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1 Introduction

After the discovery of the Standard Model (SM) Brout-Englert-Higgs boson at the Large
Hadron Collider (LHC) the question remains open of whether there exist more particles
within reach of experiments. One simple possibility is to have a second Higgs doublet
carrying the same quantum numbers as the SM Higgs. The Two-Higgs-Doublet Model
(2HDM) is predicted in different extensions beyond the SM and can provide a framework
for dark matter, spontaneous CP violation and baryogenesis. However, there is a large
freedom in the parameter space of this simple model and it is difficult to make unique
predictions that can be tested by different experiments. For reviews on the 2HDM we refer
the reader to refs. [1, 2].

The idea of matter unification proposed by J. Pati and A. Salam [3] remains one
of the best ideas for theories for physics beyond the Standard Model. In this context,
the SM quarks and leptons live in the same representations and the theory predicts the
existence of right-handed neutrinos needed for the seesaw mechanism for neutrino masses.
The Pati-Salam symmetry, SU(4)c, must be broken around the canonical seesaw scale,
Mp ~ 10" GeV, if neutrino masses are generated through the Type-I seesaw mechanism
because the theory predicts similar values for the Dirac neutrino mass matrix and the mass
matrix for the up-quarks. Flavor violating processes also impose a non-trivial bound on
the scale of new physics. The vector leptoquark, X, ~ (3,1,2/3), predicted by the SU(4)c
symmetry must be generically heavy, My > 103 TeV, in order to satisfy the experimental



bounds on the lepton flavor number violating rare Kaon decays, i.e. K — eTuT. It is
important to mention that this bound can be relaxed since we do not know the values of
the mixing between quarks and leptons entering in these predictions.

A simple theory for quark-lepton unification at the low scale was proposed in ref. [4].
This theory is based on SU(4)¢c ® SU(2)r, ® U(1)g, which is the minimal gauge group that
can be used to unify matter, and neutrino masses are generated through the inverse seesaw
mechanism [5, 6] so that the breaking of SU(4)¢ can occur at the low scale. The minimal
way to break the degeneracy between the masses for the down-type quarks and the charged
leptons is to introduce a scalar ® ~ (15,2,1/2) which contains a Higgs doublet with the
same quantum numbers as the doublet in the SM, Hs ~ (1,2,1/2). Therefore, this theory
predicts a simple Higgs sector with two Higgs doublets but the SU(4)¢ symmetry predicts
unique relations between the Yukawa interactions for these Higgs bosons.

In ref. [7] we recently pointed out relations between the decay widths of the scalar lep-
toquarks and the new Higgs bosons that can be used to probe the idea of quark-lepton uni-
fication. In this article, we study the phenomenology and study how the relations between
the Higgs decay widths are realized in scenarios that are compatible with LHC searches
and experimental constraints on flavor violating observables. We demonstrate that the re-
lation between the heavy CP-even and CP-odd Higgs decays can be used to test the idea of
quark-lepton unification. In the case when there is non-flavor violation one finds the simple
relations: T(H — 77) = 3T(H — bb) and I'(A — 77) = 3T(A — bb) for small values of
tan 8, and I'(H — 77) = ['(H — bb)/3 and T(A — 77) = ['(A — bb)/3 for large values of
tan 8. We also discuss the properties of the charged Higgs decays and the LHC constraints
to understand the testability of the theory using the Higgs decays. The constraints coming
from K — K mixing and the lepton number violating process i — ey are discussed in detail.

This article is structured as follows: in section 2, we overview the minimal theory of
quark-lepton that can live at the low scale. In section 3, we discuss the Higgs sector of
the theory. In section 4, we study the different decay channels of the new Higgs bosons
and find relations among them predicted from quark-lepton unification. In section 5, we
study the production of the new scalars at the LHC study the constraints from current
searches by the CMS and ATLAS collaborations. In section 6, we study the constrains from
flavor-violating observables and propose an ansatz for the Yukawa couplings motivated by
quark-lepton unification. We summarize our results in section 7.

2 Minimal theory for quark-lepton unification

The minimal theory for quark-lepton unification that can describe physics at the TeV scale
was proposed in ref. [8]. This theory is based on the gauge symmetry,

Gor =SU(4)c ®SU(2)r ® U(1)g,



and the SM matter fields are unified in the following representations:

Uy Ug Up V
For = g ~ (4,2,0 2.1
QL (drdgdb€> (77)7 ( )
Fy = (uf ug ug o) ~ (3,1,-1/2), (2.2)
Fy = (dg dy dg e ) ~ (3,1,1/2), (2.3)

In this context the leptons can be understood as the fourth color of the fermions.

The Lagrangian of this theory can be written as

1 1 1
Lao1] = —iTr(FWF””) — 5Tr(WWWW) — ZBWBW
+iFQrLDFgL +iF PF, +iFyDFy + Ly — V(H, x, ®), (2.4)

where F,, = 0,4, — 0,A, + iga[A,, A)] is the strength tensor for the SU(4)c gauge
fields, A, ~ (15,1,0). Wy, = 0,W, — 0,W,, +ig2[W,, W, ] is the strength tensor for the
SU(2)r gauge fields, W, ~ (1,3,0), and for the U(1)r gauge field, B, ~ (1,1,0), we have
By, = 0,B, — 0,B,,. See ref. [7] for the full expression of the scalar potential V (H,x, ®).
The covariant derivatives for the fermionic fields are given by

DFqr = Y"(0u + ig4Ay +igaW,) For, (2.5)
. 7

DF, = 'Y'u(au - 194142,5 - ingH)Fu’ (2.6)
. )

DFy = (0 —igaA, + §QIBM)Fd~ (2.7)

The Yukawa interactions for the charged fermions can be written as
—Ly D YlFQLFqu + YQFQLFuq) + YgHIFQLFd + Yzl@TFQLFd + h.c., (2.8)

where H; ~ (1,2,1/2) and ® ~ (15,2,1/2) are needed to generate fermion masses in a
consistent manner. The ® field contains a second Higgs doublet Ho that is coupled to all
the SM fermions

Dy
P = (@8 03> +V2Ty Hy ~ (15,2,1/2), (2.9)
4

where T is one of the generators of SU(4) and it is normalized as T = ﬁdiag(l, 1,1,-3).
The scalar components of ® consist of the two leptoquarks ®3 ~ (3,2,—1/6)gy, Py ~
(3,2,7/6)sm, and the color octet &g ~ (8,2,1/2)gz; the SM subscripts denotes that these
quantum numbers are under the SM gauge group.

