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ABSTRACT: The present upper bound on k., the ratio between the electron Yukawa cou-
pling and its Standard Model value, is of O(600). We ask what would be the implications
in case that k. is close to this upper bound. The simplest extension that allows for such
enhancement is that of two Higgs doublet models (2HDM) without natural flavor conserva-
tion. In this framework, we find the following consequences: (i) Under certain conditions,
measuring . and ky would be enough to predict values of Yukawa couplings for other
fermions and for the H and A scalars. (ii) In the case that the scalar potential has a softly
broken Zs symmetry, the second Higgs doublet must be light, but if there is hard break-
ing of the symmetry, the second Higgs doublet can be much heavier than the electroweak
scale and still allow the electron Yukawa coupling to be very different from its SM value.
(iii) CP must not be violated at a level higher than (0(0.01/k.) in both the scalar potential
and the Yukawa sector. (iv) LHC searches for e™e™ resonances constrain this scenario in
a significant way. Finally, we study the implications for models where one of the scalar
doublets couples only to the first generation, or only to the third generation.
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1 Introduction

The Standard Model (SM) predicts the values of the Yukawa couplings. The diagonal
couplings are proportional to the corresponding fermion masses,

yr = st}\/[ = V2m; /v, (1.1)

while off-diagonal couplings vanish. As concerns the diagonal couplings, the LHC experi-
ments are testing the SM predictions ky = 1 and &y = 0, where

Ky = Re (Yff/YfS}VI) ,
fp=Im (Y /YY), (1.2)



While measurements of the third generation Yukawa couplings imply that r¢p - =O(1) [1-4],
direct measurements still allow the Yukawa couplings of the first two generations to be very
different from the SM values. For the second generation, there is a mild upper bound on
the charm Yukawa [5], k. < 10, and a significant constraint on the muon Yukawa [6],
ku < 1.7. The first generation Yukawa couplings can still be orders of magnitude larger
than their SM values. Moreover, there is theoretical motivation to consider a different
source for the Yukawa couplings of the first two (or just the first) generations that would
explain their smallness (see. e.g., [7-9]). We ask here whether indeed the Yukawa couplings
of light fermions could be very different from their SM values, i.e. K > 1 or kK < 1. For
concreteness, we study the lightest charged fermion, k.

As concerns the Yukawa coupling of the electron, the two most constraining measure-

ments are the CMS bound on h — eTe™ [10],

o(pp — h)BR(h — ete™)

e = S MBR(h 5 ere )M < 3.7 x 105, (1.3)
and the ACME bound on the electron EDM [11],
|de| < 8.7 x107% ¢ cm. (1.4)
With k¢ ~ 1 [12], these bounds translate into [13, 14]
|ke| < 6.1 x 102, |&e| < 1.7 x 1072 (1.5)

For the sake of concreteness, we consider the hypothetical case that k. is close to the
experimental bound, x. = O(500).

A significant deviation of k. from unity is most simply accounted for in models with
more than one Higgs doublet. Hence, we consider two Higgs doublet models (2HDM). For
a review of this framework, see ref. [15]. 2HDM with natural flavor conservation (NFC)

predict ke = Kk, = ;. The measurement of ., [2, 3],
firr = 1.09 & 0.23, (1.6)
as well as the upper bound on g, [6],
Pup < 2.8, (L.7)

thus exclude the possibility that k. > 1 for NFC models. Hence, we consider 2HDM
without NFC.

The plan of this paper is as follows. In section 2 we define a basis for the two scalar
doublets that is particularly convenient for our purposes. We find conditions under which
the Yukawa couplings of fermions to the light scalar h, and to the heavy scalars A, H and
H?*, are related to that of the electron. In section 3 we study the implications of a very
large or very small k. for the scalar spectrum. In section 4 we obtain constraints on CP
violation in the scalar potential when k. is enhanced. We further re-analyze the one-loop
contributions to d. for large Yukawa coupling. Section 5 is devoted to discussion of the
LHC phenomenology. In section 6 we survey two Higgs doublet models in the literature
for which our results provide further insights. We conclude in section 7.



2  Yukawa couplings in 2HDM

2.1 K¢ in the “(G.-basis”

In this section, we assume that CP is a good symmetry of the scalar potential and of
the Yukawa sector. Later we argue that this is actually a requirement (rather than an
assumption) if k. > 1. We use notations and various relations based on ref. [16].

