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ABSTRACT: We investigate the possible collider signatures of a new Higgs in simple ex-
tensions of the Standard Model where baryon number is a local symmetry spontaneously
broken at the low scale. We refer to this new Higgs as “Baryonic Higgs”. This Higgs has
peculiar properties since it can decay into all Standard Model particles, the leptophobic
gauge boson, and the vector-like quarks present in these theories to ensure anomaly can-
cellation. We investigate in detail the constraints from the v, Z~, ZZ, and WW searches
at the Large Hadron Collider, needed to find a lower bound on the scale at which baryon
number is spontaneously broken. The di-photon channel turns out to be a very sensitive
probe in the case of small scalar mixing and can severely constrain the baryonic scale.
We also study the properties of the leptophobic gauge boson in order to understand the
testability of these theories at the LHC.
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1 Introduction

The discovery of the Standard Model (SM) spin-zero boson, the Brout-Englert-Higgs boson,
at the Large Hadron Collider (LHC) was crucial to establish the mechanism of electroweak
symmetry breaking. Thanks to this great discovery, we know that the electroweak symme-
try, SU(2),®U(1)y, is broken spontaneously and all masses for the elementary particles are
proportional to only one symmetry breaking scale, vg = 246 GeV. Now, the primary goal of
the LHC experiments is to look for new physics which could give rise to exotic signatures.
There are many appealing extensions of the Standard Model and most of them contain a
new Higgs sector which can give rise to new signatures at collider experiments. See for
example ref. [1] for the review of the Higgs sector of some extensions of the Standard Model.

In this article we investigate the properties of the new physical Higgs in extensions of
the Standard Model where the global baryon number of the Standard Model is promoted to
a local symmetry. The idea of having baryon number as a local symmetry was mentioned
in refs. [2, 3]; see also refs. [4-6] for some theoretical considerations. Recently, this idea
has been investigated in detail and a class of realistic theories has been proposed [7-11].
A simple UV completion of these theories has been proposed in ref. [12], see also ref. [13].
These theories have the following features:

e In this context one can understand the spontaneous breaking of the local baryon
number at the low scale.



e Some of these theories predict that the proton is stable or very long-lived. Then, one
can think about the possibility to have unification of gauge interactions at the low
scale.

e These theories predict the existence of vector-like quarks which cancel all baryonic
anomalies.

e A leptophobic gauge boson is always present in these theories.

e Some of these theories predict the existence of a dark matter candidate and one can
make a connection between the baryon and dark matter asymmetries.

See refs. [14-20] for the study of some phenomenological and cosmological aspects of these
theories.

In this article we investigate the possible signatures at the LHC from the decays of the
new Higgs in these theories. We structure our discussion as follows. In section 2 we present
general features of these theories and discuss the scalar sector in detail. In section 3 we
discuss production and decay of the baryonic Higgs and show that non-trivial constraints
are coming from vy, Zv, ZZ, and WW searches. We find scenarios in which striking
signatures at the LHC are expected since the baryonic Higgs branching ratio into two
photons can be large compared to the branching ratio of the SM Higgs into two photons.
To complete the discussion, we also study the properties of the leptophobic gauge boson.
Our results motivate the search for these signatures at the LHC which are crucial to test
these theories. We summarize our results in section 4.

2 Simple theories for baryon number

2.1 Theoretical framework

It is well known that in the Standard Model baryon number is an accidental global sym-
metry which is only conserved at the classical level and broken at the quantum level by the
SU(2)-instantons. One can think about defining a simple extension of the Standard Model
where baryon number is a local symmetry [3, 5, 6]. In such a scenario one can study the
spontaneous breaking of baryon number and investigate the possible implications for par-
ticle physics and cosmology. Realistic versions of these theories have been proposed [7—11]
and various phenomenological aspects have been studied [14-20]. These theories are based
on the gauge group

Gp =SU@B3)c ®SUQ2)L 2 ULy ® U(1)s. (2.1)

Recently, a simple UV completion of these theories has been proposed in ref. [12]. In
this context one always predicts the existence of vector-like quarks to define an anomaly-
free theory. Using this result as a motivation we will investigate theories for baryon number
where the baryonic anomalies are cancelled via the introduction of vector-like quarks with
particular baryon numbers that can differ from the baryon number of the SM quarks.



