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The ATLAS and CMS collaborations have announced discovery of a ~125 GeV Higgs boson, after a
combined analysis of the diphoton and ZZ search channels. This observation has significant impact on
low-energy supersymmetry. First, some fine-tuning is necessary to accommodate such a Higgs mass in the
minimal supersymmetric Standard Model (MSSM) because the tree-level mass of the SM-like Higgs
boson in the MSSM is relatively small. We study the possibility of lifting the mass of the SM-like Higgs
boson by a non-decoupling a D-term from an additional U(1) gauge symmetry. In particular, we focus on a
gauged Peccei-Quinn symmetry which can also be related to a possible solution of the w problem in the
MSSM. In addition to the measurement of the mass of the Higgs, the data also reveals a tantalizing hint of
a significantly enhanced diphoton signal rate, 1.56 * 0.43 and 1.9 % 0.5 times of the SM prediction in the
CMS and ATLAS experiments, respectively. We demonstrate that such an enhancement can be accom-
modated in this MSSM extension. Anomaly cancellation requires the introduction of charged exotics. If
some of them happen to be light and have sizable coupling to the SM-like Higgs boson, the diphoton
signal rate can be enhanced significantly electroweak precision measurements provide stringent con-
straints on this model. Taking these into account, we identify two benchmark scenarios. We argue that they
are representative of large classes of viable models beyond our current example which can consistently
enhance the Higgs to diphoton rate. We also comment on possible signals of such light exotics at the LHC.
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I. INTRODUCTION

Both the ATLAS and CMS collaborations have an-
nounced the discovery of a ~125 Higgs boson [1,2],
mainly based on the combination of the diphoton and
leptonic ZZ Higgs searches at the /s = 7 and 8 TeV LHC.

This achievement fixes the last renormalizable parame-
ter in the Standard Model (SM). At the same time, it carries
important implications for new physics, particularly for
low-energy supersymmetry (SUSY). In the Minimal
Supersymmetric Standard Model (MSSM), a SM-like
Higgs boson with 125 GeV mass requires large corrections
beyond the tree-level prediction (my), = mycos2p.
Although such an 125 GeV SM-like Higgs boson can be
accommodated, careful choices of parameters must be
made [3-12]. Therefore, it is well motivated to consider
possible extensions of the MSSM which give additional
contribution to the mass of the SM-like Higgs boson at tree
level [12-16].

In this paper, we consider the possibility of enlarging the
MSSM gauge symmetry by an additional U(1). Such a
gauge symmetry is quite generic in UV completions low-
energy supersymmetry, and many possible candidates have
been proposed. The properties of U(1)" extended MSSM
theories have been extensively discussed in Refs. [17-20]
(for a review, e.g., see Ref. [21]). If its D-term is non-
decoupling, it can provides nontrivial contribution to the
tree-level mass of the SM-like Higgs boson [19,20,22]. In
order to get a sizable correction, the Higgs field must be
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charged under this U(1) symmetry. Moreover, the symme-
try breaking scale of this extra U(1) symmetry cannot be
much higher than the electroweak (EW) one.

We will focus on a gauged Peccei-Quinn (PQ) symmetry
(U(1)pq), under which by definition the Higgs fields carries
nontrivial charges [23]. This can be connected to a possible
solution of the p-problem [17-19,24,25], which is one of
the central pieces of using low-energy supersymmetry to
address the hierarchy problem. The w problem has its
origin in a scale-violating term ~uH_ Hq4 in the super-
potential of the MSSM, where Hq and H,, are down- and
up-type Higgs supermultiplets. By introducing a sponta-
neously broken PQ global symmetry (a discrete version is
the Z3 symmetry in the Next-to-MSSM), the bare p term
is forbidden and an effective one can be dynamically
produced via Wy ~ ASH, Hy, with . = Afs. Here S
is a SM-singlet supermultiplet and f¢ is the vacuum
expectation value (VEV) of its scalar component. Due to
quantum gravity effects, it is expected that low-energy
symmetries should have their roots as gauge symmetries.
In our case, we will further assume that such a gauge
symmetry survives down to the TeV scale. In this paper,
we will show that such a promotion for the PQ symmetry
can significantly impact the Higgs physics. In particular,
the U(1)pq gauge symmetry introduces new D-terms which
can raise the mass of the SM-like Higgs boson at tree level,
enough to have m; = 125 GeV without significant radia-
tive corrections.
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In addition to the mass of the Higgs boson, another
interesting observation is that there is a possible excess in
the diphoton signal with a rate higher than the SM predic-
tion. With a combined analysis of the /s = 7 and 8 TeV
LHC data, the CMS and the ATLAS collaborations obtain
the best-fit signal strength: 1.56 = 0.43 and 1.9 = 0.5 times
of the SM prediction, respectively [1,2]. If such an excess
is confirmed in the future, it would be an unambiguous
indication for new physics.

There are two usual strategies to enhance the Higgs
diphoton signal rate. The first one is by suppressing the
width of its bb decay mode [14,26]. In supersymmetric
theories with two Higgs doublets, we have the coupling

ratio 2t = — % for the SM-like Higgs boson (here we
7 hbb )

focus on the scenario with the lightest CP-even Higgs
boson being SM-like. The discussion can be generalized
to the case with the heavy CP-even Higgs boson being
SM-like easily). Here the mixing angle « is defined as

Re(H,)\ 1 (v, + hcosa + Hsina W
Re(H}) V2\ v, — hsina + Hcosa [

h and H are light and heavy CP-even Higgs bosons,
respectively. Suppressing the 4 — bb decay width requires
a small mixing angle for the SM-like Higgs boson, i.e.,
| sina| < cosB. The SM-like Higgs boson therefore needs
to be extremely up-type like for tan8 > 1. In the MSSM, it
can be achieved only through a cancellation between the
tree-level and loop-level contributions to the off-diagonal
Higgs mass term [27]. But, in the extensions of MSSM, the
quadratic terms of the Higgs sector can receive nontrivial
corrections at tree level from new F-term or D-term cor-
rections, so the mixing angle can be suppressed more
easily [14,28]. A potential problem for this strategy is
that the suppressed bb decay width can enhance the ZZ
and WW signal rates as well. The current analyses by the
CMS and ATLAS collaborations in these channels do not
show such a feature, although one cannot completely rule
out this possibility due to the limited statistics.

