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We present a calculable supersymmetric theory of a composite “fat” Higgs boson. Electroweak symmetry is
broken dynamically through a new gauge interaction that becomes strong at an intermediate scale. The Higgs
boson mass can easily be 200—450 GeV along with the superpartner masses, solving the supersymmetric little
hierarchy problem. We explicitly verify that the model is consistent with precision electroweak data without
fine-tuning. Gauge coupling unification can be maintained despite the inherently strong dynamics involved in
electroweak symmetry breaking. Supersymmetrizing the standard model therefore does not imply a light Higgs
boson mass, contrary to the lore in the literature. The Higgs sector of the minimal fat Higgs model has a mass
spectrum that is distinctly different from that of the minimal supersymmetric standard model.
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I. INTRODUCTION level of a few percent: we call this the “supersymmetric little
hierarchy problem.”

The mechanism and dynamics of electroweak symmetry The simplest way around this problem is to raise the
breaking[1] is one of the greatest mysteries in particle phys-Higgs boson mass. In the MSSM the Higgs boson mass
ics. The standard mod€BM) provides an extremely suc- could be raised by increasing the top squark masses, but only
cessful parameterization of electroweak symmetry breakingvith an unnaturally drastic increase in fine-tuning. A less
through the introduction of a single Higgs doublet with afine-tuned approach is to invoke physics beyond the MSSM
negative mass squared. Furthermore, fermion masses, misat provides additional contributions to the quartic coupling.
ings andCP violation are accommodated in a way that is The simplest idea of this class is to add an extra singlet with
consistent with experimental observations and constraints new (undeterminefl Yukawa interaction with the Higgs
from flavor-changing neutral current processes. Unfortufields. This is sufficient to raise the Higgs boson mass from
nately, the negative mass squared is just an input to th@30 GeV up to about 150 GeV with fine-tuning comparable
theory without a deeper understanding. Moreover, symmetryo that in the MSSM. But any further upward push on the
breaking by relevant operators is fraught with an extremediggs boson mass causes the new Yukawa coupling to blow
ultraviolet(UV) sensitivity: the Higgs boson mass squared isup at a scale below the gauge coupling unification scale.
quadratically sensitive to new physics. Thus the origin of In fact, incorporating a significantly heavier Higgs boson
electroweak symmetry breaking in the SM is impossible tomass into beyond-the-MSSM models invariably leads to
understand without a complete UV theory. some type of strong coupling behavior, such as a Landau

It is well known that supersymmetry removes the extremepole in the next-to-minimal supersymmetric standard model
quadratic sensitivity to the UV and can explain electroweak NMSSM), e.g.[3], or simply a low UV cutoff, e.g[4]. This
symmetry breaking with clear predictions for experiments.has usually been viewed negatively because it ruins the UV
The minimal supersymmetric standard modeISSM), in  completeness of supersymmetric theories, and eliminates
particular, predicts a light Higgs bosom,<130 GeV, for  connections to attractive theoretical ideas such as grand uni-
top-squark masses less than about 1 TeV. Superpartners, égation and string theory. The usual lore is that strong cou-
pecially charginos and top squarks, are also expected to hgling should be avoided, yielding an upper bound on the
light because their masses feed into the Higgs boson masgsass of the Higgs boson.
parameters via the renormalization grolfd. The experi- We propose a radical revision of the usual lore and allow
mental lower bounds on the mass of the lightest Higgs bosothe Higgs sector to become strongly coupled at an interme-
and the masses of the superpartners are increasingly becodiate scale. At the scale of strong coupling the Higgs fields
ing a quantifiable concern. Even though the MSSM is farreveal their composite nature and are in fact mesons of a
from being excluded, it already relies on fine-tuning at theconfining theory in the UV. This theory is renormalizable,

asymptotically free, and thus UV complete. The IR and UV
dynamics are completely under control thanks to the im-

*Electronic address: roni@socrates.berkeley.edu proved knowledge of strongly coupled supersymmetric
Electronic address: kribs@ias.edu gauge theorie$5] which is reliable even when soft super-
*Electronic address: dtlarson@socrates.berkeley.edu symmetry breaking is added as a small perturbation on the
50n leave of absence from Department of Physics, University ostrong dynamic$6,7]. We draw significant inspiration from
California, Berkeley, CA 94720. recent proposals to fuse supersymmetry with technicolor
Electronic address: murayama@ias.edu [8,9], and indeed in our model electroweak symmetry is bro-
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ken dynamically. However, we have physida@omposit¢  First of all, the Higgs quartic coupling is given only iy
Higgs fields in the low energy effective theory with mo terms that are determined by the electroweak gauge cou-
priori restriction on the scale of strong coupling, reminiscentplings
of the older non-supersymmetric composite Higgs models
[10] (but without the associated fine-tuning problems g2+g'2

The outline of this paper is as follows. We first discuss the Vo="73 (JHul2=[H4?)2. (2
supersymmetric little hierarchy problem in Sec. II, and em-
phasize that a heavier Higgs boson mass eas[ly solves t.h'llsnis implies that the natural scale for the Higgs boson mass
problem. We then construct our supersymmetric composn% m and indeed there is a well-known tree-level uoper
Higgs theory in Sec. lll. Our basic framework is a three-l. 'tz, the liahtest Hi b that i . PP
flavor SU(2)y theory thats-confines, resulting in a low en- imit on the lightest Higgs boson mass that is precisaly.

ergy effective Lagrangian containing a dynamically gener—The only way to increase the Higgs boson mass is by using

ated superpotential of composite mesons. By introducing ‘I;Pe O(hy) radiative correction to the Higgs boson quartic

mass for one flavor below the compositeness scale, we shoWUp“ng' The approximate formula valid for a moderate

that the mesons acquire expectation values that break elel@nB 1
troweak symmetry at a scale that is tunable through this mass

parameter. In Sec. IV we demonstrate how the various en- e, Ny
- 2 ~mi+ —h%2 r 2 3
ergy scales can be naturally obtained from the supersymme- Mpo=mz+ —hvlog———. (€)
; ; : A m;
try breaking, and in Sec. V we show how fermion masses

and mixings can be incorporated. We calculate the scalgr .
spectrum in Sec. VI. In Sec. VIl we briefly comment on the [1e7€,v =174 GeV. Because the Higgs boson has not been
new phenomenology of this model, emphasizing the unusua(P“nd up to 115 G?V{ th|_s implies; =500 GeV. _On the
scalar spectrum. Section VIII explains how gauge Coup”ngother hand, the minimization of the scalar potential leads to
unification can be preserved. Finally, we conclude with a 5 )
discussion in Sec. IX. 1 X my; tarf —my

