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Motivation

Hints for new Higgs Bosons

O Minimality of the scalar sector of the SM not guaranteed theoretically

O ATLAS recently performed Model-Independent analysis of yy + X for SM Higgs

O Analysis involves 22 signal regions

Full Run 2 Data

Heavy Flavor | Jets Lepton BERSS Top Hr Photon
>3b, >4b | >4j,>65, | 14, 20, > 3¢, | B> > 100 GeV, | €b, tiep, thaa | Hr > 500 GeV, | m 2, m 3
etc. 17, 27 E7"™ > 200 GeV Hr > 1000 GeV



Events / 2.5 GeV

Motivation

Hints for new Higgs Bosons

O Excesses Most Pronounced: yy + b, yy + MET, yy + 1z, yy+ 4}, vy + 1€
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O Possible new Higgs Boson?




Motivation

Hints for new Higgs Bosons
o No Excesses at 152 GeV in SRs: yy + l|gp, vy + 20, vy + 27,
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[ATLAS-CONF-2024-005]

Point towards
asssociated H™



Motivation

Hints for new Higgs Bosons

O No excess in Inclusive Searches

[ATLAS: CERN-EP-2022-094]
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O Hints towards DY production of new Higgs at LHC

O Properties of ~ unknown

Dominant
Production Process



Simplified Model

Model Description

o Two New Particles: H, H™ g <
.

O H produced only via DY process T, W,

o0 Dominant decays of H*: tb, tv, WZ v, 7.t

O Simulation Setup: MadGraph + Pythia +

O Log-Likelihood Fit performed using Poisson Statistics



Charged Higgs Decay
o BR(H* — tb = bbW) = 100 %

Simplified Model

o Dominant Effect: yy + b, yy + MET, yy + 17, yy + llep

O Combined significance: 3.8¢

v
BR(HZE, — tb) = 100% V

-------

.......................................................

0 o
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Cross-section Normalized
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Simplified Model

Charged Higgs Decay

o BR(H* — 7v) = 100 %

O Dominant Effect: yy + MET, yy + lz,yy + 17

O Combined significance: 3.80

/

BR(HE, — 7v) = 100% V

-----------------------------------------------------------------------------------
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Simplified Model

Charged Higgs Decay
O BF{([{i —> WZ) — 100 % Dominant in Triplet Model

O Dominant Effect: yy + MET, yy + 1€, yy + 2C, yy + 27

O Combined significance: 3.5¢

) i 7 _FT
BR(Hizy — WZ) = 100%
> 49 /b
. E > 100 Hep
2V ;
<] EIIIiSS > 200 17—
10 - > 2T
sE P W Combined
I | ' I |
0 2 4 9 8 10
BR(HIB‘z — ’Y’Y) X a(pp — H152Hft5(_))/(92 ﬂ)) [%]
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Model Building

Key Points

O Small total production cross-section

O Dominant DY production cross-section
O Large BR(H* — tb) and BR(H* — 1)
o Small BR(H* — WZ) to avoid multiple leptons

O Sizable BR(H — yy)
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Explanation in Real Higgs Triplet

Model Description

, _ 0 + No Yukawa
O Scalar Particles: h, AY, A couplings

O Physical Parameters: m,, mpo, M+, Vo, X
O Theoretical constraints require o X Ny« my, = 125 GeV, v, = 3.4 GeV

O Triplet Higgs production channels at LHC

Suppressed by

mixing
q AT q A+
g 99999999 -
il WE iy Al
q A° q A~ g 99999999




Explanation in Real Higgs Triplet

Explanation of yy + X Excesses
O Model generated using SARAH

O Free Variables: mpy, ., Br (AO — ;/y) instead of mp .,

(S. Ashanujjaman, SB et al.)
[2404.14492]

2,00 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
L — Best fit
Y I (Combined -
P < X 1.50F 20 L
A0 /7 e -
e -
V[/>|< // ")/ /]\ 100 B =
\\ X % 0 75 B
-+ \\ ra
A < A 0.50-
P
0.25
= 190 130 140