A more viable possibility is by enhancing the Higgs
diphoton decay width. Such a modification requires the
existence of light charged exotics (~ 100 GeV), with large
coupling to the SM-like Higgs boson. The exotics carrying
both color and EW charges might work. However, such
particles typically bring a larger contribution to the Higgs
production via gluon fusion. More often than not, it would
end up suppressing the rate of pp — h — yvy [3,6,9,29-32].
In addition, direct searches at colliders have already put
stringent lower bounds on the mass of the colored exotics.
Therefore, we will concentrate on the exotics with EW gauge
charges only. There are several possibilities for the spin and
coupling of the exotics. Probably the simplest case is the so-
called Higgs portal couplings of the form HT HQT Q, where
Q is some exotic scalar carrying electric charge. It is well
known that (for recent discussions, see, e.g., Refs. [29,33]), in
order to enhance the /2y 7y coupling significantly and keep the
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coupling perturbative, the sign of this interaction must be
negative. In supersymmetry, however, an interaction of this
form is from the FF™* term whose sign is positive. At the level
of renormalizable couplings, therefore, the enhancement of
the &~ — yvy coupling in SUSY must come from Yukawa
(trilinear) couplings between the Higgs boson and the exotic
fermions (scalars). We also emphasize that the quantum
number of such light exotics and the form of the couplings
will be strongly constrained by the electroweak precision
tests (EWPT). Remarkably, it is possible to satisfy these
conditions in a special scenario of the MSSM with very light
stau leptons and a large h7; 7 coupling [3,34]. Other ex-
plorations of trying to understand the observed Higgs to
diphoton rate can be found in Ref. [35].

Interestingly, the gauged U(1)pq scenario contains the
exotics which can enhance the #7yy coupling. The U(1)pq
symmetry is anomalous. Gauging it necessarily requires
charged exotics to cancel its anomaly. The symmetries of
the theory allow Yukawa and trilinear couplings between the
SM-like Higgs boson and the exotics. If some of the exotics
happen to be light, they can significantly enhance the Higgs
diphoton decay width. Since the exotics usually can obtain
their masses through the coupling with the U(1)p, breaking
spurions, setting their masses to be light simply amounts to a
choice of some dimensionless couplings. Precision EW tests
can strongly constrain the possible parameters and the form
of the couplings. Taking them into account, we identify two
representative benchmark scenarios to illustrate the relevant
Higgs physics.

The rest of the paper is organized as follows. In Sec. 11,
we present the effective theory of the MSSM extension
with a gauged U(1)py symmetry. We discuss the mass of
the SM-like Higgs boson in Sec. III. In Sec. IV, we give a
general discussion of new physics contributions to the Higgs
to diphoton decay partial width, and its connection to EWPT
observables. In Sec. V, we present an anomaly-free model
and identify two benchmark scenarios where the experimen-
tal data can be fit correctly. Section VI contains our con-
cluding remarks. In particular, we comment on the LHC
signal of the light exotics. We also argue that the two
benchmark models identified in Sec. V are representative
of large classes of viable models beyond our current
framework which can consistently enhance the Higgs to
diphoton rate.

IL. GAUGED U(1)p, SYMMETRY

A full model for the scenario considered in this paper
needs to start from a sector which spontaneously breaks the
U(1)pg symmetry. We assume that the PQ symmetry is
spontaneously broken by the scalar components of the
superfields S;, with their VEVs being (S;) = f;. The scalar
potential of such a PQ breaking sector can be quite com-
plicated. In this paper we will focus on a simple but
instructive limit in which the U(1)py symmetry breaking
scale is somewhat larger than the scales of EW symmetry
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breaking and the soft SUSY-breaking parameters,
fi > Agw ~ Ay In this case, we can integrate out the
particles which become heavy after the U(1)pq symmetry
breaking, in particular the “radial modes” of the symmetry
breaking fields.

Since the SUSY-breaking effect is smaller than the PQ
symmetry one, it is convenient to group the light degrees of
freedom in an axion superfield [36]

1
V2
with §; = fiequ/f P in the representation of nonlinear

sigma model. Here fpo = 4/X,;42f7 is the U(1)pq breaking
scale and ¢; is the U(1)pg charge of S;. At this stage, the
axion (a) mass is protected by the Goldstone theorem, and it
is related to the masses of the saxion (s), axino (&) by SUSY.
If the U(1)pq symmetry is global and the SUSY-breaking
effect is relatively small, both s and & can be light, with m,
mg ~ m,. In this case, the global U(1)pq theory provides a
supersymmetric benchmark scenario of ~O(1) GeV dark
matter, with @ serving as the candidate [37]. For a gauged
U(1)pq symmetry, a is eaten by the U(1)p, gauge boson.
The effective theory of the axion superfield is

Wy = ASH, Hy = AfgetsA/faH Hy,
q/(A + AT)
K= Zfz2 eXP(fQ + 28PQ%'VPQ)
i P

+ Y Hlexp(2gpoqa Vo + UswH,  (3)

A=A+20a+60*F, A=—(s+ia), (2)

with a summing over {u, d} and Ugy; representing the
contributions of the SM gauge symmetries. In our setup,
A is a small parameter by assumption since Agw ~ Mefr =
Afs < fpg- We also include the SUSY-breaking soft terms
Vot = —AyASH, H, + Hee. + ¥ my; |H > + ¥ m5 IS,
with their scales below fpq.

Integrating out the saxion, we obtain a tree-level effec-
tive potential for the neutral Higgs sector

Vwz = (lpegel® + mp )H, >+ (| pege|* + mi; ) HyI?
1
—2B,Re(H,H,) +§(g% +gP)(H, > = H *)?
—gpaqu, (Deo)(|H, >+ |Hy*) +a,|H, H,I?
+ay(|H, 1> +1H,?)? + asRe(H,H,)(|H, >+ |H,[?),
4)

where the first two lines give the MSSM contributions,
with B, = A) s, and the other ones denote the leading
corrections from the U(1)py symmetry. In general, there
are more corrections to the Higgs potential apart from
listed in the last two lines of the above equation [38,39],
and the coefficients of these terms are gauge dependent.
A detailed discussion of the gauge choices is presented in
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Appendix A. Here we adhere to the Wess-Zumino gauge.
qn, = qu, = — 34s has been assumed. To the order of A2,
a,, a, and as are given by

