matter, and mounting evidence for cosmic
inflation. It is now clear that the age-tested Minimal Standard
Model (MSM) is incomplete and needs to be expanded. ~ Here,Mp; = 2.4 x 10'® GeV is the reduced Planck constant,

There exist many possible directions to go beyond thefl = io2H*, andi,j = 1,2,3 are generation indices. It
MSM: supersymmetry, extra dimensions, extra gauge symmas quite remarkable that the nineteen physically independent
tries €.g., grand unification), etc. They are motivated to solveparameters in these few lines explain nearly all phenomena
aesthetic and theoretical problems of the MSM, but not necwe have observed in our universe.
essarily to address empirical problems. It is embarrassing that Using the principle of minimal particle content, we attempt
all currently proposed frameworks have some phenomenolode construct the NMSM. Itis supposed to be the complete the-
ical problemse.g., excessive flavor-changing effects, CP vio- ory up to the Planck scale unless experiments guide us oth-
lation, too-rapid proton decay, disagreement with electroweakrwise. What is such a theory? We claim we need only four
precision data, and unwanted cosmological relics. new particles beyond the MSM to construct the NMSM, two

In this letter, we advocate a different and conservative apMajorana spinors and two real scalars, or six degrees of free-
proach to physics beyond the MSM. We include the minimaldom. Note that all components we add to the MSM had been
number of new degrees of freedom to accommodate convinassed elsewhere in the literature. Whahésv in our model is
ing (e.g., > 50) evidence for physics beyond the MSM. We do that (1) it is inclusive, namely it covers all the recent impor-
not pay attention to aesthetic problems, such as fine-tuningant discoveries listed below, and (2) it is consistent, namely
the hierarchy problem, etc. We stick to the principle of min-that different pieces do not conflict with each other or with the
imality seriously to write down the Lagrangian that explainsempirical constraints. Even though the latter may not appear
everything we know. We call such a model the New Minimal an important point, it is worth recalling that incorporating two
Standard Model (NMSM). In fact, the MSM itself had been attractive ideas often leads to tensions and/or con#igt,
constructed in this spirit, and it is a useful exercise to followsupersymmetry and electroweak baryogenesis because of the
through with the same logic at the advent of the major disconstraints from the electric dipole moments, axion dark mat-
coveries we have witnessed. Of course, we require it to be ter and string theory because of the cosmological overabun-
consistent Lorentz-invariant renormalizable four-dimensionatlance, leptogenesis and supersymmetry because of the grav-
guantum field theory, the way the MSM was constructed. itino problem, etc. We find it remarkable and encouraging that

We should not forget that the MSM is a tremendous successone of the elements we add to the MSM cause tensions nor
of the twentieth century physics. It is a gauge theory basegdonflicts which we will verify explicitly in the letter.
on theSU(3)¢c x SU(2);, x U(1)y gauge group, has three ~ What physics do we need to incorporate into the NMSM
generations of quarks and leptons, one doublet Higgs bosothat is lacking in the MSM? Here is the list:
and a completely general renormalizable Lagrangian one ca#1Dark Matter has been suggested as a necessary ingredient
write down. We also addlassical gravity for completeness. of cosmology for various reasons. There is now compelling
The Lagrangian can be written down in a few lines (we omitevidence for a non-baryonic matter compongnt [1].
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the metric factor/—g): e Dark Energy is needed based on the concordance of data
1 1 from cosmic microwave anisotropy [1], galaxy clusters (see,
Larsy = —ﬁTrGWG“” — ﬁTrW,“,W’“’ e.g., [2]), and high-redshift Type-IA supernovae [3, 4].
9s g e Atmospheric [[6] and solar neutrino oscillatioris [6] have
_b B 4 0 TrG G + M3, R been established, with additional support from reactor anti-
4g" w2 neutrinosl[7], demonstrating neutrino masses and mixings.
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10—, which cannot be explained in the MSM, has been Next, we have to explain the baryon asymmetry of the uni-
known for many decades. verse. We might have insisted that the baryon asymmetry was
e The nearly scale-invariant, adiabatic, and Gaussian densite initial condition of the universe. However, this is not pos-
fluctuations (sees.g., [€]) point to cosmic inflation. This has sible because we will accept the inflationary paradigm. We

not been proven, but we find the evidence compelling. will come back to this point later. Therefore, the asymmetry
There are many other hints for physics beyond the MSM aheeds to be explained. In fact, having accepted two right-
a few sigma levels which we do not try to incorporate. handed neutrinos, we can let them produce the baryon asym-