In the Higgs basis, (®ys, ®4), defined by

(Pm) =v, (Pa)=0, (2.1)
and in the mass basis for the charged leptons, we have
YM = diag(ye, yu, yr), Y4 = arbitrary. (2.2)

(Since we deal mostly with the charged lepton sector, we use the notation YX for the
charged lepton Yukawa matrix of ®x.)
The Yukawa matrices of the neutral CP-even scalars are given by

VM=o gV 4+ 55_aYY,
VI =5, sV 4 cs oYM, (2.3)

where o — /3 is the rotation angle from the (®,7, ®4) basis to the (®g, ) basis. Here, and
in what follows, we use c4, 54,14, coty for, respectively, sin ¢, cos ¢, tan ¢, cot ¢. Defining

ee’

Yy = YA, we obtain
e = Sg—a + Ca—a(Y3/Ye)- (2.4)
Thus

kel > 1= |eg—al¥a/ye)| > 1,
|ke| € 1 = |1+ cotg_a(¥5/ye)| < 1. (2.5)

We now rotate to a basis for the scalar doublets, (®1, ®3), that is rotated by an angle
3 from the Higgs basis. We define y¢ = Y.L and y§ = Y,2. We obtain:

Y _ —spyi + cavs (2.6)

Yo cay§+spys

Things are simplified in a specific basis, where y5 = 0. We can always find a rotation angle,

B = Pe:

/Be = - arCtan(yi/ye)a (2'7)
that takes us to this basis. Then,
Ke = 8—a — C—als,- (2.8)
To have |ke| > 1, we need
lcg—atp.| > 1. (2.9)
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Figure 1. Geometric representation of the three bases, (®1,®s) (black), (®ar,P4) (blue), and
(®p, Dpr) (red). Left: ke > 1. Right: k. < 1.

To have |ke| < 1, we need
|sinae/ cos Be| < 1, (2.10)

where «. is the angle «, in the basis defined by f..
Things are simplified if |cs_o| < 1 or, in other words, ky ~ 1. In this case we have
the following scenarios:

1. |ke| > 1 requires tg, > tg_qo: fBe closer to m/2 than 8 — a means that ®; ~ ®5 (the
doublet that has no ee coupling).

2. |ke] < 1 requires tg, =~ tg_q: B close to B — o means that ®j, ~ ®s.
3. |ke| = 1 requires tg, < tg_q Or tg, > 2tg_o: B close to 0 means that @ ~ ®y.

The rotations between the three bases that we use for the two Higgs doublets are
presented in figure 1.

2.2 kyfor f#e

In this subsection we identify conditions under which the diagonal couplings of fermions
f # e are related to that of the electron. For this purpose, we employ the S.-basis, defined
in the previous section. In general, this basis plays no special role for the other fermions,
and both y{ and yg are different from zero. In such a case, there is no further predictive
power for ky (unless a specific flavor model is assumed). There are, however, two special
cases in which there is a strong predictive power:

1. Similarly to the electron, yg = 0. In this case,

Kf = Ke. (2.11)
2. In contrast to the electron, y{ = 0. In this case,
1+ Keky
Ky = ————. (2.12)
Ke + Kf



In particular, for k. very different from 1,

1
kp o { TV e > (2.13)
Ky Ke <K 1.

Thus, if y§ = 0 and y{ =0, then ke, > 1 or < 1 implies ky ~ 1.

Both of these classes are demonstrated by NFC types ILIILIV. The first case is demon-
strated by NFC type I. (See ref. [15] for a review of the various NFC models.) Our findings
here are, however, much more general than NFC. They apply whenever, in the fermion
mass basis and some basis for the two Higgs doublets, two (or more) diagonal entries van-
ish. In particular, egs. (2.11) and (2.12) are independent on whether off-diagonal terms
and other diagonal terms vanish (as they do in NFC models) or not.

2.3 n*}( for X = AH

In this subsection we identify conditions under which the diagonal Yukawa couplings of the
H and A are related to V2. We define

AH AH
K =TRe (Yff /?ﬁ) , (2.14)
For the pseudoscalar A, we use the relations between the (.-basis and the Higgs basis:
YM = 45,V 455 Y2,
VA = 55 Y +c5,Y2 (2.15)

For the scalar H, we use the relation between the mass basis and the Higgs basis of eq. (2.3),
which leads to
Kl = sq_gkt + ¢ (2.16)
f a—pghy a—p- .

Again, for fermions with y{ =% 0 and yg = 0, there is no predictive power for /@?’H, but in
the other two cases, there is a strong predictive power:

1. yg = 0: using eq. (2.8), we obtain

Sq—p T K
= —tanf, = O‘cﬁiﬁe,
o

A
R
/ijlc{ =tq-p(Sa—p + Ke) + Ca—p- (2.17)

For very large or very small ke, we obtain

A~ —c:fﬁ Ke > 1
! top Ke < 1.

to_ |
R o famffe Fe > (2.18)
ta—BSa—pg ke <K 1.