2 2
a, =< qH”fS) /\2,

fr
1 Shofpq | 40%f3
— 2 2 _ 6PQ/PQ S
“2_gPQQHu(§ ;) + 2 ) )
S S
. _4AAA812>Q‘]%1MfS
as = m2 .
s

(Dpg) is the VEV of the U(1)pg D-term, it is of the order
soft SUSY-breaking ~AZ .. The D-term contribution of
the 3rd line of Eq. (5) does not change the prediction of
the Higgs mass, since it just shifts the Higgs soft-mass

parameters mz, . In the SUSY limit, we have mg = mj =

m2 = m%,PQ = 2g¢30./po- and

qsfs\? 2q3 A f5
fro Iro

It demonstrates the well-known result that the D-term
contribution to the Higgs potential vanishes in the SUSY
limit. The non-decoupling D-term contribution can be
important if the soft SUSY-breaking parameters of the
PQ sector are not too small (but still below fpg by our
assumption). In this case, we have

, az=0. (6)

1

a; = O(X?), a, = Eg%quz’-I“ 82 + O(1?),

—4ANAG o | @

ay = —ALERQIRIS | o3,
S
2 22
Here m; = 2g3,fpo(1 + 6%) with 6% = % repre-
po/ PQ

senting the shift in m2 induced by the softly SUSY-breaking
parameters m§ In this case, the U(1)pq corrections to the
MSSM Higgs via its D-term are dominant over the other
sources. It provides a nice context to study the Higgs physics
induced by a gauged U(1)pg symmetry.

This effective theory can also be built in super-unitary
gauge, where the full axion superfield is eaten by the U(1)pq
vector superfield. In Appendix A, we present the effective
Lagrangians in these two gauges. Although they have differ-
ent forms, they are physically equivalent, leading to the
same Higgs scattering amplitudes, vacuum energy and
particle mass spectrum.

III. HIGGS MASS

The mass matrix for the CP-even Higgs bosons can be
separated as M7, = Mgy + Mp,, where My de-
notes the MSSM contributions, and JVZ%Q denotes the U(1)pq
corrections. We have
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3
(M3o/viw)1 = 2a;5c08* B+ %(5 sin28 — sinz,Btan,B),
(M2 /viw)n = (ﬂ + az)sin2ﬁ + éag,
pQ/ VEw 5 1%
(Mz /U2 )21 = (ﬂ + az)sin2ﬁ + Ea';,
pQ/ VEw 5 1%
3
(M3o/Viw)an =2aysin* B+ %(5 sin28 — cosz,Bcot,B),
with tan8 = v, /v, and (HY) = v, /2, (H)) = v,//2,
vpw = (V2 + v2)!/2 =246 GeV. In the limit that the

CP-odd Higgs boson is heavy, the lightest CP-even Higgs
has a squared mass at tree level

(m2)y =~ micos?2 + (% §in228 + 2a, + as sin2,8)v%w,

®
with the first term being the MSSM contribution.
The variation of m,, in the gpgy —tanB and & — fsz

planes is shown in Fig. 1, where the loop corrections
from the MSSM mediated by stop and sbottom quarks
have been included. We see that m;, = 125 GeV can be
easily accommodated without heavy or split stops. The
behavior of m,, is mainly controlled by tree-level effects.
With fixed gpg, m;, has a minimal value for tanB ~ I,
where the MSSM tree-level contribution is minimized. If
tang is fixed, m;, becomes larger as gpq increases. 6 and
fs/ JSpq provide a set of measures of the D-term and F-term
corrections to m;,. These features can be easily understood
using Egs. (8) and (5).
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?6 g 11
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FIG. 1 (color online). m; contours with a non-decoupling
Ay —

D-term contribution. For both plots, we assume {A = 0.3, g =

0.1}. In addition, we set {§ = 0.6, % = 0.4} and {gpg = 0.6,
tanB = 1} for the left-hand and right-hand panels, respectively.
tan = 1 provides the smallest tree-level Higgs mass, where the
MSSM contribution is minimized. The loop corrections from
stop and sbottom quarks have also been included, with the choice

of the softly SUSY-breaking parameters: A, = A, = ,/mi =

1200 GeV, ‘/mZQ = ,/m,z = 500 GeV.
3
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IV. h — yy AND EW PRECISION TESTS
The effective Lagrangian of 7 — 7 can be written as

o 1
- ___F, F*h, 9
27 Vgw my ( )

£eff =

where I is a constant parameterizing the effective hyy
coupling. Any particles coupled with it must get a mass
from the Higgs VEVs. The effective coupling shown in
Eq. (9) is induced by charged particles which can couple
with the Higgs boson. If the Higgs mass is smaller than
that of the charged particles mediating the 4y loop, the
effective hy7y coupling can be calculated through the
photon self-energy corrections [40,41]. In the SM, there
is only one Higgs doublet and the neutral component can
be written as Hgy = (h + vgw)/~/2. We have

1= Zﬁ % og(detM2), (10)

% 8 0 IOgUEW k

where for bosonic degrees of freedom M? is the mass
matrix and for fermionic degrees of freedom M; =
.TMZ M, with k running over all mass matrices of charged
bosonic and fermionic particles. b, is the coefficient in the
beta function of QED, with b, /, = % Q} for Dirac fermion,
by = =703 for charged vector boson, and by = 1 Q3 for
charged scalar. In the SM, the main contributions come
from the top quark and the W boson. They have opposite
signs. The W boson contribution dominates over that of the
top quark, and hence controls the sign of the /4y coupling
in the SM [41].

In the case of SUSY, there are two Higgs doublets,
which makes the discussion complicated. The effective
coupling can be modified to

kaE\N[
I = E =W
- 3 CoS 3

ad

Uy

log(detM3)

— sina 9 log(detﬂi)]. (11)
avd

Usually there is no fixed relation between the Higgs align-
ment @ and VEV alignment . In this paper, we concentrate
on the scenarios in which the decays of the SM-like Higgs
boson to WW, ZZ, bb, 7 channels are similar to that of the
SM Higgs, and only the loop-dominant # — 7y channel is
modified. In comparison with the SM, the decay amplitude
of h— bb and h — WW/ZZ in MSSM are scaled by a
factor of 3 and sin(8 — a), respectively. If 8—a=1/2,
their decay widths are approximately equal to the SM ones.
The contributions from the W boson and the top quark
to h — y7y are also similar to the SM one, which give
Iy = =2.1 and [,, = 0.5. The effective Lagrangian is
reduced to the one in Eq. (10).

