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Higgs boson decays, baryon number violation, and supersymmetry at the LHC
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Baryon number violating interactions could modify the signatures of supersymmetric models at the
Large Hadron Collider. In this article we investigate the predictions for the Higgs mass and the Higgs
decays in a simple extension of the minimal supersymmetric standard model where the local baryon and
lepton numbers are spontaneously broken at the TeV scale. This theory predicts baryon number violation
at the low scale that can change the current LHC bounds on the supersymmetric spectrum. Using the
ATLAS and CMS bounds on the Higgs mass we show the constraints on the sfermion masses and show the
subsequent predictions for the radiative Higgs decays. We found that the Higgs decay into two photons is
suppressed due to the existence of new light leptons. In this theory the stops can be very light in agreement
with all experimental bounds, and we make a brief discussion of the possible signals at the LHC.
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I. INTRODUCTION

The minimal supersymmetric extension of the standard
model (MSSM) is considered as one of the most appealing
theories to describe physics at the TeV scale. While this
theory makes many interesting predictions the signals at
the Large Hadron Collider (LHC) depend on unknowns
such as the supersymmetric spectrum and the presence or
absence of baryon (B) and lepton (L) number violating
interactions (collectively known as R-parity violating in-
teractions). The CMS [1] and ATLAS [2] experiments have
studied many possible signals of the MSSM at the LHC
setting very strong bounds on the gluino and squarks
masses in some specific scenarios with missing energy.
In the majority of the experimental studies it is assumed
the absence of the baryon (B) and lepton (L) number
violating interactions (R-parity conservation). However,
it is well known that in general the B and L. symmetries
can be broken changing many of the predictions for the
collider experiments. For example, one could modify all
collider bounds based on the searches for missing energy if
the baryon number is broken.

In this article we discuss the possible impact of the
baryon number violating interactions on the supersymmet-
ric signals at the LHC. We focus our study in the context of
a simple extension of the MSSM where the baryon and
lepton numbers are local gauge symmetries spontaneously
broken at the TeV scale. We refer to this theory as the
“BLMSSM” [3]. The main motivation for this theory is
that a large desert between the electroweak scale and grand

1550-7998/2012/85(11)/115024(17)

115024-1

PACS numbers: 12.60.Jv, 14.80.Da

unified scale is no longer necessary since, while B and L
are broken at the low scale the proton remains stable. In the
BLMSSM the lepton number is broken in an even number
while the baryon number violating operators can change B
by one unit. Even though new generations of fermions are
required, they do not mix with the SM fermions and there-
fore do not lead to flavor violation at tree level.
Furthermore, they are not associated with Landau poles
at the low scale. The light Higgs boson mass can be large
without assuming a large stop mass and left-right mixing
and one could modify the current LHC bounds on the
supersymmetric spectrum due to the presence of the
baryon number violating interactions.

We study in great detail the correlation between the
Higgs mass and the decay of the Higgs boson into two
photons following the new results presented by the ATLAS
and CMS collaborations. In this theory the new light
leptons appreciably decrease the predictions for the
Higgs decay into two gammas. Therefore, confirmation
of the two-photon signal at the LHC resulting from
Higgs decay would rule out this model. In this theory the
stops can be very light in agreement with the Higgs mass
and colliders bounds.

This article is organized as follows: In Sec. II we discuss
the main features of the BLMSSM. The possible impact of
the baryon number violating interactions on the LHC
searches are discussed in Sec. III. The predictions for the
light CP-even Higgs mass and the constraints on the super-
symmetric spectrum are investigated in Sec. IV. In Sec. V
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the radiative Higgs decays are studied, while the evolution
of the gauge and Yukawa couplings are investigated in
Sec. VL. In the appendices we include all details needed
for the numerical calculations.

II. THE BLMSSM

In this article we study a simple supersymmetric model
where the baryon number (B) and lepton number (L) are
local gauge symmetries [3]. This model is based on the
gauge symmetry

Gy =SUB)c @ SU@), @ Uy @ U)z @ U(1),.

We refer to this model as the BLMSSM. In this context we
have found the following [3]:
(i) The local B and L are spontaneously broken at the
TeV scale.

(ii) There are no dangerous operators mediating proton
decay.

(iii)) The lepton number is broken in an even number
while the baryon number violating operators can
change B by one unit.

(iv) Anomaly cancellation requires the presence of new
families; however, there is no flavor violation at tree
level since they do not mix with the SM fermions.

(v) There are no Landau poles at the low scale due to the

new families.

(vi) The light Higgs boson mass can be large without
assuming a large stop mass and left-right mixing.

(vii) One could modify the current LHC bounds on the
supersymmetric spectrum due to the presence of
the baryon number violating interactions.

In this model we have the chiral superfields of the MSSM,
and in order to cancel the B and L anomalies we need a
vectorlike family: Q4, i, 32, ﬁ4, é4, p§ and Qg, iis, 575, ﬁg,
és, vs. See Table I for the superfields present in the
BLMSSM.

Interactions.—The full superpotential of the model is
given by

W= Wyssu + Wy + Wi + Wi+ Ws, (1)
where
W yssm = Y, OH, i€ + Y,0H ,d¢ + Y,LH ¢
+ ,(,LI:IMI-AId, (2)
is the MSSM superpotential and
Wy = 20040585 + A, 500sSs + Ayd5dsS
+ MB§B§B +7,,0.H,05 + Yd4Q4I_A1dC?Z
+ Y, Q%H 4its + Y, 0sH,ds. 3)

The new quark superfields acquire TeV scale masses once
the Sz and Sp Higgs fields acquire a vacuum expectation
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value (VEV). Consequently, the Yukawa couplings of the
new quarks to the Higgs fields do not contribute greatly to
the new quark masses and can be neglected. Furthermore
the Yukawa couplings between the new quarks and the
MSSM Higgs bosons can be large and modify the Higgs
mass at one-loop level. Notice that these couplings can
have a large impact on the production cross section, gg —
h, making it difficult to satisfy the experimental bounds on
Higgs production. In this work, we will take the conserva-
tive approach and assume these new quark Yukawa cou-
plings are small. The Higgs mass is therefore only
substantially modified by the Yukawa couplings of the
new leptons which must be large to insure the new leptons
masses are large enough to satisfy collider bounds.