The small neutrino masses can be generated while allowing the SU(4)c symmetry to

be broken at the low scale using the inverse seesaw mechanism.

1
—L 2 YsF, xS + 5uSS + e, (2.10)



with three copies of SM fermionic singlets S ~ (1,1,0). The mass matrix for neutrinos in
the basis (v,v¢,95) is

0 MP 0
(vees) )™ 0 MP||ve], (2.11)
0 (M)?)T 1 S

where MXD =Ysv,/ v/2. The light neutrino masses are given by

2
MVD>
my &~ [ , (2.12)
(Mi’

where Mf > MP > u, and the heavy neutrinos form a pseudo-Dirac pair. Notice that
the symmetry SU(4)c ®U(1)g is broken to SU(3)c ® U(1)y once the Higgs, x ~ (4,1,1/2),
acquires the vacuum expectation value v,. Since v, > v we can safely neglect the mixing

between x and the Higgs bosons in the SU(2); doublets. For more details about this
simple theory for quark-lepton unification at the low-scale see refs. [7, 9-12].

3 Higgs sector

The scalar sector in the theory is a special case of the general 2HDM in which both Higgs
doublets are coupled to quarks and leptons, this is commonly referred in the literature
as the type-III 2HDM. Nevertheless, since the theory arises from quark-lepton unification
there are only four independent Yukawa couplings defining the interactions between the
Higgs doublets and the Standard Model fermions:

1 _ V3
—L=ar (YH + —YLH > +Np | VIH — L2V HS | ¢
UR ( 1 1 2\/3 o 112 QL R 1 1 9 o 112 L
- 1 3
+dr (YzaTH;r + 2\/§Y4TH§) QL +er (Y:sTHI - \2fY4TH§> {p+he, (31

in the first line above, the contraction of SU(2), indices is implicit, e.g. H1Q, = e H?Q4.
The doublets are given by H{ = (H;, (v; + H) +iAY)/+/2) and correspondingly for H.
After electroweak symmetry breaking the fermion mass matrices read as

v 1 U9 V1 1 V2
My=Yi—+ —=Yo—, Mp = Y3—= + —=Y;—,
RN W RN} b= a3 N2

3 3
MP —y, UL V3 Mp— 1, YL _ Y3y, 2

V2 2 VR V2 2 2

In our convention, the fermionic mass matrices are diagonalized as follows:

UT MyU,. = M#8, (3.2)
DTMpD, = M, (3.3)
ETMpE, = MJ#8. (3.4)



An important aspect is that quark-lepton unification allows us to write the Yukawa matrices
in terms of these mass matrices, and the scalar sector becomes more predictive than a
generic 2HDM as we shall see below.

The scalar potential for H; and Hy with quantum numbers (1,2, 1/2) can be written as,

V/(Hy, Hy) = m?}y H Hy +m3, H Hy —m?,y | (H{ Hp ) +h.c.|

+ % (HIH1)2 + % (H§H2)2+A3 (mim) (Hy ) + 0 (0 1) (H) )

+ F;’ (E{ )"+ ho (B} H) (B ER) + A (1) (] 1) —i—h.c.] . (35)

The physical Higgs fields are defined by:
H cosa sina\ (HY
_ 3.6
<h> (—sina COS@) (HS) ’ (36)
G\ [ cosB sinf AY (3.7)
A)  \—sinf cosf AY)7 '

G*\ [ cosp sinp\ (Hf
<Hi> _><—Shu3cosﬂ> <H;>’ (3.8)

where h is identified as the SM-like Higgs, H is an additional neutral Higgs, HY, Hii, A9
are the neutral, charged and CP-odd components of the Higgs doublets, respectively, and
G, GF are the would-be Goldstone bosons. The mixing angle 3 is defined by the ratio
of the vevs of the Higgs doublets, tan3 = vg/v;.  The couplings of h are SM-like in
the alignment limit sin (8 — «) — 1, which corresponds to o = 5 — 7/2. The parameter
cos(8 — a) can also be written as

M2 o M2
2 _ My h
cos? (8 —0) = Tk (39)
where the mass parameter My, is given by
Mg = 92 ()\16% + )\28% -+ 2/\3453%0% + 2/\60%52ﬂ + 2/\73%525) , (3.10)

where v2=v? +v3. From eq. (3.9) we can see that the alignment limit can be achieved
whenever there is a cancellation between M and Mp or in the decoupling limit when
My > My, My,

In this limit, the physical Higgs masses are given by

2
m
M2: 12 2)\22 )\22—2A 2.2
H 78563 +v [ 1Cﬁ$ﬂ + 26[385 3456,635
—2Xs(ctpg + cpspeap) + 207 (tg + 6585625)}, (3.11)
M}% = 2 ()\1@% + )\28% + 2)\3458%0% + 2)\66%825 + 2)\78%82[3) R (3.12)
2 2
M2 =12 T ox 4 Agets + Mrtg), (3.13)
8565 2
m? v?
MZe = —2 — 2 (A + X5 + et + Mrtg), (3.14)
sgcg 2



where Agg5 = A3 + Ay + A5. Here ¢8 = cos 3, sB =sinf, ¢t = cot 8 and t3 = tan 5. See
appendix B for more details on the scalar potential and the masses of the scalar fields.