2 2 2
z I tar\2,8—1 M Hy

2
II. SUPERSYMMETRIC LITTLE HIERARCHY PROBLEM

In this section we define the supersymmetric little hierar-29ain f20r moderate tg8. Therefore we need to fine-tune the
chy problem and propose a simple but unconventional wayaremy; and/oru against the radiative correction in Eq)
out. The problem is that the conventional supersymmetri@t the level of
theories are increasingly fine-tuned since the Higgs boson

and/or charginos have not yet been discovered. We point out |Am? | 2

. : : . : Hy ny Muv
that a composite Higgs boson will solve this problem easily ~4. log _ (5)
once a suitable UV completion is found. m3/2 500 Ge MR

The MSSM provides a simple way to understand elec-
troweak symmetry breakingsee, e.g.[11] for a review. In  Even for a low UV scale oM ,=100 TeV, this already
the supersymmetric limit, electroweak symmetry is not bro-requires a fine-tuning of 3%.
ken. Therefore, electroweak breaking is solely due to the soft In addition, the null results from searches for charginos at
supersymmetry breaking effects. It arises from the renormalthe CERNe*e™ collider LEP-II give a lower boundV,
ization of the up-type Higgs boson soft mass squared that is- 100 GeV. Assuming a GUT relation among the gaugino
driven negative by the top Yukawa coupling. At the one-loopmasses, this implieM ;=350 GeV. Becaus#l, feeds into

approximation, one finds m; through renormalization group evolution, this then feeds
, into mE, , aggravating the situation. Moreover, the MSSM
h M LY . . . -
2 t 2 uv potential is rather delicate due to the possible instability
A, 1216772m;log MR @ along theD-flat directionH,=Hy.

The situation would clearly be better if the tree-level

whereMyy (ur) is the UV (IR) cutoff andh, is the top  Higgs boson mass could be raised above the LEP bound.
Yukawa coupling. Even with the universal boundary condi-Modifying Eq. (4), however, necessarily involves additional

tion my=m,, , it is easy to see that a large logarithm betweercontributions to the Higgs potential that are not related to the
the weak scuale and, say, the grand unification théGiyT) SM gauge couplings. Furthermore, reducing the need for top

scale makest® negative. Assuming that the supers mmet_(s)quark contributions to electroweak symmetry breaking
H, negative. 9 persy and the Higgs boson mass, Ed4) and (3), respectively,

ric massyu for the Higgs doublets is smaller in magnitude may help reduce the fine-tuning required. We will see that

thanmy, , electroweak symmetry is broken. This so-calledthe fat Higgs model we propose in this paper achieves both

radiative breaking of the electroweak symmetry is a veryof these aims.

nice feature of the MSSM. The simplest extension of the MSSM that raises the tree-
However, the phenomenological situation is forcing somdevel Higgs boson mass is the NMSSM. In the NMSSM the

degree of fine-tuning on the MSSM in the following fashion. u term is replaced by the superpotential
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k TABLE |. Field content underSU(2), X SU(2), gauge and
W=)\NHqu—§N3 (6)  SU(2)rXSU(2)yxU(1)g global symmetries. TheJ(1)y sub-
group of SU(2)g is gauged.

whereN is neutral under the SM andis undetermined. The Superfields SU(2),  SU(2)y SU(2)z SU2)y U(1)r

Higgs boson quartic coupling therefore dependa.as well (TLT2)=T 2 2 1 1 0

as the gauge couplings, potentially allowing for a much T3 T4 1 > > 1 0
higher Higgs boson mass. Increasing the Higgs mass requir%%’Te) 1 5 1 5 1

a large\. This coupling renormalizespward with increas- ' 5 1 1 5 1

ing energy, eventually encountering a Landau pole. At this 1 1 5 5 1
scale the perturbative description breaks down and the theor

is no longer UV complete. To avoid this problem, it is cus- L L L L 2
tomary to impose the requirement that all coupling constants? 1 L 1 1 2

and in particulai, remain perturbative up to the gauge cou-

pling unification scale. This places an upper boundXon six doubletsT?, ... TS, They carry the quantum numbers

leading to an upper bound on the lightest Higgs boson mass. o1 in Table |
of about 150 Ge\f3,12—15. Adding more matter fields can 9 h | .I ial ) ¢ |

relax the bound somewhat, but not mydis—18. Even for The tree-level superpotential consists of several terms,
extensions of the NMSSM with Higgs fields in other repre-
sentations this bound is relaxed to at mogi<200 GeV
[19]. This is the basis for the lore that the lightest Higgs
boson mass cannot be much higher than in the M$SM.

This is the supersymmetric little hierarchy problem we W =vSTT2+vS T3T4

intend to solve. We are seeking a theory where the Higgs 1=YS ys ' ®
boson mass is allowed to be much larger timan at tree

W:W1+W2+W3, (7)

where

- 6
level. It is clear that the heart of the problem in the MSSM is Wo=—mT°T?, ©)
that the quartic coupling is determined by the gauge cou- 5 5

plings plus radiative corrections. This is the ultimate source _ 142 3 4

of the tension between the top squark masses and the lightest Ws=y(T%, TP T6 (TR Té)" (10

Higgs boson mass. If the tree-level Higgs boson mass can be

higher there is no need to rely on the radiative correctionshe singlet fieldsS and S’ in W, are introduced to ensure
from the top-quark—top-squark sector and therefore tophat electroweak symmetry is broken. They are really op-
squarks can be light. In fact, if all superpartners are aroungonal since the condensate may well form along an elec-
200-450 GeV, the natural scale for the Higgs boson sofiroweak breaking direction without forcing it through the
mass is also around the same scale, and there is no fing=flatness conditions dBandS’. W, is simply a mass term
tuning. for the fifth and sixth doublets. The mass parametezon-