Note that these results always apply to nf’H



2. y{ = 0: using eq. (2.8), we obtain

Cp—
K?:COtﬁez o ,
S8—a — Re
KfH = Cazplie
Sa—B T Ke

For very large or very small x., we obtain

A o | T Re>
F= t/gia Ke < 1.7

H ~ Ch—a Ke > 1
| cota—p ke ke < 1.

We learn the following lessons:

(2.19)

(2.20)

e For any fermion with enhanced diagonal Yukawa coupling to the h scalar (such as we

assume for the electron in this work), the diagonal Yukawa couplings to the H and

A scalars are even further enhanced: ﬁ‘;’H [k =0O(tg—a)-

e For any fermion with suppressed diagonal Yukawa coupling to the A scalar, the diag-

onal Yukawa couplings to the H and A scalars are not suppressed, H?’H = O(tg—q)-

e If in some basis for the scalar doublets, ng =0, ij = 0, and x; > 1, then Iﬁ',;l is

highly suppressed and mf is suppressed but more mildly.

e If, in some basis for the scalar doublets,

1)

highly suppressed and &JA is suppressed but more mildly.

3 The scalar spectrum

Yl =0, YJQJ = 0, and k; < 1, then /{? is

It is well known that in the decoupling limit of the 2HDM, mi > 02, all the light Higgs
boson couplings converge to their SM values. Thus, a large deviation of x. from 1, the case

of interest in this work, seems to require that the second Higgs doublet is not very heavy.

In this section we investigate whether there are caveats to this statement, and whether

special relations within the scalar spectrum are required for strong enhancement of x.. We

use the formalism and equations of ref. [17], but apply them specifically in the [.-basis.

Thus, in this section, 8 and « stand for 8. and c.

The scalar potential is given by

V = m2(®]®y) + md(®idy) — [mg(@}q@) + h.c.}

M
2

_|_

A

As
2

(B]02)7 + 22 (@182)° 1 X(6]1) (B82) + Aa(6]2) (011)

(@] ®,)2 + [Aﬁ(cp{qn) + A7(q>;<p2)} ol Dy + h.c.} .

(3.1)



In a general, but CP conserving, 2HDM, the masses-squared of the CP-odd neutral and
the charged scalar are given by

2

2 mio 1, -1
= —2 — —p7(2\ A6t A7t
AT Sacs 3V (PAs + sty + Arts),
1
m%{i = mzA + 5’[)2()\5 - )\4). (3.2)

The mass-squared matrix for the neutral CP-even Higgs bosons, H and h, is given by

—sgcg c%)
B2 _ 42 ()\10% +2X6sc8 + )\55% A3asc8 + )\60% + )\78%)

M2 = m}, ( 5 _5565> + B2,

3.3
)\348505 + )\66% + /\78% )\28% + 2)\78565 + )\50% ( )

where A3y = A3 + \4.
Eq. (2.8) implies that x. > 1 requires tg, > 1, and that for c¢,—g < 1 also k. < 1
requires tg, > 1. We thus take the t3 > 1 and cg_, < 1 limits.

3.1 m?4 > v2

The main question in our mind is whether measuring x. > 1 will imply that a second
Higgs doublet is necessarily within the reach of the LHC experiments. Thus, we expand
the above expressions in the mi‘ > v? limit. We obtain the following relation between k.
and the scalar related parameters:

A7v2t
Ry — Re == ! P) /8 (34)
my

We learn that there is an interesting range, v? < mi < thg, where k. > 1 is possible, yet
the second Higgs doublet is too heavy to be directly produced by the LHC. It is important
to remember that tg, can be very large. Perturbativity requires that tg, < 1/y. (four
orders of magnitude above the bound in, for example, NFC type-II models, tg < 1/y). In
fact, to achieve k. = O(500) with c,_g < 0.1, we need tg, > 5000.

The larger mi, the smaller c,_g ~ Arv?/ mi, which leads to larger yg‘. Requiring that
yeA is perturbative implies, for large ke, mi\ < v?/(yeke). We conclude that, for large ke,
m? can be of O[v?/(yeke)] > v?. For k. = O(500), we can have my = O(10 TeV).