Field SUB)e SU12), U(l)y U@)p
Fermions

lr 1 2 -1/2 0
R 1 1 -1 0
ar 3 2 1/6 1/3
UR 3 1 2/3 1/3
dr 3 1 -1/3 1/3
QL 3 2 Y1 B;
Qr 3 2 Y1 By
Ur 3 1 Y, By
Ur, 3 1 Y5 By
Dpg 3 1 Y3 B
Dy, 3 1 Y3 By

Scalars
SB 1 1 0 By — By
H 1 2 1/2 0

Table 1. Particle content.

In table 1 we list the quantum numbers of the SM particles and the new vector-like
quarks introduced to cancel the anomalies. All relevant anomalies are cancelled if one
requires [8, 15]

1
By —By=—— (2.2)
nyg
for the baryon numbers and

1 1
E:Y1:F§andY3:Y1:|:§ (23)

for the hypercharges of the vector-like quarks. Here, ns is the number of copies of the new
vector-like quarks. We will assume ny = 3 in the remainder of this article since in UV
completions of these theories, such as the one proposed in ref. [12], one needs three copies
of vector-like quarks.

There are many possible solutions to eq. (2.3). In this article, we show the numerical
results only for three simple scenarios where at least one of the new quarks has the same

hypercharge as one of the SM quarks. The scenarios we consider are:!

e Scenario I: Y1 =1/6, Yo =2/3 and Y3 = —1/3.
e Scenario II: Y3 = —5/6, Yo = —4/3 and Y3 = —1/3.
e Scenario III: Y; =7/6, Yo =5/3 and Y3 = 2/3.

The vector-like quarks must be heavy to be in agreement with experimental bounds
and their masses are generated after spontaneous breaking of baryon number. The relevant

!See ref. [21] for a study of the same solutions in a different context.



interactions are

~LvLgs = MQLHUR + haQ HDp + hsQrHUL, + haQ g HDy,
+ )\QQRQLSB + AU UrSg + A\pD1DrSp + h.c., (2.4)

where Sp is the new Higgs boson responsible for the breaking of baryon number, see table 1
for its quantum numbers. Notice that for baryon numbers B; different from 1/3, there is
no mixing between the SM quarks and the new vector-like quarks, and there are no new
sources of flavor violation. It is important to emphasize that in general the new quarks
do not mix with the SM quarks unless one chooses very specific values for their baryon
numbers and hypercharges.

Let us now list some of the main predictions of these models:

e One predicts the existence of a leptophobic gauge boson Zpg, and the local baryon
number can be broken at the low scale in agreement with all experimental constraints.

e Since we stick to the case ny = 3, the baryon number of the baryonic Higgs Sp is
fixed to 1/3, and one will generate dimension-9 operators for proton decay such as

Co (S};>3

Oy = e

(upuprdger) . (2.5)
For ¢g ~ 1 and the vev of Sp around a TeV, one needs A > 10* TeV to satisfy the
proton decay bounds. Therefore, proton decay is suppressed even if the cutoff of the
theory is not very large.

e In the minimal version of these models the lightest new quark could be stable and can
give rise to very exotic signatures at the LHC. The vector-like quarks are produced
in pairs through QCD processes and could hadronize forming exotic neutral and
charged bound states. These bound states can give rise to very exotic signatures
in the electromagnetic and hadronic calorimeters. In order to avoid all cosmological
constraints one can assume that the reheating temperature is much smaller than the
mass of the lightest new vector-like quark. See for example ref. [22] for a review
on the cosmological bounds for long-lived charged fields. We will investigate these
signatures in a future publication but let us discuss this issue in more details. One
can imagine several scenarios for the new quarks:

— If the new quarks have the same hypercharge as the SM quarks and By or By
is equal to 1/3, the new quarks can mix with the SM quarks and decay due to
a bare mass term in the Lagrangian.