We now apply our principle of minimal particle content to metry via leptogenesis [13, 114,115]. This is possible only
address each of the issues. First, we discuss Dark Matter. ior Majorana neutrinos with seesaw mechanism without ad-
is clear that the MSM does not have a candidate degree dfitional degrees of freedom, unlike leptogenesis with Dirac
freedom. The minimal way to add a new degree of freedommeutrinosi[16]. Therefore, we do not have a choice: the neu-
in a quantum field theory is a real Klein—Gordon (KG) field. trinos are Majorana, and the decays of right-handed neutrinos
To make it stable, we must assign it a symmetry; the onlyin the early universe, coupled with the electroweak anomaly,
such possibility for a real KG field is &, parity. Therefore, isresponsible for creating the baryon asymmetry. The NMSM
we introduce a singlet field completely neutral under the Lagrangian, hence, must also include
gauge group and odd unde#a parity. Then its most general
renormalizable Lagrangian is M,

Ly = Nai@N,— (TNQNQ + hS' N, L;:H + c.c.) .4

hei (2

| . . .
_ . _ . 4 Because the left-handed neutrino Majorana mass matrix has
Itis encouraging that this model indeed had been proposed f@nk two, there is one massless state. The other two neutrino
explain the cosmological Dark Matter in the pasti[g, 110, 11].masses can be determined from the solar and atmospheric neu-
Remarkably, this model can explain the correct abundancesino data, and there is only one Majorana phase. In the basis
the lack of its detection so far, and the lack of observation afvhere the charged-lepton and right-handed-neutrino mass ma-
high-energy accelerators. We will show later that the model isrices are real and diagonal, there are eleven real parameters in
still viable. This is clearly the minimal model of Dark Matter. Eq. [@), after rephasing of three lepton doublets. Since there
The next issue is Dark Energy. Because we do not conare only seven real parameters for light neutrinos, two masses,
cern ourselves with aesthetic issues such as naturalness aigee mixing angles, one Dirac and one Majorana phase, we
fine-tuning in constructing the NMSM, we simply postulate ahave enough parameters to accommodate the current data. In
cosmological constant of the observed size, approximately order to produce the observed baryon asymmetry via leptoge-
_ _3 4 nesis, the lighter right-handed neutrino should be heavier than
La = (23> 107" V)" (3) 10'° GeV to have enough CP asymmeirvi[15, 17].

This is a relevant operator in the Lagrangian, consistent with Finally, nearly scale-invariant, adiabatic, and Gaussian den-
all known symmetries. Hence, it cannot be left out in a mostity fluctuations need to be generated in order to explain
general Lagrangian. Its renormalized value at the Hubbléhe observed structure, velocity field, and cosmic microwave
scale needs to be the one given above. background anisotropy. We adopt inflation for this purpose.
The third issue is the neutrino masses and bi-large mixingdVe do not see any candidate scalar field to drive inflation
We have strong evidence for two mass-squared splittings, orie the MSM nor among the new particles introduced above.
from atmospheric neutrinoAm? ~ 2.5 x 102 eV?, and  Therefore, we have to introduce at least another degree of
the other from solar neutrinos (and reactor anti-neutrinosfreedom. The minimal new particle content is again a real
Am? ~ 7 x 10~° eV2. Because the Planck-scale operatorKG field, and its most general renormalizable Lagrangian is
(LH)(LH)/Mp; gives onlym, < 1075 eV, too small to ex-
plain the data, we need new degrees of freedom to generate r
neutrino masses. There is no evidence that all three neutrinos v