If the masses of the intermediate particles are smaller than
half of the Higgs mass, they can be pair-produced via the
Higgs decay. Treating the exotic induced & — vy coupling
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as point-like, as described by the effective Lagrangian in
Eq. (9), is not appropriate. For m;, = 125 GeV, the current
lower bounds on the mass of the charged new particles are
around 100 GeV [42]. Therefore, the effective theory de-
scription is always valid. For relatively light mediators, there
are corrections to b;’s up to the order of m32/4m2 4. ...
These corrections are small and will not change the con-
clusions reached in this section qualitatively. The exact
formulas can be found in Refs. [41,43], and they will be
used in our numerical calculations in the next section.

From Eq. (11), we can see that the sign of the effective
coupling is determined by two factors, the S-function b,
and the derivatives of the mass matrix with respect to the
Higgs VEVs. For fermions and complex scalars, by is
positive. In the SM, the fermions have Mt M ~ | yl*vl
where y is Yukawa coupling. Therefore, the derivative is
always positive. For general exotic fermions, however,
there can have vector-like mass terms. The derivative can
be either positive or negative. For exotic scalars, in SUSY
models, generally they can obtain mass from the Higgs
VEVs in two ways. One is from the F-term of the exotic
superfield. In this case the derivatives are always positive.
The other is from the A-term between the exotics and the
Higgs boson. In this case, the derivatives can be either
positive or negative. In the next section, we will discuss
benchmark models of these two scenarios.

To enhance the h — 7y7y signal rate significantly, the
contribution from the exotic states needs to be comparable
with the SM contributions from the W boson and the top
quark. As a result, either the fermion or the scalar mediators
should be light. Since these particles carry EW charges, they
may nontrivially contribute to the observables of the EWPT.
Therefore, the EWPT can provide strong constraints on the
models discussed here. These potential contributions in-
clude oblique and non-oblique corrections. We will focus
on the former, because the non-oblique ones are sensitive to
the couplings of the mediators with the SM fermions, which
can be taken to be small. The oblique corrections represent
new physics effects in the vacuum polarization of the SM
gauge bosons, and are usually parameterized by the Peskin-
Takeuchi parameters, S, T and U [44]. The U parameter is
not very sensitive to new physics, and only receives contri-
butions from dimension-eight operators or above, so we will
not discuss it in the following analysis. The U(1)pg gauge
boson can also have nontrivial contributions to the EWPT
observables, via its mixing with the Z boson. This has been
discussed extensively (e.g., see Ref. [45]). For the scenarios
discussed in this paper, the Z-Z' mixing is small because
the U(1)pq scale is relatively high while its gauge coupling
is not very large. Such contributions therefore are well
under control.

V. AN EXAMPLE

In this section, we construct an explicit model which
realizes the ideas discussed in the previous sections.

PHYSICAL REVIEW D 86, 075030 (2012)

U(1)pq with only the SM matter content is anomalous. We
assume that the PQ charge of quarks and leptons is 1/2 and
the PQ charge of H,, and H,; is — 1. There are many possible
choices of spectators to cancel this anomaly. However, new
EW doublets and color triplets carrying U(1)pq charges are
always required for canceling the SU(2)* X U(1)pq and
SU(3)* X U(1)pq anomalies, respectively. The new EW
doublets as well as singlets with nonzero hyper charge can
modify the decay branching ratio of H — 7. As an illus-
tration, let us consider a model in which two vector-like
doublet and one vector-like charged singlet with the quan-
tum numbers shown in Table I are introduced to modify
the Higgs to diphoton decay rate, and the superpotential is
given by

Wy, = 8yS;NN¢ + Br4SD, Dt + 6¢S, XX¢
+ yP H D, X¢ + y0 HyD,N¢

+ Y3 HaDGX + yiH, DN, 12)
with p, ¢ = 1, 2. Other exotic particles used to cancel the
gauge anomalies in the model are discussed in detail in
Appendix B.

Since the EWPT may give strong constraints on our
scenario, we begin with a more general discussion on this
issue before presenting the benchmark models. The T
parameter is a measure of the breaking of the custodial
symmetry, SU(2).. Apart from the mixing between Z and
Z', in general, there are two contributions which break
SU(2), explicitly. One is from the Yukawa coupling be-
tween the exotics and the Higgs fields in the superpotential,
such as the difference between the H, D, X¢ and HqD,N®
couplings, and the corresponding A-terms. In this paper,
we choose to preserve the explicit SU(2).. by choosing the
relevant Yukawa couplings to be equal. Therefore, instead
of four independent Yukawa couplings, we have two,
Yo =Yhe =% and ¥y} = y% =¥, and for the corre-
sponding A-terms, we have Af. = A}. = A, and A} =
Al = Ay. We note that certain fine-tuning is necessary in
making this choice, as these couplings also receive one-
loop corrections proportional to the explicit SU(2),. break-
ing SM Yukawa couplings. Another contribution to the T
parameter comes from the difference between v, and v,
which breaks SU(2). spontaneously. Of course, we can
find parameter space where the two contributions cancel
with each other. To avoid severe fine-tuning, the bulk of

TABLE I. Particle content in a supersymmetric model with
anomaly-free U(l)pg gauge symmetry relevant for modifying
Higgs to diphoton rate.

Particles Gauge charges Particles Gauge charges
D, (1;2;1/2; = 1) D (1,2, -1/2,=1)
D, (1:2:1/2: -1) D; (1:2; =1/2; —1)
X (1; 1; 1; 2) Xe (1;1;—1;2)
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parameter space with such cancellation should not have
large explicit or spontaneous SU(2), violation. Therefore,
it should not be very different from the limit that we are
considering.

Two benchmark points are presented in Tables II and II1.
The parameter 9, defined right after Eq. (7), controls the
corrections to the Higgs sector via the U(1)pg D-terms and
is assumed to be sizable for both benchmark points. In the
first benchmark, the lightest charged (¢/{) and neutral (g.//?)
fermion spectators are light. They have a large coupling to
the Higgs fields, for enhancing the diphoton signal rate.
To get a small AT, the spontaneous breaking needs to be
small. Hence, tanf3 = 1 is required. For the second bench-
mark point, where one of the charged scalar is light and
couples to the Higgs fields with large A terms (again for
enhancing the diphoton signal rate), there is an accidental

TABLE II.