It is interesting to understand how this scenario translates into the language of the SM
as an effective field theory (EFT). In general, if there are no new light degrees of freedom,
modifications of the electron Yukawa coupling come from higher-dimensional operators.
Consider the terms

— A —
N LioEj + 53 (6'0) LioE;, (3:5)



where ¢ is the Higgs doublet, L; are the left-handed lepton doublets and E; are the right-
handed charged lepton singlets. Then,

me =2 (e + 0%

e \/§ ee 2A2 )
32\,

2A%

In general, we expect k. to be between 1, which corresponds to the case that the renormal-

Yh =X + (3.6)

izable term dominates, and 3, which corresponds to the case that the dimension-six term
dominates. It is possible, however, to have ke > 1, if Aee + (AL, /2)(v2/A2?) < Aee. Indeed,
this is what is happening in our 2HDM. We obtain, for m?2, > m?,,m3, and large tan 3,

YH 2
)\ee - \/§<Yre}é+ ee;th) 5
m
HH
VN, _Kf/\Hhth (3.7)
% = . )
27 V2mi

Here, m%]H, m%{h and Agppn are parameters of the scalar potential in the mass basis
(® g, ®p), corresponding to m3,, m3, and )7, respectively. The mass basis parameters
fulfill m%, ~ (3/2)Agrrnv?. Moreover, in the region of interest, Y2 /YH = —c5_, ~
~Aahhnv?/ m%{ - Consequently, the required cancelation occurs.

3.2 X=Xy =0

In various models, zeros in the Yukawa matrices are generated by a Zs symmetry, under
which one of the scalar doublets is even and the other is odd. For phenomenological reasons,
the symmetry is usually assumed to be softly broken, namely m2, # 0 while A\ = A7 = 0.
For this class of models, We obtain the following relation between k. and the scalar related
parameters:

m124 — A% Ke(kyke — 1)

= ) 3.8
ml —mZ e —ry (3:8)
We learn the following:
1. ke > 1 requires
m o m2. (3.9)
2. Ke < 1 requires
m% =~ A3qv?. (3.10)

In either case, m% = O(v?).
In fact, for m? > v? we have k. = 1+ O(v?/m?). To understand why this is the case
even for v? <« mi‘ < v?tan 3, note that, for mzA > v? and A\g = A7y = 0 [17]:

Ch_alp = (A3q4 + A5 — /\2)(v2/m124). (3.11)

In other words, in the limit of m% > v? and tan 8 > 1, cos(8 — «) is further suppressed
below (v?/m?), in such a way that cg_ntg is small, O(v?/m?), and k. is consequently O(1).



4 CP violation

Given that we consider the hypothetical case of k., ~ 500, and that there is a bound
on ke < 0.017 [14], CP must be a very good symmetry (broken at a level smaller than
10=* — 1079) in this context. Here we investigate CP violation in the scalar potential and
in the Yukawa couplings, assuming no cancelations between these two sources of k. # 0.
(For previous, related studies, see refs. [18-23].)

4.1 The scalar sector

We use here the formalism of ref. [18]. Consider the scalar potential of eq. (3.1) where, for
simplicity, we take Ag = A7 = 0. We work in the basis where v is real. We define

tan 8 = |va/v1, (4.1)
p2 = Re(miy)/(vPcpsg),
X345 = A3 + Ag + Re(As).

The scalar potential gives the following mass-squared matrix in the {H?, HS, A%} basis:

Mch + pi2sy  (Aaas — paa)csss —1TImAssg
M2 =2 ()\345 — M12)Cﬁsﬂ )\28% + /1126% —%Im)\g,% . (4.2)
—%Im)\g)sB —%Im)\505 —ReXs + 12

We define the diagonalizing matrix R:

RMERT = diag(mj, ,mj,,mj.,), (4.3)
so that
hi HY
he | =R | HY |. (4.4)
hs A°

For fields with no diagonal coupling to ®2, such as Y;2 = 0, we have
ke = Rp1/cg, Re = —Rpstp. (4.5)
For fields with no diagonal couplings to @1, Yflf = 0, we have
kf = Rna/sg, FRy= —Rpzcotf. (4.6)
We learn that for the electron
Re/Ke = (Rp3/Rp1) sin §. (4.7)

In particular, an upper bound on &./ke translates into an upper bound on Rp3/Rp;.