4 Higgs bosons decays

In this section, we discuss the decay properties of the new Higgs bosons and relations among
the decay widths that arise from quark-lepton unification. For simplicity we assume the
Yukawa interactions to be flavor-diagonal [13], this will be justified in section 6 where we
discuss constraints from flavor violation. In the limit when & is the SM-Higgs, H does not
interact with SM gauge bosons, so the following decays channels vanish at tree-level

I'(H—-WW)=T(H— ZZ) =0, (4.1)
T(A—-WW™)=T(A— ZZ) =0, I'(H* - W*Z) =0. (4.2)

Consequently, the total decay width of the heavy Higgs H corresponds to
Tp(H) =T(H — did;) + T(H — &ie;) + T(H — @;u;) + T(H — hh), (4.3)

where the repeated index implies a sum over the different flavors. The trilinear coupling
between H and two SM Higgs bosons can be written as

Aeff = g [)\1825(025 + 1) + )\2825(625 — 1) — 2)\345625525 — 2)\6(625 + 645) — 2)\7(625 — 045)] R
(4.4)
we refer the reader to appendix A for a complete list of the Feynman rules. In the limit
with flavor-diagonal couplings this theory gives clean predictions for the coupling of H
and A to down-type quarks and charged leptons. Namely, both couplings depend on the
physical masses and the value of tan 5 as given in appendix A.

In the top panel in figure 1 we present our results for the branching ratio of H as a
function of tan 8. In this case we fix My = 300 GeV so the decay H — tt is kinematically
closed. The blue (green) line shows the branching ratio for the decay channel H — bb
(H — 77). The orange line corresponds to the channel H — hh which depends on the
value of Aeg. As can be seen, the branching ratio for the H — bb channel nearly vanishes
for tan 8 = 0.3, this is because there is a cancellation between the two terms in the coupling
to down-type quarks.

For small values of tan 3, quark-lepton unification predicts the following relation

[(H — 77) = 3T(H — bb), (4.5)

from the top-left panel in figure 1 we can see that this relation is already satisfied for
tan 8 < 0.05. For large values of tan 8 we have that

T(H — 77) = éF(H s Bb), (4.6)

from the plot we can see that for tan § 2 3 this relation is already satisfied.
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Figure 1. Branching ratio for the different decay channels of H and A as a function of the
parameter tan 5. In the upper panel, the two different plots corresponds to different values for the
H —h—h coupling A and we fix My 4 = 300 GeV.

In the lower panel in figure 1 we present our results for the branching ratio of A as a
function of tan 5. In contrast to H, the pseudoscalar A has no trilinear term with hh, this
implies that the decay channel A — hh vanishes at tree-level. Quark-lepton unification
gives the following relation for small values of tan 3

(A — 77) = 3T (A — bb), (4.7)
and for large values of tan (8
(A — 77) = %F(A s b), (4.8)

from this plot we can see that eq. (4.7) is already satisfied for tan 5 < 0.05 while eq. (4.8)
is already satisfied for tan 5 2 3.

Unfortunately, the theory does not predict the coupling to up-type quarks. However,
we can parametrize this coupling by introducing the parameter &,

1 K i
CH = CA = —Crua = — M, (4.9)

V2 4v

where C'r,,4 corresponds to the coupling with the charged scalar. Since there is freedom in
the UngfD TU term, it can be fixed at each point in order to remove the dependence on



My =500 GeV k=01 Aeg=0.1 Mpg =500 GeV k=01 Aeg=0.5

10°F 10°F T 1
N — N
T
— 107!
aa)
-2 L L i -2 L L L
075 10T 100 107 10752 10! 100 107
tan3 tan3
My =500 GeV Kk =0.1 Mg+ =500 GeV  k=0.1
10°F - - 10°F - -

= ¥

<

= 107! SRl
[t
M

—_ bt
TVr
=) . . . ) . . .
o 1072 1071 10° 10! 10 1072 107! 109 10!
tanf tang

Figure 2. Upper panel: branching ratio for the different decay channels of the scalar H as a
function of the parameter tan 8. Different plots correspond to different values for the H—h—h
coupling Mg and we fix £ = 0.1 and My = 500 GeV. Lower panel: on the left (right) panel we show
the branching ratio for the different decay channels of the pseudoscalar A (charged Higgs H*) as
a function of the parameter tan 8 and we set My = Mg+ = 500 GeV.

the parameter tan 5. Since the branching ratios shown in figure 1 are independent of the
parameter k, the LHC bounds can be avoided by choosing a small value for this parameter.

In figure 2 we show the branching ratios for My 4 = 500 GeV when the decay H, A — tt
is kinematically open. In the bottom-right panel we show the branching ratios for the decay
channels of the charged Higgs as a function of tan 8. The decay width for H+ — bt depends
on the parameter x given in eq. (4.9), which we fix as before to x = 0.1 in both plots;
however this decay width changes as we vary . Since the right-handed neutrinos acquire
their mass from the SU(4)c symmetry breaking scale they are expected to be heavy, and
hence, the decay channel H* — ¢;N; is kinematically closed.

