DPF21: Prospects of light charged scalars in a three Higgs doublet model with Z3 symmetry

Prospects of light charged scalars in a three
Higgs doublet model with Z; symmetry

Manimala Chakraborti, Dipankar Das, Miguel Levy, Samadrita
Mukherjee, Ipsita Saha

“Astrocent, “IITI, “CFTP/IST, “TIFR, ®Kavli IPMU
Based on arXiv:2104.08146 [hep-ph]

July 13, 2021

FCT

Fundagio
para a Ciéncia
e a Tecnologia

o




DPF21: Prospects of light charged scalars in a three Higgs doublet model with Z3 symmetry

Overview

Motivation
The Model
Scalar Sector
Yukawa Sector
Constraints from Flavour Observables
Other Theoretical Considerations

Direct Searches

Summary



Motivation

DPF21: Prospects of light charged scalars in a three Higgs doublet model with Z3 symmetry

Motivation

e 2HDMs are a minimal extension to the SM

® QFV processes motivate the study of NFC models

® Experimental observations keep pushing the NP scale upwards

> Are light (charged) scalars still plausible?
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The Model
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Scalar Sector

The Z3HDM: A Z3-symmetric 3HDM

Z4 transformations (w = ¢*"/%)

$1 — Wy, ¢2—>W2¢27

ER — CUQZR s
Yukawa Lagrangian

nr —wng,

L=-Y,Lpd1lr —YsQrdong — YuQrospr +hec.,

» Democratic Structure = No tree-level FCNCs
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L Scalar Sector

The Z3HDM: A Z3-symmetric 3HDM

Z4 transformations (w = ¢*"/%)

2 2
$1 — Wy, o — WPy, lp = wilg, np — WnNg,

(Softly Broken) Scalar Potential

Vo = m%1(¢{¢1) + mgz(ﬁbg%) + m§3(¢§¢3)
— (mha(6162) + m3s(@hs) + mis(o]6s) + hic.)
A1 (6101)7 + Na(6102)” + Ny(0hs)*
FA(B101) (Dhs) + A5 (0161) (0563) + A (0502) (5 b3)
A7 (0] 62) (0161) + As (D1 d3)(Bhd1) + A (0h3s) (0h50)
+ [M0(9162)(9165) + As (Bhon) (Bhs) + Ma(6ln)(6]62) + hc.|
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L The Model
Scalar Sector

Symmetry Basis — Mass Basis (Assume A\jg_12 € R)

1 + U1 =V Cs, Cpy
( V2w ), k=1,2,3, vy =V Sg Ca,

or = —7= :
v, + hy, + iz
V2 \vk + hy + iz vy = s,
+ +
w wi ¢ 2 h
+ +
Hlt = 07205 wgt 5 A]_ = O'Yl Oﬂ 291, Hl = Oa
H, w3 Ay 23 H,
10 0 3,C8, 858 5B,
O’Yi =10 C’Yi _8% ’ Oﬁ - _831 651 0
0 S’Yi C’Yi _651 8ﬂ2 _551 852 cﬁz
Ca, Ca, Sa,Ca, Sa,
Oa = CoySay,Say SaySasSay + CayCay  —CaySay
CaySayCay — SaySas  CaySas = SaySasCas  CayCas
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L The Model

Scalar Sector

Symmetry Basis — Mass Basis (Assume Ajo_12 € R)

1 + V1 =00 Cp,
(bk:—( ﬁwi ) , k=1,2,3, vy =V sg Ca,
V2 \vg kT 12 vs = g,
wE wli ¢ 2 h hqy
+ +
H1 = 07205 Wy 5 A1 = O’YlOB 291, H1 = Oa hg
+ +
H, w3 Ay 3 H, h3
Alignment Limit:
a; = B3y, ag = 3y
€8,CB, 58168, 5B,
Oa = cﬂ1 8/32 Sa3 851 852 8043 + 651 cas _CﬂQ 8043

_Cﬁ1 5526013 - 861 Sas Cﬁl 8043 - 831 5132 cas Cﬁz Cas
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Yukawa Sector

Charged-Higgs Yukawa Couplings

Z3HDM

Q V2H!
L) = ——
Hj v

V2HT
ch = —2

S C
[—52 50y (DL V) Py + 22 (
S C
8 (A

et +s%> (VDd)PR] d+he
58,58,
C Sﬁ C,B S’Y
= =2 D VP, — 2| 22 — VD)Pr|d+h
2 v LB2072( V)P s, <3ﬁ15[32 C~,2>( ) R] +h.c
2HDM-II
[2HDMAL VFYY
Hi

[ |:Sﬁ

LD V) P+ 22 (VD) P

}d+hc
Cp
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Yukawa Sector

Charged-Higgs Yukawa Couplings

Z3HDM: tan g; > 1

2H;"
‘CQ:Q: :—Lﬂ[cﬁz (D V)PL—|— ( S’Y ) (VDd)PR]d—f—hC
H v 53, s, ’
2H
ch = Q_ {CﬁcyQ(Duv)PL — sﬁ < C'72> (VDd)PR:| d+hC
& v 56, 8,
2HDM-II
2H™"
‘Ci?i?M 1 \/_

[ |:Sﬁ

% (D, V)P, + 22 (VD) Py

}d+hc
Cp
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L The Model
L~ Yukawa Sector

/3HDM: a Relaxation of 2HDM-II

tan 5; > 1

2H; c s
L+~ _VRHEL . [52 (D, V)P, + %2 (Vv D) PR} d+h.c.,
! v 56, Cs,
V2HY e, 56,
EH; ~ TUC,Y2 |:s/3 (Du V)PL+ ? (VDd)PR:| d—'—h.(}.7
2 2
2H™" c s
L= V2 u [B (D, V)P, + 2 (VD) PR} d+h.ec.,
v 55 Cﬁ

