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Theory of Dirac dark matter: Higgs boson decays and EDMs
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We discuss a simple theory predicting the existence of a Dirac dark matter candidate from gauge
anomaly cancellation. In this theory, the spontaneous breaking of the local baryon number at the low scale
can be understood. We show that the constraint from the dark matter relic abundance implies an upper
bound on the theory of a few tens of TeV. We study the correlation between the dark matter constraints and
the prediction for the electric dipole moment of the electron. We point out the implications for the diphoton
decay width of the Standard Model Higgs boson. Furthermore, we study the decays of the new Higgs boson
presented in the theory, and we show that the branching ratio into two photons can be large. We also discuss
the correlation between the dark matter constraints and the properties of the new Higgs boson decays. This
theory could be tested at current or future experiments by combining the results from dark matter, collider,

and electric dipole moment experiments.
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I. INTRODUCTION

The possible existence of dark matter (DM) in the
Universe has motivated many studies in particle physics
and cosmology in order to address this problem. Currently,
there is a large number of experiments looking for dark
matter signatures using different approaches. This exper-
imental program could be successful; however, the nature
of dark matter remains unknown. From a theoretical point
of view, we should aim to understand theories that predict
the existence of dark matter following some well-defined
theoretical principles.

For many years the particle physics community sup-
ported the idea of having a cold dark matter candidate in the
minimal supersymmetric Standard Model (MSSM);
namely, the lightest neutralino. The MSSM could describe
physics at the multi-TeV scale, but in order to have a dark
matter candidate, we need to impose by hand the well-
known R-parity discrete symmetry, which could also be
used to suppress dimension five contributions to the decay
of the proton. Since this symmetry is imposed by hand, it
cannot be said that the MSSM generically predicts a dark
matter candidate. Unfortunately, we have a similar situation

“pxfl12@case.edu
‘alexis.plascencia@Inf.infn.it

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2022/105(9)/095021(16)

095021-1

in other extensions of the Standard Model such as in
theories with extra dimensions where the KK parity is also
imposed to ensure the stability of the dark matter candidate.

Recently, we investigated simple theories [1,2] for
physics beyond the Standard Model where the existence
of dark matter is predicted from the cancellation of gauge
anomalies. The main motivation to study these theories is
the possibility to understand the spontaneous breaking of
the baryon number in nature if this symmetry is a local
gauge symmetry as the other gauge symmetries of the SM.
The field content of these theories, determined by anomaly
cancellation, is very simple and as an extra feature it
predicts a cold dark matter candidate. In these theories, the
stability of the dark matter candidate is a natural conse-
quence of the spontaneous breaking of the local baryon
number.

In this article we investigate the simple theory for Dirac
dark matter proposed in Ref. [1]. This theory provides a
theoretical framework to understand the spontaneous
breaking of baryon number. In order to define an anomaly
free theory the particle content is composed of six new
fermionic representations, and the dark matter is the lightest
new neutral fermionic field in the theory. For a detailed
study of this theory, see the previous studies in Refs. [3-6].
We revisit the implications coming from the relic density
and direct detection constraints, and find an upper bound on
the theory around 30 TeV. Therefore, we can hope to test
the theory at current or future experiments. We study the
correlation between the dark matter constraints and the
decays of the new Higgs boson present in the theory. We
also show that the current bounds on the SM Higgs
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diphoton decay width provide a nontrivial bound on the
particle spectrum.

Experimental searches for CP violation are some of the
most sensitive to contributions from new physics. Namely,
they are able to probe energy scales much higher than the
electroweak scale whenever the CP-violating phase is
large. Recently, the ACME collaboration has set a strong
limit on the electron electric dipole moment (EDM) [7],
|d,|/e < 1.1 x 1072 cm, at the 90% confidence level and
they expect to improve this measurement during stage II1.
For reviews on CP violation and EDMs we refer the reader
to Refs. [8—11]. In this article, we study the implications of
the electron EDM bound in this theory. Since there is a
strong upper bound on the masses of all new fermions, the
EDM bounds are very important. We also study the
correlation between the dark matter constraints, Higgs
bounds, and EDM experimental limits. For a study of
EDMs in the context of local baryon number and Majorana
dark matter see Ref. [12].

This article is organized as follows: In Sec. II we briefly
review the theory of local baryon number predicting a Dirac
dark matter candidate. In Sec. III we study the phenom-
enology of Dirac dark matter, focusing on the upper bound
that comes from not overproducing the dark matter relic
density and the perturbativity of the couplings. In Sec. IV
we study how the new fermions modify the diphoton decay
width of the SM Higgs boson. We also study the tree-level
and loop-induced decays of the new baryonic Higgs boson.
In Sec. V we present the study of CP violation and the
implications for the EDM of the electron. Our main results
are summarized in Sec. VL.

For completeness, we present different appendices with
the details of the calculations performed in this work.
Appendix A contains the complete Feynman rules of the
theory, Appendix B has the diagonalization of the mass
matrices, in Appendix C we present a discussion on the
CP-violating phases, and in Appendix D we present the
different contributions to the EDMs. In Appendix E we
provide the full expressions for the tree-level and loop-
induced decay widths of the baryonic Higgs boson and
Appendix F has the loop functions involved in these decays
and also in the Higgs diphoton decay.

II. SIMPLE THEORY FOR DIRAC DARK MATTER

The origin of baryon number violation in nature is
unknown. The theory proposed in Ref. [1] provides a
way to understand the spontaneous violation of baryon
number in nature. This theory is based on the gauge
symmetry

SUB)e ® SU(2), @ U(1)y ® U(1)g,

where the extra Abelian symmetry, U(1)y, corresponds to
local baryon number. In order to study the spontaneous
breaking of local baryon number we need to define an

TABLE L. Fermionic representations needed for gauge anomaly

cancellation with B, — B, = =3 [1].