As we discussed in ref. [7], the idea of quark-lepton unification also predicts relations
among the decay widths of the scalar leptoquarks present in the theory. Assuming flavor-
diagonal Yukawa interactions, we obtain the following relations between the decay widths
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Figure 3. Feynman diagram for the production of the new scalars H and A via gluon fusion.

of the leptoquarks

D(¢s?? = br) T, =br) T = 7t) T(ey> = bu)  9(M,+ M,)?
M, o3 N M, o3 T My M, .y 32m%sin?8 ]

3 4 4 3 (410)
Consequently, if scalar leptoquarks are discovered in the near future, then these relations
can be used to test whether the underlying theory comes from quark-lepton unification.
A detailed study of the collider phenomenology for the scalar leptoquarks is beyond the

scope of this paper.

5 Production at the LHC

The new neutral Higgs bosons can be produced at the LHC through gluon fusion with
the top and the bottom quarks running in the loop as shown in the Feynman diagram in
figure 3. The collider phenomenology in the 2HDM has been studied before in different
contexts, see e.g. [14-24]. The contribution from the bottom quark is relevant only for large
and small values of tan 8, and hence, the cross-section mostly depends on the x parameter
used to parametrize the coupling to the top-quark. The effective coupling between the
neutral Higgs bosons and the gluons is given by

H A ~
LD gggH?G'w,G/w + gggA;GMVG,uua (5'1)

where the dual field strength tensor is given by éw, = 5WQBG°‘5 /2 and

_ % _ H Y
gggH - 87'[' ;Tq[l + (1 Tq)f(Tq)]qu Mqa (52)
Qg A U
9ggA = g %:qu(TQ)quﬁq’ (5'3)

where the sum is over the quarks in the SM, although the dominant contribution comes
from the top quark, and the f(7) loop function is given by

arcsin? ( 7'_1) >1
T) = = 2 5.4
f(7) 1(1 1+ 1 T_m> 4 (5.4)

IV e R =
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Figure 4. Production cross-section for the process pp — S — 77. The region shaded in red
corresponds to the experimental limit by ATLAS [28]. The dashed orange (green) line corresponds
to the production of H (A), while the dashed blue line takes into account both. In the top-left
panel we fix tan $=1/20 and k = 1, in the top-right panel tan =1 and x = 1, in the bottom-left
panel we fix tan 5=1/20 and k = 0.1, and in the bottom-right panel tan =1 and £ = 0.1. In the
four cases we fix A\eg = 0.1.

where 7 = 4]\/./q2 /M?_I We are interested in the regions with large or small values of
tan 8, since in these regions by measuring pp — H, A — 77 then the cross-section for
pp — H, A — bb can be predicted by using eqs. (4.7) and (4.8). We implement the model
using FeynRules 2.0 [25] and calculate the cross-sections using MadGraph5_aMC@NLO [26]
which were cross-checked in Mathematica with use of the MSTW2008 [27] set of parton
distribution functions.

In figure 4 we present our predictions for the cross-section pp — S — 77 as a function
of the mass of the scalar Mg with center-of-mass energy of /s = 13 TeV. We implement
the following cuts on the transverse momentum and the rapidity of the tau leptons, pr >
30GeV and |n| < 2.5. The dashed orange line corresponds to the case S = H, the green
dashed line is for S = A and the dashed blue line includes the contribution from both

~10 -



tan f=1/20 k=1 Ag=0.1 +/s=13 TeV tan =10 k=1 Ag=0.1 +/s=13 TeV

107"y e S—H 1071 R 33 e S—H
= AN -——— 5=4 = W -—- 5=4
BE1072 NS ——- S=HA{ B107% RN --- S=HA i
\g i \:\\\\ \:g \\:‘\\
+ 1073} NN 3 + 1073} NN
0 NN 0 RGN
107 IV T 1071 NN
= EIRES QL \\\\
S) \\:\\ \i&./ ~
© 1070 333 5 1077} 1
1076 : , 10-6 . .
400 1200 1600 2000 400 1200 1600 2000
Mg [GeV] Mg [GeV]
tan 5=1/20 k=0.1 Ag=0.1 /s=13 TeV tan 3=10 k=0.1 Ag=0.1 +/s=13 TeV
1071 ' o s—wm 1071} ' o s—m
= -—— 5=A4 = -—- S=A
21072 ——= S—H A 1 1072 ——- S—HA
‘/§ . ‘§ \\\\\
+ 1077 N ] T 107N
« _ \::\ N _ \\:\\\
TI07H T - T 1074 N
5 107°} NN 1 & 107%¢ SO
106 BN 106 s S s
400 1200 1600 2000 400 1200 1600 2000

MS [GGV]

M S [GGV]

Figure 5. Production cross-section for the process pp — S — bb. The dashed orange (green) line
corresponds to the production of H (A), while the dashed blue line takes into account both. In
the top-left panel we fix tan 5 =1/20 and x = 1, in the top-right panel tan =1 and x = 1, in
the bottom-left panel we fix tan 5=1/20 and x = 0.1, and in the bottom-right panel tan =1 and
x = 0.1. In the four cases we fix Aeg = 0.1.

S = H, A and assumes My = M 4, since for large masses their mass splitting cannot be large
due the perturbativity of the scalar couplings and the constraints coming from electroweak
precision observables [29]. The region shaded in red corresponds to the exclusion limit from
searches by the ATLAS [28] collaboration for a heavy scalar decaying into a two tau leptons
with integrated luminosity of 139 fb~! (see also ref. [30]). We fix the trilinear coupling to
Aeft = 0.1 which affects only the process involving H.

The two upper panels in figure 4 correspond to k = 1. For the plot on the left we
set tan 5 = 1/20 and the LHC bound require the mass of H and A to be above 1.2 TeV;
for the plot on the right we set tan 8 = 10 which requires the masses to be above 1TeV.
These bounds can be avoided by choosing a smaller value for . In the lower panels we set
# = 0.1 and then the heavy scalars can be around the electroweak scale.