In the leptonic sector one has the following interactions:

WL = Ye4lA‘4I:IdéACl + Ye5£g1:1ué5 + YV4£4I§MI>Z

+ Y, LSH b5 + Y, LH, ¢ + A< ieS,
+ ,LLLS‘LSAL. (4)

Notice that we have an implementation of the seesaw
mechanism for the light neutrino masses once the S, field
acquires a VEV, while the new neutrinos have Dirac mass
terms. In order to avoid stability for the new quarks we add

the fields, X and X , which have the following interactions:
WX = AlQAég}? + Azﬁcﬁs)? + /\36?65,25}? + ,LLX}?X, (5)

where the baryon number for the new fields are By =
2/3 + B4 = —By, and if we assume that they do not get
a VEV the lightest one can be a dark matter candidate even
if R-parity is violated. See Refs. [4,5] for the use of this
idea in a previous version of the model.

For any value of the baryonic charges of the new fermi-
ons, which satisfy the anomaly conditions, the Higgses Sp

and Sy have charges 1 and — 1, respectively. Then, one can
write the following dimension five operator that gives rise
to baryon number violation once the baryon number is
broken through the VEV of Sp:

WS = %ﬁchCc?CS’B. (6)

Therefore, after breaking U(1); we find the so-called
A" MSSM interactions that can modify the current LHC
bounds on the supersymmetric mass spectrum. Regardless
of this R-parity breaking term, the field X(X) or their
superpartners can be a dark matter candidate. The study
of the properties of the dark matter candidates is beyond
the scope of this article.

A. B and L symmetry breaking

In this section we discuss how the local B and L sym-
metries are broken. In this context the local gauge group,
Gp, is broken to Ggy @ M . Here Ggy, is the SM gauge
group and M; = (—1) is the lepton parity:
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GpL — Gsum ® M.

In this model the local baryonic symmetry U(1) is broken
by the VEV of the scalar fields Sz ~ (1, 1,0, 1,0) and S5 ~
(1, 1,0, —1, 0). The relevant scalar potential is given by

2
Vi = S2(S5P — 1552 + (sl + m3, IS,
+ (l,u,Blz + m%ﬁ)lS_BP - (bBSBSB + HC) (7)

Defining the VEVSs, (S3) = v/~/2 and (Sp) = 05/+/2, the
minimization conditions read as

ol m, o+ M, 05285 = bytanfs =0, (®)

sl 3, — W, c0s25 — bycotfy =0, (9)

where tanBp = vg/vg and M7 = gp(vy + 03)/4.
Assuming that the potential is bounded from below along

the D-flat direction one finds the condition
2bp < 2|MB|2 + méB + m%B, (10)
while
by > (Ipl? + m3 ) ppl* + m%s)’ a1

in order to have a nontrivial minimum. It is important to
emphasize that the symmetry U(1)p is broken at the TeV
scale, and therefore the mass of the new neutral gauge
boson is related to the SUSY breaking mass scale. In order
to show this we give the dependence of the new gauge
boson masses on the parameters in the model:

1, , mg, — m%Btanz,BB
—M; = —|upl* + 3
2 7 tan“Bp — 1

We note here that the experimental bounds on leptophobic
gauge bosons with masses below the TeV scale are very
weak due to QCD backgrounds. The most relevant bound,
My, > 250 GeV, comes from the UA2 experiment assum-
ing SM-like couplings [6]. For higher masses, the CMS
Collaboration has placed bounds on new resonances decay-
ing into 7 pairs [7]. In this case, the resonance must have a
mass of more than 1 TeV.

Once B is broken we can find new interactions that
violate baryon number. Using Eq. (6) one finds

12)

200 usdsdy  and M disdSds, (13)
with
AL = gk VB , (14)
ijk 1 A\/E
where a’ij k= —ailkj . These interactions break baryon num-

ber in one unit and are the so-called /\f}k terms of the

MSSM.
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As in the case of the baryon number the local U(1); is
broken at the TeV scale by the VEV of the scalar fields S
and S, . Following the discussion above one can find a
similar relation between the quark-phobic gauge boson
mass and the soft terms of the scalar fields:

2 2 o2
my, — mg tan BL)

tan’B; — 1

1
23, = el (

(15)

The strongest bounds on quark-phobic gauge bosons come
from LEP2, which found a lower mass bound of 1.8 TeV
[8]. In the above equations my, (mg,) and mg, (mg, ) are soft
masses for the Higgses S, (Sp) and S; (Sp), while tan8; =
(8.)/(S) = v /v, and M%L = gi(vi + 7).

Now, after symmetry breaking one can see that the
lepton number is only broken in two units. Using the

term, ﬁCﬁCSL, in Eq. (4) one finds the Majorana mass
term for the right-handed neutrinos

ij vr
/\vafvj—z, (16)

which is needed to generate neutrino masses through the
seesaw mechanism.

Summarizing, in this model the local B and L symme-
tries can be broken at the TeV scale while contributions to
proton decay are not induced because the baryon number is
broken by one unit and the lepton number is broken by two
units as required by the seesaw mechanism. There are
relevant constraints coming from the AB = 2 processes,
such as n — 71 oscillations and dinucleon decays, and from
cosmology which we will discuss in the next sections.

B. Mass spectrum

New leptons.—The mass for the new leptons are given
by

M, =y, 24 M, =y, 2~
Tl MeThg
B v, B oy (17)
]‘4,,4 = YV4 \/_i, and ]‘4V5 = YVS\/—E.

Using the above equations and imposing the perturbative
condition for the Yukawa coupling, Y, 324 /47 = 1, one finds
an upper bound on tang:

tanB = 6.1(4.3),

when M,, = 100(140) GeV.

Sfermion masses.—In this model the sfermion masses
are modified due to existence of new D terms. For ex-
ample, the stop mass matrix reads as
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M; + MZQ3 + (% - _%sinZ(;?W)M§ cos23 + 1 Dp M.X, .
M.X, M? + M§<- + Zsin?6yy M cos2B — 1 Dy

where M% and M %( are squark soft masses. Dg = M 7, €082 defines the new contribution due to the presence of the
U(l)g D ferm, M, is the topmass,and X, = A, — u cotﬂ is the left-right mixing in the stop sector. In a similar way we can
write the mass matrix for the sbottoms. See Appendix B for details.