Fields SU(3) SU(2), U(l)y U(l),
P0 )

¥, = L 1 2 -1 B

-7 N

leO

nRr R 1 1 -1 Bl

nr 1 1 -1 BZ

xR 1 1 0 B,

XL 1 1 0 B,

anomaly free theory. In Table I we list the extra fermionic
content needed to cancel all the gauge anomalies. Notice
that the extra fermions have baryon numbers B; or B,, but
anomaly cancellation imposes the condition By — B, = —3.
The full Lagrangian of this theory can be written as

9 _ = _ (
L= Loy — ?B (OLy* Oy + gy ug + dry"dg)ZE

- %zgyz&ﬂ” + L%+ L8 —V(H,Sp), (2.1)
where Lgy; is the SM Lagrangian, fo is the leptophobic
gauge boson associated to U(1), and Z5, = 9,25 — 9,Z5.
In the above equation Q; ~(3,2,1/6,1/3), ugp~
(3,1,2/3,1/3), and dp ~ (3,1,—1/3,1/3) are the multip-
lets for the Standard Model quarks. Here we are neglecting
the kinetic mixing between the Abelian symmetries and
assuming that B; # —B, in order to avoid the case with
Majorana dark matter that has been already studied
in Ref. [13].
The new kinetic terms are given by

LR =iV, Y, + iYrPYr + iligPrg + il Py

+ izrPxr + Py + (D,Sp) (D*Sp), (2.2)

while the new Yukawa interactions can be written as

—L8 =y, Y Hng + y,¥rHnp + y3¥ Hyg + y4PrHy,
+ yo WL YRSy + vyl Sy + v, ZrerSy + Hee.,
(2.3)

where H ~ (1,2,1/2,0) is the Standard Model Higgs
boson, and H = ic,H*. The scalar Sz~ (1,1,0,3) is
responsible for the spontaneous breaking of baryon num-
ber. We define the following mass parameters,

Vv Yy Yx

=-—vpg, , = —="Ug, =2 pp, 2.4
e =5 Vs =50 M =508 (2.4)

and in Appendix B we discuss the diagonalization of the
mass matrices to obtain the physical states. These
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interactions can generate large masses (above the electro-
weak scale) for the new fermions. This happens after Sp
acquires a nonzero vacuum expectation value (VEV) and
spontaneously breaks the U(1), symmetry. From Eq. (2.3)
we see that Sp must carry the baryon number equal to 3.
Therefore, local baryon number must be broken in three
units and the theory predicts the proton to be stable. Since
the proton is stable in this theory, it can describe physics at
the low scale in agreement with experimental constraints.
The full scalar potential is given by

V =~ H'H + 2y (H'H)? = 13555 + (S Sp)?

+ Aup(HTH)(SpSp). (2.5)
The Higgs fields can be written as
G+
H= (%(vo + Iy + iG0)>’ and
S = \}5 (v + s +iGp), (2.6)
with the physical Higgs bosons defined as follows:
h = hgcos g — spsinOp,
hg = spcosfy + hysin O, (2.7)

where 05 corresponds to the mixing angle that diagonalizes
the mass matrix for the Higgs bosons, and it is given by

VoUBAHB

tan20p = —————,
B U%;{B - /U%lH

(2.8)

where v, and vp correspond to the VEVs of H and Sg,
respectively. It is important to mention that this simple
theory predicts only few extra physical fields:

(i) Two neutral Dirac fermions, 9, with i = 1, 2.

(i) Two electrically charged fermions ;(f with j =1, 2.

(iii) A new Higgs boson, &, called baryonic Higgs boson.

(iv) The spin one gauge boson, Zp, associated to U(1).
After symmetry breaking there is an anomaly free global
symmetry in the new sector:

XR — elg)(R, ¥, - eleq'L,

i0
N — e“ng,

i0
xL = ey,

Yp — e, ng = €ng, (2.9)
this is a remnant from the local baryon symmetry.
Therefore, the lightest new field in this sector is stable.
The stable field in this sector should be neutral to avoid
issues with cosmology and then we have a candidate to
describe the cold dark matter in the Universe. It is possible
to consider two different scenarios for the lightest field:
(i) 79 is P-like, (ii) x¥ is y-like. The first scenario is ruled
out by direct detection experiments because W is a SU(2),

doublet and the cross section is several orders of magnitude
above the experimental limit [6]. We focus on the second
scenario, which is consistent with all the experimental
limits, as we will discuss below.

II1. DIRAC DARK MATTER

This theory predicts generically a Dirac dark matter
candidate that is y-like. Here y = y; + yr is the DM
candidate and the relevant interactions are given by

I _
L> gggqy"quf — 9pXr*(BoPL + B PRy Z5

M, cosOp _ M, sin0p _
A Jrhy ————jxh,

3.1
o o (3.1)

- )()_0( +

where M, = yIvB/\/E and Py gy = (1 F ys5)/2.
In order to study the relic density constraints we need to
consider all possible annihilation channels:

Z’){ b d éq,ZBZB, hZB, hBZB? hh, hl’lB, hBhB’ WW, ZZ

The constraints from DM direct detection are very impor-
tant to understand the allowed parameter space in this
theory. The elastic nucleon-y cross section has two main
contributions mediated by the Zp gauge boson and the
Higgs boson.

In Fig. 1 we present our results for the calculation of the
dark matter relic density which has been computed numeri-
cally using MicrOMEGAs5.0.6 [14]. The solid blue line
reproduces the measured value of Qpyh? =0.12 [15]
while the region shaded in blue overproduces the dark
matter relic abundance. In the upper panel we fixed the
gauge coupling to its largest value allowed by perturbativity
g = V/27/3. The red line corresponds to the maximal
value for the Yukawa coupling allowed by perturbativity:
namely, y, = 2v/27. We find that the results for the relic
density are almost independent of the scalar mixing angle;
for the plots we set 6 = 0. The peak that can be observed
in the plots corresponds to the resonance M, ~ M, /2 so
that yy — ¢gg is the dominant annihilation channel. The
bump in the lower part of the plot also corresponds to a
resonance M, ~ M;_/2. In the entire region above the TeV
scale the dominant annihilation channel is yy — Zghp and
this does not require being close to any resonance; therefore
it is the generic DM annihilation channel.