are massive, and one of them may be exactly massless. V}L? . . .
I . . ere, the possible linear term has been absorbed by a shift.
hence need only two right-handed neutrings(a = 1, 2), or This potential can drive inflatiore.g., if the field starts with

four new degrees of freedom, to write down the mass terms. X . A : .
We still have to make a choice whether the mass terms ar@ trans-PIancklan amplitude; this is nothing but thg chaotic
of Dirac or Majorana type. Based on the minimality alone,”‘nc.lat'pn mpde_l ['1 3]. Cur_rent data preferl?t)he quad’rauc t(_arm ©
either of them is perfectly valid. In the case of Dirac neu—dr've inflation [19).20] withm ~ 1.8 x 10™ GeV [21], while

<106 <10-14137
trinos, we need to impose a global lepton humber symmeH S 107 GeV a”‘?"’” ~ 10 '[3f'] ) )
try, while for Majorana neutrinos, we write down all possible 1€ Only possible renormalizable couplings of the inflaton

renormalizable terms. The next minimal way of generating® Other fields in the NMSM allowed by symmetries are

Majorana neutrino masses requires a triplet scalar exchange 5 9 9o 9 o2
[14] with six new degrees of freedom. Therefore, adding two ~ VRH = pplH|" + p2pS” + kp@”|HI” + k59”5
right-handed neutrinos is the minimal choice. +(y§§ﬁapNaNﬁ +ec.c.). (6)

1 1 k
;CS = 58#88HS - §m?952 - §|H|282 -

1 1 W K
_ oy 02,2 7 3__4
= 30updtp — gm7pT — " — et (9)
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Reheating after inflation can take place by couplipgsys, excessive flavor-changing effects, CP violation, too-rapid pro-
or yj‘\“,ﬁ. For thermal leptogenesis to take place, the reheaton decay, and problems with electroweak precision data.

ing temperature must be higher than the mass of the lighter Now we come to another non-trivial consistency check of
right-handed neutrino, say)'® GeV, requiring eithep;; » 2 the model, that is the addition of the scatadoes not conflict

109 GeV ory%ﬁ > 10~%; they do not spoil the flatness of the with empirical requirements. For the MSM to be valid up
inflaton potential ifx ;s < 107°. Moreover,yj‘\‘,ﬁ lets the in-  to the Ple_mck s_c.ale, variqu_s authors haye studied gonstraints
flaton decay directly to the right-handed neutrinos, whose sufTom the instability and triviality of the Higgs potential (see,
sequent decay can produce the asymmetiyl[42, 23], allowin§9- [24]). We do the same for the NMSM. At one-loop level,
for even smaller couplings. This is a non-trivial cross check® gauge coupling constants and the top Yukawa coupling
that the inflation and the leptogenesis are consistent within od#n the same way as in the MSM. The couplings in the scalar

model. sector run as

Let us come back to the question if the baryogenesis is nec- o dA 2 2 4 ” 2
essary. Even if we accept the inflationary paradigm, one may m) a 1207 +122y” — 1247 = 3A(g™ + 397)
still hope that a large initial baryon asymmetry before the in- 3.4 PP 9
flation may be retained to account for the observed value. We T 29" + (9" + ¢°)°] + &7, (®)
can exclude this possibility on purely empirical grounds. Even dk 3
if we set aside the desire to explain the horizon and flatness (M)QE = k |4k +6XA +h + 6y* — 5(9/2 +39%)].,09)
puzzles, which are after all aesthetic issues which we disre- dh
gard in this letter, we have just accepted inflation as the source (477)2—t = 3h% 4 12k, (10)

of nearly scale-invariant density fluctuations to account for

the cosmic microwave background anisotropies, large scalith ¢ = log . We require that none of the couplings be
structures, and eventually galaxy formation. Therefore welriven negative below the Planck scale (stability bound) and
need thee-folding of the inflation to be larger than the log- stay below 10 (triviality bound). The region 6fvy,, k(mz))
arithm of the ratio of the cosmological scale to the galactids shown in Fig[L for three values @fmz) = 0,1.0,1.2.
scale, conservativeljy > In(10Gpc/10kpc) = 14. Onthe  The region disappears wheéiim ) 2 1.3. The Higgs boson
other hand, the large intial baryon asymmetry before the inis predicted to be light, at most 180 GeV, while heavier than
flation can only be in the form of a Fermi-degenerate gas. 1t430 GeV. This range is in complete accordance with the pre-
energy densityp ~ u%, whereyu is the Fermi momen-  cision electroweak fitsy;, < 200 GeV [28], while beyond the
tum, behaves as radiation. In order for the inflation to startLEP-Il reach|[29] and is not probed experimentally yet.