PHYSICAL REVIEW D 86, 075030 (2012)

cancellation which leads to AT being a few times smaller
than its natural value. A detailed discussion of this acci-
dental cancellation can be found in Appendix C. Therefore,
even in the case of large tanf, the T parameter can still be
within the experimental limit.

In addition, although the doublets (D, D) are vector-
like under the EW gauge symmetry and their fermionic
components have a degenerated mass spectrum, the S
parameter can still receive nonzero corrections. This is
because (D,, D§) mix with (X, X¢) and (N, N¢), while
the latter violate the weak isospin (recall that the S pa-
rameter preserves the custodial but measures the violation
of the weak isospin).

The dependence of m;,, R(h — y7y), ASand AT on y =%
and tang in the first benchmark is shown in Fig. 2. As
is expected, with a fixed tanB, R(h — yvy) tends to be

Benchmark scenario I, where the diphoton signal rate is mainly enhanced by light

fermion spectators. Mp y are vector-like masses of the (D, Dg) and (X, X¢) fermion compo-
nents, mp ¢ i are the soft mass parameters of their scalar components (including (N, N9)), X, and
My are the mixing and soft mass parameters of stop quarks. e and m o are the masses of the

lightest charged and neutral exotic fermions, respectively. mg. and m 0 are the masses of the
lightest charged and neutral exotic scalars, respectively. We have also defined R(h — yy) =

UZ/zl)PQMSSM/ -

8rQ frq (GeV) fs/frg Ax/fro A

0.6 2500 0.4 0.1 0.3

tanS o Ay (GeV) Ay (GeV) Y, ¥

1.3 0.6 0 0 1.6

mp (GeV) my (GeV) m% I (GeV?) A; (GeV) m2Q , m? (GeV?)
440 330 ~1000? 1200 ' 500

aj ap as B, (GeV?) Hegr (GeV)
0.06 0.09 —0.02 7.5 X 10* 300

my, (GeV) mye (GeV) my (GeV) my: (GeV) mg (GeV)
125 105 105 943 943
R(h— vy) AS AT

1.8 0.13 0.10

TABLE III. Benchmark scenario II, where the diphoton signal rate is mainly enhanced by light
scalar spectators.

grQ Srq (GeV) fs/frq A/ fro A

0.6 2500 0.4 0.1 0.3

tanf o Ay (GeV) Ay (GeV) ¥,y

6 0.6 1440 1000 0.5

mp (GeV) my (GeV) m% I (GeV?) A; (GeV) ng-x, m? (GeV?)
500 350 1002 1200 " 5002

aj ap as B, (GeV?) Hetr (GeV)
0.06 0.07 —0.02 7.5 X 10* 300

my, (GeV) mye (GeV) my (GeV) mye (GeV) mgo (GeV)
125 325 325 104 233
R(h— yy) AS AT

1.7 0.03 0.08
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myp(GeV) Rh-yy)
3.0 40 160 T80 307
25 \ 25
20 ~ 20
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FIG. 2 (color online). my, R(h — yv), AS and AT contours in
benchmark scenario I. The yellow stars correspond to benchmark
scenario I, assuming for simplicity vy = y§ = v% = v%. = ¥;
parameters other than % and tanf are fixed as shown in Table II.
The red curves with the yellow stars on them show the region
where m;, = 125 GeV.

enhanced for a larger | |; and with a fixed 9, AT tends to be
smaller while tanf3 is close to 1. From the right-hand plot on
the first row of Fig. 2, we can see that the correction to the
rate of 4 — 7y also has a maximum at tanB = 1 with fixed
9. We can understand this from the form of the mass matrix
of charged fermionic exotics,

YVu

My )

Mp
M~ . (13)

YVa
where M, and My are the vector-like mass for the doublet
and charged singlet exotics, respectively. Then, we can get

d d
(cosa— — sina —) detM ; ~ —§ vy cos(a + B).
Jdv, vy

(14)

Since we are interested in the region where o = 8 — /2,
we have cos(a + 8) = cos(28 — 7/2), which peaks at
B = /4. Therefore, from Eq. (11), we can see that the
correction to / reaches its maximum at tan8 = 1.

The dependence of m;,, R(h — yy), AS and AT on A;
and tang in the second benchmark is shown in Fig. 3. In
this region, since the contribution from A terms dominates
over the ones from the Yukawa couplings, the loop correc-
tion to Higgs mass from exotics is negative. Therefore,
from the first plot in Fig. 3, we can see that m, becomes
smaller with larger A;. For the correction to the rate of

PHYSICAL REVIEW D 86, 075030 (2012)

mp(GeV) R(h-yy)
10 !111} 10 " 147138
8
3 6
4
20 . 105 »
o .
105 _ g
1000 1100 1200 1300 1400 1500 1000 1100 1200 1300 1400 1500
A5(GeV) A5(GeV)
AS AT
10 Z5 003
8
3 6
4
2
1000 1100 1200 1300 1400 1500 1000 1100 1200 1300 1400 1500

A3(GeV) A3(GeV)

FIG. 3 (color online). my, R(h — yv), AS and AT contours in
benchmark scenario II. Red curves with yellow diamonds on
them give the m;, = 125 GeV contours; parameters other than
Ay and tanB are fixed as shown in Table III. The yellow
diamonds correspond to benchmark scenario II.

. . 2 2
h — 77, in the region where A5 > Aj, the charged scalar

exotics mainly couple to the Higgs through H,, and there-
fore the correction to the 4 — vy rate behaves similarly to
up-type quarks. As a result, the relevant part of the mass
matrix of the charged exotics in this limit can be reduced to

M%)—i-sz

Agvu

Ai,vu

M2 ~
2 2
M35 + my

, (15)

from which we can get

d d
(cosaa— - sinaa—w)det.’M% ~ —|A}~,|2UEWsin2’3, (16)

Uy

where the relation cosa = sinf is used. Therefore, we can
see that in this region the correction to the rate of 7 — yvy
goes up slowly with tan8 which is shown in the region Ay
around 1500 GeV in Fig. 3, where Ay is fixed to be
1000 GeV. In the region Ay = Ay the dependence of the
correction to & — vy on tanf is more complicated, and
numerical simulation shows that the dependence is not
monotonic, as shown in Fig. 3. For the contributions to
the T parameter, because of the accidental cancellation
discussed in Appendix C, AT is typically small, while
tanB ~ 1 can bring a further suppression.
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VI. CONCLUDING REMARKS