The new slepton mass is modified by the U(1); D term. The mass matrix for the fifth generation sleptons reads as

2 2 _ 12 _
M = My, + ML~g s M7 cos2f3
Vs
MVSXVS
Here D; = — 411Mz cos23; is the new D term contribu-

tion and X, = A, — ptanpf the left-right mixing in this
sector. In order to 31mp11fy the discussion in the text we list
the mass matrices for the other sfermions in the Appendix.

III. BARYON NUMBER VIOLATION
AND THE SUSY SPECTRUM

When the baryon asymmetry is generated above the
electroweak scale strong bounds on the A ]ku"dcdk cou-
plings exist from the condition that the 2 — 2 and 2 — 1
processes do not wash out the baryon asymmetry gener-
ated. These constraints have been studied in great details in
Refs. [9—12]. The bound on these couplings read as [10,12]

AL < 5% 10-7( My )1/2 (20)
ik~ 1 Tev/) ~’
where M g is the squark mass. Now, in order to understand
the impact of this bound on the SUSY signals we will
consider different scenarios for the lightest supersymmet-
ric particle (LSP):
(1) Neutralino as the LSP—In this case the neutralino
will decay into three quarks and one can have the
following signals:

pp — FT— ¥ ) — 116),

pp— b*'b— 1519)(1/\/1 — bb6].
Therefore, one could modify the bounds on the
supersymmetric spectra since there is no missing

energy in these channels. The neutralino decay
length can naively be estimated as

M;  \4(100 GeV\s
L(Y° — 3¢) > 160 = ) ( )
(¥ = 34) m(soo Gev) " M,
25X 1077Y2
x (T) , 1)

assuming the cosmological bounds. Therefore, the
lightest neutralino would decay outside the detector
and one has the standard signals with missing energy
at the LHC. However, if the baryogenesis mecha-
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(3 + L,)D, M, X, )

2 2 (19)
M3 +M; + 3+ LD,

nism is at the weak scale one can avoid the bounds
from cosmology and the neutralino can decay inside
the detector.

(i1) Gluino as the LSP—In this case the gluino pair

production can lead to channels with same-sign
tops and multijets

pp — &8 — tt4j, bb4j.

Now, assuming the constraint coming from cosmol-
ogy, one can estimate naively the decay length of the
gluino as

M. \4 5
L(g—>3q)>10m< : )<4OOGeV)

103 GeV M,

1077\2
X (T) ) (22)

Therefore, the gluino is long-lived and forms
bounded states. The resulting states that consist of
either of a gluino pair or triplets of quarks, or of a
gluino bound to a gluon, are called R-hadrons [13].
If the gluinos are produced near threshold, the
formation of gluino-pair bound states (gluinonium)
is also possible and leads to characteristic signals
[14-18] and places strong bounds on the gluino
mass.

(iii) Slepton as the LSP—If the LSP is a charged selec-

tron one has a long-lived charged track since the
decay length is very large due to the bound coming
from cosmology and the four-body phase space
suppression. This scenario is very similar to the
long-lived stau scenario in gauge mediation
[19,20] and one can have signals with two leptons,
a same-sign top pair and four jets

pp — &ié; — el e; ttdj, e e bb4j.

In the case when the sneutrino is the LSP, one has
missing energy and multijets

pp — D;D; — pvttdj, vvbb4j.
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This scenario is possible and will have constraints
from the missing energy searches.

(iv) Chargino as the LSP—The case of a long-lived
chargino is very similar to the previous scenario
where one has a long-lived charged slepton. One
has charged tracks due to existence of a long-lived
charged particle and we can have the following
signals:

pr— Xi Xi = W W™ udj, W W~ bb4j,

with same-sign top pair and multijets.

(v) Squark as the LSP—:Because of the cosmological
constraint, the squarks will be long-lived and form
bounded states. If we compute the decay length of
an squark, one finds

i 10> GeV\/1077\2
LG — q;q0 > 1 mm(iMq )(—/\" ) . (23)

Therefore, the squark will form bounded states but it
will decay inside the detector. In this case we can
have displaced vertices as well when the stop (sbot-
tom) has mass around 100 GeV, and we can have
signals with four jets

pp — F'i— 4j, pp — b*b — 4j.

Therefore, one can avoid the LHC constraints com-
ing from the searches for multijets and missing
energy. Notice that this scenario is quite relevant
for us because we will study different cases where
the stop is quite light. It is important to mention that
in the model discussed in this article the above
constraints are relevant even if the baryon number
is broken at the TeV scale. In general one can have
an asymmetry in the SM sector and in the dark
matter sector, where we have the X field. In this
case, the baryon asymmetry can be generated after
the breaking of U(1)z. Although it is beyond the
scope of this article, a detailed investigation of
baryogenesis has been performed for similar models
[5]. Now, we have discussed above that the ud“d¢
interactions are generated at the TeV scale, and if
they are in thermal equilibrium before the electro-
weak phase transition, around 100 GeV, one cannot
preserve the baryon asymmetry in the visible sector.
Therefore, in order to make sure that the asymmetry
in the visible sector is not washed out, we impose
the above constraints.

It is well known that if the baryon asymmetry is generated
below the electroweak scale, the bounds on A} listed above
are not present. However, there are other bounds on these
couplings. The most important coming from dinucleon de-
cay, pp — K"K~ [21], and one gets A/, <1078 [22]. If
we use this bound and the one above from cosmology, we
can impose a lower bound on the cutoff of the theory. Using
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A <1078, (Sg) ~ 1 TeV, and a; ~ 1, one gets

%(SB> <1078 — A > 10" GeV. 24)

This is the naive lower bound on the cutoff of the theory. Of
course, the coupling a; can be smaller and the cutoff of the
theory can be much lower. In the last section we will use the
running of the Yukawa couplings to set the possible cutoff
assuming perturbativity at the high scale.

IV. THE LIGHT CP-EVEN HIGGS MASS

Recently, the ATLAS Collaboration has published a new
combined analysis [23,24] that excludes a SM Higgs boson
with mass in the ranges 112.9 -115.5 GeV, 131 -238 GeV,
and 251 —466 GeV, while the CMS Collaboration excludes
a SM Higgs boson with mass in the range 127.5 -600 GeV
[25-27]. Also, it is well known that both collaborations
have observed an excess around 125 GeV.