In the large tan 3 limit, and assuming that the diagonal terms in M? are not quasi-
degenerate, we obtain

L e = Ass
tg pi2 — A2’
1 Im)\5
N %Nm — A2 — ReXs’
1 Zm)\g,
B0 ReNs

Roy

Ra3

(4.8)

Identifying h with ho, we get

2 — A345
piz2 — A2
(1/2)Tms
pi2 — A2 — Reds’
i Tm\
Fe _o (m) | (4.9)

112 — A345

e

One can also express the results in terms of the two rephasing invariant complex phases:

51 = arg [N (m3)?] (4.10)
:

The minimum equations relate these two phases, so that only one is independent. For

Im32,|ts > v? and small phases, we have §2 ~ §;, and
R As|siné

Fe  Palsino (4.11)

ke |miy/v?[ts

We conclude that the phases in the scalar potential, which can a-priori be O(1), must

be smaller — in the case that k. = O(10%) — than O(107%). Let us note that even if
ke = O(1), the scalar potential of a 2HDM should be CP conserving to the level of 1072,

4.2 The Yukawa sector

In this subsection we assume that CP is a good symmetry of the scalar potential, such that
the neutral mass eigenstates are the even (h and H) and odd (A) CP eigenstates. We ask
whether strong enhancement of xX makes the bounds from one-loop contributions to d.
competitive with the bounds from two-loop contributions (1.5).

The one-loop flavor-conserving Higgs contribution to the electron EDM is given by (for
example, see [23])

2~ 2
eYsReke Me mi; 7
de = ——— In—=< + - |, 4.12
¢ (4m)2 m2 <n m2 * 6> (412)

Imposing the upper bound on d. of eq. (1.4) [11], we arrive at

Keke < 1.1 % 10°. (4.13)

~10 -



Since kefe < 5(|Ke|? + |Rel?), eq. (4.13) is automatically satisfied when the bound on fic.
of eq. (1.3) [10] is imposed.
As for the contribution of the heavy scalar loops, we have

2~H H 2
eYSRL KL Me m 7
qH — _Zdee e e (1, e 4 1. 4.14
N (4m)2  m?% <nm%{+6>’ (4.14)
A eygkfﬂf Me mg 11\
de = (4m)2 m? 1 m> +€ ’
A A
g _ _eyzl%fn? Me
¢ 6(47m)2 m?,

We obtain the following bounds:
2
FEARIA 7100 (282

1TV (4.15)

In the scenario where the scalar potential is real and CP violation comes from phases in

4 and RE’A are tg_, enhanced compared to k. and

the Yukawa entries, we found that ki
Re. Thus, for co—g < 1, eq. (4.15) provides stronger bounds than eq. (4.13). However,
this constraint competes with the bound coming from the Barr-Zee diagrams [12] only if
0 < |cg—al <4 %107 (TeV/msg).

If the heavy scalars are quasi-degenerate, myg ~ ma =~ mpy=+, and tg_, > 1 so that
H* A H

Ky =K, R K. ~tg_qke, the total contribution of scalars at one loop is given by
2, = 2 2 2
eySkeRe M m:; 7T ti_am
d e —Heliche e (4 e = o ) (4.16)
(4m)% m3 my; 6 2 m3,

5 LHC phenomenology

In section 3 we argued that in most of the parameter space relevant to k. > 1, all scalars
should be at the electroweak scale. An exception arises if Az = O(1), but even in this case
a large portion of the parameter space is within the reach of the LHC. Hence, we can probe
the ke > 1 scenario in 2HDM indirectly via LHC searches for new scalars.

5.1 A% H° and HT decay modes

The Yukawa coupling of A to electrons (2.17) is enhanced. In order to establish if the
A — eTe™ decay has a phenomenological impact we need to compare eq. (2.17) with the
coupling to other SM fermions:

v _ Yerid (5.1)
A T A” :
Yy Yr Ky

Our first observation in this regard is that, for k. = O(500), A — eTe~ will dominate
over A — ff for any fermion f for which y{ = 0. For such fermions,

A

ye Ye 2

e Jey (5.2)
yfc‘ yr P

- 11 -



The strongest hierarchy of the SM Yukawa couplings is for y./y:. If yt = 0, then

tg, 2500 = y >y (5.3)

This condition is met when ., > 5004/1 — H%/ and, in particular, for k. > 500, as we

assume. Obviously, if ¥} = 0 implies y;“ > yf‘, then y{ = 0 guarantees yg‘ > y;ﬁ‘ for any
fermion f. Similar conclusions hold for HT — etv and H? — ete™.

Our second observation is that, the ratio of I'(A — eTe™)/T(A = ff) = (ye/ys)? for
any fermion f for which yg = 0. Thus, if any second generation fermion (or, obviously,
third) has yg =0, A — ete™ will have little phenomenological impact. Similar conclusions
hold for H* — etv and HY — ete. If the u-quark and/or the d-quark have yg =0, then
the dielectron decay rate of the heavy scalars will be subdominant to the dijet rate, but
not negligible.