TN A0 [GGV]

Process Simulated
Br (AO — yy) ~ 0.7% at ~ 151 GeV (3.90)
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Explanation in Real Higgs Triplet

Explanation of yy + X Excesses

o BR(AY — yy) compatible with SM Higgs signal strength to yy

" Br(AY = yv) = (0.50-0.90)%,10 Br(A% = ) = (0.31-1.11)%,20 Br(A’ — vv) = (0.14-1.35)%,30
WMo (lo) B Ry (20) h — vy (30)
4 llllllll [ " U 7T [TTTTE"ET? 1@1 2.0 T T rrr oo [T T T TTIoTTTT [T |y T 1 I
C i C i
L d L 2
3 C y % 1.5 = =
; . 5 1
= 23 | = 108 .
b C 1 < C ]
O 1E O sk :
< /r o :
= )= _ : A o 0.0F . . o
T : perturbative uniGaEes T C Tturbative uilite

: 05 ‘ f :
= b, vacuum stability :

< = —1.0] : : :

; Slight Tension with
_15F [UA _93 Ge\/J Vacuum Stability &
- Perturbative Unitarity
—2.0
—0.2 —0.1 0.0 0.1 0.2
Y Y
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Explanation in 2HDM

Description
o Two SU(2); doublets: ¢, and ¢,

O Scalar potential

V(1. ¢p) = m11¢f€b1 T mzzqﬁgébz h m122(¢3¢2 +h.c.) + /11(¢1T€b1)2
+ (D1 2)" + A3(d | ) D)) + Ay(P D) ()P + As((] y)* + h.c)

O Scalar Particles: h, H, A, H*

: 2 _
o Free Parameters: my,, my, my, My, m;,, tan p = v,/v,, a

14



Explanation in 2HDM

Type-|
o Yukawa Sector
Y = — Q1hydg — Orp5ug — Ly hrex
O Suppressed gluon-fusion, VBF, VH cross-section of H for large tan //
O Dominant production channels for H
g q

Small for large 1,

/7
/
w* Z
\
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Explanation in 2HDM

Type-I 109

90+

o Dominant decay modes of H~: v, th

80+

70

O Considered Benchmark Point: 60l

o0+

40—

my = 152 GeV,my, = 130GeV,a — ) =~ n/2
m, = 200 GeV, tan # = 20, m?, = 1100 GeV*

30H [

20 F

BR(Hi5, — th) = 1 — BR(H5, — 7v)[%)

—— —Ax? (Inc. pp — HyseAz0)
..... Type-I-like BRs

10
O Br(H — yy) required at the percent level 4

0 1 o 2 3 4 H
BR(Hiso — vy) x (1 — BR(Hlizso — ¢s))| 0]

O Possible with Effective Operator: F, F //”’¢1T ¢, or in general 2HDM

16



Summary & Outlook

O Model-Independent analysis by ATLAS of yy + X in 22 SRs

O Excesses observed in some SRHs

O Hints for associated production of Neutral Higgs Boson

O Explanation possible in ASM and 2HDIM

O Large Br(H — yy) possible in general 2HDM
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Explanation in Real Higgs Triplet

Model Description

1 [va+hy 2hy
O Extend SM with Y = 0, SU(2); triplet: A = — a0 TA \[ A

2 \ﬁhg —vy — hy

O No direct coupling of A with fermions
Suppressed ggH

O Scalar potential

A
V=—up'p+ f(qb*qb)z — uxTr(ATA) + %[Tr(NA)]2
+AP AP + App T PTH(ATA)

where ¢ is the SM doublet.
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Model Description

O Triplet Higgs production channels at LHC

Explanation in Real Higgs Triplet

Suppressed by

mixing

g AGaE A+
: - g 99999999 -
W+ \\\\ f),/Z N t/by _______ A0 2'00; """"""""""""""""""""""""""
i 1.75F
. \AO : - A {\/5 — 3 TeVJ
B\
5 1.255— '6&
g 1002_ \7 \07«
, , : - 2 0750
O Triplet Higgs DY production cross-section —> ) N
050 NG N
L o 0
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Explanation in Real Higgs Triplet