In this article we will consider a conservative scenario
where the light CP-even Higgs boson is SM-like with mass
in the range 115-128 GeV, and using this range we will
show the possible constraints on the supersymmetric spec-
tra in the MSSM and in the BLMSSM. In this way we can
compare both models and predictions for the radiative
Higgs decays showing the possibility of ruling out the
BLMMSM if the excess around 125 GeV is confirmed in
the new analysis by the ATLAS and CMS Collaborations.

In order to set our notation we define the neutral Higgs
bosons as

i

NG

1
HY = —2(vu + h,) +—=A, (25)

and
1 RN
V2 V2

Using this notation and working in the basis (ki &,) the
mass matrix for the MSSM neutral CP-even Higgs is given

H2 = ('Ud + hd) + Ad' (26)

by
Mi + A M+ A
M, = ( o e T ) 27)
MIZ + A12 MZZ + A22
with
M3, = Micos?B + M3sin’ B, (28)
M3, = —(M3% + M%) sinB cosp, (29)
M3, = Misin’ B + M3cos?B, (30)

where M, is the pseudoscalar Higgs mass and tanf =
v,/v,. In order to make the numerical calculations we
use FeynHiggs [28] to compute the Higgs mass at a two-
loop level and include the one-loop corrections due to the
existence of new leptons. These new one-loop corrections
were considered in Ref. [29], where it has been shown that
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one can increase the Higgs mass in more than 5-10 GeV in
a large fraction of the parameter space. In this article we go
beyond this study and show the general constraints on the
supersymmetric spectra if we satisfy the experimental
constraints on the Higgs mass.

As we have mentioned above, since we cannot predict
the Higgs mass in general, we can use the recent results
from ATLAS [23,24] and CMS [25,26] to constrain the
allowed parameters in the theory. In order to understand
these constraints we will work in the decoupling limit in
the Higgs sector, M3 > M2, which has the largest contri-
bution at tree level to the Higgs mass in the MSSM, and
define some simple scenarios:

(1) Scenario I: X, = X, = 0.—In this case we neglect
the left-right mixing in the squark sector and take
into account only the contributions of the third gen-
eration of quark and squarks in showing the allowed
parameter space consistent with a Higgs mass in the
range 115 GeV = M, = 128 GeV; we scan over the
ranges

200 GCV sMQ3,Mﬁ§, Mﬁg = ZTeV,
M, =M, =90GeV and M, =M, =100 GeV,

OGCVSM[ ,Méc,Mi)r,ML’“z,Mé ,M,’; = 1 TCV,
4 4 4 5 5 5
3
My, =My, = 1TeV, tanBg = tanBy =2, L, = 5
and
100 GeV = M, = 300 GeV,
— 300 GeV = u = 300 GeV,
2 =tanfB = 6, M, =1TeV,
My=1T
L ) T TeE T e T
1400+ e ..}.,.5-.:. <.
e $5a v, .
1200F ° € ,.'.p-"
SIRLY o..g‘i.. .
— 1000: 4 -:.o ..:"... .:'
% ' .‘ ‘3. o °
O so0f ..'...”'..'..-..
ol "‘.'0:-’:’ ) °
= 00 o8 e
[ 8 o o°
400 F o5 TN
. "‘: ..‘
200} ‘e ]
4000 22000 0 2000 4000

X; [GeV]

FIG. 1 (color online).
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and show the results making the calculation for
the Higgs mass at two-loop level in the MSSM
and include the new one-loop corrections in the
BLMSSM. We also note that the soft mass parame-
ters of the new sleptons can be as low as zero since
they must be at least as massive as the new leptons in
this case, which is consistent with experimental
bounds.

(i1) Scenario II: X, # 0 and X, # 0.—In the second
scenario we take into account the left-right mixing
in the stop and sbottom sectors, using the same
range for the input parameters as in the previous
scenario and

—4TeV <X, <4 TeV,
—4TeV <X, <4 TeV,

for the values of the left-right mixing in the squark
sector.

In Fig. 1 we show the allowed parameter space in the
MSSM and BLMSSM when the Higgs mass is in the range
mentioned above. In the MSSM we compute the Higgs
mass at the two-loop level using FeynHiggs and in the
BLMSSM we have the extra leptonic one-loop contribu-
tions. Notice that the red points correspond to the range
when the Higgs mass is between 115 and 122 GeV, while
the blue points correspond to the range, 122 GeV = M, =
128 GeV. We use M; = 1 TeV as the gluino mass. The
first main difference to notice is that in the MSSM there is
no solution when X, = 0, while this is not the case in the
BLMSSM. Therefore, for SUSY breaking scenarios such
as gauge mediation where the trilinear terms are small, one
can say that in the context of the BLMSSM it is possible to
satisfy the bounds on the Higgs mass.

Fse ®o o % ? .o . Teq
1400 o o° S 0% N, ® %o o° % % t. l'.' 4 Y
I ° ° % -.Q.. .n. . Po e .....‘ o o
. o 0% o . s % ®e SR TR
P ..‘ &‘,3.-'-‘ ’o’:' 00’ o oo %, o° .
1200 r R ..‘o ) % o 8° o . .‘. %o °n’ "‘. K ‘o. b
[ %%e ¢ Qo se { L S oe® e
[ e $ -'.’oq.g:.t ° ° ..-& ° o.p.-o:. ]
R i AR L AL
F 08 0,0 L Ao, @ . O o’
8 800 [ LATY 7Y .lo"'of K3 . ...‘-}.Sﬂ¢’:-3°.' ]
- r K} "'O.""?" H o 0."‘-'."':‘.’:' °
< i B b ORI R ¥
600: °3% %%, .’.4 o o :. .f...'..‘. -, 4
‘ et BN Y '-#":{.“. .
400F T e DR ]
[ Ve S et ]
[ . - ]
200: I :. f rl I ° .'.' ° I i
-4000 -2000 0 2000 4000
X; [GeV]

Allowed parameter space in the MSSM and BLMSSM in the plane of lightest stop mass versus the left-right
mixing in the stop sector. We use as input parameters M,, = M, =

90 GeV and M, = M,, = 100 GeV. In the MSSM we compute

the Higgs mass at two-loops and in the BLMSSM we have the extra one-loop contributions. The red points correspond to the range
when the Higgs mass is between 115 and 122 GeV, while the blue points correspond to the range, 122 GeV = M;, = 128 GeV. We use
Mz =1 TeV as the gluino mass. We have checked that all solutions are consistent with the bounds from the absence of color and

electric charge breaking.
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My=1TeV, X, ,=0, BLMSSM

. PHYSICAL REVIEW D 85, 115024 (2012)
M;=1TeV, X, =0, BLMSSM

2000 ———r———— T T T ® TR, O T e P e 6 T T o < ° ”'ﬁ‘a‘.-" 6 q"‘ C3
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FIG. 2 (color online).
M, =M, =90 GeV and M,, = M, = 100 GeV.