In this paper we employ exact results in supersymmetrigrols the separation between the electroweak breaking scale
gauge theories to UV complete a strongly coupled Higgsand the compositeness scale, as we will show. Finsily,
sector. In our model the Higgs fields are composite boun@ontains the field$ and Q which are 2x2 matrices that
states of fundamental fields charged under a new, stronghfansform as doublets und&U(2), or SU(2)g and also a
coupled gauge theory. The supersymmetric strong dynamicgiobal SU(2),. They are present simply to marry off certain
drive electroweak symmetry breaking. The effective theoryspectator” composite fields with a mass of order the com-
of the Higgs boson composites is a variant of the NMSSMpositeness scaldV; is optional, since these spectator com-
with an arbitrarily strong quartic coupling. Furthermore, un-posite fields also acquire electroweak symmetry breaking
like the MSSM, the modified potential has no flat directionsmasses. But the addition of tieandQ fields with the above
that may cause an instability. superpotential has the benefit of minimizing the field content
of the low energy effective theory, which we call the minimal
supersymmetric fat Higgs model.

Note also that the overall superpotential is natural if we

First we describe the dynamics that leads to electroweaRSsign non-anomaloud(1)g charges as shown in Table I.
symmetry breaking with composite “fat” Higgs fields. The The global symmetries still allow for linear terms$andS’

model is anlN=1 supersymmetriSU(2) gauge theory with in the superpotential that could be forbidden by an additional
Z; symmetry. This also prevents tadpole diagrams for the
singlets that could destabilize the weak scg?@]. Mass

1in [20] a heavier Higgs boson mass was claimed possible if a toferms for the first four doublets, if present, could be elimi-

squark bound state condenses due to a strong trilinear coupling. fated by shifting the fieldS andS’. Our model is not sen-

[21] a new moderately strong gauge interaction was used to erSitive to the precise Yukawa couplings in the superpotential,

hance the Higgs boson quartic coupling, assuming a large supebut for simplicity we take a commow that is assumed to

symmetry breaking of about 7 TeV in a part of the theory. have the bare valug,~O(1).

Ill. THE FAT HIGGS MODEL
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SU(2), becomes strong at a scalg,. The theory has running by neglecting corrections from gauge couplings and
six doublets, so below it is described by meson compos- the top coupling. The solution to the one-loop renormaliza-
itesM;;=T'T! (i,j=1, ... ,6)with a dynamically generated tion group equation s
superpotential Afi/A3. Together with the tree-level terms,

Na(y= 2T (19
PM , 27\ 2(0)+t
Weff:F —MMge+ySMp+yS My

wheret=log(Ay/w) increasedoward the infrared. Using the
+YPYIM 4t YQ My 00t a (11)  NDA estimate \(0)~4=, we find, for example\(4.5)
=2, practically independent of the initial value.nfis well
wherek=1,2 is anSU(2), index contracted withP?; |=1,2  below A, , condensation occurs at the scalerv4

is an SU(2) index contracted withQ; and «=1,2 is an  ~(mAy)Y?><A,, where the theory is weakly coupled and
SU(2), index. In terms of the canonically normalized fields therefore calculable.
this becomes This is one of our important results. In the infrared the
theory contains Higgs states with a weakly coupled, renor-
Weyn=N(PIM —0§Ms6) + Mgpecf SMyp+S' M3, malizable superpotential described by just two parameXers,
Ko w anduvg. This is a rather nontrivial result that depends on the
P My a4t Q Myt 2414), (120 specific choice of arBU(2),, gauge theory with three fla-
) ] ) vors. Other choices are not so interesting. For example, pre-
where naive dimensional analy$iDA) [23] suggests cision electroweak constraints tend to severely restrict new
gauge interactions beyond the SM at the TeV scale, and thus
, MAy theories with a dual magnetic description are not good can-
Vo™ (4m)2’ (13 didates. For a's U(N.) theory there is a dynamically gener-

ated superpotential whexy; =N+ 1, and its renormalizabil-
ity requiresN¢=<23. This means that aBU(2) gauge theory

Ay 4 . . ; 4
mspecf“yE, (14) with three flavors is the unique choice for this purpose.
IV. SCALES
MNAy)~4. (19

Phenomenologically, the scale of supersymmetry breaking

The crucial observation is that the scale of electroweak symSoft masses must be near the electroweak sckig
metry breaking,vo, is generated dynamically and is con- ~Msusy, because much larger supersymmeti§USY)

trolled by the value of the supersymmetric mass breaking wogld lead to fine-tuning, whereas a much smaller
It is useful to change the notation for the meson matrix toSUSY-breaking scale would have already been observed. Us-
make the role of different components clear: ing the parameters of the UV theory, this implies\y
~ (47mgysy)?. This coincidence of scales is reminiscent of
H M3 H! My, the u problem in the MSSM. Here we show that this can be
N=Msg, ( O) :( ) ( ) :( ) (16)  naturally obtained by a combination of the seesaw mecha-
Hy M2s Hy M2 nism [25] and the Giudice-Masiero mechanigi26]. This

_ requires conventional gravity-mediated supersymmetry
and all the other components of the meson matrix decouplgreaking, which we assume for the discussion in this section.
nearAy . These Higgs fields have the dynamically generated The simplest way to relat&, to other scales is to employ
superpotential a superconformal theory where the gauge coupling remains

constant over many decades in energy. We introduce two
W=XN(HgH,~v§). (170 extra doubletsT” and T8 to SU(2) for this purpose. We
assume thal’ and T® transform as a vector-like pair under
The Hy andH,, doublets play the role of the MSSM Higgs other symmetries so that a supersymmetric mass term can be
doublets. As advertised, this superpotential forces elecadded to the superpotential,
troweak symmetry breaking without relying on supersymme-
try breaking effects. This superpotential was also studied in W=m'T'T8, (19
Ref. [24].
The strong coupling\ rapidly renormalizes to smaller This theory withN.=2 andN;=4 is in the superconformal
values as the energy scale is reduced. We can estimate thigndow [5]. At some scale\, the SU(2)y gauge coupling
becomes strong and remains strong all the way down'to