Motivated by the discovery of a ~125 GeV Higgs boson
in the CMS and ATLAS experiments, we study the possi-
bility of lifting the tree-level mass of the SM-like Higgs
boson in MSSM extended by an extra U(1) gauge symme-
try. For definiteness, we focus on the scenarios with a
gauged U(1)pq symmetry which can also be connected to
a possible solution to the u problem in the MSSM. We
limit ourselves to the parameter region in which the softly
SUSY-breaking scale is below the U(1)p, breaking scale,
fpo > Aot ~ Agw. In this case, we can work in the frame-
work of effective theory with only the axion supermulti-
plet. We explicitly demonstrate that nontrivial corrections
of the U(1)pg D-term to the Higgs physics necessarily
require sizable softly SUSY-breaking effects in the PQ
symmetry-breaking sector. In particular, a correction
~0(10) GeV to the Higgs mass at the tree level can be

achieved for fpy ~ O(1) TeV and ?—Qf ~ 0(0.1). In addi-

tion to the Higgs mass, the LHC data also reveals a
tantalizing hint of a significantly enhanced diphoton signal
rate. We show that this feature can be accommodated in
this scenario. Gauging the U(1)py symmetry necessarily
requires the charged exotics for anomaly cancellation. If
they happen to be light and have sizable couplings with the
Higgs boson, the diphoton signal rate can be significantly
enhanced. With the bounds from the EWPT considered, we
identify two benchmark scenarios where a light charged
exotic fermion and scalar play a crucial role in modifying
the Ay effective coupling, respectively.

Testing this scenario at the LHC is relatively difficult. The
first signal is probably still from the modified decays of
the SM-like Higgs boson. A confirmation of the enhanced
diphoton signal rate would provide potential evidence for
this scenario. In this case, it is obviously important to search
for the light charged exotic mediators directly at the LHC.
These exotics can be produced through the processes of
weak interaction and then decay into the SM particles via
the interactions described in the superpotential Wy. Their
signals are similar to that of the Higgsinos, or sleptons. With
the accumulation of the data, we should be able to probe
these exotics. Of course, it is also possible to search for the
leptoquark-type exotics Ty 3, which are required for can-
celing the SU(3)? X U(1)pq anomaly. Although not directly
related to the modification of the Higgs diphoton decay
channel, these colored particles should not be too heavy
since their mass is generated through PQ symmetry break-
ing. They can be pair-produced via QCD processes at the
LHC, with leptoquark-like signals. We will leave these
studies to a future work.

Although our study is mainly done in the context of a
specific model, the lessons we have learned are fairly
general. The two benchmarks are representatives of large
classes of models in which an enhancement of the 7 — yy
signal rate does not lead to a violation of the EWPT

PHYSICAL REVIEW D 86, 075030 (2012)

constraints. The first benchmark contains four SU(2); dou-
blets and two charged singlets for the sake of anomaly
cancellation. This is only a little larger than the minimal
model. As discussed in Sec. IV, for the corrections from
fermionic exotics to have the same sign as the W boson
contribution, the mass of the fermionic exotics must have
two sources. One is chiral, coming from Yukawa-like cou-
plings with Higgs fields. At the same time, a Dirac mass
term is necessary. Therefore, we at least need to introduce
two doublets. Moreover, to avoid explicit breaking of the
custodial SU(2).., we must at least introduce two singlets.
The mass matrices of the fermionic charged exotics can
always be written in the form of Eq. (13). Hence, the
discussions for the correction to Higgs to diphoton decay
rate made in Sec. V are in general applicable. The second
benchmark is a very special case in which a charged scalar
can do the job. Another similar example in this class is the
light stau scenario in the MSSM [3]. We see that, due to the
constraints from the EWPT, a certain amount of fine tuning
is unavoidable in models with an enhanced h7y7y effective
coupling. This implies that if such an enhancement is con-
firmed, it would point us to a new direction of model
building not completely guided by the reduction of such
fine-tuning. If only the & — vy signal rate is enhanced
while the other ones are not modified, the new exotic states
will carry the EW quantum numbers only. Their collider
signals are similar to that of the EW-ino and the slepton.
Hence, it would be challenging to search, unless they are
part of a long decay chain starting with some colored states.
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APPENDIX A: COMPARISON BETWEEN
WESS-ZUMINO GAUGE AND
SUPER-UNITARY GAUGE

In this section, we calculate the corrections to the
MSSM Higgs potential in two different choices of gauge,
which are the Wess-Zumino gauge and the super-unitary
gauge. We show that although in the two choices the
corrections to the Higgs potential are different as well as
the corrections to the VEVs of Higgs fields. But the physi-
cal observables are the same in the two gauge choices.

1. Effective Higgs potential: Wess-Zumino gauge

In the Wess-Zumino gauge, the effective potential for
the neutral Higgs sector can be obtained from K, Wy

075030-8
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and Vg which are defined in Eq. (3). It is easy
to get

2

g 2

Ve =528 a0 K09+ qu IHP + a1
i

22
s/,
+ A2 f3(XTX)as (1,17 + [Hyl?) + AZ%IHM “H,yl?
PQ
gPQ me
2 m%, +mc(zqa|H | ) Vot
where m¢ = Z(Zimsifiqu')/(ZifiquZ)a and X = et/fra,
Here the auxiliary fields Fyu, F;{ and Dpq have been inte-
grated out. Note, the Wess-Zumino gauge did not fix the
gauge transformation. Selecting unitary gauge and integrat-
ing out the massive saxion mode, we get Eq. (4) and (5),
with gy = qu, = — 3 g5 assumed.

(AD)

2. Effective Higgs potential: Super-unitary gauge
With unbroken SUSY, the PQ theory is invariant under
the super-gauge transformation
|

VSU -~

2g3u’
3 (qu, +qu,)*|H, Hy* +

Vpq Veq

goley )

2
2m My,

2g12>QM2
2

(qu|H,|*+qu |Hl* — (g, + qu)IHulledlz)(anIHalz)-
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a+ af
2gPQ

A— A+ pra, VpQ - VpQ -

s

H, — H_,e%,

where «a is a chiral superfield. In the case of super-unitary
gauge, the Kihler potential and superpotential in Eq. (3)
can be rewritten as

K ~ 28303, V3o + 28pqVeo D .a.Hl exp(Usy)H,,,
a

(A2)
Wu = Af¢H Hy.
Integrating out VPQ, we have
g
K= 205 nlepUmn, |, »3)

Ve & a

which is the same as the one in Ref. [46] and leads to

(qu, | Hu > + qu  Hal*) (g, |Hal* + qu, | H, )

(A4)

Although the Higgs fields have the power of six, the last term is comparable with the other ones, given that the Higgs VEVs

and the p parameter are of the same order.