In Fig. 2 we show the allowed parameter space in
scenario I for the BLMSSM. Notice that in this case the
lightest stop can be as light as 600 GeV, while the heaviest
stop is always above 1 TeV. For our input parameters we
find allowed solutions when tan 3 is larger than 4, since the
tree level mass is directly related to tan3. However, as we
have mentioned before, there is an upper bound on tanf
coming from perturbativity, and combining these two
bounds limits the allowed range to a small region.

In scenario II the left-right mixing in the squark sector
can be large and we see in Fig. 3 that the lightest stop can
be very light, in the 100 GeV region, consistent with the
Higgs bounds. The situation is similar in both models, in
the MSSM and the BLMSSM. However, in the BLMSSM
we find more solutions that correspond to the Higgs mass
in the range, 122 GeV = M, = 128 GeV, due to the con-
tributions of the new leptons. Notice that the heaviest stop

M4=1TeV, X, 0, MSSM
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1
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FIG. 3 (color online).

[GeV]

M;z

Allowed parameter space in the BLMSSM in zero mixing scenario X; = X;, = 0. We use as input parameters

can be as light as 500 GeV in both models. In this scenario
we do not find any relevant lower bound on tanf since it is
easier to satisfy the Higgs bounds. See Fig. 4 for the
numerical results in the tan8 — M; plane.

V. RADIATIVE HIGGS DECAYS:
h— yyAND h — gg

As it is well known, the excess reported by CMS
and ATLAS are in the vy channel, while the other channels
are mainly SM-like. Now, knowing the allowed parameter
space consistent with a Higgs mass, M; = 115-128 GeV,
we can show the predictions for the radiative Higgs decays.

The Higgs decays at tree level are not modified, but the
radiative Higgs decays, h — yy,h — gg,and h — Zvy can
be modified due to the existence of new leptons and their
superpartners. For the study of the Higgs decay into two

M=1TeV, X, ;#0, BLMSSM
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Allowed parameter space in the MSSM and BLMSSM in the nonzero mixing scenario X, # 0 and X, # 0. We

use as input parameters M,, = M, = 90 GeV and M,, = M,, = 100 GeV.
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My=1TeV, X, ,#0, MSSM
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FIG. 4 (color online).

use as input parameters M,, = M, = 90 GeV and M,, = M, = 100 GeV.

Allowed parameter space in the MSSM and BLMSSM in the nonzero mixing scenario X, # 0 and X, # 0. We

photons in the decoupling limit in the MSSM see Ref. [30].
In Fig. 5 we show the predictions for the ratio R?? defined

M,=1TeV, X, =0, BLMSSM
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FIG. 5 (color online).

M=1TeV, X, ,#0, MSSM

1200

Predictions for R”” in scenario 1.

" 1 "
1400

Ry — L7y

= 31
L(h— y¥)sm Gh

where we have scanned over the ranges mentioned in the
previous section and assume zero left-right mixing. Here
we show only the predictions in the BLMSSM because in
the MSSM one cannot satisfy the Higgs bounds. Notice
that the ratio R”” is around 0.3 due to the suppression of the
new leptons and their superpartners. In the nonsupersym-
metric version of the model this effect was studied in

Ref. [31]. In our case the new sleptons further suppress
this ratio if they are very light.

In scenario II the situation is quite different because the
stops can be very light and the left-right mixing can play a

role is the enhancement of the R?” ratio. In Fig. 6 we see

M,=1TeV, X, ,+0, BLMSSM
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FIG. 6 (color online).
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My=1TeV, X, ,=0, BLMSSM
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FIG. 7 (color online). Predictions for R8¢ in scenario I.

that in the MSSM the predictions are SM-like but the
ratio can change between 0.85 and 1.2 in the whole
parameter space. In the BLMSSM the situation is differ-
ent since the RY? ratio can be between 0.1 and 0.4
Therefore, one can say that in the BLMMSM one expects
a large suppression for the gg — h — 7y signals. In our
opinion, since still the experimental collaborations do not
have enough results to claim a discovery, we only take
these results as a hint against this model. In order to
understand the impact of the SUSY spectrum on the
Higgs signals we need to study the radiative decays, 7 —
gg. We define the quantity

I'(h— gg)

R8¢ = 957
I'(h — gg)sm

(32)

and show the predictions in scenarios I and II in Figs. 7
and 8, respectively. It is easy to understand that in sce-
nario I this ratio is not modified because the stops are
heavy. In the second scenario the situation is different

M=1TeV, X, ,#0, MSSM

PHYSICAL REVIEW D 85, 115024 (2012)

because the stops can be light and the left-right mixing
can change the sign of the stop contribution. These results
are shown in Fig. 8§, where we can see that in the MSSM
the ratio R3¢ can be between 0.6 and 1, while in the
BLMSSM the range can be 0.2-1.3 when the stop is
very light and the left-right mixing is large. It is important
to mention that the R8¢ cannot be too different from the
SM because at the moment there are not large excesses in
other channels where the Higgs decays into two gauge
bosons.

Since the relevant quantity for the experiments is defined
as

__o(gg—h) XBr(h— yy)
o(gg — hsy X Br(h — yy)sm

. T(h—gg) XBr(h— yy)
I'(h — gg)sm X Br(h — yy)sy’

YY

where we have used the narrow-width approximation
where the cross section is proportional to the Higgs decay
width into two gluons, see for example [32], we will use the
last part of the above expression to calculate the predic-
tions made by the MSSM and the BLMSSM.