Model Description

O Dominant Triplet Higgses decay channels

10 T T T T T T T[T T T T[T T L = SN L B I B B N B R B 10 llllllll [TTrTTrTrrTrod [TTTTTTTITT [TTTTrarTd [TTTTTTTT
-~ \
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,,,,,,, - W \
— \ B >& ), r/
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o, 08 | . o
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— B ‘|l| O q //// \
. ,
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\A\/ 1 A N
el A a - 5061 2y, N -
~ \ ¢ \ A
~ = — - Q) S
CC YN/ ". o f_‘D \\ <
— L '| 'I - o : +
/ 5
o0 L = bb L/ il < \ 4 Q
: " 'l' g \\ ,I f
= 04— - = 0.4 ‘\" . z
= [ N e ‘A
;e N _ J UG m ~~~~ \{ W v
,_4 Y o O o =0 oo N
m ] ‘U £ \\l' (5) \\
O 2 e e, Y = 0 2 B 7 \\\\\ k ____________ =
____________________
------- > < < ~
\\\\\\\\\\\\\\\
"“-‘----_________________-_- ",a’ ‘~~,__~ ~~~~~~~~ -
||||| N NN OO =t 1 = = .
10015 U020 100 120 140 160 180 200
@

Branching Ratio of A™
(a = 0.1)

Branching Ratio of A,

(m A0=1 50 GeV)
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Physical to Lagrangian Basis

Real Higgs Triplet

Basis Transformation

Lagrangian to Physical Basis

A@Uz
m,%: 2(1) - tan o
2 2
5 AaUp | Avg
G W EOEE
A
2 2
v§ + 4v
mQAi:A (I) —

tan « (

2
A\ A . /\@_th
/I-) ERCSR S ——
saVA — 5 | Va, g2 )
A Yo o ol
= MAo — MA+
ASAVA — = | Vo, vQA[ - a+]
Q
2
ApA = (MmA0 — Max
UVUA
4UA
. 2
A—FmAi
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Model Constraints

O Mass of AT constrained from stau-like searches

Explanation in Real Higgs Triplet

[CMS: CERN-EP-2022-032]

\
\
1 I IIIII I 1 1 1 1 I

CMS
138 tb™1(13 TeV)

------ ASM
—— Observed

X e Expected -
Y Il 638% expected 1

95% expected -

100. : I
ol
- =
7- N
S 10
)
I
L
= 1 el
1% <]
o
vV <]
T 10—3_
=,
\%
-
+ 10_4 1 1 1 1 I || | | | |
5 100 120

140 160 180 200
MA+ [GGV]

T —

0 my+ < 110 GeV excluded at 95 % confidence level.
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Explanation in Real Higgs Triplet

Model Constraints
O Triplet Higgs produces multiple lepton final states searched by ATLAS & CMS

T —

O ATLAS provides upper limit on visible cross-section for 22 SRs
[CMS: CERN-EP-EP-2021-063]
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Explanation in Real Higgs Triplet

Model Constraints
O Within 95 % CL upper limits of ATLAS

100 ! | | | 1 ! | | 1 1 I I 1 1 1 I

—

1018 \‘
10—2:— \—: -
| 3CoffZ, EFS < 50 GeV, miny € [200 — 400] GeV | [ 4CoffZ, B > 50 GeV, miny € [0 — 400] GeV |
v by oy oy e by oy by b oy by by oy by e J) T TN TN NN T S T TN N SN TN TN N N TN TN T SN AN TN TN SN TN AN T S S T N SN T TN TN N SO T W
120 130 140 150 160 170 180 190 200 - 120 130 140 150 160 170 180 190 200

Tyis |TD]

O Simulated pp — AA* and pp — ATAT
O Upper band obtained for Br(AY — WW) = 100 %

26



4l

]

Real Higgs Triplet
Ly

27

va = 2.3 GeV

0.8
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Real Higgs Triplet Prospects
FCC-ee
* Only Z7/y™ s-channel

