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Vertical or Democratic 3HDMs

Democratic three-Higgs-doublet models: The custodial limit and wrong-sign Yukawa
coupling, Phys. Rev. D 107, 055035 [arXiv:2301.00231]

@ The Standard Model (SM) is free from flavour-changing neutral currents
(FCNCs) at the tree-level.

@ This feature is not guaranteed to be preserved when one extends the SM scalar
sector.

o Experimental data suggest that the FCNC processes are strongly suppressed,
which makes the absence of tree-level FCNCs a desirable property of any BSM
scenario.

@ One neat way to achieve this in 3-Higgs-Doublet-Models (3HDMs), is to have a
Yukawa structure where a particular scalar doublet is reserved exclusively for
each type of massive fermion. So there’s only one Yukawa matrix for each type
of massive fermion

@ This particular composition of Yukawa couplings is commonly dubbed as
‘democratic’ or ‘type-Z’ Yukawa structure.
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Democratic 3HDMs

@ The Yukawa Lagrangian for a democratic 3HDM has the following form
L = -YqQrpang — YuQL&3pR —YiLrpilr, (1)

where Yy...¢ are the Yukawa couplings in the down-quark, up-quark, and
charged-lepton sectors.

@ We considered two common ways to achieve this democratic Yukawa structure.
The first is to impose a Z3 symmetry as follows

¢1owd, b= wigs, Lr—w’lr, nr—wng. (2)

@ The second possibility relies on a Z2 X Z5 symmetry under which the fields
transform as [5]

Zy: (1)1 — —¢1, br — —AlRr (3&)
Zy: ¢$2 = —d2, nr— —ngr (3b)
@ In the framework of these models, we studied the implications of imposing

custodial symmetry in the scalar sector and the possibility of a relative wrong
sign in hé¢ and(or) hdd with respect to the htiu couplings
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Custodial Symmetry in SM

@ The Custodial Symmetry(CS) is an accidental global SU(2) symmetry which
prevails as an approximate symmetry of the SM even after the spontaneous
breaking of the electroweak symmetry.

@ The p parameter is defined as,

My,
- 2
M7 cos? 0y,

p (4)

@ At tree level in the SM, p = 1. CS protects the value of p against deviations
from this value that arise from loop level corrections.

@ However, p does deviate from unity at loop level in the SM because CS not an
exact symmetry in the SM. It is broken by certain parts of the SM Lagrangian
and loop level corrections to p originate from these sub-parts. These are parts
of the kinetic terms proportional to ¢’ and Yukawa Lagrangian. Notably, in the
SM scalar sector, CS is an exact symmetry.
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Custodial limit of the SM

@ How does CS protect p =17

@ This becomes evident in the ” Custodial limit” i.e. the limit in which CS is an
exact symmetry of the SM. We'll look at the SM in this limit.

@ We can reach the custodial limit by setting ¢’ — 0 and excluding the fermionic
part of the Lagrangian.

@ Now the scalar part of the Lagrangian is
o%calar - (Dlu(b)]L (D#¢) -V (¢) . (5)
@ In the limit ¢’ = 0, the gauge-covariant derivative for ¢ is given by

D.¢ = (3#+ig%W,f) é. (6)
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Custodial limit of the SM

o After the EWSB, the scalar doublet ¢ can be explicitly expressed in terms of
the component fields, as follows

0= % (v ﬁufz() ‘ )

@ Subsequently, the scalar kinetic terms can be conveniently decomposed as [1]

Zin = (D"$)"(Dug) ®)
= fmass + gquad + fmixed + gderiv + o%:ubic + gquartic .