- 11 -



In figure 5 we present the cross-sections for the process pp — S — bb with center-of-
mass energy of /s = 13TeV for k = 1 (k = 0.1) in the upper (lower) panels. In this case
we impose pr > 50 GeV for the transverse momentum and |n| < 2 for the rapidity of the
bottom quarks. These cross-sections have a similar magnitude as the ones with 77 in the
final state; however, the search for bb is more challenging experimentally and the current
bounds are much weaker than the values predicted [31, 32]. Nonetheless, these predictions
will be relevant for future searches of a heavy scalar decaying into two bottom quarks. We
checked that for large and small values of tan 8 the relations from quark-lepton unification,
egs. (4.7) and (4.8), are satisfied.

For the charged Higgs the most relevant bound comes from the experimental mea-
surement of the transition b — sy which requires My+ > 790 GeV [33, 34]; however, this
observable depends on the coupling between the charged Higgs and the top quark which
is not predicted in this theory and we parametrize in eq. (4.9) using the parameter k.
That bound corresponds to setting x ~ 1 and it becomes weaker for smaller values of this
parameter. Regarding production at the LHC, the charged Higgs can be pair-produced
through a Z boson or a photon; however, this cross-section is smaller than the one we have
consider for single production of the neutral Higgs bosons, and hence, we do not discuss
it any further. The high luminosity stage at the LHC is expected to reach an integrated
luminosity of 3000 fb~! and will probe masses for H and A around the TeV scale. Con-
sequently, the relations between the decay widths predicted from quark-lepton unification
can be tested in the near future.

6 Higgs flavor violation

In the previous study we neglected the flavor-violating Higgs decays because they can be
generically suppressed. There are many studies of flavor violation in the 2HDM see e.g.
refs. [35-47], here we study the constraints from flavor violation that arise in the context
of quark-lepton unification.

The interactions between H and the SM down-type quarks and charged leptons are
defined by

C(fi: (3tanﬁ—cotﬁ)%—i—(tanﬁ—i—cotﬁ)%, (6.1)
Mdiag VTMdiagV
ol — (tanﬁ—?)cot,@)%+3(tan6+co‘uﬁ)%, (6.2)

where V = D'F and V, = D};EC have the information about the unknown mixings between
the quarks and leptons. Notice that in the above equations, the first term is flavor-diagonal
while the second term generically violates flavor but their values are bounded by the quarks
or lepton masses. The framework of quark-lepton unification implies that the flavor vio-
lating couplings in the quark sector are proportional to the lepton masses and vice versa.

From egs. (6.1) and (6.2) we see that the effects of flavor violation are proportional to
the fermion masses, and hence, the largest effect will involve the third generation. Here we
discuss a simple scenario where all flavor violating processes are suppressed by the masses

- 12 —
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Figure 6. Experimental constraint from K° — K° mixing on the parameter space. We show the
results for Amyg in units of GeV as a function of the mass of the Higgs bosons My = My; the lines
with different colors correspond to different values for tan 5 as shown in the legend. The region
shaded in red gives a larger contribution than the measured value of AmEXF. For the left (right)
panel we fix the mixing angles to sinf = sinf, = 1/v/2 (sin§ = sin . = 0.1).

of the quarks and leptons from the first and second generations. In this scenario V and V.

are given by

cosf) sinf 0 cosf. sinf. 0
V=D'E=|—sinf cosd 0 and Ve.=DIE,= | —sinf, cosf, 0. (6.3)
0 0 1 0 0 1

Therefore, the elements (CH)* = (C)3* = (CH)®3 = (CH)3 = 0 and (CH)3 =
(CH)33 = 1 with a = 1,2. The interactions of the CP-odd Higgs, A, also can be writ-

ten in a similar way,

Mdiag *Mdiag +
C4 = (cot B — 3tan ) 4D — (tan 8 + cot ) w, (6.4)
v v
Mdiag VTMdiagV
Cgi = (3cot B — tan j3) 4Ev —3(tan6+cot6)%. (6.5)

The relations in egs. (6.1)-(6.5) can be seen as an ansatz for the Yukawa matrices which
is motivated by quark-lepton unification. When we use eq. (6.3) one can easily find that
(CA)® = (Ch)3e = (CA)® = (C4)%* = 0 and (C4)** = (CA)3 = 1. Therefore, all
flavor-violating couplings will be suppressed by the light quark and lepton masses. Now,
we will discuss the predictions for the most relevant lepton violating processes and meson
decays to show that the experimental bounds can be satisfied.

o KY— K9 mixing.
The flavor-violating couplings in the quark sector will contribute to the measured

mass splitting for the K mesons (see diagram in figure 8). For studies of the general
2HDM and meson mixing see e.g. refs. [43, 48]. We require this contribution to
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Figure 7. Contour plot in the tan 8 vs My plane showing the allowed parameter space by the
experimental measurement of K°— K° mixing. The region shaded in red gives a larger contribution
than the measured value of AmEXF. For the left (right) panel we fix the mixing angles to sin 6 =
sinf. = 1/v/2 (sinf = sinf, = 0.1).

5

K

S

Figure 8. Feynman diagram for the contribution from the new scalars H and A to K° — K°

mixing.

be smaller than the experimental measured value of AmEXY = (3.484 + 0.006) x

1071% GeV [49]. For the transition matrix element we use the results presented in
ref. [50]

f[z(mK 5) m%( H2 72
MK:_ _ 8 (O c2+*) B
T [ S € 1) i
1 1 m?
cHoH« | — - K ___\p 6.6
+ 055 G <12+2(mqi+mqj>2 ana(p)| (6.6)

where we use Ba(p) = 0.66, By(u) = 1.03, ma(p) = 2.552 and na(p) = 4.362 at
u=2GeV [43, 51]. The C’g coefficients are given in appendix A. The mass difference

corresponds to Amg = 2Re {M{g} The pseudoscalar A gives the same contribution
simply by replacing H < A above.
In figure 6 we present our results for the mass splitting Amy in units of GeV as a func-

tion of the mass of the Higgs bosons where we set My = M4. We take myg = 498 MeV
and fxg = 160 MeV for the decay constant. In the left panel we take maximal mixing

— 14 —
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Figure 9. Branching ratio for the process 1 — ey as a function of the mass of the Higgs bosons
Mg = Ma. The region shaded in red corresponds to the experimental upper bound on this
branching ratio. For the left (right) panel we fix the mixing angles to sinf = sinf. = 1/v/2
(sinf =sinf, = 0.1).