— When the new heavy quarks have different hypercharges and baryon numbers
from the SM values they do not mix with the SM quarks and can form bound
states between themselves. In this case the lightest bound state is a neutral
heavy pion which also decays into two photons. The stable heavy baryons are
not abundant as their mass exceeds the reheating temperature.



— If one of the new heavy quarks has SM hypercharge and the interaction between
the heavy quark, SM quark and the new Higgs Sp is allowed after symmetry
breaking the heavy quarks will mix with the SM quarks and decay. For example
the term QpqrSp is allowed if Bs = 2/3 and Y; = 1/6.

— One can also imagine the case proposed in ref. [8] where one adds a new Higgs
X ~ (1,1,0,1/3 — By) which does not acquire the vacuum expectation value. In
this case the X field is a cold dark matter candidate and the new quarks decay
into the SM quarks and dark matter. See ref. [8] for the details.

2.2 Scalar sector

In this theory one has two Higgs fields, the SM Higgs H and the baryonic Higgs Sp breaking
local baryon number U(1)g. Therefore, the scalar potential is given by

V (H,Sp) = p HUH + p3S5S5 + A (HTH) (sgsB) Ty (HTH)2 g (SLSB>2 .

(2.6)
In the unitary gauge we can write the SM Higgs multiplet as
H= \2 (0, h+wvo)" (2.7)
and the new spin-zero boson as
SBZL(SB—FUB—FZ'AB), (2.8)

V2

where vy = 246 GeV is the vacuum expectation value (vev) of the SM Higgs and vp is the
baryonic symmetry breaking scale. Ap is unphysical and will be eaten by the Zp. After
symmetry breaking, there is mixing between the SM Higgs and the baryonic Higgs, and
the mixing angle is given by

AHBUOUB
tan20p = —————. 2.9
an B )\H'I}g — )\BU2B ( )
The physical Higgs fields can be defined as
hi1 = hcosfp + spsinfp, (2.10)
hB:SBCOSQB*hSiHGB. (2.11)
The masses of hy and hp are given by
2 2 2 2 2 UgvENirp
My, = Agvg + Apvp + (Agvg — Apvg) |1+ ; o (2.12)
(/\HUO - /\B”B)
v3VE N2
Mp . = Agvg + Apvp — (Agvg — Apvg) 4 [1+ QO BTHB (2.13)
(/\va — /\B’U%)



Here hy is the mostly SM-like Higgs state with mass M}, = 125 GeV. The expressions for
the masses given in egs. (2.12) and (2.13) allow for M}, being larger or smaller than M, ,,
in agreement with the sign of the mixing angle in eq. (2.9).2 The parameters Ay, A, and
AgB can be expressed in terms of the other free parameters as

1

AH = 12 [M;%l + M,fB + (M;%l - M,%B) cos 20p] , (2.14)
0
1

Ap = 1o [Mi, + Mp, + (My, — Mj,) cos 26p] (2.15)
B
1 2 2 .

s = o (M2, — M}, sin26. (2.16)

See the appendix of ref. [23] for a similar discussion. Then, in the scalar sector the model
has only two free parameters,
My, and 0p.

Note that the vev vp is related to the mass of the leptophobic gauge boson, which is given by

1
Mz, = ngBUB’ (2.17)

where gp is the gauge coupling of U(1)g.
The mixing angle between the SM Higgs and the baryonic Higgs is constrained by the
SM Higgs signal strength, whose current value is given by [24]
p=1.09+0.11. (2.18)
At 95% CL, this leads to a bound of
05 < 0.36. (2.19)

Knowing the features of the model we are ready to investigate the phenomenological prop-
erties of the Higgs sector in the next section.

3 Baryonic Higgs and leptophobic gauge boson

3.1 Higgs decays

The new Higgs hp can decay into all particles present in the model, i.e.
h = €ei, iqi, WW, ZZ, hih1, 99,7y, UpUk, Dk Dy, Zp Z,

where ¢ = 1,2,3 and k = 1,...,6. The properties of the decays depend in a significant way
on the mixing angle between the SM Higgs and the new Higgs.