Knowing the results in Figs. 5-8, we can show the
predictions for the C,,. Since yy and gg ratios are SM-
like in the MSSM, in Fig. 10 we see that C,, is SM-like,
but it can change between 0.8 and 1.1. In the BLMSSM we
just extrapolate the suppression in the y7y channel to see
that there is a suppression for the signals in this channel.
See Figs. 9 and 10 for details.

In summary, we can see that in the context of the
BLMMSM one predicts less events in the gg — h — yvy
channel. Therefore, one could rule out this model in the
near future if the signals around M; ~ 125 GeV are con-
firmed by the LHC experiments.

M=1TeV, X, ,#0, BLMSSM
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FIG. 8 (color online).

Predictions for R&8

when X, # 0 and X, # 0.
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FIG. 9 (color online). Predictions for C,, in scenario I.

VI. EVOLUTION OF THE GAUGE
AND YUKAWA COUPLINGS

The evolution of the gauge couplings at one-loop level is
given by the well-known expression

a <1A1> <1A2> s L"g(ﬁl)

where a, = g2/4m, b, are the beta functions for the
different groups, and A, is a given scale. In order to
make the numerical study we will assume that only the
new leptons exist below the SUSY scale while the thresh-
olds associated with the new sleptons, new quarks and new
squarks are numerically close to the SUSY scale.

The new leptons therefore effect the b, values of the SM
gauge group. They are

b3 = _7,

(34)

by =3 (35)

PHYSICAL REVIEW D 85, 115024 (2012)

170
) 37)

where N and N; are the normalizations for U(1)g and
U(1),. While it is unclear what these values should be
without knowledge of the high scale physics, we will use,
for simplicity, Nz = N; = % Also using B, = —1/2 and
L, = —3/2 we show in Fig. 11 the running of the gauge
couplings when ap = 0.026 and «; = 0.01 at the SUSY
scale. As one can see from these results, we can keep the
unification of the gauge couplings of the MSSM and we
can have a simple solution for the unification of the a; and
ay at the scale 10'® GeV. In this way one can imagine a
possible unified theory at the high scale. This type of GUT
model will be investigated in a future publication.

In order to study the possible existence of a Landau pole
we study here the evolution of the Yukawa couplings. See
Appendix D for the renormalization group of equations for
these couplings. The matching conditions for the Yukawa
couplings at the SUSY scale are

h; h
.= -, Y == )
! Sil‘lﬂ / COSB (38)
i =1, vy es, J=0b,7 4 vs,

therefore giving a boost to the latter set of Yukawa
couplings for tan8 > 1. In Fig. 12 we show the evolution
of the largest Yukawa couplings (¥, Y,,, ¥, ) for two dif-
ferent scenarios: (a) m,, = m,, = 90 GeV and tan = 2,
(b)ym,, = m, =50 GeV,m, =m, = 100 GeV and for
tanB = 1.4. In the first scenario the Landau pole is around
107 GeV, while when tan3 = 1.4 there is a Landau pole at
the scale, 10* GeV. In order to show more general results
we show in Fig. 13 the isoplot for the scale where we have a
Landau pole in the m,, — tanf plane. It is important to
mention that in general the cutoff of theory can be very

- - _ 53 3 .
by =1, by =5, by =%, (36) large. However, since the local baryon number is broken at
My=1TeV, X, ,#0, MSSM My=1TeV, X, ;,#0, BLMSSM
12F . 12F
wof At .;fg < TRLPY of ]
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FIG. 10 (color online).
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Predictions for C,,, when X; # 0 and X;, # 0.
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Running of Gauge Couplings in the BLMSSM
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FIG. 11 (color online). Running of the gauge couplings in the
BLMSSM assuming apz = 0.026 and «; = 0.01 at the SUSY
scale.

the low scale we do not need to assume a large cutoff or the
desert in order to satisfy the bounds on the proton decay
lifetime.

VII. SUMMARY

We have discussed the main features of a simple exten-
sion of the minimal supersymmetric standard model where
the baryon and lepton numbers are local symmetries. We
refer to this theory as the BLMSSM. In this context we do
not need to assume a large desert between the electroweak
scale and grand unified scale in order to satisfy the proton

my, =m,, =90 GeV; m,, = m,, =100 GeV;tan =2

L e — T T T T T

0
Log,,(——)
8100 Gev

FIG. 12 (color online).
90(50) GeV and m,,

Yukawa coupling running in the BLMSSM for Y,, Y, :
= m,, = 100 GeV and for tanB = 2(1.4) with gauge couplings as in Fig. 11.
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decay bounds even if B and L are broken at the low scale. In
this context the lepton number is broken in an even number
while the baryon number violating operators can change B
in one unit. There is no flavor violation at tree level due to
absence of mixing between the SM fermion and new fam-
ilies and Landau pole at the low scale. The light Higgs boson
mass can be large without assuming a large stop mass and
left-right mixing and one could modify the current LHC
bounds on the supersymmetric spectrum due to the presence
of the baryon number violating interactions.

In Sec. III we discussed the constraints on the Af;, from
cosmology and the impact of these couplings on the LHC
searches for supersymmetric particles. In this case we can
have very interesting signals without missing energy. For
example, if the stop is the lightest supersymmetric particle
one can have signals with displaced vertices and four jets.
These are interesting signals and can shed light on the
possibility to have light stops in the spectra.

We have investigated in great detail the correlation
between the light Higgs mass and the decay of the Higgs
boson into two photons following the new results presented
by the ATLAS and CMS collaborations. In this theory the
new light leptons modify appreciably the predictions of
the Higgs decays into two gammas. The constraints on the
Higgs mass tell us how light the lightest stop, M5, can be
and since B is broken we can satisfy the collider bounds.
We have found that in the context of the BLMMSM one
predicts less events in the gg — h— vy channel.
Therefore, one could rule out this model in the near future
if the signals around, M} ~ 125 GeV, are confirmed by the
LHC experiments.