A 4
A 4
o}

=V

Figure 10. Feynman diagram for the contribution from the new scalars H and A to u — e7.

sin @ =sin 6.=1/v/2. The blue line corresponds to tan 3=1/20 and the experimental
measurement of Ampg requires My 2 18 TeV; while for tan f=1 (tan f=10) we find
that My 2 1.8TeV (Mpy 2 9TeV) is allowed. This bound becomes weaker as the
mixing angles are reduced, this can be seen in the left panel in figure 6, where we
present our results for sin #=sin6,.=0.1.

In figure 7 we present our results as a contour plot in the tan S vs My plane. The
region shaded in red is ruled out since it gives a larger contribution than the measured
value of Am%XP. In the left panel we take maximal mixing angles which requires
My 2 1.8TeV but for large and small values of tan 3 to be allowed it requires
My 2 10 TeV. Therefore, for the Higgs bosons to be around the TeV scale this bound
requires the Yukawa couplings to be very close to flavor-diagonal. On the right panel
we take small mixing angles of sin @ = sin . = 0.1 which require My 2 250 GeV.

The couplings will also induce the decay Kj — u*eT which for couplings of O(1)
excludes masses of 103 TeV [52]. However, in this case the four-fermion effective
interaction is suppressed by YgY,e = mums/ (16v2) ~ 1078, and hence, this bound
is much weaker than the one from Amg.
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In the leptonic sector, the new neutral scalars can give rise to ;1 — ey at one-loop (see
diagram in figure 10). Since the coupling to the top-quark is not predicted by the
theory and the k parameter can be small, the two-loop Barr-Zee contribution (with
the top quark running in the loop) is subleading. This process has been constrained
experimentally by the MEG collaboration to be Br(u — ey) < 4.2 x 10713 [53]. For
the calculation of this branching ratio we adapt the results in ref. [54],

__3a 2 2
Br(n = ¢9) = g5, (142" + 14af). (6.7)
where
cs.cs m2 3
A= > “";“(m’;Jr , (6.8)
sSia M M2 2
CS*CS* m2 3
Ap= ) ““;‘e(ln‘;+ : (6.9)
sSia M3 M2 2

In figure 9 we present our results for Br(u — ev) as a function of the mass of the
Higgs bosons and we take My = M4. The region shaded in red corresponds to the
upper bound reported by the MEG collaboration. The figure on the left corresponds
to maximal mixing sin# = sinfc = 1/4/2. The lines of different colors correspond
to different values for tan . The blue (green) line corresponds to tan 3 = 1/20 for
which this bound requires My 2 1.1 TeV (Mg 2 700 GeV ). This experimental bound
becomes weaker as we decrease the value of the mixing angle, for the panel on the
right we show the same result but for sin § = sin 6o = 0.1.

In the context of the general 2HDM, the experimental bounds coming from p — eee
and p — e conversion have been shown to be subleading to the bound from p —
ey [35, 36].

In summary, the bound that comes from the measurement of Ampg is much stronger than
the constraint from p — ey on the mixing angles 6 and 6.. For the Higgs bosons to be
around the electroweak scale this requires the Yukawa interactions to be very close to
flavor-diagonal which justifies the approach taken in section 4.

7  Summary

Quark-lepton unification remains one of the best-motivated ideas for physics beyond the
Standard Model. In this article, we studied the phenomenology of the 2HDM in the
minimal theory of quark-lepton unification that can live at the low scale. In the limit
with no flavor-violating couplings we gave concrete predictions for the branching ratios of
the heavy neutral and charged Higgs bosons. Moreover, we derived relations between the
decay widths of the heavy Higgs bosons into quarks and leptons that arise from quark-
lepton unification. Namely, for small tan 8 the decay width into bottom quarks should be
three times the decay width into tau leptons, while for large tan 3 it is the opposite.
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We also studied the production cross-sections of the new scalars at the LHC. The
current experimental bounds by the ATLAS collaboration already exclude some regions in
the parameter space and the future high-luminosity stage will be able to probe this scenario
in the TeV regime. In this theory, the cross-section for the processes pp — H, A — 77 is
related to pp — H, A — bb for small and large values of tan 8 and can be used in the future
to probe the idea of quark-lepton unification.

Furthermore, we studied the experimental constraints on the flavor-violating couplings
in the quark and leptonic sectors induced by the Higgs bosons. We demonstrated that the
experimental measurement of meson mixing gives strong constraints on the off-diagonal
entries and for Higgs bosons around the TeV scale this requires the interacting matrices
to be very close to flavor-diagonal. If new scalars beyond the Standard Model Higgs are
discovered in the near future, this study provides a path to infer whether the underlying
theory arises from quark-lepton unification.
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A Feynman rules

The Feynman for the physical scalars in the two Higgs doublets:

@ HY i [(Crua) " Pr+(Crua)” Pr), dwH™: i [(Chua) P+ (Crua) Prl,
Vel HT . —i(Cy.)" Pp, Ne/H":  i(Cne)? Py,
eN'H: i(C¥,)" Pg, evH: —i(Cr )Py,
aulh: i [(Ch) TP+ ( Ch*)ﬁPR}, N'vih: i [(Ch,) T PL+(CK, )" Pa]
ddh: i[(Chy)" P+ (Clhi) Prl, éelh: i[(Ch)TPL+(Cl) PR,
@ H: i |(CHYTPL+(CHY P, NWIH: i |(CH,)TPL+(CH;) ' Prl,
ddH: i(CI)T P+ (Cl ) Pr), el H: i|(CHYI P+ (Cll)iPg|,
wl A (CL)I P, —(C Py, NWIA:  (C&%,)7 Py —(C) Pg,
ddA:  (C)IPL—(CL)iPR, dedA:  (CHp,—(CAYipg,
23 2 .

vgssin(f—a) I vgssin(f—a)
ZZh: -2 WHW—h: -2

" 8cos? Ow " Acos? Ow

2 2

vgjcos(f—a) o vg5cos(f—a)
ZZH: 22—l H: i—2—2027%

’ 8cos? Oy wrw 4 cos? Oy

_g2cos(B—a)
hp)A(p2)Z: 2 " —
(Pl) (P2) ? 2 cosOyy (pl P2)w
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l_gg sin(f — «)

H(p1)A(p2)Z : 5050 (P2 —p1) >
cos Oy

Hi<p1>h<p2>vv¢: i cos(8— ) (b2 1)

H(p1)H (p 122 sin(8— ) (p1 —p2)

2

2)W
v
HHH : B ()\10 65+A25 85+()\3+)\4)8a6a8a+5)
hhh: A13a65+A20355— ()\3+)\4)sacaca+5> ,

Hhh: SAlcgcas +3)\2350 sa+)\345(cﬁc —QCgCaS —2850 3a+355 )

5 (-
o
3)\6(055 —|—55ca 2056 sa)—|—3)\7(55c +65c Sq —258CaS )),

hHH : 5(*3)\1650 sa+3A255cas +A345(55c +205c sa7285ca5 70/353)
+3X6(cpS — 55C2 50 —205Ca52) +3A7(285C% 80 + Cacass —52)),

HAA: v (—Alcgs%ca-i-)\gc%slgsa—l- ()\3+)\4)(C%ca+5%3a) + %(ca_,_glg —5¢a—p)

%35(% +Ca—25+2Ca+28) + )\276,3(_501+504—2,3+2304+2,3)> ;

A
hAA: v (—Alcgsgsa + AQC%Sﬁca + A3+ )\4)(—c%sa + s%ca) + Z‘E’(sa%[g —554-3)

%Sﬁ(sa +Sa—28+28a+28) + %Cﬁ(—ca +cCa—25+ 20a+25)> ;
HHTH : v (Alcgs%ca +)\20g3%8a+)\385(c%ca+5255a) + ()\41_)\5)8&+5(1 — a8+ 523)
—1-%85(36&—1—0@ 28) +A785(5a+C55(Ca +5a) >
hRHYH : v <—)\1055%sa —F)\QCﬂS%CQ +A3s5(— cﬂca —|—358a) +— (A4 +)\5) Ca+(1—cop+523)
— %sﬁ(Bsa—i—sa 28) +Arsg(ca+cs53(Ca—5a) )
where the interaction matrices are given by
Crua = UL (Ysinp = Y[ SSL) DL Craa=-U1 (¥ysinp =i 50 ) DL,
Cne = N, (Yl sinff+ Y5 3(;085> E, C,. =Nt (Y}S* sinﬁ—i—YfW) E},
-7 (WS Ry o (S e
cth=pr <Y3T Ci’sfa +Y{ S;;‘) D, cll = BT <Y3T s HT:ZS%)‘) E
o7 (72 7Y o= (i)
Cla=D! (/22 v S8 . ch= Bl (-2 SRR E,
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C’fu:U <YTsm5 Tcosﬁ) U C]IéfV:Nér (YT51nﬁ+Y2T3(:osﬁ> N,

NN V2 26
A _ T Tsinﬁ 7cos A_p rsinf o p3cosf
(Jdd_DC<Y NRRL 2\[>D cA-F <Y 75 Vi 2\/€>E.

In the alignment limit sin(f — «) ~ 1, the Higgs interactions take the following form

HHH : 7292;#

hhh : —’ngg%

Hhh : z% (A1s2p(cap + 1) + Aasapg(cop — 1) — 2A3a5¢28523 — 2X6(C2p + C4p)
—2X7(c28 — €ap)) = idet v,

hHH : i% (BAL(1 — ca5) + 3ha(1 — c45) + 2Xsa5(1 + 3cag) + 12(A7 — Ao)sag) »

hHYTH™ : z% (8)\10%3% + 8)\2055% + A3(3 — degg + cap + 2525 + S48)

—|—4()\4 + )\5)5%(1 + cop + 825) + )\6825 + 4)\78%(3 + cop + 525)) .

The interaction matrices in terms of the physical fermion masses are given by

ol _ (sina cosa) Mgiag (cosa 7 sina) VM GhagVT
4= \singB ' “cosB/) 4v cosf3 sinf 4v '