In contrast to the case with Majorana dark matter studied
in Ref. [13], in this scenario the direct detection cross
section does not have velocity suppression, and hence,
these bounds are much stronger. In Fig. 1 we show with a
solid green line what is excluded by Xenon-1T [18] while
the solid black line shows the projected sensitivity for
Xenon-nT [19]. This is discussed in more detail in Ref. [6]
where a study of the Dirac dark matter phenomenology was
performed. As it was shown in that work, the experimental
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FIG. 1. Dark matter relic density in the M, vs M,, plane. The
solid blue line reproduces the measured value of Qpy A% = 0.12
[15] while the region shaded in light blue overproduces the DM
relic density. The region shaded in purple is excluded by dijet
resonance searches at the LHC [16,17]. The region shaded in red
is excluded by the perturbativity of the Yukawa coupling y,. The
solid green line is excluded by Xenon-1T [18] while the solid
black line shows the projected sensitivity for Xenon-nT [19]. The
upper panel corresponds to the maximal coupling gz = v/27/3,
while the lower panel is for gz = 0.1. In both panels we fixed
M, =1 TeV, 05 =0 and the baryonic charge to B} = —1/2,
which implies B, = 5/2.

bound from Xenon-1T rules out multi-TeV dark matter
masses even in the case of zero mixing with the SM Higgs
bosons. Furthermore, the projected sensitivity for Xenon-
nT will be able to probe a large region in the param-
eter space.

The region shaded in purple in Fig. 1 shows the
parameter space excluded by dijet resonance searches at
the LHC [16,17]. In the lower panel of that figure we show
the results for gz = 0.1, in this scenario the gauge boson
can evade the constraints from the dijet searches. However,
the experimental constraint from direct detection requires
M, 2 850 GeV if the dark matter density is saturated.

The upper panel in Fig. 1 also shows that there is an
upper bound on the masses of the gauge boson and the dark

matter in order to not overclose the Universe. In summary,
we obtain My, < 100 TeV and M, <50 TeV as upper
bounds for the masses of the gauge boson and the dark
matter, respectively. This bound is stronger than the one
coming from the unitarity of the S matrix which is around
200 TeV [6]. Furthermore, ignoring the resonant region,
which requires M, ~ M, /2, the upper bounds become
My, <19 TeV and M, < 26 TeV, which are more generic.

Furthermore, since all the new fermions acquire their
mass from the U(1), breaking scale, there is a nondecou-
pling effect within the new sector, and the upper bound also
applies to the charged fields that contribute to the EDMs.
Namely, in the limit of small fermionic mixing we have that

M;(li zynUB/\/E:ynleB/(:;\/ng’) and M;(zi ﬁy\va/\/i,
and hence, setting the Yukawa couplings to their allowed
values by perturbativity yy,y, < 2v/2x, we find that

M, < 140 TeV (30 TeV), (3.2)
where the number in the parentheses is more generic since
it does not require the theory to live in a resonance. This is a
striking result that implies that we can hope to fully test this
theory at current or future collider experiments.

IV. HIGGS BOSON DECAYS

In 2012 both the ATLAS and CMS announced the
discovery of a scalar particle with properties similar to
the SM Higgs boson with a mass of 125 GeV. The presence
of new physics coupled to this particle motivates a detailed
experimental study of its properties. The diphoton decay of
the Higgs boson represents one of its cleanest signatures
and its measurement is expected to be improved by the high
luminosity run of the LHC. In this section, we study how
the new charged fermions could modify this branching
ratio. Furthermore, the theory also predicts a second Higgs
boson that mixes with the SM Higgs boson, with mixing
angle 0p, and we study its decays channels in detail
including the loop-induced decays with the anomaly
canceling fermions running in the loop.

A. SM Higgs boson diphoton decay

The presence of new physics coupled to the SM Higgs
boson can modify some of its properties. In this theory, the
new charged fermions introduced to cancel the gauge
anomalies give new contributions to the Higgs boson decay
into two photons. In Fig. 2 we present the Feynman
diagrams that contribute to the & — yy decay. The signal
strength for this channel normalized with respect to the SM
prediction has been measured by the ATLAS collaboration

'This upper bound is obtained from the largest value of g
allowed by perturbativity. However, due to the positive  function
for g, such a large value will quickly run into a Landau pole, and,
hence, we expect the theory to live at a much lower scale.
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h ===

FIG. 2. Feynman diagrams for the contribution of the new
fermions to the &7 — yy decay.

to be p,, = 1.16 & 0.14 [20], while the CMS collaboration
reports p,, = 1.12 4+ 0.09 [21]. The high luminosity run at
the LHC is expected to improve the measurement of this
rate by a factor of 2 [22], and a possible deviation from the
SM prediction could be observed.

There are different extensions of the SM that lead to a
modification of the Higgs diphoton rate, for studies from an
EFT perspective see, e.g., Refs. [23-27]. For phenomeno-
logical studies of models with new vectorlike fermions that
have Yukawa interactions with the SM Higgs boson see,
e.g., Refs. [28-31]. In this theory, the Higgs diphoton decay
width is given by

2 2

L(h—yy)=—5—
6471'3MZ

MX%RC[CZC]FX?
1

i=

cosfp
#2000 (S NLQ - )
2

* 64m°M,, ; Mﬁ Im[CZhIC]Gﬁ

2

a?

2
, (4.1)

where the sum over f is over the SM fermions, v,
corresponds to the VEV of the SM Higgs boson and the
loop functions are given in Appendix F. The CP-even part
of the new Yukawa interactions (real part) interfere with the
SM contribution, and, hence, the rate for 2 — yy can be

96 Yy = 0'6. Y2 = 0'8. Foy = M\I/I/?’
— pc=7/2

2.4} o= n/ 1

2.2F — ¢c=0

2.0t
18
.
<16t
1.4}
1.2
LOF—

083 04 05 06 07 08 09 L0
o] [TeV]

enhanced or suppressed depending on the sign of the new
couplings [28]. The CP-odd part of the new interactions
(imaginary part) does not interfere with the SM contribu-
tion and always enhances this rate; however, it only gives a
small contribution. Consequently, this observable will give
stronger constraints for small CP-violating phases and will
be complementary to the bounds from EDMs.