2This corrects an issue with the sign of the mixing angle present in the formulas given in ref. [17]. This
was already noted and corrected in ref. [18].
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Figure 1. Branching ratios of the baryonic Higgs as a function of the mixing angle 6 assuming only
decays into SM particles. The vector-like quarks are assumed to be heavy and we use vg = 2 TeV
and Mj,, = 1TeV.

In figure 1 we show the branching ratios of the baryonic Higgs into SM fields as a
We use M, = 1TeV for
For large mixing angles close to the upper bound, the tree-level
decays via mixing with the SM Higgs dominate, while for small mixing angles the loop-
induced decays take over. In addition to the decay channels shown, tree-level decays into
the leptophobic gauge boson are possible if the new Higgs is heavy enough. Depending on
the mass hierarchy, it can also decay to some or all of the new quarks. For figure 1 we
have assumed that the new quarks are heavy so that these decays are not allowed. One
can appreciate that for fp < 0.02 one has a large branching ratio into two gluons, while
for O > 0.02 the decays into WW dominate.

For a negligible mixing angle between the SM Higgs and the baryonic Higgs, the
branching ratios of the baryonic Higgs are shown in figure 2 for the three scenarios and all

function of the Higgs mixing angle in the three scenarios.
illustration purposes.
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Figure 2. Branching ratios of the baryonic Higgs as a function of its mass M}, , assuming negligible
mixing angle . We use Mz, =1TeV, vp =20TeV and mg = 1TeV.

possible decay modes. One can see that in all scenarios the decays into gluons dominate
in the range where the decays into vector-like quarks are not allowed, and for Mj,, > 2mg
the decays in two vector-like quarks are dominant. For simplicity we assume throughout
the article that all new vector-like quarks have the same mass mg. Notice that in the
second and third scenario the decays into two photons can have a large branching ratio,
much larger than BR(h; — ~7) in the SM. Also the branching ratio BR(hp — Z7) is
large in scenarios II and III. These results are crucial to understand the constraints from

the different search channels that we will discuss later.

3.2 Baryonic Higgs production mechanisms at the LHC

The new Higgs hp can be produced through different mechanisms. We focus on the pro-
duction channels which do not rely on a large mixing angle and can be used to test these
models in a generic way. The hp can be produced through gluon fusion, gg — hp, through



vector-boson fusion via the Zg, ¢q¢ — gghpg, and one can have the associated production of
hp and the leptophobic gauge boson Zg, pp — Z5 — Zghp. The associated production
with two new quarks is also possible.

Since the masses of the vector-like quarks are generated once Sp acquires a vev, the
couplings between hp and the new quarks are typically large. Therefore, one can produce
hp through gluon fusion where the vector-like quarks are running in the loop and this is
the dominant production mechanism at the LHC. The production cross section for this
channel is given by

C
o(pp — hp) = ﬁf (hg — g9) . (3.1)
B

Here, Cyq is the gluonic PDF contribution, and we use the MSTW2008NLO PDFs [25]
in the remainder of this article, and s is the center-of-mass energy squared. As we have
discussed above, the branching ratio into two gauge bosons can be large. In particular, in
scenarios II and III we expect a large number of events with two photons in the final state.

3.3 Experimental constraints and signatures

The cross section for the new Higgs being produced through gluon fusion and decaying
into two SM gauge bosons V' is given by
Cyg 2 o M}

n2
5 IBR(hg — VV), (3.2)

oyy =o(pp — hp) x BR(hg > VV) =~ PR
B

where ny = 3 is the number of generations of vector-like quarks. This expression is general
for the case that the new vector-like quark generation lives in the fundamental representa-
tion of SU(3)¢ and is heavy compared to the baryonic Higgs. We can use eq. (3.2) to place
a limit on the branching ratio of the new Higgs into two gauge bosons using the current
LHC results from diboson searches.