my, =m,, =50GeV; m,, =m, =100GeV;tan f =14

77—

- 2) |

F oy, i

= Sja

- sz -

ol 1 v
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and Y, above the SUSY scale for m,, = m, =
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Constant curves of Ay angau (GeV): the Landau Pole scale.
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Constant curves of Ay anqau (GeV): the Landau Pole scale.
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FIG. 13. Isoplot for the scale where one has a Landau pole in the m,, — tan8 plane.
In this theory the fields X and X (or their superpartners)
can be cold dark matter candidates if they are the lightest
fields with baryon number and do not get a vacuum expec-
tation value. This is true even when R-parity is broken in TABLE I. The index i = 1, 2, 3.
this theory. This is an interesting result that we will inves-
tigate in a future publication. See Ref. [5] for the study of ~ Supetfields SUG)c SUQ2), UMy  U(g Uy,
this dark matter candidate in a nonsupersymmetric version 0; 3 2 1/6 1/3 0
of the model. as 3 1 -2/3 -1/3 0
The running of the Yukawa couplings were studied in cff 3 1 1/3 -1/3 0
order to understand the possible cutoff of the theory. We  L; 1 2 —-1/2 0 1
have found that for small values of tang the cutoff of the &} 1 1 1 0 -1
theory can be very large. It is important to mention that  ?; 1 1 0 0 -1
since the baryon and lepton numbers are broken at the low <4 3 2 1/6 B, 0
scale, there is no need to have a large cutoff. In summary, ’f% § 1 —2/3 —B, 0
we could say that the BLMSSM is a consistent theory dy 3 1 1/3 —B, 0
where one could expect a light stop-sbottom spectrum in I:L4 1 2 —1/2 0 Ly
agreement with all experiments and that predicts new light eft i i (1) 8 :IL%
leptons. The collider signals of this theory will be inves- VAC 3 5 1/6 1—B 0 4
. . . . 5 - - - 4
tigated in a future publication. Py 3 : 2/3 | +B, 0
We would like to thank Mark B. Wise for discussions ‘35 1 1 -1 0 3+ L,
and many interesting comments. The work of P.F.P. has Vs 1 1 0 0 3+ L
been supported by the James Arthur foundation, CCPP, f, 1 2 1/2 0 0
New York University. The work of J. M. A. and B.F. was g] d i ? _(1)/ 2 (1) 8
supported in part by the U.S. Department of Energy under §B l ] 0 1 0
Contract No. DE-FG02-92ER40701. <2
S, 1 1 0 0 -2
S, 1 1 0 0 2
APPENDIX A: PARTICLE CONTENT X 1 1 0 2/3+ B, 0
X 1 1 0 —-2/3-B, 0

Table I gives the superfields present in the BLMSSM.
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APPENDIX B: SFERMION MASSES

The sbottom mass matrix is defined by

M

S

MyX,

2 — 12 _
where Mdg is a soft mass, D = 3 M7, cos2Bp, and X;, = A,

, 2
M, =

M, X,,

where M2~ and sz are soft masses, D; =
generatlon heavy neutrino is given by

M+ 0, — (5 - %sin26W>M% cos2B + 1Dy

M2, + M%4 - (l - sinZHW)M% cos23 + LyD;

—iM3 cos2f; and X,, = A,, —

M,X, ®1)

M} + M3, — sin®0y M7 cos23 —
3

— ptanB. The mass matrix for the new sleptons is given by

Mee, (B2)
Mz, + M% — sin?0yM% cos28 — LD,

ptanB. The mass matrix for the fourth

M - <M,2,4 + M%4 + iM% cos23 + LDy, M, X ) ®3)
o 2 2 _ ’
M, X, M3, + M2 — LyD;
where X, = A, — wcotB. In the case of the leptons of the fifth generation the mass matrices read as
M? + M2, + (1 — sin’6 )M2 cos2 + LsD M, X
M2 =" T V)T t o . (B4
M, X, M3, + M3+ sin®0y M5 cos23 — LsD;,
|

with X, = A, — utanf and Ls = —(L4 + 3). Notice ~ where N, is the color factor and Q is the electric charge of

that in order to have the mass matrices for squarks in the
MSSM one has to set Dy = 0. Knowing the sfermion
spectrum we are ready to discuss the predictions for the
Higgs mass.

APPENDIX C: CONTRIBUTIONS
TOh— yy AND h — gg

The formulas presented in this section were adopted
from Ref. [30]. The two-photon decay width of a
CP-even Higgs particle & can be written as

GFCVEW

1282 3 ZA ()

where 7; = M3 /(4m?) with m; being the mass of the loop
particle. The amplitudes are given by

I'(h— yy) =

, (ChH

Ay (tw) = gowwFi(Tw), (€2)
Ap(rs) = NeQ7gasFia(Ty), (C3)
2
Ap=(Ty=) = 8o+ n- +), (C4)
Hi
M
A7) = oy T Fipa(ry) (C5)
Xi
M
Af[(Tf[) chgqnfl Fi FO(Tf) (Co)

J i

the fermion/sfermion in units of the proton charge. The
functions F' are given by

Fo(r) =127 _T{ (), (C7)

2 -1
R 225V RN

2 _
Fi(r) = 27 4+ 37 + 7?-)2(27' 1)f(7')’ (9)

where
arcsin®/7 r<1,

(C10)

flr) = . N N
Z[log(ﬁ/ﬁ) 177] 7>1
The mixing angle «, which we use in subsequent formulas,
is expressed by

(Mgven)IZ ]
(Meven)ll - (Mgven)ZZ ’

ve(-2.0)

In the decoupling limit (M3 > M2) we obtain « — 3 —
/2. Values of MSSM couplings in formulas (C2) are as
follows:

(a) W boson loop (ggoww = 1 in SM),

1
a = arctan[
(C11)

Snww = sin(B — a). (C12)
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(b) Fermion loops (gx0,, = &uoge = 1 in SM),
cosa sina

— o8 i = — 2% (C13
8huu sing 8had cosp (C13)

(c) Charged Higgs loops (negligible in the decoupling

gnu+tn- = sin(B — a)

PHYSICAL REVIEW D 85, 115024 (2012)