ee

i (cosa sma Mglag (cosa sma) VI MSesy

cos 3 sin 8 > cosf3 sinf 4o ’
CcH _< cosa sma> dlag (cosa sma> urmPTu
v \Tcosf - sinf cosf  sinf 4v ’
CH _ (Cosa sma) NTMDTN (cosa B sina) VI'M, lagKl‘/CKMKgVKngMNS
N \cosB ' “sinf cosf3 sinf 4y ’
dlag * dlag t
O = (cot f—3tan ) (tanﬁ—kcotﬁ)%,
Mdlag TMdlagV
CA = (3cot f—tan ) —3(tan5+cotﬁ)v475,
Mdlag UTMDTU
C’A (3tan 3 —cot 3) U +(tanﬁ+cotB)T,
NTMDTN dlagK K VK
C’N,, (tan 8 — 3cot,6’)T+3(tanB+cot6) VitM 1VCIZZI 2V BVPMNS
M8 K Vo K T MDPT D
Crud = (3tan 3 —cot ) —Y 2\1@$KM 2+(tan6+cotﬁ)Uc2\/”§v,
K KoM e K1 Vexm KoV My
Cruda = —(3tan§ —cot ) 1VCI;1\\/I/§5 D__ _ (tan S+ cot 3) — CKMQ\;;J E_c.
NTMDTE d gK K.
C’N@:(tanﬂ—3cot,3)02\/%v+3(tanﬂ+cot5)‘/1 2\/1%/UCKM 2V,
V K V’[Mdlagv* V K* Mdlag
Cye = 3(tan B+ cot 3) —LMNS 23\/% + (tan 8 — 3 cot 3) PMN;\/%) .
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The interaction matrices of H in the Standard Model limit are given by

diag V* dlag‘/]L
CH = (3tan B — cot ) D —i—(tanﬁ—i—cotﬁ)T,
v
Mdlag VTMdiagV
CH = (tan 8 — 3cot f) % + 3 (tan S + cot j3) %,
v v
M UrMPTU
CH = (3tan B — cot 8) 4Uv (tanﬁ+cotB)T,
NIMPTN VMG K Vo K2V K3V
Cl, = (tan 8 — 3cot ) —-—Y—— + 3 (tan B + cot §) LTORMP® 23 TPMRS
4qu 4qu
The interaction matrices are given by:
Vi = NiUL, V.= DIE,, Vs =UTY;,N,, (A1)
Vi = N"Y,D,, Vs = N'Y3U, Vs = UTY4E,,
U'D = K1VexnKe, E'N = K3Veuns, V =DIE,

K7 and K3 are diagonal matrices containing three phases, Ko is a diagonal matrix with
two phases.

As can be seen from the Feynman rules, due to quark-lepton unification the off-diagonal
entries for the quark interactions will depend on the lepton masses and vice versa. For the
approximation given above the mixing matrices take the form:

mecostcosl.+m,sinfsinf. —mesinfcos.+m,cosfsind. 0

VM dlagVT —mecostsind.+m,,sinfcosf. mesinfsind.+mycosflcostd. 0 |, (A.2)
0 0 mr
mgcosfcosf.+mgsinfsind,. mysinfcosf.—mgcosfsind. 0
VCTMglagV: mgcosfsing.—mgsinfcosl,. mysinfsind.+mgcosbcosd. 0 |, (A.3)
0 0 my

the above matrices enter in the couplings Cyq and Cg.. Therefore, egs. (A.2) and (A.3) can
be seen as an ansatz for the Yukawa matrices that arises from quark-lepton unification.
This is different from the commonly used Cheng-Sher ansatz [55].

For a general Higgs decay that couples to massive fermions in the following way

ofifi: i(A+ By?),

the decay width corresponds to

(60— 7380 = gy (1A [M3 = 00+ 002+ B (313 — (- 2,7}

M; + M;)? M; — M;)?
J(M)JW A

where N¢ corresponds to the color factor for the fermions.
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The numerical values for the SM fermion masses used in our calculations are evaluated

at the p= M, scale

Mi(Mz) =173.2 4+ 2.4 GeV
M,(Mz) = 0.63 + 0.08 GeV
My(Mz) =2.89 + 0.11 GeV
M(Myz) = 56 + 16 MeV

M, (Myz) = 1746.457022 MeV
M, (Mz) = 102.73 MeV

B Masses of scalar fields
The minimization conditions (with Asg5 = A3 + Ay + A5) read as:

1 1 3 1
m%lvl — m%ﬂg + 5/\10;’ + 5)\345@11)% + 5)\67)%212 + 5)\71}‘;’ =0,

1 1 1 3
m§2v2 — m%ﬂ)l + 5)\2@;’ + 5)\3451}%1)2 + 5)\61):1)’ + 5)\71)11}% =0,

with

3 1
m% + *)\11)% + *)\345’1)% + 3)\61}11}2 >0,

2 2
2 3 2 1 2
Moy + 5)\2112 + 5)\345111 + 3A7v1v9 > 0.

The physical Higgs masses are given by:

2 2

S

2 _ 2% UV

Mi = mi, -5
825

[2Alcic% + 2)\2535% + 4)X345CaC850583

+)\605(30385 + 3s2q08 — Cthng) + )\785(35366,3 + 382088 — tﬁcis/g)} ,

2
v
M? = m%ztﬁ(cactﬁ + 5q)° — 5 {2)\1$§c% + 2)\2633% — 4A345C4C35458

+ )\66t5(262(a+5) — C2(a—p) — 2¢2q — 2625 + 1)
+ )\7155(1 + 2025 + Cga(2 + 625) — 38206825} ,

m%Q Uz

Mi = (2X5 + Aectg + A7tg),
sgcg 2
2 m%z v?
Mp:=—=——MN+ X+ Aectg + )\7755).
sgcg 2

(B.1)

(B.2)

(B.6)

(B.7)

(B.8)

The masses of all the other Higgs fields can now be written in terms of the mass of the
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CP-odd Higgs:

MIQJ = Mis%_a 42 (Alc%ci + )\gs%si + 2X345CaC85053 + )\55%_a

+2X6c5Ca 5840 + 2)\7353a35+a) , (B.9)

M}% = Mic%,a + 02 (Alc%si + )\QSQBci — 2X345CaC35458 + )\50%,0[
— 2X6C850C8+a + 2)\7550a05+a) , (B.10)
ME. = M3 + ”22(A5 —A\4). (B.11)
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