As we discuss in Appendix C the theory contains two
independent CP-violating phases: ¢¢ = arg(y,y4y1y5) in
the charged sector and ¢y = arg(y,yyy;y;) in the neutral
sector. In order to make predictions we need to fix some of
the parameters, throughout this article we fix the Yukawa
couplings y; to different O(1) values in order to show
different slices of the parameter space. We also require the
charged fermion masses to satisfy the lower bound from
LEP of 90 GeV [32].

In Fig. 3 we show our results for the Higgs diphoton

signal strength p,, =6"'Br(h—yy)/ (62" Br(h = y7)sm)

as a function of the mass parameter |uy|. The region within
the solid (dashed) red lines shows the measurement by the
CMS collaboration within 26 (16). On the left panel we fix
the parameters to y; = 0.6, y, = 0.8, and u, = uy/3. The
green line corresponds to ¢ = 0 and using the 26 range
for u2XP we find that |uy| < 0.43 TeV is excluded. The
orange line corresponds to ¢o = z/4 for which |uy| <
0.38 TeV is excluded. Finally, the blue line is for ¢ = 7/2
for which we find that the measurement of y,, provides no
constraint.

On the right panel in Fig. 3 we fix y; = 0.6 and y, =
—0.8 from which it is possible to obtain a destructive
interference and lower the prediction for y,,. The green line
corresponds to ¢p¢ = 0 and using the 26 range for p5XF we
find that |puy| < 0.74 TeV is excluded. The orange line
corresponds to ¢ = z/4 for which |uy| < 0.6 TeV is

=06 yp=-08  pu,=py/3
1.4
pET 20
1o

D 1

=
< 1.0f

08/ | -
— pc=7/2

— ¢ =7/4
0.6f — =0

03 04 05 06 07 08 09 10
o] [TeV]

FIG. 3. Diphoton signal strength of the SM Higgs boson y,, as a function of the mass parameter |uy| in units of TeV. The region within
the solid (dashed) red lines shows the measurement by the CMS collaboration within 26 (10) [21]. The green, orange, and blue solid
lines correspond to different values for the CP-violating phase ¢ = 0, ¢ = n/4, and ¢ = /2, respectively.
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excluded. Finally, the blue line is for ¢p» = z/2 for which
we find again that the measurement of yx,, provides no
constraint.

We note that even though the addition of large Yukawa
couplings with the Higgs boson could push the electroweak
vacuum to the instability region at a high scale, this can be
easily addressed by the positive contribution from the
Higgs portal coupling Ayp between the Higgs boson and
the scalar responsible for the breaking of baryon number.
Regarding the CP-violating phase in the neutral sector, ¢y,
this parameter does not enter at one-loop in the calculation
of h— yy, and hence, it is not constrained by this
observable.

The Yukawa couplings y; and y, will induce a mass
splitting among the components of the SU(2), doublet ¥,
and, hence, there will be a contribution to the electroweak
precision observables S, T, and U. This was studied for a
similar scenario in Ref. [33]. Nevertheless, there exists
freedom in the couplings y; and y, that also contribute to
the mass splitting and those bounds can be easily satisfied.
Furthermore, if the dark matter relic density is saturated, the
bound from direct detection requires the dark matter mass
to be above 850 GeV, and hence, the new charged fermions
will be above this value so the contribution to those
parameters is further suppressed.

B. Baryonic Higgs boson decays

In this section, we study the phenomenology of the scalar
responsible for the spontaneous breaking of U(1),. As we
have discussed in Sec. III the strong constraints from DM
direct detection experiments require the new gauge boson
and the dark matter to be above the TeV scale. Therefore, if
the baryonic Higgs boson has a mass around the electro-
weak scale it will decay dominantly into SM gauge bosons.
In this section we neglect the effect of CP violation.

From the Yukawa interactions in Eq. (2.3) it can be seen
that the anomaly canceling fermions running in the loop
will induce decays of hp into SM gauge bosons including
yy. We computed these decay widths with the help of
Package-X [34] and present the full expressions in
Appendix E. Of particular interest is the clean diphoton
channel that, as we will show, can have a branching ratio
much larger than the one for the SM Higgs boson.

In Fig. 4 we show our results for the branching ratio of
hp as a function of the scalar mixing angle 6. As we have
discussed in Sec. III the most generic case is for yy —
Zghg to be the dominant DM annihilation channel.
Consequently, we fix the parameters to be in this regime
and reproduce the measured relic abundance of Qpyh? =
0.12. The experimental bound from Xenon-1T is shaded in
red and constrains the mixing angle to be 8z < 0.009, while
the projected sensitivity for Xenon-nT will be able to probe
the Z; mediated cross section and, hence, will be sensitive
to a vanishing scalar mixing angle. For the whole range of
mixing angles the branching ratio for the decay into a pair

10° gp=0.1
Mj,, = 400 GeV
Mgz, = 1.14TeV
;5 107! \4" M, = 6.28TeV
= — 0y (| My =6TTeV
/M B — Z | My =7Tev
1072 o —_— W
— ZZ XX — Zphp
—_—
Qpah? = 0.12
XenT — hh o 0
1035
107° 1074 1073 1072 107!

U5

FIG. 4. Branching ratios of the baryonic Higgs boson &y as a
function of the scalar mixing angle @p. The relevant parameters
have been fixed to reproduce the dark matter relic density
Qpyh? = 0.12 as indicated in the plot, the dominant DM
annihilation channel is yy — Zzhp. The different colors corre-
spond to different decay channels as shown in the plot. The area
shaded in red is ruled out by Xenon-1T direct detection con-
straints, while in yellow we show the region that will be probed
by Xenon-nT.

of Z bosons is large, and, hence, the decay channel iy —
ZZ — 4¢ can be used to search for this new scalar.
Moreover, for small values of the mixing angle 65 <
10* the branching ratio for the loop-induced decay hgy —
yy can be as large as 10%. Finally, since we fix M, =
400 GeV for large values of the mixing angle there is a
large branching ratio into a top antitop quark pair.