In figure 3 we show the upper limits on the branching ratios for the ~vy [26, 27],
Z~ (28, 29], ZZ [30], and WW [31] channels. Notice that these bounds are valid for all
scenarios since the new vector-like quarks live in the fundamental representation of the QCD
gauge group. These bounds are non-trivial even when we change the ratio R = M, ,fB / v%
between 0.1 and 10.

Let us now discuss the different channels, starting with the di-photon searches. As-
suming that the vector-like quarks are heavier than the baryonic Higgs, it is a good ap-
proximation to write (for one fermion)

9042713c Q4 M}?L’B

(3.3)
14473 U%

IL(hp —v7y) =
for the decay width into two photons. Here, @) is the electric charge of a vector-like quark
running in the loop. In the left panel of figure 4, we show the most current limits on the
production of a resonance and decay into two photons from ATLAS [26] and CMS [27].
We also show the predicted cross sections in the three scenarios for a particular choice
of parameters in the left panel. Note that the cross sections are largest for the case of
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Figure 3. Constraints on the branching ratios of hp into two photons [26, 27|, Zv [28, 29], ZZ [30],
and WW [31] for different choices of the ratio between mass and vev of the baryonic Higgs field.

In the plots ny = 3.

negligible mixing angle and are considerably lower for a mixing angle close to the upper
allowed value, g = 0.3. Therefore, we translate the experimental bounds on the cross
section into bounds on the vev only for 5 = 0. The lower bounds on vp are strong in the
region where M}, < vp and become weak only in the unphysical region where M}, > vp.
To show the transition between these two regimes, we shade M}, > vp in gray in the
plots. As one can appreciate these bounds are highly non-trivial, notice that the least
constrained scenario is scenario I where the hypercharge of the new quarks are the same
as the hypercharges of the SM quarks. In scenarios II and IIT the bounds are very strong
and the symmetry breaking scale vp has to be well above the electroweak scale.

Other potentially relevant search channels are Zv [28, 29|, ZZ [30], and WW [31].
Dijet searches turn out to be less constraining and will only be used for constraints on the
leptophobic gauge boson in the next section. In figures 5, 6, and 7 we show the bounds from
the Z~, ZZ and WW channels, respectively. As for the 77y channel, we shade the region

~10 -
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Figure 4. Constraints from diphoton searches [26, 27]. Left panel: experimental bounds as well as
cross section predictions in scenarios I, II, and III as a function of the baryonic Higgs mass. Cross
sections are shown both for negligible mixing angle and for a near maximal value of g = 0.3. Right
panel: experimental bounds translated into lower limits on vp as a function of My, for the case of
negligible mixing. In the left panel we use vp = 2TeV, and in both panels ny = 3 and mg = 1 TeV.
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Figure 5. Constraints from Zv searches [28, 29]. Left panel: experimental bounds as well as
cross section predictions in scenarios I, II, and II as a function of the baryonic Higgs mass. Cross
sections are shown both for negligible mixing angle and for a near maximal value of g = 0.3. Right
panel: experimental bounds translated into lower limits on vg as a function of M}, for the case of
negligible mixing. In the left panel we use vgp = 2TeV, and in both panels ny = 3 and mg = 1TeV.

where Mjy,,, > vp in gray. Notice that the bounds from WW and ZZ become relevant for
large mixing angles, where vy and Z+ are heavily suppressed. Since the tree-level decays
to WW and ZZ dominantly proceed via mixing with the SM Higgs in the case of a large
mixing angle, the cross sections and experimental bounds for the three scenarios coincide
for 6p = 0.3

The result of the above discussion taking into account all current experimental bounds
is that the symmetry breaking scale is highly constrained in most of the parameter space.
For small mixing angle the most relevant bounds are from v searches and for large mixing
angle the most relevant bounds are from ZZ and WW searches.