Democratic 3HDMs (arXiv:2301.00231) 7/27



Custodial limit of the SM

@ Collectively denoting the gauge bosons as GZ’b"" and the component scalar

fields as s;,j,...,

gmass :
zquad :
Lixed
Leriv
Leubic :
gquartic :

mass terms for the gauge bosons,
kinetic terms of the component scalar fields,
terms of the form (8"s;)' (ivG,) + h.c.,
terms of the form (9"s;)"(iG,.s;) + h.c.,
terms of the form (G**s;)"(vG%) + h.c.,

( )

“rsi) (Grs;) -

terms of the form (G™"s;

@ Now let’s look at these terms one by one and make explicit the custodial

symmetry.
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Custodial limit of the SM

@ The Zmass is given by

21)2
Lrnass = 9? (WHWE+ W2W? + W w2) (9)
g’ +117— -+ Bpyys3
= = (WHrW,r + W W+ W2Hwy) . (10)

@ From the above equation the SU(2)r, gauge bosons have the same mass. This
motivates us to identify a custodial multiplet of the gauge bosons as

—-wt
w=| ws |. (11)
W
@ In terms of the SU(2)¢ triplet of Eq. (11), Znass can be rewritten as

g2U2

8

Linass = (W . W) , (12)

which is manifestly invariant under SU(2)c.
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Custodial limit of the SM

@ For reference, given that an SU(2) triplet in this basis is,
—A
Asph = As |, (13)
A_

then, the SU(2) invariant combination of two triplets, in this basis, will be
given by

A-B = A+Bf —+ AfBJr + A3B3. (14&)
@ Similarly Ztubic can be expressed as

2
Leubic = %h (W . W) . (15)

@ S0 ZLeunic will also be SU(2)¢ invariant if we identify the physical scalar, h, as a
singlet of SU(2)c.
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Custodial limit of the SM

® Zmixed Is given by
Luinea = 5 |i @)W =i 0w Wy — @O W (16)
@ We can define an SU(2)¢ triplet of scalar fields as follows:
iwt
T=| -] . (17)
w™
@ In terms of W and T, Eq. (16) can be written as

Lrnived = %(w .9T), (18)

which explicitly demonstrates the SU(2)¢ invariance of Zixed.
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Custodial limit of the SM

@ It can be seen that the other terms viz. Lyuad, Lderiv, and Lquartic, when
expressed in terms of W and T, can also be shown to be invariant under
SU(2)c. So the scalar kinetic Lagrangian is invariant under SU(2)c¢.

o Consider the scalar potential which is given by

2
V(g) =i (¢'0) + A (s'0) - (19)
o After the EWSB, ¢'¢ can be expressed as
o9 = Lpomip¥ P
oo = §(T T)+2+2+vh. (20)

@ We can see that no additional conditions need to be imposed on the SM scalar
potential to make it SU(2)¢ invariant.

Democratic 3HDMs (arXiv:2301.00231) 12 /27



Custodial limit of the SM

@ The SU(2)c¢ invariance of the scalar potential mandates that the scalars which
are in the same SU(2)¢c multiplet should have the same mass.

@ This condition is satisfied for T in the SM as all its components are Goldstone
bosons.

@ In the custodial limit(¢’ -+ 0 = sinf, -0 = Z — Wj3), pis,

= (21)

p

@ The Gauge bosons form a SU(2)¢ triplet, W, and CS mandates that all it
components must have the same mass therefore fixing p = 1 at tree level.

@ In the custodial limit, the Lagrangian obeys CS, loop level corrections to W
and Z propagators are such that p = 1 is conserved.
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Custodial Symmetry in nHDMs

@ The experimental constraints on deiviation of p from unity are very strong.

@ The nHDM extensions of the SM are known to conserve the tree level value of
p, however, we must take care to ensure that the extended scalar sector doesn’t
lead to large loop level corrections to p.

@ We obtained the condition that in order to have custodial symmetry in the
scalar sector of nhDMs, the pseudoscalar mass matrix must be equal to the
charged scalar mass matrix.