The effects of the softly SUSY breaking can be incorporated via the interaction between the SUSY-breaking spurions
and the superfields in the visible sector, which leads to new terms in K and Wy

i

2

H ™ (_A/\/\ez)szqur (AS)

where myg is the soft squared mass of S; and A, A gives the A-parameter of SH,H,. Vpq has a general form (the metric

(=, +, +, +) is assumed)

Voo (r,0,0) = C(x) + 0, (x) — i6 y(x) + ieZ[M(x) L iNG] - %éz(M(x) — iN() — B0 G, (x)

+i6%6 I:/\(x)-i- a9, x(x )]—iézﬁ[)_\—i-

with
2 1 m 1 2
VPQ|0252~—§U uﬂ+§(M +

C
VooHIH, |2 ~ ——
mVPQ

CHIUgyH, |42 ~

Vo

‘ ' 1 Oc
FIF, + %[M + iNJH,F} — é[M — iNHIF, + 5HJH{D +3 ]
mVPQ

C
Hi(Y,gyDy + T?g,D})H,.

j 1 - 1
%a-uaw\‘/(x)]+§6202[D(x)+§DC(x)], (A6)

1
N?) + ECDC + CD,

(A7)

Here Wess-Zumino gauge is assumed for the SM gauge superfields. Then we can get the effective Lagrangian
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1
‘ESU = _Em%/vaMUM + )

C

Vpq

PHYSICAL REVIEW D 86, 075030 (2012)

1 1
—m%,PQ(M2 + N?) + my,,CD — —m2C?

2

) . |
FIF, + %[M + iNJH,F} — é[M — iNJHIF, + 5HJ HuD)

1
+ ED2 + > FIF, + Afs[H,Fy + F,Hy + He] + AyAfs[H,H, + Hec.]
a

ng C
+ 2PN G HY (Y, 8y Dy + T2g,D)H,,

Vb a

Integrating out M, N, D, C, Dy, D% and neglecting the mass term of v

unitary gauge

1
u = (perrl® + mp H I + (Ippeel® + mi; ) H > + —(g% + gy (H, > —

(A8)

> We obtain the Higgs effective potential in super-

|Hd|2)2 - 2B/.LRe(Hqu)

2g ©*(qu, + qu,)’ g w?
o TV ST (S g HE ) A + i, )
mVPQ VPQ
P mE (Sl k) - 2 (S ol (X, aulr.r)
a altta dallta
2 m‘2/ VPQ + m%‘ a a
gpQ(gy gz) 4 2 2 ( 2)
—2PQOY o2 4+ gy |H 14— + H,|*|H JHLZ). A9
Z(Wl%/ T m%) QH,,l al (QHM QHd)l 1*|H,4]*) ;C] |H,| (A9)
PQ
So, the A)-term does not contribute the Higgs potential X 1,
apart from giving a Bu term. Ly, ~ ZfPQYDY' (ALD)

3. Scattering amplitudes of light fields

Although the effective potential of the neutral Higgs fields
is gauge-dependent physical observables should not depend
on the gauge option. Next, we show that the scattering
amplitudes of the Higgs fields in the Wess-Zumino and
super-unitary gauges are the same at tree level. For simplicity
we will work in the limit of unbroken SUSY. In addition, no
cubic terms appear in the tree-level effective potentials.

Define X = e//re, we have XTX =1+ YorY = —Aftf

in the Wess-Zumino gauge, with the decomposition

1 _
Y~Y+ 1029251/, (A10)

where we have omitted the terms containing fermion fields
and auxiliary fields. Then Kpq ~ 1 f3,Y? gives the kinetic
term of Y

Integrating out Y, we obtain a correction of the order
2
oC/m},)
1
ko -
A 4g§fo6>Q
+ A f5qs(1H, > + 1H )]0 ggo 30 (g, | H, 1P
+ QHd|Hd|2) + X2 f%qs(IH, >+ [H )]

[eboSBo(an, | H > + gy, |Hyl?)

u

+ H
4f qul dl )

(A12)

where the corrections proportional to A% and higher orders
are neglected.

With the super-unitary gauge, the kinetic term of the
saxion field arises from

c 1 1 1
VooHIH, |25 ~ —( tF, +-HIOH, + ZDHIHa - EaﬂHgaﬂHa)

4

Voo

+ %[M + iN]H,F}

The Lagrangian is given by

' 1
— M- iNH!F, +-H!H
2

U
1 a[D 4+ 5C ] (A13)
2 2mVPQ
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o (SanJ(Somr) - 2 (Somr)

ko
‘ESU
VpQ

X un[ED(H;fHa) + EH:{DHH + EDHJHH - aMH;fa"Ha:I.
a

PHYSICAL REVIEW D 86, 075030 (2012)

VpQ a

(A14)

The terms in the first line of Eq. (A14) are the same as the ones in Eq. (A12), while the remaining ones give the
difference of the kinetic terms between the Wess-Zumino gauge and the super-unitary gauge

1 1
AL, = gPQ (anm | )an[ O(HIH,) + EH;‘DH,Z -I-EDH:{HL, - aMH:[a“Ha:I

VpQ

Vro

where the equation of motion of H,, as a free field has been
used since in a scattering process the incoming and
outgoing states are on-shell free particles. If SUSY is
conserved, H, and H,; can only get masses from the super—
potentlal and we have sy = Afg. Then, with mvQ
2gPQ fPQ, it is easy to check that the potential difference
is completely compensated by Eq. (A15), and therefore
at tree level, the scattering amplitudes of H,, in the
Wess-Zumino and super-unitary gauges are equivalent to
each other.

4. Vacuum energy and particle mass spectrum

The potentials in the Wess-Zumino and super-unitary
gauges can be written as

Viz=VO+Va, Veuy=VO+V, (A1)
with the minimization conditions given by
A%
Wz —0
aHu,d Hl,:vyZ,Hd:vdWZ
(A17)
aVsu —0
aH”)d HLA_vL(U H,= USU '
Here VAY), and V{2, are of order ~O(A2) (m,/ My, ~ A2

has been assumed). Similarly, the VEVs in the two gauges
can be written as

W2y 4 W2 U0 L UG

with v(ii satisfying the minimization conditions of

VO = Vyssm

(A18)

2

my + |ul* = B, cotB — % cos28 =0,

) (A19)

m
m%ld + |ul? — B, tang + 72 cos2B = 0.