- 11 -



LHC ZZ searches

T T
ATLAS 13.2fb" (13 TeV)

1 Scenario I: g =0 E
= Scenario II: 5 =0
a Scenario 111: 65 = 0
< All scenarios: O = 0.3 """

N
T o b
o 10
=
[
m
X
D e
? 102 b e
2
©
1[]73 L Ty T,
300 500 1000 20

M,,, [GeV]

vp [GeV]

00

104

10°

102

Lower bound on vg from LHC ZZ searches

T T
Scenario I: 65 = 0

Scenario II: 0 =0 ™

Scenario III: 0 = 0
All scenarios: 0 = 0.3

My, > vp

300

1000
M,,, [GeV]

2000

Figure 6. Constraints from ZZ searches [30]. Left panel: experimental bounds as well as cross
section predictions in scenarios I, II, and IT as a function of the baryonic Higgs mass. Cross sections
are shown both for negligible mixing angle and for a near maximal value of 5 = 0.3 for which the
three scenarios coincide. Right panel: experimental bounds translated into lower limits on vp as a
function of M}, ,. In the left panel we use vp = 2TeV, and in both panels ny = 3 and mg = 1TeV.
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Figure 7. Constraints from WW searches [31]. Left panel: experimental bounds as well as cross
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are shown both for negligible mixing angle and for a near maximal value of 5 = 0.3 for which the
three scenarios coincide. Right panel: experimental bounds translated into lower limits on vp as a
function of M}, . In the left panel we use vp = 2TeV, and in both panels ny = 3 and mg = 1TeV.

3.4 Leptophobic gauge boson

These theories predict the existence of a leptophobic gauge boson. The most stringent
constraints on this new gauge boson come from dijet searches. In ref. [32], dijet constraints
were tabulated in a model-independent way and we use these to constrain the leptophobic
gauge boson, together with more recent experimental results [33-35]. In this section we
neglect kinetic mixing between U(1)p and U(l)y. For a detailed discussion of kinetic
mixing in these models see ref. [17].

- 12 —



LHC dijet searches Lower bound on vg from LHC dijet searches

9B

Combination from 1605.07940 Combination from 1605.07940 ———

CMS 27 fb! & 36 fb~! (13 TeV) CMS 27 fb=" & 36 ! (13 TeV) =

ATLAS 37.0 fb~' (13 TeV) = ATLAS 37.0 fb=! (13 TeV) =

ATLAS 3.4 fb™! (13 TeV); Trigger-object Level Analysis =+ ATLAS 3.4 fb~! (13 TeV); Trigger-object Level Analysis -

L L L lod L L L
500 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000 3500 4000
My, [GeV] My, [GeV]

0.1

Figure 8. Current experimental constraints on leptophobic gauge bosons from dijet searches [32—
35]. Left panel: upper bound on gp as a function of Mz,. Right panel: re-interpretation of the
bounds in the mass-coupling plane as a lower bound on the symmetry breaking scale vp.

In the left panel of figure 8 we show the constraints in the Mz,—gp plane. These
bounds assume that there are only decays into the SM quarks. If other decay channels are
open, the bounds will be weaker. As we can see, the leptophobic gauge boson can be light
when the gauge coupling gp is below 0.2. In the right panel of figure 8 the gauge coupling
limit is translated into a limit on the symmetry breaking scale. In combination with the
need for a perturbative gauge coupling, vp cannot be smaller than 3.4 TeV. We see that in
the case of small scalar mixing the di-photon limits are competitive for all values of Mz,
compare with figure 4. While for large scalar mixing the WW and ZZ channel are most
sensitive to the symmetry breaking scale in the case of a heavy leptophobic gauge boson,
compare to figure 6.

In order to understand the properties of the leptophobic gauge boson in these models
we show in figure 9 the branching ratios and the total width. As one can appreciate the
dominant decay channel is the decay into quarks when the decays into the vector-like quarks
are not allowed kinematically. Once the decays into vector-like quarks are allowed they
dominate since they have larger baryon number. Here we assume B; = 1 and By = 4/3 for
illustration. It is interesting to see that the total decay width is quite large for any gauge
coupling gp. The discovery of this leptophobic gauge boson is crucial for the testability of
these theories.