’Here, the parameters are defined at the sagle and hence are

not the bare ones. As we will see in the next section; 47mg, 3This formula assumes that the spectators decouple at 4gale
y~4my,, and Ay~m’'~4mmg, due to the superconformal dy- This is justified in the next section where the superconformal dy-
namics. namics enhancegto y~4myo~4r.
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~An Ay’ Ay tries may conspire to forbid a vector-like masgor the third
12 . \ asymp- flavor, analogous to the left-handed neutrino mass in the neu-
composites super- . . . .
10 conformal | totic trino mass matrix. For example, consider a sinmplgl) fla-
» o EWSB:  m eedom vor symmetry of charge-1 (—1) for the third(fourth) fla-
=, y,~Zaul ! o vor. The symmetry is broken by an order parameter of charge
g 6 I H +2. Thenm’ is allowed in the superpotential whitais not.
4 : 5 Nevertheless, mixing between the third and fourth flavors is
2 allowed by the symmetries and originates from the super-
i : symmetry breaking due to the Giudice-Masiero mechanism.
0.01 0.1 1 10 100 1000 Therefore, the form of the mass matrix for these flavors be-
WA comes
FIG. 1. The renormalization of the couplings in our fat Higgs 0 Msysy
model. The model becomes strong and nearly conformal at the scale ( Meusy M’ ) (22)

A4, whereay, nears 4r. The conformal invariance is broken by the

mass of the extra doublety’, which makes the theory confine at The liaht eigenvalue is diven bmn=m2 m’. After the
Ay~m’. Below this scale the effective theory description becomes '9 Igénvaiue 1S giv = M5ysy/ M’

H !
one of meson composites with a couplinghat quickly renormal- ~ conformal dynamics enhances bathandm’, we naturally

izes down taO(1). When 4rvo< A, the mesons condense at weak OPtainmm’ ~ (4mmsysy)” as desired.
coupling and the theory is calculable.

V. FERMION MASSES
the supersymmetric vector-like mass of the extra doublets. At
the scalen’ the conformal symmetry is broken aid® may
be integrated out. Below this scale the theory confines and i
effectively the three flavor model discussed in the previou
section. We therefore identify the strong coupling scale
with m’. The renormalization group evolution of the cou- 1
plings is schematically shown in Fig. 1. @, ,;d< 1,2,+ =

In addition to determining the scal&,, the conformal 2
dynamics generate large anomalous dimensions which have ,
the effect of enhancing the couplings of thefields, and | "€y have the superpotential
therefore also the couplings of the composite Higgs fields. - — 4 = 3
The structure of the superconformal algebra determines the Wi=M(@upyt @apa) +ed(TT) + ¢ (TT)
anomalous dimensions exactly in terms of the anomaly-free ij ij ij
R charges. Running from the strong scalg down to the +hyQiujey+hdQidjpg+hdligjey, (24)
scale of conformal breakind y, the wave function of the
T's is suppressed as

In order to incorporate fermion masses, we foll@®y by
dding four additional chiral multiplets that are singlets un-
er SU(2)y but have the same quantum numbers as the
Higgs doubletH,, andH, in the MSSM,

— 1
’ (Pd,@u(l,Z,_ E) . (23)

whereM; is the mass ofp and¢. The only flavor-violating
couplings are the Yukawa couplings! , hy, hy. We as-

A\ 7> sumeM;~m’~A,, possibly due to the same flavor sym-
Z~< ) (200 metries that control the size af’.

BetweenA, and Ay=m’ the superconformal dynamics
wherey, = 1/2 is the anomalous dimension. Once the fieldsenhances the Yukawa couplings by {/A)Y?~4m, as de-
are canonically normalized this leads to emhancemensf  scribed in the previous section. After thes are integrated
their couplings. For example, the effective massgets en-  out, the effective dimension-5 superpotential is
hanced by a factor of

Ay
v

In the low energy theory, any operator that involves oneBelow the compositeness scalq,, NDA specifies the re-

Higgs field, such as the top Yukawa, will be enhanced by glacement TT)—AyH /47, (TTH)—AyHg/4m. Using

similar factor. Because the superconformal dynamics is;~A,, the superpotential becomes

likely to be upset by other strong couplings, the largest en- B B B

hancement factor we consider isr4 Wi=hQjujH,+hdQidjH4+hJL;ejHy. (26)
The next task is to determine hawof the right size can

be generated. First, it is assumed that the heavier vector-like One may wonder if the Yukawa couplings are suppressed

massm’ is unrelated to supersymmetry breaking and therein the low-energy theory due to the wave function renormal-

fore arbitrary. The scale fam’ is presumably set by other ization of the Higgs fields due to the strong coupliRg

flavor symmetries, akin to the right-handed neutrino mas#\gain using the one-loop renormalization group equation for

which is protected by lepton number. However, the symmesimplicity, we find

:4_77 0.y 3 io.d.(TT4 i e (TTA
1/2 W; M [hyQiuj(TT) +hgQid;(TT) +hLig;(TTH].
(21 f (25)
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A(E) |\ Y4 The fact that the Higgs boson quartic coupling of the
h(t)=h(0)(m) : (277 MSSM is negligible compared to that coming from the
strong dynamics illustrates that our model manifestly solves
the supersymmetric little hierarchy problem, as anticipated in
sec. Il. For simplicity we also sét=C=0 for most of the
discussions below. With these approximations, the ground
state is

VI. HIGGS BOSON MASS SPECTRUM
HO=ug\/1- 22y /T2 33
In this section the mass spectrum of the model is calcu- u— Yo 222 Vmy’ (33
0

lated. The supersymmetric part of the Higgs potential is

Vsusy= N2 HgHy— 0224+ N2|NJ2(JH 2+ [Hgl), (29 HO=p /1 TaM2 /M2 (34)
LRV 22 Ymy
0

together with theD-term contributions that are familiar from

For A(0)~47 and\(t)~2, we find that the suppression is
only 60%. Therefore the mechanism presented above do
yield sufficiently large Yukawa couplings.

the MSSM, N=0 (35)
_92 +- t2 2 g2 5 212 up to corrections of ordenz/m? ,. To leading order irA and
Vo =g (HurHy+HarH) ™ g ([Hul*=[Hal9)" C we find thatN no longer vanishes,

(29)
mym,[ (— A+ C)N2v3+Amym,]

Unlike the MSSM, electroweak symmetry breaking is caused (36)
by the confining dynamics even in the absence of supersym-

metry breaking. Nevertheless, the potential also contains soft . _ 2 2 :
supersymmetry breaking terms while shifts toH, and Hy are only O(A°,AC,C%). This

demonstrates that a term is naturally generated, giving a

N (N2v3—mymy) (mZ+md) +mym,m?]’