€ cosacos’ 3
3 7
2cos“ 0w M7 sinf3

cos(2B8) sin(a + B)
_l’_
2c0s20y

i

regime), (d) Top squark loops
|
1 4 cosa m?  m,sin26, [cosa sina
77 = — = sin(a + 20, — < sin’6 20]+ — 4+ ’[ + ]
guiyy = 5 sinla + B )[COS RO ESS Y Vg M2 T T oMz Lsing ' sing ™
1 4 cosae m?  m,sin20, [cosa sina
— _ : s 2 ) My t
ghii, = 2 sin(a + B)[sm 0, + gsm Ow 00520,] + s M_% 2 [sinﬂ + sinf ,u]
where
2m, X
Sin20, = #
M: — M;
1 2
(e) Bottom squark loops
1. ( +,8)[ 2 2 . 29 -0 ] sina m3 mbsin20b[sina | cosa ]
; » = — sin(a cos“f;, — —sin“fy cos - —2 A
Enbibr — 5 b3 v b1 cosp M2 2M%  LcospB b cos,B'M
1 2 sine m?  mysin26,, [ sina cosa
- - = —sin(a + sin%6, + =sin%6y, cos26 ]— b _ % b[ A, + ]
Ehbob, 5 (o B)I: b3 W "] cosB M2 2MZ%  Lcosp cos,BM
where
2mp X,
Sinng = #
ME, - M];2
(f) Fourth family selectron loops
1 sina m?2 sin26,, [ sina cosa
_ . 2 _ . 2 _ e, e e
8l = 5 sin(a + B)[cos*f,, — 2sin*fy, cos26,,] cosB M%A 42M% £ [cos,B et cosB'u:I’
1 sina m2, m,, sin26,, [ sina cosa
_ . 2 L) _ [4 _ e e,
8z = 5 sin(a + B)[sin*f,, + 2sin°@y cos26,, | cosp Mg 42M% 4 I:cosBAe4 + cosp ,u]
where
100 2me4Xe4
S, =0 — 2
I

(g) Fifth family selectron loops
2

1 cosa m m,_sin26,_[cosa
= — _ gj 2 — 72qin2 es es es

8hela! 3 sin(a + B)[cos*d,, — 2sin*fy, cos26, ] + Sinf M5 W [sin,B o5

1 cosa m2.  m,_ sin26,. [cosa

2 = ——=sin(a + B)[sin%0,. + 2sin%0y, cos26,.] + 5 _ % ¢ [
ghege5 2 (a B)[ 1 es 1 w es] sin,B M% ZM% sinB
where
2m, X,
sin26,, = e = MS%Z
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(h) Chargino loops

Shyixr = V2(— cosa cosf™ sinf~ + sina sinf* cosf ™), (C27)

Shyin; = —&/2(— cosa cosf~ sin@* + sina sind~ cosf™), (C28)

where M, is the gaugino mass parameter, the function & = sign(uM, — M3, sin23), and 6~ can be determined
from,

22My, (M, cosB +  sin)

tan20" =
M3 — pu? — 2M%, cos2 3

(C29)

2/2M (M, sinB +
tan26~ = ‘/_2 w( 2 sinf A pcosp). (C30)
M5 — u” + 2My, cos2B

Chargino masses

I

1
my,, 5[M§ + p?+2M3 F J(Mg — u?)? + AMf,cos?2 B + AM3, (M3 + p? + 2M,u sin2 B)]. (C31)

The formula below was adopted from Ref. [33]. The two-gluon decay width of a CP-even Higgs particle 4 is given by

9Gpa’M’} 2
Dl — g0) =t | S, () + Sy | (€2)
q i

57627
where 7; = M3 /(4m?) with m; being the mass of the loop particle and

Aq(Tq) = ghqul/Z(Tq)' (C33)
Therefore, it is expressed in terms of quantities we already know how to calculate from the 7 — 7y case.

APPENDIX D: RGES FOR THE YUKAWA COUPLINGS

The RGEs in the Yukawa sector below the SUSY scale are modified by the new leptons. Ignoring the lepton and baryon
number gauge contributions that are small below the SUSY scale, the Yukawa RGEs below the SUSY scale are

1672% = h,[gh% + %hg +hi+hi +h; + b, Rl — 4w<;—(7)a1 + %az + 8013)], (D1)
1672% = hb[ghg + ;htz +hE+h + R+ R+ R — 477(%% + gaz + 8a3)], (D2)
1672 d;; = h,:ghi +3h3 + 3h7 + h2, + b2+ b3+ hl — 47T<%a1 + §a2>], (D3)
16772% _ hy4:§h2y4 - %h; 3K+ 3R+ B2+ K2+ B2, — 47(}{, + %az) (D4)
1672% — b, :gh; - %h?,4 T 3R+ 3R B2 K2+ A2, 4w(§a1 + %az) (D5)
t6m s =, S0 = e+ 30+ 302+ 2+ 02, 0, = 4G + G| (D6)
16772% = h,, :gh’g‘s — %h%ﬁ +3h3 +3h} + b2+ b2, + h3 — 4w(§al + Zaz): (D7)
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It has been assumed throughout this paper that the Higgs contribution to the masses of the new quarks is negligible
translating into small Yukawa couplings that will not greatly affect the running of other Yukawa couplings. They are
therefore neglected in the following Yukawa RGEs above the SUSY scale:

dy 13 16 4
167727; = Y,[6Yt2 +YP YL Y2 - 477(Ea1 +3a eyt §N3a3):|, (D8)
dy 7 16 4
1672 —dtb = YbI:6Y§ +YPH+YIHYL Y - 477(Ba1 t3ay+ayF §N3a3)], (D9)
2dY’T 2 2 2 2 9
167> — = = Y| 4Y7 + 3V} + Y2, + Y}, —4m(<a; +3a, + 4N a, ) | (D10)
2dY64 2 2 2 2 2 9 2
167 —= = Y64[4Y64 +3VEHYEHYE Y - 47T(§a1 +3a, + 4L4NLaL)], (D11)
2dY,,4 2 2 2 2 3 2
167 7 =1r,, 4YV4 + 3Yl + Ye4 + YES — 4 gal + 3a2 + 4L4NLaL>]’ (D12)
dees 2 2 2 2 9 2
167 7 == Ye5[4Ye5 + 3Yt + YV4 + YV5 - 477(5&1 + 361’2 + 4NL(L4 + 3) ay ]y (D13)
2dYVi 2 2 2 2 2 3 2
16 = Y, |4Y: +3Y; + Y2+ Y2 + YL — 4w st 3a, + 4N, (Ly + 3)a; ) |. (D14)

We remind the reader that Nz and N; are the normalization factors for U(1)z and U(1); and have both been chosen to be
half for the numerical work in this paper for simplicity.
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