Our third observation makes use of eq. (2.3), which gives

Be — Fe = 58—a (5.4)
Iif Rf — S—a

Thus, if experiments put an upper bound on sy, ﬁ?ax, then for large ke > /#J}lax, we have

(5.5)

Such upper bounds apply already to f = t,b, 7, c, u. They prove that, if k. = O(500) then
yg # 0 for all of these fermions. For the muon case, the present bound is sufficient to
guarantee that if k. = O(500) then A — ete™ dominates over A — ptpu~.

5.2 Multi-electron signatures

In the previous subsection we obtained conditions under which the A, H — ete™ and
H™ — etv are the dominant decay modes of the heavy scalars. Specifically, it is required
that the heavy scalar couplings to the third generation fermions are strongly suppressed
(which is the case for y{ = 0). The conditions for suppressing the heavy scalar decays into
third generation fermions also entail strong suppression of single heavy scalar production,
e.g. g9 — A and gb — tH~. Furthermore, in the ki — 1 limit, also the production via
vector boson fusion is subdominant.

We distinguish two scenarios with large k.: one where y5 = yg = y5 = 0 and conse-
quently also k., kg are large, which we discuss in the next subsection, and one where only
ys = 0, which we focus on here. In this case, the relevant production modes of heavy scalars
are pair production via the s-channel mediation of a virtual electroweak vector boson:

pp— = HTH™, pp—W*— HYA"(H"), pp— Z* — A°H". (5.6)

Since we assume here that the branching ratio into electrons is dominant, the relevant
topologies are the following:

- 12 —



e Two electrons plus missing energy:

pp—/)Z* - HTH —ete v (5.7)

e Three electron plus missing energy:
pp — W* = HY(AY)H* = eteetu. (5.8)

e Four electrons:
pp — Z* — HOA® 5 eteeTe™ (5.9)

Hence multi-electron signatures are the distinctive feature of this scenario.

We are not aware of relevant targeted searches for this topology in 2HDM. However,
multi-lepton searches, typically aimed for models of neutrino masses, have been carried
out and can be recasted for our topology. In particular, the 13 TeV CMS search [24] is a
multipurpose analysis which can be applied to other topologies other than the one originally
designed for. A recast was made in ref. [25] assuming dominance of final multi-muon states
and sg_, = 1, and a bound m4 > 640 GeV was extracted.! Since we do not expect the
efficiency to change significantly, we take this bound to be a rough indication of the bound
that applies for the multi-electron case. We conclude:

e The scenario with X7 = 0, where k. > 1 requires my =~ my [see eq. (3.9)], is
excluded;

e The scenario with hard breaking of the Z5 symmetry is strongly constrained unless
A7 is very large or ky very close to 1.

5.3 Large first generation Yukawa couplings

An interesting case arises if one of the Higgs doublets does not couple to the first generation
fermions, y§5 = yg = yy = 0 and, consequently, k. = kg = K. In this case, the branching
ratio of the heavy scalars to dielectrons is considerably smaller than the branching ratio
into dijets, but the production cross-section is enhanced via the s-channel ¢¢@ — A, H, H*.
Therefore, dielectron resonance searches can become relevant.

In order to explore the phenomenological implications of such a framework, we further
assume that, to a good approximation, the other Higgs doublet does not couple to the
second and third generations. Thus, we consider the following scenario:

Re = Ry = Kd,

Kt = Kp = Ky = Ke = Kg = Ky, (5.10)
and "
ReRt
Ky = — ¢ 5.11
v Ke + Kt ( )

For 0.9 < S$3—a < 1 the bound does not change significantly, hence we can consider this as the reference
value.
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Figure 2. o(pp — H,A — ete™) as a function of my = ma for k. = 500. The region above the
black curve is excluded by the 8 TeV ATLAS search [26]. The theoretical predictions corresponding

to the scenario defined by egs. (5.10) and (5.11) are given in blue curves, with g = 1000 (solid) or

4 x 10* (dashed). The theoretical predictions corresponding to y? H — 1 are given in red curves,

with tan 8 = 1000 (solid) or 4 x 10 (dashed).

Therefore, the couplings of the extra scalars to the whole first generation are ¢g enhanced,
so this is the relevant parameter to evaluate the constraints, together with the mass my.

The mass window 120-150 GeV is probed by the CMS search for h — ete™ [10] and
is excluded for tg > 800-900. For ky ~ 1 this implies that also moderate values for ke, g

are ruled out.