Vo= mf|Hd|2+m§|Hu|2+m§|N|2 mass of ordemg sy to the Higgsinos. _
Our vacuum solution was obtained by assuming that
+(ANNHgH,—CvjN+H.c) (30 mj,,>0, and thus arises from dynamicés opposed to
radiative breaking of electroweak symmetry. Nevertheless,
wherem;,m,,mg,A,C~Mgysy- we expect a stable vacuum with electroweak symmetry

It is instructive to first look at a simple case wharg breaking even if some or all of the (maésjyre negative
=m,=my, A=C=0. In this case, we can define the “stan- because our potential Eq28)—(31) is bounded from below,
dard model—like Higgs bosorti=(H2+HY)/\2 whose po-  unlike in the MSSM where there is a possible instability

tential is simply along theD-flat direction. We leave such cases for a future
study.
1 It is rather convenient to define
V= 2N H2 =208 >+ mg|H|?
ms= Mv (37)
1
=Z)\2|H2|2—(kzvg—mg)|H|2+const. (31) (HY m,
tanf=—-=—, (38
(Hg) M2

This is no different from the potential in the minimal stan-

dard model. It is clear that electroweak symmetry is broken, . then the electroweak breaking saate174 GeV is fixed
so long ash?v§>mj. The vacuum expectation value i i terms of the parameters of the model

=(H)= \/Z(UOZ— mozl)\z), and the mass of the Higgs boson is

Nv. There is an exact custodi®U(2) symmetry in the N2p2—m?
Higgs sector. vi=2——, (39
For a more general set of parameters it becomes difficult \7sin2B

to solve for the vacuum analytically. We take advantage of .
the (smal) hierarchy with the usuaW andZ masses

/ 1 1
Avo~My 2>Qug,9 Vo, (32 m\ZN=§gzv2 and m§=§(gz+g’2)v2. (40)

which allows us to drop the MSSW terms. Ifm;/m, is

very large, the quartic term in the potential is dominated by The charged Higgs boson states have mass
the D term and cannot be ignored. Our solution for the

vacuum state applies for a moderate ratip/ m, where both m2. —
Higgs boson masses, , are much larger tham;. H=  sin2g”

2

2mg

(41)
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The singlet staté\ has both scalar and pseudo-scalar statebiowever, the eigenstates and the vacuum are not aligned, and

that are degenerat@vithin our simplifying assumption of
A=C=0),

2 _ 2 322, 2
my, =My, = A0+ mg, (42

while the pseudo-scalar from the Higgs doublets has mass

mo=\202+ ... 43)
The neutral scalars from the doublets have a mass matrix
(\%2—m?.)singB cosp

(\%%+m,.)sirB

(0% +m)c02B
(AN%02—m?.)sin B cosp
(44)

where the uppeflower) components correspond to tlmﬁ
(h9) defined by the expansidr] = (HY ) +hJ ,/v2. This
mass matrix leads to the eigenvalues

) N2+ mﬁt+x
Mio= ———5—— (45)
2 )\2U2+ mai_x
M= ————— (46)
where
X=1/(\22+m’.)2— %m0 si2B.  (47)

They are given in terms of the gauge eigenstates by

h© cosa —sina(hd 48
H°/ \sina cosa /\hg)’ “9
where« is the mixing angle which in our model is
(AN%02+m?.)cos 28+ X
tana= (49

(\%?—m},.)sin 28

The above expressions will receive corrections from Ehe
terms at the level ofn3/m3 sy andmz/\2v2,

both neutral states contain the standard model-like Higgs
boson state. In particular, the mixture is maximal gf
=37/8 (tanB=2.414).

VIl. PHENOMENOLOGY

Since the theory is supersymmetric, we expect superpart-
ners just as in the ordinary MSSM. However, there are im-
portant distinctions between our fat Higgs model and the
MSSM, especially in the Higgs spectrum. This is the main
issue we discuss in this section.

A. Spectrum

To study the phenomenology of the minimal supersym-
metric fat Higgs model, we pick three points in the parameter
space:

N tang m; (GeV)
I 3 2 400
Il 2 2 200
11 2 1 200.
(50

m, is chosen to be the same g for simplicity; changing
my merely brings the mass of th¥, , states up and down
independent of the rest of the spectramithin our simplify-
ing assumptiol”A=C=0) (see Fig. 2

Spectrum | corresponds to the casg->Av where the
lightest neutral Higgs boson is standard model-like, while
the heavier neutral Higgs bosdi forms a triplet with the
charged Higgs bosond * under the approximate custodial
SU(2) symmetry. The pseudo-scalar Higgs bosah is
heavier than both of them. It resembles the spectrum in the
MSSM whenA® is heavy, but the relative ordering of the
heavy Higgs boson states is quite different.

Spectrum Il has a smaller supersymmetry breaking scale,
and bothh® and H° have significant standard model-like
Higgs boson content, approximately 75% and 25%, respec-
tively. Such a large mixing is unusual in the MSSM when the
masses are this different.

Here we highlight some of the interesting general features  Spectrum Il is the most unconventional of all. Because of
of this spectrum. The model contains singlet scalar andhe exact custodigU(2), thetriplet h°® andH* are degen-

pseudo-scalar statd$; and N, that are not present in the
MSSM. In addition, the pseudo-scalar Higgs bosth is

erate, and they do not contain the standard model-like Higgs
boson component. On the other hand, the heavier neutral

always heavier than the charged Higgs boson, which is theliggs bosonH? is standard model-like. The pseudo-scalar
opposite of the MSSM. When studying the other states, it ifHiggs boson is even heavier.

useful to consider two limiting case3,v<my+ and \v
>my=. In the first case, tan— —cotB, and hence the
lighter eigenstate “aligns” with the vacuum. In other words,
the lighter neutral Higgs boson® is standard model-like,
while the heavier statkl® does not have couplings #Z or
W*W~. It forms a custodiaBU(2) triplet with the charged
Higgs bosons, K*,H°,H™). In the second case, tan
—cotp. If tanB=1 they are still aligned, and thieeavier
neutral Higgs boso® is standard model-like, and the cus-
todial SU(2) triplet is (H",h°,H™). For a general tag,