In Fig. 5 we present our results for a scenario in which
the dominant contribution to the relic density comes from
the annihilation channel yy — ¢g, which needs to be very
close to the resonance M, ~ M, /2 to reproduce the
measured value of the relic abundance. In this scenario
there is no constraint from Xenon-1T; nonetheless, the
projected sensitivity for Xenon-nT will be able to put the

109 1 95=01
My, = 300 GeV
— | Mg, =505TeV
— % oy =
o 1M =24Tev
— 77 | M, =27TeV
W My = 3TeV
— hh
XX = qq
QDMh2 =0.12
10—3 T AVW T
10-° 107 1073 1072 107!
O
FIG. 5. Branching ratios of the baryonic Higgs boson hj as a

function of the scalar mixing angle 6. The relevant parameters
have been fixed to reproduce the dark matter relic density
Qpyh? = 0.12 as indicated in the plot, the dominant DM
annihilation channel is yy — ¢g. The different colors correspond
to different decay channels as shown in the plot. The area shaded
in yellow shows the projected sensitivity for Xenon-nT.
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constrain of Oz < 0.027 on the mixing angle. As can be
seen, the dominant decays are hy —» WW~ and hy — ZZ.
Furthermore, for very small values of the mixing angle
0 < 107 then the branching ratio hz — yy can be as large
as 13%.

There are two main channels for the production of Ay at
the LHC. On the one hand we have the associated
production pp — Zj — Zghg, which was studied recently
in Ref. [35]. Even if the constraints from DM direct
detection require that the mass of the Z has to be above
the TeV, the production cross section for M, = 400 GeV
and Mz, = 1.1 TeV corresponds to o(pp — Zghg) =
102 fb for a center-of-mass energy of 14 TeV, and hence,
O(10) events can be generated in the high luminosity run at
the LHC. On the other hand, there is production via gluon
fusion which is suppressed by the mixing angle sin®0p;
however, the branching ratio for hz — yy can be 10> times
larger than the one for the SM Higgs boson. Consequently,
for hy with a mass of 400 GeV and 0 ~ 1072 there will be
O(1) events generated in the high luminosity run at
the LHC.

V. CP VIOLATION AND EDMs

This theory predicts new fermions needed for anomaly
cancellation and their interactions can provide new sources
of CP violation. In this section we study the new sources
of CP violation and calculate the predictions for the
electric dipole moment of the electron. These also induce
an electric dipole moment for the neutron; however,
the experimental bound is much weaker than the one for
the electron. In general, all the Yukawa couplings in
Eq. (2.3) can be complex, and as we discuss in
Appendix C this leads to two independent CP-violating
phases: ¢¢ = arg(y,yyy1y;) in the charged sector and
¢y = arg(y,yyysy;) in the neutral sector. These CP-
violating phases contribute to the electric dipole moments
of SM fermions via two-loop Barr-Zee diagrams shown
in Fig. 6. The contributions with hy, hZ, and hZp in
the loop depend only on ¢.; while both CP-violating
phases contribute in the case with W=W™ in the loop. In
Appendix D we provide the expressions for the different
contributions to the EDM.

In Fig. 7 we present our results for the electron EDM as a
function of the mass parameter uy. The different contri-
butions are shown by dashed lines of different colors. The
largest contribution comes from the yh diagram, but the
WW contribution can be of similar order and even larger in
some regions of the parameter space. The Z# is small due to
the cancellation in the overall term (7%/2 — s3,0,), as has
been noted previously in the literature for other scenarios
[36]. In the left panel we fix ¢ = 7/2 and ¢y = 0 and the
relevant Yukawa interactions to |y,| = 2|y;| = 0.2; the
region excluded by the ACME collaboration, |d,|/e <
1.1 x 107% cm [7], corresponds to the region shaded
in gray and for this scenario we obtain the exclusion of
ly| S 2.7 TeV. The gray dashed line corresponds to
the projected sensitivity for ACME III of |d,|/e <3 x
107! ¢cm [37] and for this scenario it will reach |uy|<
21 TeV. The region shaded in green is excluded due
to overproducing the dark matter relic abundance
Qpyh? > 0.12.

In the right panel of Fig. 7 we set ¢ = 0 and ¢ = /2,
which implies that the dominant contribution is from WW
in the loop and that is why we can see that the dashed and
the solid line overlap. The relevant Yukawa couplings are
fixed to |y4| = 2|y,| = 0.2; for this scenario we obtain the
exclusion of |uy| < 0.9 TeV while ACME III will be able
to reach |uy| <7 TeV. In both panels we fix pu, = py/3
and we find that the results are almost independent of yx,
since the y fermion is a SM singlet and only gives a small
contribution through fermionic mixing. We note that in the
limit in which either one of the relevant couplings y; — 0
then the EDM will also vanish.

These results are relevant for the baryogenesis scenarios
proposed in Refs. [38,39] where it was argued that EDMs
only appear at four loops. We demonstrated that the effects
from the anomaly canceling charged fermions cannot be
neglected and that EDMs already appear at two-loops.
Nonetheless, our conclusions hold for the minimal scenario
and could change in a nonminimal scenario with more
scalars charged under U(1)p that acquire a nonzero VEV.
As an alternative solution to the baryon asymmetry of the
Universe, Ref. [40] recently studied the implementation of
high-scale leptogenesis in theories with local lepton and
baryon number. As a side note, we comment on the EDM of
the muon which even though it receives and enhancement

FIG. 6. Feynman graphs for the Barr-Zee contribution to the electric dipole moment of the electron. V,, can either be the photon or the
Z boson. Here y; and ;((; correspond to the anomaly canceling fermions.
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FIG. 7. Left panel: the solid blue line shows the electron EDM as a function of the mass parameter yy. The dashed red, purple, and

orange lines show the different contributions d’, d¥V, and d?", respectively. The region shaded in gray corresponds to the experimental
bound from the ACME Collaboration [7] and the gray dashed line gives the projected sensitivity for ACME III [37]. The region shaded
in green is excluded due to overproducing the dark matter relic abundance Qpy 4% > 0.12. The CP-violating phases are set to ¢po = 7/2
and ¢ = 0 and the other parameters have been fixed as shown in the title of the plot. Right panel: same as left panel but with the

CP-violating phases set to ¢ = 0 and ¢y = 7/2.

of (m,/m,) compared to the electron, the experimental
sensitivity is much weaker than in the case of the electron.
The current bound from Brookhaven Muon (g — 2) experi-
ment is |d,| < 1.5 x 107!? e cm [41], which lies more than
six orders of magnitude below our predictions.