the energy density of the Fermi-degenerate gas must be lessThe Dark Matter annihilation cross section is proportional
than that of the inflator,. Assuming that they were ap- to k* and depends oms andmy, [1C]. We have improved
proximately the same, the energy density of the baryon gathe abundance calculation using HDECAYI[30] and included
is suppressed by./p, ~ e *N at the end of the infla- the s-channel Higgs exchange diagram $t6 — hh, ab-
tion. Reheating will further dilute the baryon asymmetry andsent in [10] even though it is not qualitatively important.
hence we conservatively assume that the reheating was instareferred values ofk(mz),m;) are shown forQgh? =
taneous. Then the maximum baryon asymmetry one can otf2, —2)h* = 0.11 as curves in Fidll1 for various s. Note

tain isn ~ M?ir/pzM ~ ¢~3N < 10718, insufficient to explain  thatmgs =75 Ge_V aIIows_forannlhllatlon_ through Higgs pqle_
the observed asymmetry gf ~ 10-10. Therefore, baryon and has g_spemal behawqr. To be consistent with the triviality
asymmetry cannot be explained by the initial condition based"d Stability bounds, we findis ~ 5.5 GeV-1.8 TeV.

on purely empirical arguments once inflation is accepted as Now we have demonstrated that all new _elements we have
the source of the density fluctuations. added to the MSM do not cause any tensions among them-

It is remarkable that the MSM Lagrangian El (1) Sup_selves nor with the empirical constraints. The new scalar
plemented by the most general renormalizable Lagrangian i¥€ added at the TeV-scale is consistent with the electroweak

Eqs. RIBIULEL) for two right-handed neutrin®s, oneZs data even after we imposed the triviality and stability bounds,
odd real scala. and another real scalag ' while it can give the required cosmological density with-

out conflicting the direct search limits. It does not induce
Lnmsy = Larsa + Ls + La+ Ly + Ly — Ve, (7) any flavor-changing effects or new CP violation that typically
haunt models with new degrees of freedom at the TeV scale.
explains everything we currently know about our universe. The inflation model we adopted can successfully reheat to a
This model is supposed to describe all known physics inhigh-enough temperature to account for leptogenesis for pa-
cluding classical gravity. Note that quantum gravity effectsrameters consistent with neutrino oscillation data, while the
have not empirically been observed and hence are beyond thequired coupling for the reheating does not spoil the required
scope of the model, but we expect them to be there. Thus wiatness of the inflaton potential. We also pointed out that in-
assume there is no new physics beyond the NMSM up to th#ation, even with a conservative requirement ondtelding
Planck scale. All higher dimension operators from the cut-offbased on purely empirical grounds, actually requires baryoge-
scale are suppressed by the Planck scale. Hence it is free fromesis.
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T the model is consistent with the current limit from CDMS-II
[25]. It cannot explain, however, the controversial data from
DAMA [26]. Because the Higgs boson is light thanks to the
triviality bound, the scattering cross section is promising for
the underground Dark Matter searchesdos < my, /2.
. The spectrum index of the? chaotic inflation model is pre-
] dicted to be 0.96. This may be confirmed in improved cosmic-
microwave background anisotropy data, with more years of
WMAP and Planck. The tensor-to-scalar ratio is 016 [21],
again within the reach of near future observations. For other
i inflationary scenarios, predictions vary. The equation of state
] of Dark Energy is predicted to be exactly= —1.
- Neutrinos are Majorana fermions and hence we expect neu-
trinoless double beta decay at some level. Because one of the
neutrino masses exactly vanishes (ignoring tiny Planck sup-
pressed effects), the signal in the near-future experiments is
FIG. 1. The region of the NMSM parameter spgkém ), ms) that  possible only for the inverted hierarchy [31].
satisfies the stability and triviality bounds, fbfmz) = 0, 1.0, and Here we list a few future observations that could rule the
1.2. Also ;‘he prfeferreq values from the cosmic abundaheg™ = NMSM incomplete. Obviously, discovering any particles at
011 are shown for various:s. We usedy(mz) = 1.0. the electroweak scale other thamnd.S at a collider will re-
quire an extension of the model. A Higgs mass inconsistent
with the bounds in FidJ1 will also be a smoking gun for ad-
ditional physics. Confirmation of the DAMA signal would
require a different Dark Matter candidate. Signals of some