B. Electroweak constraints

It is well known that as the SM-like Higgs mass is raised
above about 250 GeV the SM without new physics is in-
creasingly disfavored by electroweak precision data. In our
fat Higgs model, however, there are several contributions to
electroweak observables that are around the same size as the
one from a heavier SM-like Higgs boson. We have calculated
the contribution of the Higgs boson states to the electroweak

015002-7



HARNIK et al. PHYSICAL REVIEW D 70, 015002 (2004

11 10 the charged Higgs boson/top quark contribution, the con-
goole — ] straint on the charged Higgs boson masmijg->350 GeV
I 1 at 99% C.L.[29]. There are two ways this constraint could
A | be satisfied. The first is to simply raise the charged Higgs
_— —ut B boson mass above the bound. The second is the well-known
I l possibility that the charged Higgs boson contribution cancels
1 against the chargino—top-squark contribution, and therefore
A® 1 allows a lighter charged Higgs bos®80]. This of course
Nf) 7] depends on the specific model and parameters for supersym-
o metry breaking.
200/~ 53 = n 32 ] D. Search strategies

tanP=2 tanB=2 tanB=1 i :
lonr ey - ] The neutral Higgs scalaris® and H® each may have a

my=400GeV my=200GeV m=200GeV 1 significant component of the standard model—like Higgs bo-
son and can thus be discovered by the standard search meth-
FIG. 2. Sample Higgs spectra in our fat Higgs model. In  0ds, in particular the “gold-plated” signalsy—ZZ—4¢ at
spectrum | the SM-like Higgs boson is dominant$ (89%), the CERN Large Hadron Colliddt.HC). However, the de-_
whereas in spectrum IIl the SM-like Higgs boson is purief; cay modesH’—h®h®,H"H™ may also be open, and their

. partial decay widths are all comparable and proportional to
parameterss, T [27]. The analytical results are the same as) 2m, 0.

tprllgtgﬂnseigﬂ’ and we present formulas in Appendix Afor com- - | 'the strict custodiaSU(2) limit, when tang@=1, the
o> . : . : triplet Higgs bosons are produced only in pairs. In particular,

tall\;vgllfcl)r\;\?efjh?;gtirz)?\ ri?]ot?g}'_f_ g?;nSéStggécv;’i'&éhiﬁ Z);%irr']rgiin'there is no production process of the neutral state by itself,

B, with no fine-tuning of model parameters. As an examplesich ase"e”—Zh or ud—W"h, whenh does not contain

of this, we present th& and T contributions for three trajec- the standard model-like Higgs boson component. Neverthe-

tories in parameter space in Fig. 3. less, they do have the top Yukawa coupling ar_ld thus can be

In two trajectories, the coupling(v,) is varied between produced from _g_luon fusion at the LHC. Their decays de-
2 and 3 for tan3=2 and for two different SUSY breaking pend very sensitively on the superpartner spectrum and the

scales. The mass of the lightest component of the SM Higgh!!99s spectrum. _
boson is shown at the end points of each trajectory. Spectrum !N Order to positively establish that our model correctly

| of Fig. 2 is at the top of the solid trajectory and spectrum |1 d€scribes the Higgs sector, numerous other measurements
is at the bottom of the dashed one. Note that these two spetll P& needed: the complete mass spectrum, branching frac-

tra are in excellent agreement with electroweak constraintdonS. and Higgs boson self-couplings. For this purpose, an

despite the heavy Higgs boson masses of 360 and 210 GeV.

Furthermore, we find that the constraints ®rand T are 0.6 — m =400 GeV, tanf=2
easily satisfied for a significant range of the model param- Tm e ey Iiﬁﬁi?
eters, as the two trajectories demonstrate. 04 S )

In the third (dotted trajectory,\(v,) is varied between 2 |
and 3 for tarB=1. Spectrum Il in Fig. 2 is at the top of this 4
line. This trajectory lies mostly within the 99% C.L. contour 02 ;'
despite the unconventional Higgs spectrum. However, it is T i

5 2109360
well known that a top-bottom squark splittingnffm%L 0 ;
263

+mt2) may contribute significantly t@ (see Fig. 4 This 350

contribution may easily be 0.1-0(8.g.[28]) which would 02 {505

bring these points back into the 68% C.L. ellipse. The size of

this contribution depends on the masses in the top-bottom

squark system which can generically be different from the -04

SUSY breaking masses in the Higgs sector. 04 02 0 S 02 04 06
Nevertheless we stress that even with a negligible contri-

bution to T from the top-bottom squark sector, the Higgs FIG. 3. Constraints 0% and T parameters from precision elec-

boson mass can be hundreds of GeV, as shown by trajectéroweak data at 68% and 99% confidence levels. The plot assumes

ries | and I, and yet still stay well within the precision elec- U=0. Contributions of the fat Higgs model ®andT are shown
troweak contours. along three trajectories whekeis varied from 2 to 3 in the direc-

tion of the arrow. The end points are labeled with the nfas&eV)

of the lighter component of the SM-like Higgs boson. For compari-

son, the black line shows the contributionsSandT for the stan-
Another constraint on our model comes frém» sy tran-  dard model with various Higgs boson masses between 100 GeV and

sitions mediated by charged Higgs bosons. Considering onl§ TeV in increments of 100 GeV.

IS
o
(=]
\

mass (GeV)

0

my=2353

SM Higgs

C. b—sy constraint
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05 10°
: = Vv
m=175 Ge 108 one-loop RGE

0.4 no LR mixing

S 107 tanf=1
T o3 3 108 M=)y

0.2 \E MAH)=47E
<10°

0.1 104

100 200 300 400 500 1 03200 300 400 500 600

my, (GeV) my (GeV)
FIG. 4. Contribution of the top-bottom squark sector to the

FIG. 5. The compositeness scale is shown as a function of the
parameter.