4 Summary

We have investigated the possible signatures at the Large Hadron Collider from decays
of the new Higgs in simple extensions of the Standard Model where baryon number is a
local symmetry spontaneously broken at the low scale. In this context one predicts the
existence of a leptophobic gauge boson and a new CP-even Higgs boson associated to the
spontaneous breaking of baryon number, as well as new vector-like quarks needed to cancel
the baryonic anomalies.

~13 -



77LQ:1’TC\/7 Blil, 32:4/3 ’rT],Q:1’I‘e\/v7 31:17 82:4/3

108 |
=
— 3
N =
= 107t b =
m = 10% | 1
N
—~
\"\‘.
I total width
""""" [(Zp = >-QQ)
1()—2 L L L 01 L L L
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Mz, [GeV] Mz, [GeV]

Figure 9. Branching ratios and total decay width of the leptophobic gauge boson. Here we assume
mg = 1TeV, By =1 and By = 4/3 for illustration. The decays into all SM quarks except for the
top quarks are included in the jj decays.

The baryonic Higgs hp can decay into all the SM particles, the leptophobic gauge
boson and into the vector-like quarks, giving rise to peculiar signatures at the LHC. We
have investigated the constraints from ~~v, Z~, ZZ, and WW searches at the LHC. We
find scenarios where the branching ratio into two photons can be large and one can have
very striking signatures at the LHC. We also studied the properties of the leptophobic
gauge boson present in these theories. We have shown that di-boson searches for the
decays of the baryonic Higgs and di-jet searches for the leptophobic gauge boson are highly
complementary and efficiently explore the parameter space of these theories. We find a
lower bound one the symmetry breaking scale using the constraints from the di-photon
searches. The signatures studied in the article are crucial to understand the testability of
these theories at the LHC.
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A Feynman rules

e

T7, . _ s 2 “w
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— M,
UUhp @ 1 Us cosfp, (A.7)
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— M
DkahB Tl D COS 93, (AS)
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hihihp : ci11g = —6vgA g cos? Opsinfp + 6ugApg cosbp sin? Op (Ag)

+ AgB (UB cos® 0 +2vg cos? O sin O —2vp cos O sin? 05 — v sin® 93) .

B Decay widths

B.1 Baryonic Higgs

The tree-level decay widths of the baryonic Higgs are given as follows. Here, f denotes a
SM fermion or a new quark.

B N , M]% 3/2
hp
1/2
1 |ennpl? M
F(hB — hlhl) = — 1-14 ! s (B2)
32 Mp, M,%B
Gr ap s MM AN
I'(hg - WW) = in“0p M, 1—-4 12 1-4 B.3
( B ) 8\/571’ SN vp My, M}%B + M}%B M]gB > ( )
1/2
GF ) 3 M% Mé M%
I'hp — Z7) = O M 1—-14 12—= 1—-4 B.4
(hp ) VG sin®0p Mj, M}%B + M]%B Ml%B , (B.4)
1/2
1 cos?0p M,?Z M% Mé M%
B hi hp hp

c11p is defined in the Feynman rules in appendix. A. ¢, 7 is the coupling of the baryonic
Higgs to the fermion f, which is given by

My
Chpff = U—Of sinfp (B.6)
for SM fermions and M
Chpff = U—; cosfp (B.7)

for the new vector-like quarks.
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The loop-induced partial decay widths to SM gauge bosons of the new Higgs boson hp
under the assumption that there is only negligible mixing with the SM Higgs are given in
appendix B of ref. [21] and will not be repeated here. We used Package-X [36, 37| for the
calculation of one-loop integrals. If there is non-negligible mixing with the SM Higgs, also
SM particles will run in the loops, and corresponding formulas can for example be found
in ref. [38].

B.2 Leptophobic gauge boson
The partial decay width of the leptophobic gauge boson Zg to SM quarks is given by

g A
B B

while the decay width to vector-like quarks ) with mass mg is given by

1
_ 2 4m2, \?
I'(Zp — QQ) = gﬁMZB (1 - MQQ>

8w 75

2 2
m m
B} +B3)[1- —2 | +6B1Bo—=|. (B9
(B + B3) M, e (B.9)
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