MZ = M3. (22)

@ The parameters of the scalar potential should adjust themselves so that this
condition is satisfied.
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Custodial Symmetry in Democratic 3HDMs

o For instance, in the scalar potential in the case of Zs x Z5 democratic SHDM
can be written as

Vigxzy = miidlér +misdhon + mizplos — mis(d]de + dlén)
—mi3(¢] s + phdr) — mis(dles + dlda) + Ai(¢]¢1)?
2 (d12)” + As (85 83)” + Aa(6161) (65d2) + As (] 1) (¢]bs)
6 (D5 d2) (Phd3) + Ar(d]d2)(Bhd1) + As(d]bs) (dhn)

+20(@h3) (@he2) + Mo { (6]62)" + (6161)°}
+an {(0109)” + (05007} + Mz {(0100)” + @00’} (23)

where, we have allowed terms that softly-break the symmetry.

@ The conditions for custodial invariance can be found using Eq. (22), which read

A7 = 2A10, A8 = 2A11, A9 = 2A12. (24)
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Wrong Sign Yukawas in Democratic SHDMs

@ Now we turn our attention to the Yukawa sector phenomenology.

@ The VEVs of the three doublets are parametrized as follows
v1 = v cos B1 cos P2, v2 = v cos B2 8in B, vs = vsin fa, (25)
which satisfies the relation
vl +vs +vs =07, (26)

with v = 246 GeV.

@ The current LHC Higgs data usually serves as a motivation to stay close to the
so-called alignment limit [4].

@ Here we are after a relatively less-explored possibility where the sign of the
down-type Yukawa couplings is opposite to what has been predicted by the SM.
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Yukawa coupling modifiers

@ We define the Higgs coupling modifiers as follows [10, 11]

Jhzx
Rg = SM (27)
Ihaa

where the field h, in the context of nHDMs, denotes the lightest CP-even scalar,
and ‘z’ can represent the massive vector bosons or fermions.

Model Ky Ku Kd Ke
. cos o sin «v sin av
type-11 2HDM sin (o — ) - - -
sin 8 cos 8 cos f3
. cos e cos B cos (a1 — B1 sin o sin a1 cos az COS (x1 COS Q9
democratic 3HDMs . A . ( A - -
+ sin ag sin B2 sin B2 sin 81 cos B2 cos 81 cos fB2

Table: The coupling modifiers for the type-II 2HDM and democratic 3HDMs. In the
2HDM case, tan 8 = v2/v1 and « is the rotation angle in the CP-even scalar
sector [12]. In the case of 3HDMs, a1 and ae are the two rotation angles in the

CP-even scalar sector [4].
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Wrong Sign Yukawas in Type-IT 2HDMs

@ Let’s consider first the example of a type-I1I 2HDM.

@ These coupling modifiers can be conveniently rewritten as follows
K/g ZSin(/B_a)7
K =sin (8 — a) 4 cot Beos (8 — ),
Ky = kg =sin (8 — a) — tan Scos (8 — a).

@ Now consider the limit ,

tan B’

cos(f—a)=

where 7 is a real number and tan 8 > |r|.

@ In such a scenario, Eq. (28) can be approximated as

ol I I
Ky ~ 1, Ky ~ 1, Kge~1—m.
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Wrong Sign Yukawas in Type-IT 2HDMs

@ The wrong-sign limit, in particular, arises for » = 2, in which case Eq. (30)
takes the following form

11 11 11
Ky ~ 1, Ky A1, Kde =~ —1. (31)

@ Such a possibility is allowed because the current LHC Higgs data is not
sensitive enough to probe the sign of the bottom-quark Yukawa coupling in the
loop-induced vertices such as hgg and h~y-~y.

@ To demonstrate this explicitly, we can use the current Higgs data [13], and
display the 20-allowed region in the cos (8 — «) vs tan 8 plane in Fig. 1.
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Wrong Sign Yukawas in Type-IT 2HDMs
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Figure: For illustration, the line corresponding to cos(8 — o) = 2/tan 3 has also
been plotted in the same graph, which reinforces our intuitions from Eq. (29).