SM-like Higgs boson mass. For this plot we took a1, so the
ete linear collider would be a great asset. SM-like Higgs boson is purely the heavier std#® with mass

Once the Higgs boson mass is measured, we know it&+o=X\v (see the discussion at the end of Sec. The scaled
quartic couplingh. Because of the renormalization group Was determined by evolving(my) up toX(Ay) =4 using one-
evolution, a lower compositeness scale corresponds to 9P renormalization group evolution.
heavier Higgs boson mass. This is shown in Fig. 5. The limit
of the low compositeness scale is of course of special intetbe easily preserved despite the composite nature of the Higgs
est, where we may have direct access to the composite dytelds and the strong coupling. The effective theory below the
namics of the Higgs boson. Because this limit has its owrtompositeness scaland belowV ¢ andmgpe) has the same
special issues, we will defer the discussion of this case, thgatter content as the NMSSM: thus the gauge couplings run

“fattest Higgs model,” to a separate pafer. exactly like the MSSM gauge couplings until the composite-
ness scale is reached. That the couplings can unify above the
E. Cosmology compositeness scale is nontrivial, and to show this we will

The NMSSM is known to have a cosmological problem Step through each contribution to the beta functions in the
due to the spontaneous breaking of Ztg symmetry which ~ high energy theorywell above the compositeness sgale
produces domain wallésee[31] for a recent discussion on ~ The one-loop beta functions for the SM gauge couplings
this issue. Interestingly, our fat Higgs model does not con- are
tain such a symmetry and is free from the domain wall prob-
lem. TheZ; symmetry used to forbid the linear terms $h
andS' acts onTY? with charge+1 and T3 with charge d — (bMSSM4 A ) g2 (51)
—1, and hence all Higgs fields, H, 4, quarks, and leptons dt9a=(Pa a)%a
are neutral under thi&;. On the other handR parity can be

imposed consistently and thus the lightest supersymmetric VSSM o
partic|e is a candidate for cold dark matter. Whereba are the MSSM contributions and tm)a char-

Finally, note that the charge assignments given in Table &cterize the differences between our model and the MSSM.
for T>® and theP’s and Q’s lead to fractionally charged Above the compositeness scale our model has no fundamen-
spectators with electric charge1/2. The lightest stable one tal Higgs fields. However, th€ U(2),, doubletsT?, ... T4
does not decay, and this could lead to problems in earlgive exactly the same contribution to the beta functions as do
universe cosmology. There are several options. The first is tthe two Higgs doublets of the MSSM. Thus the selection of
simply assume that these particles are not produced aft&§U(2), as the strong gauge group has the interesting side
reheating by restricting the reheat temperature to be muckffect that the fundamental and composite states give pre-
lower than their mass. A second possibility is to change thejsely the same contribution to the SM gauge beta functions.
charge assignments G° so that they carry=1/2 hyper-  sinceTS, ... T® are neutral under the SM, they do not con-
charge, and therefore all the low energy composites havgipute to the running of the SM gauge couplings.
integral charge. We will see below, however, that leaving the  5,r model has two new sectors that contributeAio, ;
charge assignment as given in Table | allows the simples(ti) the P and Q fields that marry off spectator composite

interpretation of gauge coupling unification in the model. fields, and(2) the extra doublets, 4, ¢y ¢ needed to gener-
ate fermion masses and mixings.
The first contribution consists of tHeandQ fields, yield-
In this section we complete the discussion of our fating
Higgs model by showing that gauge coupling unification can

VIIl. UNIFICATION

Ab1:§, Abzzl, Ab3=0, (52)
“The limit m—m’ is identical to technicolorful supersymmetry 5
[9] except for the presence of tleand Q fields. Our fat Higgs
model is hence an “analytic continuation” of technicolorful super-
symmetry. SWe use thesU(5) GUT normalizatiorb, = (3/5)by .
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which corresponds to tw&U(2), doublets and four fields blets¢. Suppose that the same flavor symmetry that ensures

with hypercharget 1/2. the T'T® doublets acquire the mass could also be used to
The second contribution, from the extra doubletsdetermine the color triplet masses. In this case the threshold
®u.d,¢uq Needed for fermion masses, is corrections are no larger than log/M;¢ or logm'/mgpec;, of

the same order of magnitude as the MSSM or GUT threshold
6 corrections, which is much smaller than the leading
Ab1=§, Ab,=2, Abz=0, (53 logM i/ M 5 in the MSSM.

We have shown that gauge coupling unification can be
which corresponds to fouSU(2), doublets with hyper- preserved with a small number of additional matter fields,
charge*1/2. but it is obvious that we cannot embed the matter content

The total of Eqs(52) and (53) is into a single four-dimensional GUT group. Unification of the

gauge couplings therefore could be due to string unification
9 or orbifold GUT unification in fivg 35] (or four[36]) dimen-
> Ablzg’ 2 Aby=3, 3 Abg=0. (34 sions, where the matter content does not need to fall into a
GUT representatiofi37].

Coupling unification requires us to add additional matter
at the A,~m’~M; scale. For instance, we can add three
vector-like pairs of chiral multiplet®,(D;) (i=1,2,3), with
the quantum numbers of the right-handed down quarks, i.e. We have constructed a supersymmetric composite Higgs

triplets underSU(3) with U(1)y quantum numbers- 1/3. boson theory that solves the supersymmetric little hierarchy
Then problem. Electroweak symmetry is broken dynamically

through a new gauge interaction that gets strong at an inter-
mediate scale. The composite Higgs fields have a dynami-
> Aby=3) Aby=2) Aby=3. (59 cally generated superpotential that has a form similar to the
NMSSM, and hence solves the problem, but with no re-
This is the same result obtained for a gauge mediation modstriction on the coupling.. This allows the tree-level Higgs
with three sets 06+ 5 messengers. boson mass to be much higher, 200-450 GeV, solving the

Like gauge mediation, these extra fields have the appeaBUpersymmetric little hierarchy problem. The usual lore
ance of “completing” the would-be incomple®U(5) mat- ~ @bout upper bounds on the lightest Higgs boson mass in
ter representations. For example, a gauge mediation mod&HPersymmetric theories is therefore obviously violated.