In Fig. 8 we present our results for the parameter space
allowed by the ACME bound and the measurement of y,,.
The region excluded by the measurement of the Higgs
diphoton channel is shown in red. The gray dashed line is
the bound from DM direct detection that requires
M, 2 850 GeV; nevertheless, this bound applies when
the relic density is saturated. The region excluded by
ACME is shown in orange. In the case that ¢ = 7/2
then this bound already excludes |uy| < 16 TeV. This
bound also has consequences for the low-mass regime.
Assuming these values for the Yukawas, i.e., |y;| = 0.6,
ly2| = 0.8, and a maximal CP-violating phase, then we can
find an indirect bound on the symmetry breaking scale by
requiring perturbativity of yy and y,; namely, the bound
translates into Mz, /gg 2 13.5 TeV, so for example for a
light boson of M, =1 GeV the coupling needs to be

gp <107*. The blue dashed line corresponds to the
projected sensitivity for ACME III and shows that for a
maximal CP violation it is expected to reach |uy|S
115 TeV. The region shaded in green overproduces the
dark matter relic density. Consequently, the allowed
parameter space is constrained from above and below.
This result shows a complementarity between the
electron EDM and the Higgs diphoton decay. The region
with vanishing CP violation can be probed by measuring a
deviation in the Higgs diphoton decay. For the parameters
shown in Fig. 8 the current measurement of y,, within 2¢

excludes |uy| < 0.37 TeV. We also find that the projected
sensitivity of ACME III will probe a CP-violating phase
as small as ¢c~ 10~ for charged fermions below the
TeV scale.

on =0

T

ty = pw/3

o)
1071 % ]
0O \%
ASE )
—_
Do
1072 3
10731 :
102
FIG. 8. Allowed parameter space in the ¢¢ vs |py| plane. The

region shaded in orange corresponds to the experimental bound
from the ACME collaboration [7] and the blue dashed line gives
the projected sensitivity for ACME III [37]. The region shaded
in red is excluded by the measurement of the Higgs diphoton
signal strength u,, at the LHC. The gray dashed line gives the
bound from DM direct detection, which applies when the dark
matter relic density is saturated. The region shaded in green is
excluded since it overproduces the dark matter relic abundance
Qpyh? > 0.12. We set ¢py = 0 and the other parameters have
been fixed as shown in the title of the plot.
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VI. SUMMARY

We studied a simple theory based on local baryon number
U(1), that predicts a dark matter candidate from the
cancellation of gauge anomalies. We found that the constraint
on the DM relic density gives an upper bound on the full
theory. This gauge theory contains new sources of CP
violation and can give a large electric dipole moment for
the electron. Also, since the new charged fermions cannot be
decoupled from the baryonic Higgs boson; the theory predicts
a large branching ratio for the latter into SM gauge bosons.

Generically, dark matter is predicted to be a Dirac
fermion. We studied the dark matter phenomenology and
found that the currents bounds from direct detection already
require the dark matter mass to be above the TeV scale. We
showed that not overproducing the relic density sets a
generic upper bound on the masses of the gauge boson and
the dark matter, M, < 19 TeV and M,, < 26 TeV, respec-
tively. Moreover, since all the new fermions acquire their
masses from the new symmetry breaking scale this implies
an upper bound on the charged fermions responsible for the
EDMs; namely, M 2t <30 TeV.

We calculated the contribution from the new fermions
running in the loop for the decay of the SM Higgs boson
into two photons and found the constraint on the parameter
space from the current measurement of the Higgs signal
strength u,, at the LHC. We also studied the decays for the
new Higgs boson in the theory responsible for the sponta-
neous breaking of the U(1);. We found that the loop-
induced decay hp — yy can have a large branching ratio

gy
2 cos Oy

X

>v3/\€\/\
Xi

ig* Ny ik 2]
— 0 [(VEY NP P+ (VE) N Prl

V2

(N2 NP Py + (NE) N} Pl

around 10% and that the process pp — Zj — Zghy could
be observed in the high luminosity run at the LHC.
Furthermore, we showed that the theory contains two
new CP-violating phases that cannot be removed by field
rotations. We computed the Barr-Zee contributions to the
EDM of the electron and found that the current bound by
ACME already excludes uy < 16 TeV for maximal CP
violation. Furthermore, the projected sensitivity for ACME
[T will be able to probe a large region in the parameter
space of the theory; namely, for maximal CP violation it
could reach puy <115 TeV. Consequently, the theory is
being constrained from above by the measured dark matter
relic abundance and from below by the lack of experimental
evidence for an electron EDM. Finally, we demonstrated
there is a complementarity between measurements of the
Higgs diphoton decay and the electron EDM. Namely, the
bound from the Higgs diphoton decay is the dominant
constraint for small CP-violating phases. This theory could
be tested at current or future experiments by combining the
results from dark matter, collider, and EDM experiments.
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APPENDIX A: FEYNMAN RULES

In this appendix we list all the Feynman rules for the new
particles:

ieéijv“

— igsin Oy (CijPL + CgPR)

X

+
>v%vx

gyt

V2

((NZ)VE P+ (NE)'VE Pr]
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Xj.

- ZgB"Y (OL]TLPL + ORIL )

X X;.