@ The dark-blue region corresponds to the wrong-sign limit in the type-1I 2HDM.
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Wrong Sign Yukawas in Democratic SHDMs

@ Democratic 3HDMs also entertain such wrong-sign scenarios with much greater
flexibility in terms of the number of free parameters.

@ We can rewrite the Higgs coupling modifiers in Table 1 for democratic S HDMs

as follows
Ku = cos (a2 — B2)+ sin (a2 — B2) cot B2, (32a)
Kd = (cos (a1 = B1) +sin (a1 — B1) cot 51> (32b)
(cos (a2 — B2) — tan Bz sin (a2 — B2) ) (32c)
ke = (cos (a1 — B1) —sin (a1 — B1) tan 51) (32d)
(cos (a2 — B2) — tan Bz sin (a2 — B2) ) (32e)
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Wrong Sign Yukawas in Democratic SHDMs

@ Consider the limit

. T
sin (a2 — B2) = r—— (33)
where 72 is a real number, and tan 82 > |ra].
@ In this limit, Ky &~ Kk, &= 1, but k¢ and K, take the following form
ke = (1—mr2) (cos (a1 — B1) + sin (a1 — B1) cot ,B1>, (34a)
Ky = (1 —1"2)<COS (0[1 —ﬂl) — sin (Oé1 — 61)13&1’151). (34b)
@ If we further consider the limit
) o
sin (an — 1) = e (35)
where, again, r1 is a real number, and tan 81 > |ri1|, then Eq. (34) can be
further simplified to
ka = (1—r2), (36a)
KRy = (1 — 7”2)(1 — 7’1). (36b)
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Wrong Sign Yukawas in Democratic SHDMs

r1 =0 re =2
Kg=1 Kkp=1 Kg~=1 rKp~ -1
r2=0 (alignment limit) (wrong-sign limit in the type-X 2HDM)
kg~ —1 ke~ -—1 kg~ —1 kp~1
r2 =2 (wrong-sign limit in the type-II 2HDM) | (wrong-sign limit in the type-Y 2HDM)

Table: Wrong-sign possibilities in democratic 3HDMs. It should be noted that
kv ~ 1 in all the cases.

e From Eq. (34), instead of going to the limit of Eq. (35), one can choose
sin (a1 — B1) = £1, tan B ~ 1. (37)
In this way, using cos (a1 — 1) == 0, we get

KV & Ky ~ 1, (38a)
+(1—r2), (38b)

%

Rd = —Ky¢

@ As such, we see that it is possible to achieve a wrong-sign limit in the
democratic 3SHDMs without the requirement of large tan ;.
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Wrong Sign Yukawas in Democratic 3SHDMs
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Figure: Allowed region at 95% CL from the current data on Higgs signal strengths
in democratic 3HDM. As before, the charged-Higgs contribution to h — v decay is
neglected with the understanding that it can be safely decoupled in the presence of
the soft-breaking parameter in the scalar potential [14, 15, 16]. The contour
corresponding to Egs. (33) and (35), for 1 = rp = 2 are also displayed for easy
comparison.
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Conclusion

@ We looked at two new aspects of democratic SHDMs, namely, the impact of
custodial symmetry and the wrong-sign Yukawa couplings.

@ We saw an alternative approach to find the general condition for the custodial
symmetry in the scalar sector of an nHDM. We used this condition to extract
the model specific conditions for democratic 3HDMs with a Z3 symmetry or a
Zs x Zb symmetry.

@ We also saw that a democratic 3HDM covers all the wrong-sign scenarios that
can possibly arise from a 2HDM framework with NFC.
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Addtional Material

@ The higgs loop correction,
2 .2 2
Py 11Gr M7 sin” 0w nmig
24/272 M3

@ The top and bottom loop correction,
2

3G 2, 2
pr14 2CF <ms+mg_z%m%)
mp —my  my

@ p parameter for general multiplet extension of SM,

Ve 230 v [T (Th +1) = V7]
Ptree — 5
v<1> +4Za 1 Y
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