: : .- With hindsight we see that requiring perturbativity of the
with only messenger quark doubleds,+ Q,, is sufficient to . ; -
communicate supersymmetry breaking, but as these fields CE&lggs sector was simply too restrictive. To the best of our

not form a complete&SU(5) representation, additional mes- howledge, the fat Higgs model provides thg first explicit
, . — example where the Higgs sector is composite and yet the

senger fields filling Up.thdq“. fand_lom must be added o dynamics are fully calculable and UV complete.
preserve gauge coupling un|f|cat|on._UnI|ke gauge media- There are several interesting future avenues of research.
tion, however, the extra color tripleB(D) cannot be in the \we used the Giudice-Masiero mechanism to determine cer-
same GUT representation asp,q,¢,q4, Otherwise tain mass scales and therefore supergravity mediation was
dimension-6 triplet-induced proton decay will be too fast. Inimplicit. For generic choices of the supergravity-mediated
any case, we have shown that adding three pairs of colarontributions we have the regular supersymmetric flavor-
triplets to our model does not affect the dynamics and yethanging neutral current problem. One solution is a flavor
provides an existence proof that gauge coupling unificatiosymmetry, e.g.U(3)° in [38]. Another possibility is to
can work just as well as in the MSSM. implement one of several flavor-blind supersymmetry break-

It is also important to emphasize that we do not expecing mechanisms such as gauge mediaf&#], anomaly me-
large threshold corrections from passing through the strondiation[40] [supplemented by (1) D terms to make it vi-
coupling or superconformal sector. Due to holomorphy, theable with UV insensitivity{41]] or its 4D realizatior{42], or
low-energy gauge couplings are determined only by the bargaugino mediation in fivg43] or four [44] dimensions. It
mass of the heavy particles that are integrated 82k This  remains to be seen whether these mediation mechanisms
can also be seen by noting that in supersymmetric theorieschieve an acceptable mass spectrum and electroweak sym-
both the exact Novikov-Shifman-Vainshtein-Zakharov betametry breaking. These methods of supersymmetry breaking
function [33,34 and the decoupling mass depend on thewould also require a different mechanism to naturally deter-
wave-function renormalization factor, which drops out frommine the scales. It would also be interesting to explore uni-
the final result. Therefore, gauge coupling unification is un-ication further in this model, such as whett®u(2), can
affected even in the presence of strdig(2)y dynamics in  be unified with the other SM gauge groups.
which the standard model gauge groups(3).XSU(2). Finally, we have shown that the Higgs boson mass spec-
X U(1)y are perturbatively coupled. The dominant effect istrum is quite unusual. It is important to study specifically
therefore the threshold correction resulting from potentiahow our fat Higgs model can be distinguished from more
differences between the mass of the color triplets, the massonventional supersymmetric models at future collider ex-
Mspec: OF the spectators, and the mads of the extra dou-  periments. Clearly more work is needed. We cannot overem-

IX. DISCUSSION
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phasize the importance of next generation experiments beinghere the functiorG is defined as
able to analyze their data with as few theoretical assumptions

as possible. G(my,m,,ms)
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1
I(ml,mz,m3,m4)=zf dxxlog
0

APPENDIX A: HIGGS SECTOR CONTRIBUTION TO S APPENDIX B: S-T CONTOURS

AND T The experimental constraints on tB€T plane can be eas-
ily computed approximately using the following method. We

bution of the Higgs sector t& and T. The Higgs sector fqllow the path of Marciano[45] and Perelstein-Peskin-
consists of mass eigenstatds, H°, h°, andA° which fit P2|ercg[46; to focus on only three observables,y, I';, and
into anSU(2), doublet, s2 ~sirfd<P" from the asymmetries as they are the most ac-
curately measured and sensitive observables to the oblique
H* corrections.
Expressions for these observables, including their ap-
i(ﬁ°+iA°) (A1) proximatem;, «, andmy dependence, have been computed
N by Degrassi and Gambirjd7]. We add to those expressions
the dependence dBandT as found in Appendix B of27].
where H%=cos{B—a)h®—sin(B—a)H°, and a standard The LEP Electroweak Working Group recommends

model—like neutral scald®, which is orthogonal té1°. The Aaﬁiﬂmé)=0.02761(36), including the BES da}? as dis-
Higgsinos get a vector-like mass of ordegysy, so their ~cussed in Sec. 16.3 of48], which implies a™*(mz)
contribution toSandT is negligible R° will contribute much ~ — 128.945-0.049. Expanding to linear order iam, and

like a heavy standard model Higgs boson. However, since it ' at?OUtmt:174'3 GeV andr*=128.945 leads to the
is not a pure mass eigenstate, the exact contribution is fairl§fXPressions
complicated. We approximate this contribution by taking the
weighted sum of the two-loop contributions extracted from My=280.380+0.13A &~ *+0.006 A m,— 0.295+0.44T
the electroweak observables discussed in Appendix B. 2

Below we summarize the one-loop contribution of the +0.34)-0.058,,—0.008;,,
scalar Higgs doublet. Note that the various components of
the doublet all have different masses, and the neutral scalar s2 =0.23140-0.0026\ o~ *—0.000032 m;+ 0.0036

HO is itself a linear combination of two mass eigenstates.
Taking this mixing into account, we find

Here we provide expressions for the perturbative contri

—0.0025 + 0.00052;,,

AS=sir(B— a)F (Mg, Myo,Myo) I''=84.011+0.12A &~ 14+ 0.00A m,— 0.195+0.78T
+C0S (B~ a)F(My=,Mho,Myo), (A2) —0.054,—0.0212, (B1)

where the functiorF is defined by
wherely=log(m,/100 GeV).

1 (1 (1—x)m§+xm§ For the experimental values, we UZb]
F(ml,mz,ms)zﬁf dxx(1-x)log—————.
° My (A3) my,= (80.425+0.034 GeV, (B2)
Slmllarly for T, we find S>2\— =0.23150-0.00016, (BS)
1
AT=————[sir(B— a)G(My=,Myo,Muo) I',=(83.984-0.086 MeV. (B4)
+cog(B— a)G(my=,myo,Muo) ], (A4)  Theny? is defined as
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(my—80.4252 (s?—0.23150% (I',—83.9842 which is first minimized with respect tha~* and Am; for
2= + + each G, T). This expression fog? yields contours that agree
0.034 0.00016 0.086 very well with those by the Particle Data Gro[#9)].
(Aa™H?  (Amy)?
+ + , (B5)
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