Then, up to ~O(A?) the minimization conditions are
given by

,iPQ (anlH IZ)an [(OHDH, + HI(OH)] — gPQ (anm |2)(an i |H, |2) (ALS)

vPQ
|
(1)

920 UWZ(I) N IV _

IH,OH, | 0 b oH, |0,

2v7(0 (1) ” (A20)

92y e aVey _

OH0Hy |0, " 0H, 10,

The difference of the potentials of the Wess-Zumino and
super-unitary gauges is

AV = VWZ - VSU

= JTQ(lH ul? + 1HyP)
<[ VO g@ P -l lr] @2
It is easy to check that
AVIULOL =0. (A22)

This indicates that the vacuum energies are equal to each
other in the two different gauges, since

©) ) oV 0
(V + AV)U(‘)H—AU =V |v(0) + W U(0>U + AV|U(0)
+ higher order (A23)

and the first three terms are zero.

Next, let us check whether the pole mass of the SM
gauge bosons and fermions is the same in these two
gauges. In the Wess-Zumino gauge the mass formulas of
these particles are canonical, while they are not in the
super-unitary gauge. In the latter case, the formulas are

2gPQC)g2

1+ b

mW < Mg 2 VEw
2gpqC\ 83 + g3

e (B, o
Veo

gpQC)yz
=1+ 2Ly ¢t
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with

C=— 8PQ

(qu,|H,|* + qu,|Hal?). (A25)

Vo

Here we select top quark as an example of the SM
fermions.
From Eq. (A20) we get

0AV
ol =

~Mi (A26)

(O)
u d

v

9H,0H, | L0, are

where the entries (M%), =
(M7)11 = 2B, cotB + 2mPsin? B,
(0)2 sinB cos,

—2B, — ng))z sinfB cosf3,

(M})12 = —2B, —
(M}) =

= tanB + 2m; “cos” G,
(M})y, = 2B, tanB + 2m cos? B

(A27)

FIN
and SH |U(u“2i are

dAV (0)2 cos2Bv? sinfB
Ui f3a

(0)2 cos2Bv° cosB
v, fs PQ ’

u

with v? = (H2 + H3) 0. This leads to

i

(A28)
dAV
0H,

o = vy v
ll ~ - T -
213 421,

Therefore, the Higgs VEVs are rescaled by a factor 5

(A29)

fZ
which cancels the rescaling factors in Eq. (A24) exactly.

APPENDIX B: THE COMPLETE MODEL

The colored particles and additional singlets introduced
in the model discussed in Sec. V are listed in Table IV, and
the full superpotential of the model can is given by

W =Wy + Wy,
+ Wy(Hu « Dk! Hd Aand ch()

+ Wig + W, (B1)

where Wy and Wy, are presented in Egs. (3) and (12),
respectively. Wy has the same form as the MSSM Yukawa
couplings, but with the replacements H, < D, and Hg <~
Dg. Wg includes all terms with only the PQ symmetry
breaking fields (S, S¢, Sy, S{, S;). W contains the inter-
actions involving the color triplets T(IC;3 It has the cou-
pling of the form STT¢, and k"L, QT3 + «"?N,i,T,
with r,s = 1, 2, 3. After the U(1)pq symmetry is broken,
(T,, T§) and (Dp, D) obtain vector-like masses by cou-
pling with the supermultiplet S. An important feature is

PHYSICAL REVIEW D 86, 075030 (2012)

TABLE IV. Particle content used to cancel the anomalies in the
gauged U(1)pq theory.

Particles Gauge charges Particles Gauge charges
T, (3:1;2/3;—1) T§ (3:1;-2/3:-1)
T, (3:1;2/3; 1) TS (3;1;-2/3; 1)
T; (3;1;—-1/3;-1) T (3:1;1/3;-1)
N (1; 1; 0; 2) N¢ (1; 1; 0; 2)

S (1; 1, 0; 2) Se¢ (1;1;0; =2)
Sy (1;1;0; —4) S§ (1;1; 0, 4)
S, (1;1;0; —2)

that (T,, T5) and (D), Dg) decay into the SM particles via
the interactions in Wy, and Wy, respectively. This can
help avoid the overproduction of the exotic particles in the
Universe. From the choice of the U(1)pq charges displayed
in Table I, the only renormalizable couplings between the
color triplets and the Higgs bosons are of the form Hg € T
or HHT T'. HG € T will not contribute to the Higgs decay
directly. Furthermore, they can be suppressed by choosing
small leptoquark-type couplings. HHT T will enter hgg
effective coupling. However, this contribution can be small
if the color triplets is heavy, mt ~ TeV. For these reasons,
we assume that the triplets are heavy and their contribu-
tions to the Higgs production rate are suppressed.

APPENDIX C: ACCIDENTAL CANCELLATION IN
THE LIGHT SCALAR EXOTIC SCENARIO

In the case of light charged scalar spectators coupled to
Higgs fields through large A-terms, there is an accidental
cancellation in the calculation of AT. To see this point, let
us discuss a simpler model, which is the stau-like particles,
with their mass matrix scaled to

o, 1 ab
P M ab a* )

Here a is the soft mass parameter of the right-chiral stau
and b is the mixing parameter. In the limit of b = 1 where

2

006F
005
004}
% 0.03F
002F

001

0.00E r
00 02

FIG. 4 (color online). ¢ vs b for varied a values, where the red,
blue and black curves from the top down are fora = 1, 1.5 and 2,
respectively.
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the mixing between the left- and right-chiral stau leptons
and hence the weak isospin violation of the left-chiral
stau doublet are maximized, AT is proportional to a

PHYSICAL REVIEW D 86, 075030 (2012)

An interesting observation is that the numerical values of
the two terms in the r.h.s. are accidentally close to each
other, which leads to a A a few times smaller than
its natural value. This effect can be generalized to varied
b values (see Fig. 4). tan8 ~ 1 becomes unnecessary
therefore to avoid a sizable AT.

factor
2 1
£ =tog(l +a) ~ 1 [ @y + Dloglaty + 1),
1+a° Jo
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