Heavier masses are constrained by dilepton searches from both ATLAS [26] and
CMS [27]. These searches look for both dielectron and dimuon final states, targeting
as benchmark models new Z’ gauge bosons. Their limit can be straightforwardly applied
to our scenario, as long as they are presented separately for dimuons and dielectrons. We
obtain the exclusion limits on our scenario from the 8 TeV data. The current 13 TeV data
do not change the picture significantly. CMS published so far results with only 2.9 fb~!
data from run II [28], while ATLAS [29] present only combined results from dielectron and

dimuon channels.

Figure 2 presents the constraints from resonant dielectron 8 TeV searches in the
150 GeV-3 TeV range. The experimental exclusion curve, based on [26], is given in solid
black (similar results follow from the CMS search [27]). We computed the leading order
cross-section for q7 — H,A — eTe™ using the NNPDF2.3 LO pdf Mathematica pack-
age [30, 31]. We use two values for tg: first, g = 1000 (solid blue curve), which is close to
the minimum value constrained by this search. Second, t5 = 4 x 10* (dashed blue curve),
which corresponds to 1/y4, the maximum allowed value from perturbativity.
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We reach the following conclusions:

e The CMS search [10] rules out the existence of H° and A° with mass in the
120-150 GeV range and tan 8 > 900. For x. = 500, this implies in turn xy > 0.83.
(For ke = 50, this implies xy > 0.998).

e The ATLAS search [26] rules out m 4 < 200 (2500) GeV for tan 8 > 10% (1/ya).

Hence, the scenario with A\g7 = 0 is almost ruled out for all values of t3. We expect in the
future the limit in the high ¢3 to become more stringent pushing towards higher values of
A7 or Ky closer to one.

5.4 Production via gluon gluon fusion

Another scenario which gives rise to resonant production via gluon gluon fusion of the
extra scalars and subsequent decay into eTe™ corresponds to yi’b # 0. As a case study we
consider the following benchmark point:

AH _ (AH _ AH _ AH tg. (5.12)

As concerns A and H production, only nf’H is relevant. As concerns the decay, especially
for mp a4 < 2my, also /{f;)H play a role. We consider then the same LHC searches described
in the previous subsection. We compute the cross section also with the NNPDF2.3 LO
pdf Mathematica package [30, 31]. The results are presented in figure 2 in red curves for

tg = 1000 (solid) and tg = 1/y. (dashed). We reach the following conclusions:

e The searches do not constrain this scenario in the “low” tan /3 region (tg < 1000) in
both the low mass [10] and the high mass [26] ranges. (We do expect mild constraints
from present searches when NLO corrections are incorporated.)

e The large tan §§ region, tg ~ 1/ye, is excluded up to mpg 4 ~ 1.8 TeV.

This scenario is then less constrained compared to the previous one. The reason is that
the production cross section does not increase with ¢, but only the branching ratio which
is, however, very suppressed when the decay mode into two tops is open.

5.5 Future prospects

Various suggestions have been made and explored how to further probe the Higgs couplings
to the light fermions. It will be possible to improve the constraint on k. by resonant Higgs
production at the next-generation high-luminosity e*e™ collider [14, 32] and on &, by future
EDM measurements [14]. Ref. [33] suggests to constrain ks via measurements of h — ¢,
and k,, ¢ via measurements of h — (p,w)y. The ATLAS collaboration has recently searched
for these decays [34], and a study of the prospects of such measurements in the FCC can
be found in ref. [32], Additional ways to probe the Higgs couplings to light quarks include
Higgs kinematics [35, 36], hadronic event shapes [37], the W*h charge asymmetry [38], and
Higgs decays to light (untagged) jets [39]. Finally, ref. [40] points out that, if Higgs-portal
dark matter is discovered, direct searches for dark matter could lead to interesting bounds
on the light-quark Yukawa couplings.
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6 2HDM in the literature

Some of our results have implications that are generic to 2HDM, and go beyond the specific
scenario of k. > 1 or k. < 1. We here give a brief survey of models that have been proposed
in the literature, and their relation with our findings.

6.1 Separating the third generation from the first two

In the 2HDM of ref. [8], one of the Higgs doublets does not couple to the third generation
quarks, while the other has negligibly small diagonal couplings to the first two generations.
(See ref. [41] for a related scenario.) Thus, in this model,

Rl = Ry = Rd = RKs = K,

KL = Kp = K, (6.1)
and 14
RIKRR
Ky = —. 6.2
v K] + Kh ( )

The authors aim to have x; < 1. Given that it is experimentally known that both xy and
kp, are O(1) then, in this case, the model predicts Ky xp ~ 1.