> h h
X7 Xi

—i |Gl P+ (C,)" Pl

X X;.

S >

fi[C P+ (CH )pR]

—i[CH. P+ (CE,) Pa)

where
C = tan Oy (V1) v,/ ! (Vv
WAL T tan20y 0 LR
Cl = tan Oy (VE)* VY — ! (VEyv
WATRT TR tan 20y, k>
y 1 , . , .
CU ———cosf * le *NZJ + N21 *Nll
hn /2 B[Y3( R)NT +y4(NE )N/
1 . Y ) y
— —_sinf# * N21 *NJ+ Nll *N],
\/§ Bb’q}( R) L y;(( R) L]
ij 1 * 1)* j 1\ * j
Cir. = —=cosOp[yi (V) Vi”’)’z(V%e) Vij]

he 7§

1 . * i\ % j 1\* j
— —sin @[y (VF) Vij + y,(VK) Vi]]’

V2

1 : * 1\* j 1)* j
sin Op[y;(NE) NY + y4(NF)*N/]

V2

1 4 . . ,
—=cos Oy (NF)*NY + y,(NK)*N,

V2

ij
CBn -

+

1 : * A% j A% j
sinOp[y; (VE) VY +y2(VE) V)]

V2

1
+ —=cos Oy

V2

ij _
CBC -

(VR VY 4y, (VY VY,

—iguy* (OF.P1 + Of.Pr

! i

i [CiPL+ (C) Pa)

(A3)

(A4)

(A6)

07 = B,(NY)*N} + B, (N¥)*N7, (A7)
Oy = BUNK)'N{ + Bo(N¥)'NY, (A8)
O, = By(VI)'V/ + B (Vi) VY, (A9)
Ofe = By(VE)'VE + B,(V¥)'VE.  (A10)

where the matrices N, Ng, V;, and Vj are the ones that
diagonalize the mass matrices as we discuss in Appendix B.

APPENDIX B: MASS MATRICES

The anomaly canceling fermions consist of two Dirac
neutral fermions and two charged fermions. In this appen-
dix we go through the diagonalization to the physical states.

(i) Neutral states:

The mass matrix for the neutral states in the basis

Xt = (2¥]) and i = (¢z'¥%) is given by
— be3
(7 7)) e,
where
1 v Y
MO:_<WB yf°), (B2)
\/E Yalo YyUp

where v, and vy correspond to the VEVs of the SM
Higgs bosons and the baryonic Higgs bosons,
respectively. To obtain the physical fields ;{? the
mass matrix needs to be diagonalized. The relation
between the fields in the Lagrangian and the
physical fields is given by the N; and N mixing
matrices

2\ _ oy (P 2\ _ oy (¥k
wo ) TE L0 ) wo ) R o )

L oL R X2R
(B3)

The unitary matrices N; and Ny diagonalize the
mass matrix as follows
NEMoN, = My, (B4)

and the following relations can be used to find N
and Ny
IMG*[? = NLMIMN, = NgMoM{Ng,  (BS)

and the two mass eigenvalues correspond to
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» 1 2 2 2 V% 2 V%
My =5 |1 P+ lue” + 3" 5+ val*

,UZ UZ 2
+ \/ (b 2 s 2 3 22 )= Pl = Pl + Reliyaril ]

where v, corresponds to the SM Higgs VEV and we have
used :u;( = y)(vB/\/z and Hy = y\I‘UB/\/E'
(i) Charged states:
The mass matrix for the new charged fermions in
the basis y; = (17 ¥;) and yx = (yx¥%) is given by

> (ﬁ ql_,;)/\/lc<:;z_)+H.c., (B6)

L

where

M= (1 (87)

Vf”o)
V2 \ o Yyup

To obtain the physical fields 7 the mass matrix
needs to be diagonalized. The relation between the
fields in the Lagrangian and the physical fields is
given by the V; and V, mixing matrices

) _ 1 2 2 27 27
My =S | lyl* + P+ [ 5+ a5

(E)-nl2) (2)=n()
¥ XL Wi X2R

(B8)

The unitary matrices V; and Vjy diagonalize the
mass matrix as follows

VMV, = Mo, (B9)

and the following relations can be used to find V,
and VR

IMEEL=V] M{MV, =VEMMEVi, (BI0)

and the two mass eigenvalues correspond to

1)2 UZ 2
i\/ (b + b+ 1P 2+ 32 22) = Pl P = Pl + dedeliionss]]

where we have used u, = yan/\/z and py = yyvp/V?2.

APPENDIX C: CP VIOLATION

The mass matrix for the charged fermions in Eq. (B7)
can be written in general as

ulvs is ilvo ,—is
L= e'% e 1
V2 V2
MC - ’ (Cl)
vy yis,  Lvelvs iy
2 V2

which can be rotated into

M y1]vo
r= ( - ) (C2)

S

alve  [ywlvs

=
S

where

l

e =6, — Oy + 8, — 6, = arg(y,yey1y3). (C3)
and the result of the EDMs are proportional to this CP-
violating phase. A similar rotation can be performed to
isolate ¢- to any matrix entry and this phase cannot be
removed by phase rotations. Applying a similar procedure
to the mass matrix for the neutral states, given in Eq. (B2),
we conclude that there is another C P-violating phase in the
neutral sector given by

by =0, — Sy + 83 — 8, = arg(y,yeysy;). (C4)

APPENDIX D: CONTRIBUTIONS TO THE EDMs

For the two-loop calculation of the diagram in Fig. 6 we
follow the approach presented in Ref. [42]. The different
contributions to the EDM of a SM fermion f are given by
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2
},h_a COS@BQ}C mf it i
= MiImC 1 D1
(e mhmw}; WIL,(M,z). (D)
eacost 1
th: B ,Tf_ 2 . ]
F Rt eysy, \27 Swlr th,jz:
(D2)
Thate & .
v 873;%4 > Im[(VE) NP VE(NE )]
Wij=1
J
me ;tM)(O ij
X74/[ (Ml,-i’MZQ)’ (DS)
mW J
O m
dhz,g _gBaCOS B f I 7 D4
! 9672 sy mhmwuZ ) (D4)

where M . corresponds to the physical masses of the

anomaly canceling fermions and the loop integrals /(m) are
given by

2
. tdx (. M, 1
(M) = | = i

P 1 1 . m% A”(X)
) = [y _x>’<m_z’ m;

x Re[(ig} (¢7)* - x(1=x)