L

[

107y R
\ DAMA (30)

- 10%- : ’__QDN\-S"\j\‘f rare decays, such as — ey, would require extra flavor-
‘é N ,,,,.—--~-“‘f"."'j"éé\v'u‘ef\éé'z ] changing effects. Observation of new sources of CP violation
) 1044 SN N S beyond the CKM gnd MNS phases |s_another aveege,an

bg § \NA'N\»}"' electron electric dipole moment or a discrepancyiir2 3 be-

tweenB — ¢Kgs andy Ks modes. As for the neutrino sec-
tor, a confirmation of the LSND results by the Mini-BooNE
experiment would require new degrees of freedom beyond the
NMSM. Positive signal for neutrino mass at KATRIN would
1048 L L ‘ ‘ require masses for all three neutrinos. A future observation by
10 50 100 500 1000 5000 a satellite experiment, such as Planck{X§; deviating from
mS (GeV) unity or of non-Gaussianity of the density fluctuations could
rule out the one-field inflationary scenario of the NMSM. Fi-
nally, detection of proton decay in any of the current or fore-
FIG. 2: The elastic scattering cross section of Dark Matter from nusgegple future experiments cannot be explained in the NMSM.

cleons in NMSM, as a function of the Dark Matter particle mess . .
for ms, = 150 GeV. Note that the regioms > 1.8 TeV is disal- It needs to be mentioned that the NMSM does require an ex-

lowed by the triviality bound ork. Also shown are the experimental réme degree of fine-tuning. The cosmological constant rep-
bounds from CDMS-II[[75] and DAMAI[[Z6], as well as improved resents a tuning with an accuracy df ', The hierarchy
sensitivities expected in the future[27]. between the electroweak and the Planck scales should also be
fine-tuned at the level afo—32. Fermion mass hierarchies and
mixings are not explained. The QCD vacuum angle is simply
Are there new observable consequences of the NMSM? Thehosen to bé < 1010, The Z; symmetry on the singlet is
Higgs boson may decay invisibly — SS [11]. It will be imposed by hand. The parameters in the inflation potential are
subject to search at the LHC vi& -boson fusion, or more chosen to be small. Nonetheless, the model is empirically suc-
promisingly at a Linear Collider. If the singlet is heavier than cessful in describing everything we know about fundamental
my/2, the search at collider experiments becomes exceedhysics, and needs to be taken seriously. Any new physics
ingly difficult. One possibility is thel/’-boson fusion pro- beyond the NMSM that may address the aesthetic issues men-
cessegq — qqSS + g or q¢SS + v, where forward jets are tioned here should not spoil the success of the NMSM.
tagged, large missingr is seen, together with additional iso-  Here, we list some possible directions for going beyond the
lated photon or jet. It may not cover the entire range up toscope of the present work. The triviality and stability bounds
1.8 TeV. The scattering of on nuclei is dominated by the can be improved to two-loop level. Feasibility of collider
Higgs boson exchange, as worked outlinl [10, 11]. The presearches fof with mg > my, /2 needs further analysis. For
diction form; = 150 GeV is shown in Figl12; it is clear that this mass region, indirect Dark Matter searches are of great in-
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