The model further has Ag = Ay = 0 and is thus subject to the analysis of section 3.2.
The model however further assumes A3 = Ay = A5 = 0. The requirement for k. > 1 is
still (3.9), but the requirement for k. < 1 is no longer (3.10). Examining eq. (3.8), we
learn that r. < 1 implies k./ky ~ m%/(m% —m3), so that m% < m% — m? is required.
Since in this case

m; +mi =m? + 02()\10% + )\23%), (6.3)

we must have m%, = O(v?) and m% < UQ()\lc% + )\25%). We learn that the scalar spectrum

is light. A problem might arise however given that for Ay = A5 = 0 we have m%]i = m3,

and there is a rather strong lower bound on qui.

In the 2HDM of ref. [9], one of the Higgs doublets, ¢, does not couple to the first two
generations, while the other, ¢, has small couplings to the third generation. Thus, in this
model, yg = yg =0, and the model should have k. = k,. Various equations of ref. [9] can
be evaluated to get eq. (2.12) as an approximate relation.

In the 2HDM of ref. [7], the masses of the first two quark generations come from

dimension-six terms. Thus, the model predicts
Ke = Kg = Kq = Ky = 3. (6.4)

6.2 Separating the muon from the other fermions

In the p2HDM of ref. [25], one of the Higgs doublets, Hs, couples to the up sector, to the
down sector, and to e and 7. The other Higgs doublet, Hy, couples to only p. Thus, for the
quarks, this is an NFC model, with the well known consequences of that. In the charged
lepton sector, however, we have the situation where

yy =0, yf =y =0. (6.5)
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From the discussion in section 2.2, the following relations hold:
1+ K,k
Kr = Ke, Ky = ——b". (6.6)
Ky + Kr
Thus, the experimental information that xy and k., are close to 1, implies that so is not

only k. but also x.

7 Conclusions

We studied the implications of a strongly enhanced Higgs-electron Yukawa coupling, such
that h — ete™ will be within reach of ATLAS/CMS in the near future, re = Yoo/ YoM =
O(500). We focussed on two Higgs doublet models (2HDM). Given the experimental
measurements of A — 777~ and the upper bound on h — ™, such a strong enhancement
of Yee excludes also 2HDM with natural flavor conservation (NFC). We thus explored
generic 2HDM.

We suggested a basis for the two scalar doublets which is particularly convenient to
study implications of enhanced electron Yukawa coupling. Our proposed basis can be
straightforwardly generalized to any other fermion with a Yukawa coupling that is very
different from the SM prediction.

Our main findings are the following:

e Case I: for two fermions with vanishing Yukawa couplings to one and the same of
the two Higgs doublets, the enhancement factors are the same, xy, = ry,. Further-
more, the modification factors of their couplings to the heavy scalars, H, A, H*, are
the same.

e Case II: for two fermions with vanishing Yukawa couplings to two different Higgs
doublets, the enhancement factors fulfill a relation, kv = (1 + kg Kp,) /(K + Kpy)-
Similarly, their couplings to heavy scalars fulfill predictive relations.

e If the Yukawa coupling to the Higgs is enhanced, thf > \/2m #/v, the Yukawa cou-
pling to the heavy scalars is even more strongly enhanced (by order tan(a — f3)).

e In case II, if Ky, > 1 so that the Yukawa couplings of f; to A, H, H* are very large,
Kf, ~ 1 while the couplings of f2 to the heavy scalars are suppressed.

e In models with only soft breaking of a Z5 symmetry in the scalar potential, a large
deviation of k. from 1 requires a light scalar spectrum. With hard breaking, there is
an interesting range where v? < m% <L Ve /)1 — /4;%/ where such deviation is still
possible.

e For k. > 1 CP symmetry should hold to a good approximation [O(1072/k.)] in both

~

the scalar potential and the Yukawa couplings.

e Large regions of the parameter space of 2HDM models with k. > 1 are probed by
ATLAS/CMS searches for deviations of the eTe™ mass spectra from the SM.

e Searches for eTe"ete™ and ete~e* /Ep topologies will provide sensitive probes of
this scenario.
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We believe that an experimental search for h — eTe™ is a worthy effort, in spite of
the gap between the SM prediction and the experimental reach, with the following points
in mind:

e The present upper bound, weak as it is, is already excluding universality between the
tau and electron Yukawa couplings. If experiments can establish that the electron
Yukawa is smaller than the muon Yukawa, it would provide an important input for
flavor physics.

e The possibility that x. is close to the experimental bound is not inconsistent with
any indirect constraint.

e On the theoretical side, a strong fine-tuning is required, of order 1/k., for real pa-
rameters in the scalar potential, and order 1072/, for complex phases.

e The strong deviation of k. from unity does not guarantee that the second Higgs
doublet is light enough to be directly produced at the LHC.
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