- Suppressed AYA° production for a real triplet

* Pair production of the charged components

0.4+

[\/E — 350 Ge\/]

0.3

cross section [pb)

1 l 1 A 1

fo gy ) F W ¥ 3 1 W 6 5 | f 6 X g |
110 120 130 140 150 160

ma |GeV]



Real Higgs Triplet Prospects

FCC-ee
» The decay AT - W=*Z leads to a 6£(+ MET) signature
< Events expected in the ASM model
" Alis2,” 7 ete” - AT AT 62 + MET ~ 46

\ Events expected in the SM model

e ;
Azis2 ‘< e"e” - 6¢(+ MET) = 1
/4

- Log-Likely-hood ratio yields y* ~ 80

- ag(ete” = AT AM) could be measured at = 9g



BR(Hi5, — tb) ~ 1 — BR(Hi, — v)[%]

Explanation in 2HDM

Type-I|

o0 Combined decay modes: H~ — th, H* — v

O —A)(z increases with my;- due to enhanced yy + [b vs yy + llep

100 /

30

100 100

90 90 e

80 |

70 b P .

60 60 60

50 50

40 40

30 30

20 20

— —AY?
=---- Type-I-like BRs =---- Type-I-like BRs 101

L 1 I 1 1 1 1 I | | 1 1 I 1 | | l 1 1 1 1 I || 1 1 1 I 1 1 1 1 [ 1 1 1

0o 1 9 3 A I o 1 2 3 4 5 o 1 3 4 5
BR(H 50 — vY) % (1 — BR(Hi5, — ¢s))[%] BR(H50 — vy) % (1 — BR(HiZ, — ¢s))[%) BR(H50 — 7Y) % (1 — BR(Hi5, — ¢s))[%)

O BR(H — yy) increases with my;

— —AY?
----- Type-I-like BRs

BR(Hi, — tb) ~ 1 — BR(H, — 7v)[%]

10+
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O Bounds on tan(f)

tan

Explanation in 2HDM

Explanation of yy + X Excesses

[J. Haller, A. Hoecker et al.]
I ] 1 I I 1 I I |l 1 I I 1 1 I

Two-Higgs Doublet Model, Type |
| 1 I_I 1 1 I I l 1 I 1 1 I 1 1

95% CL excluded regions

lllllll|llll|llll|llll|llll

[ Illll |

1 I | ] 1 1 1 1 | ] | | 1
400 500 600 700

200 300

M. [GeV]
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Explanation in 2HDM

FCNC & CP-Violation
O General 2ZHDM may lead to FCNC at tree-level

O Avoided In flavour aligned 2HDM

Y=—0Q,Y,(hr+ Cyp)dp — Q1 Y, (¢S + CEpDug — LY, (dy + (b ey

O Complex parameters leads to CP-violation

Yukawa Sector: ¢, C 4, Higgs Sector: /s, A¢, 47

We take them
real
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Explanation in 2HDM

EDM Constraints

o Im(4,) drives Br(A — yy) é

b %0 W e 1 — U
. D id, o™ u
O Correlate with EDM constraints . / 175

(1) =vi, () =V, (D) =v,{(¢h,) =0

O Used analytic expressions of [arXiv: 2009.01258]
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Explanation in 2HDM

EDM Constraints

- - . 10—-30 -1 . |
O eEDM gives Strlngent bounds: 10 ecm de| <4.1x 107" e em 0.1% < Br[A — v7] < 0.5%
[arXiv:2212.11841] d,| < 107*’ e em (prospect) 0.5% < BrlA — vv] < 1%
d,| <107 e cm (prospect) m1% < Br[A — v7] < 4%

0.4, -

O Projection for nEDM and pEDM considered

nEDM < 10™*%¢ cm™!; pEDM < 107 ecm™! 05

[EPJ Web Conf. 262 (2022) 01015] [arXiv:2007.10332]