~gr(99) )M
~ (ig5 (9)" + gp (9) )M, (1 = x)?],

y U odx xrxl_i—l-(l—x)rlq
IV{/W(M;( ’M)(?)_/ ]<O, 1.

o 1—x x(1 =x)

g 1 1 M% A (%)
1] _ : B t
1 e M) = [ "xx(l_xﬂ(mi’ o )

x Rel(igf (<) ~ g} () )M ox(1 ~ x)
— (i ()" + g ()" )M - (1 — ).

e hp — yv:

W
Y

with the parameters

g =-Re[C}]], g =Tm[C]], (D3
ij gsinly ij ij_gsinby ij
N AL te =)

(D6)
ij 9B Oij Oij ij 9B Oij Oij D7
Kv—_j( it Og), KA__E( »—0}7), (D7)

where the matrices C;,, Cy, Cg, Oy, and Op are given in
Appendix A. @y corresponds to the Weinberg angle and the
functions in the integrands correspond to

) 1 [ylogy zlog Z>
) - - ) D8
) = (MEIEREE) oy

XM+ (1 - x)M.
A (x) = i I D9
(%) =) (D9)
M 2

=(=*]. D10
= () (D10

APPENDIX E: BARYONIC HIGGS BOSON

In this appendix, we present the expressions for the
decays of the baryonic Higgs boson including the loop-
induced channels and the full analytic expressions. To
compute the loop functions we make use of the Package-X
[34] Mathematica package. In the Feynman diagrams
below, we use an orange dot for vertices that can only
occur by the mixing of the baryonic Higgs boson with the
SM Higgs boson.

(i) hg —yy:

Y Y Y
v v Y

a? 39B]\427L sinfpg
L(hp = v7) CRCH Ve cosfp W;Fm o > N/Qimi Fye — Fw
Ft+

f+
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(i) hg — Zy:
e hp — Zv:

A
hB--- — hB-'- - -
v

2 M? — M2 9 2
a” M Z | sinfp m2 md
— 1—7 20 A 1—7 20 A

F(hB — Z'y) =

2

) 2
m2 . 9 cos? Oy 3gpcostp 2 My
—+ Z 7 (1—48111 QW) Ae — 9 AW) + TZB (tQWMn+An+ + tQGWA P+

(iii) hg — WW:

e hg > WW:
W
w+
h 4M2 9g% |42
I'(hp = WW) = 16702 M3, cos 20p M%B ?B@[W] +2(MhB 2ME, ) x
Re {COSHB 395 9° = By[W] (cos@B 3915 iCW[W] SIHGBMI%‘/)}
MZB MZB Vo
P 2
+|cos 05297 g—C’\y[W] S5 \ 2 (M —AMP, M3, + 12M§V)> .
Mz, 2 V0
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(iv) hg — ZZ:
e hp — Z7:
A
Z
4M2 2, 99% Z 2 i 2 2
T(hg — 272) =42 2| os2gy GZpBrZ)| +2(M2 — 2M2)x
1287TM}%BM§ Mz - B
Re COSQB@ZQ%FBF[Z] cosfp—— 395 ZQ%FC’}[ ]+2SIHHBM%
Mz, Mz, Vo
p 2
sm B
+ ZgZFCp Mg (Mjt — AM? M2 +12M3)

APPENDIX F: LOOP FUNCTIONS
In all these formulas, F; and f; correspond to the anomaly
canceling and the SM fermions, respectively. The couplings
between the gauge bosons and the new anomaly canceling
fermions are given by (see Feynman rules in Appendix A),

In this appendix we present the loop functions for the
decay h — yy given in Eq. (4.1) and the decays of &z given
in Appendix E. We calculated these functions with the
Package-X [34] Mathematica package. We write explicitly
the loop functions as a function of the fermion mass M or

e e gauge boson mass My running inside the loop and the
7y = sin20,, 929+ = ~n 20, Passarino-Veltman functions defined in Package-X:
(i) Loop functions entering in the s and h decays to
two massless gauge fields:

M2 4M2
F; = 4M; + (4M3% — M?3) log? {1——’1(1— 1- ﬂ
! : £ 2M> ' T

Mm? 4M?
Fy = M} +6MM3%, — 3(M2 — 2M3%,)M%, log? [1 - ﬁ (1 —[1- W)] :

Gz = € tan Oy,

G, = log’ [1 -

(i) Loop functions entering in the sz decay to a massive
and a massless gauge fields:

M3 (AM5 | — A[M3,
Af=(4m§~—M%B+M2v)Co[0,M%lB,M2V;mf]+2( vAIM;,] = Al VD+1),

Mj, — M3,
Ay = 2M75,Co[0, M}, M3 My (M} — 2M7,)(tan® Oy, — 5) — 2M7,(tan? Oy, — 3))

M2
(g (A, = ADEED 1) 087, (1 = 00) + 20035 = an?O).
hy %
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(iii) Loop functions entering in the hp decay to a two
equal massive gauge bosons:

x (M}, = 2M3) (M}, — 4MG(Mj, | — 4M3y) — 6M}, M5, — AMYy) Co[Mj |, M5, M7; M ]
+HAMS (MG, + 2M5) (AIMY] = MG, ]) = 2(Mj, — 6M;, M7, + 8M))].

B V] 1 aMZ%
F pr—
167> M, — AM3,
1 4M2
CrlV] L

16mr M} —AMS,

2(M3, +2M5, (A[M;, ] — A[M7]) — 4M7)

—(M;,, — 6M} M3, — 4ME(M;, | — 4AMy) + 4MY,) Co[M;, , MY, M3y M p]].
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