Z3HDM as a relaxed type-Il 2HDM
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Constraints from Flavour Observables

Parameters of Interest

AMBq and b — sv: Decoupling One Charged-Scalar

At the 1-loop level, the relevant parameters for meson oscillations
(AMBq) and b — s are: (tanﬂl, tan By, s, Myt mH+)

® tanf; > 1 (tanf; =10 )
(relaxed 2HDM-II limit)
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Constraints from Flavour Observables

AMBq and b — sv: Decoupling One Charged-Scalar

Parameters of Interest
At the 1-loop level, the relevant parameters for meson oscillations

(AMBq) and b — s are: (tanﬂl, tan By, s, Myt mH;).
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Constraints from Flavour Observables

AMp and b — sv: Charged Scalars Mass Plane

Benchmarks
tan 8y =10, tanpBy, =2, vy =m/3, w/4, 7/6
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Other Theoretical Considerations

Neutral Nonstandard Masses

Oblique Parameters

In the limit v; = 75, = —a3 = «, we find:
92
2 2 2 2 2 2
Ap = m{F (er,m&) +F(mH2+,mA2) +F(mH1+,mH1)

+F (miI;7m§{2> - F (mil,m%{l) - F (miQ,quZ) }

Tty vy
F(z,y) = 2 -y
0 forx =y

InZ forx #y
Y

H
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Other Theoretical Considerations

A Simplified Analysis

We can impose tier degeneracy, along with 7; = v, = —a3 to easily
avoid any constraints from electroweak p-parameter constraints.

As a proof-of-concept, we can choose m%,mi},,mgg in such a way we
arrive at:

Vo= mii(6]61) + mia(dhes) +mis(dlés)
- (mf2(¢1¢2) + m3g(dhds) + mis(dles) + h-C-)
XD dy + dLoy + Ples)”

which is SM-like in its quartic couplings, thus avoiding unitarity and BFB
constraints
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Direct Searches

Direct Searches

® Assume my, =my, = my+ = M;, and decoupling the heavy states
(M2 = 5 TeV)

tang, = 10.0, my, = 500 GeV tang, = 10.0, my, = 500 GeV tang, = 10.0, my, = 500 GeV

1

0.100

Z 0010
&

0.001

104 - - -
0.01 0.10 1 10 100 0.01 0.10 100 001 0.10 1 10 100

Tv and 77 are the relevant production channels for the studied
parametric space
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Direct Searches

® Assume my, =my, = my+ = M;, and decoupling the heavy states
(M2 =5 TeV)

® Given tan 8; > 1, the relevant decay channels are S — 77.

® The most stringent constraints come from A; — 77.

tang, = 10.0, yo=n/6

tang, = 10.0, y,=1/6 tang, = 10.0, y>=r/6

! ATLAS limit 1 ATLAS limit hsemaol 22 2 ATLAS limit
2 0100} . 7 G100 = 0100 .
& Tl 50010 A 5 R
! 0.010 RNy L Ry 1 0010 S
= T £ 0.001 el g s
& oom T 3 S © 0001 N
€0 el 107 T ) h

----- tang,=2 ~ —mmee tanBy=2 ~ ----= tanBy=2
104 s 2 4
200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000
- [GeV] ma[GeV] malGev]

Direct Searches already exclude M; < 450 GeV
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Direct Searches

HE e [pb]

Ty

® Ap =0 can be accomodated by other means

® Lifting the tier-wise degeneracy will open new channels (4, — H,Z)
® Extra channels could be present in extended models (e.g., dark

singlets)

tang, = 10.0, yo=n/6

(ng, = 10.0, y2=1/6 @ng, = 10.0, y2=1/6

! ATLAS limit 1 ATLAS limit hsemaol 22 2 ATLAS limit
0.100f ">~ i H = 0.100 N,

Tl £ 0010 . = e
0.010 RNy L Ry 1 0010 S
R < 0.001 el % .
0.001 T 3 S © 0001 N
: R 1074 R : ™
----- tang,=2 ~ —mmee tanBy=2 ~ ----= tanBy=2

104 s 2 4

200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000

- [GeV] ma[GeV] malGev]

Direct Searches bounds can be relaxed!
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Summary

Summary

Motivation
Z3HDM has a 2HDM-II like yukawa couplings, in the tan 8; > 1 limit

Prospects

® Flavour Constraints can be accomadated while evading the
O(600 GeV) 2HDM-II limit.
® Direct Searches already start constraining the parameter space

® Extreme values of 7, decouple the charged scalars, effectively
keeping the flavour constraints in check, while allowing light scalars.
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Summary

Thank You
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Summary

Back Up
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Summary

b — sv in NFC Models

Y
y
Y

Br(b—sy) 6«

Br(b— cev) 7B

Vey

X, = —cot By sin sy,

VisVio

2

st + sl

cot B cos
Y, = —tanp, (Sﬁlln—ﬁf +Sin’Y2> ;

Xy = cot By cos vy,

cot 3 siny
Y, = —tan 8y (# —cosyz) .
2

=] F
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AM in NFC Models

uye,t b
we n e

AF=2 C;(F MW
‘CefF

S(yaa yb)
1 +

a,b=u,c,t

AgAp Wal
1672 2_ A b(

i +
i,j=Hy ,Hj

+X7,aXzb |:Il (yLu Yb, yz) + XjanbIZ(ya7 Yo Yi» y]):| ) OF
Ao = (

— 2
Va qQVaql) ) OF - (Q17MPLq2)
AMp =2|Mfy|,  Miy=
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a2 P",
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