O Benchmark Point:

my = 200 GeV, my, = 130 GeV,m, = 152 GeV
O3 =0;3=00L¢=¢,=¢=¢
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Explanation in 2HDM

nEDM

O nEDM Is expressed as

d = —(0.20+0.01)d, + (0.78 = 0.03)d, — (0.55 £ 0.28)ed,
—(1.1 £ 0.55)ed; + (50 = 40) MeV ed,;

O dq is the quark EDM and Jq is the chromo EDM

O d, contribution from Weinberg operator

35




General 2HDM

Large H — rY Z, symmetry
O Large Br(H — yy) possible in general 2HDM oroken
OCZ c — /16H1TH1H2TH1 + h .C..,. 0.04- |tg =20, miy = 1100 GeV*, mpy+ = 150 GeV
. ‘ — BR(Hysy — v7) = 2.8%
O Modifies the HH"H™ vertex 0.02- 1o "
| 20

S 0.00

O Enhanced Br(H — yy) via H* loop

Y + +
HE/WE
” \\

—0.02

------

T ——— T



1/c do/dm"

MC/Data

Deviations In ¢ Differential cross-section
No match with SM

| ATLAS: CERN-EP-2023-016 ]

| ATLAS: CERN-EP-2023-016 ]

_l L | I L l LI L L l LI I L l LI L L) I LI I LI '_‘
- ATLAS p e Data 7 he precision of the measurements 1s typically 2% for the absolute differential cross-sections and at the
102 — Vs =13 TeV, 140 fb - - aMC@NLO+Her7.1.3 __ 1% level for the normalised differential cross-sections, except in the highest energy bins where the t7/Wt
= 'f’c,’_ T gow:egargerr\]/\.ng?.OA = interference uncertainty contribution increases. The measurements are compared with a wide range of
- ..I ;._! nghzg:Hfrvz?; > s |MOAEIS for 77 production in pp collisions. No model can describe all measured distributions within their
- o 13 7 e
i : aMC@NLO+Pythias uncertainties
1072 i;_ ' ! -.. Powheg+Pythia8 (rew.)_: -
= oy B Stat error = b
B I Stat @ Syst error -
: S : g
1 _
104 = ; — t
— am*:-' - ’l
= | . % qg W
- ' — 1 “200000000
= m«:«-T - - L E ‘\\ W
107° &= ! = . ‘\\ t
— mn2n - m s o mm Y A
—l 1 L 1 I 1 1 1 1 I 1 1 I 1 1 L 1 I 1 1 1 L l 1 1 1 L I 1 1 1 1 I 1 1 L l—
LI | LI L L LI UL LI LI LI g
(K =ARRRDS oa ARl R ARSI AR RERSS SM Process
: TR, A3 e A LR ik Py ST | b
1 j 35kt i - iyl
0'9 ﬁ L 11 I L1 11 I L1 1 1 l L1 1 1 I L1 11 I L1 1 l—

0 20 300 400 S0 600 7D Mismodelling of SM or NP effects?
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Deviations in 7 Differential cross-section
NP Results ;
O Simplified model with three Higgs bosons

O Preferred over SM by atleast 5.8 o
O Compatible with 95 GeV and 152 GeV Excesses

SM Process

m+ [GeV] m™+ [GeV]
1185. 25. 35. 50. 70. 100. 150. 200. 300. 500. 800. 1185. 25. 35. 50. 70. 100. 150. 200. 300. 500. 800.

1.05 1.05
: o ] ” I
S - 4—'—\_\_\_‘—%%;______,::! oy == 8 I 4—,—\—\—\_%%1 ,____I----— R
(SB, A. Crivellin et al.) S 100 e — S0 S e B — — e =
iy ' T e e e Hi . : . Bl ji |
[2308.07953] =~ = 3 = e
0.95 - 177 095 .. i~
ogol . 000«
5 10 15 20 5 10 15 20
“ bin no. *“ bin no

[— aMCeNLO+Her7.1.3 —— Powheg+Herwig7.04 —— Powheg+Pythia8 —— Powheg+Herwig7.1.3 aMCe@eNLO+Pythia8 —— Powheg+Pythia8 (rew.) —— Average



