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Introduction
2 |

® Standard Model (SM) of particle physics is very
successful in describing and predicting
experimental results

@ discovery of Higgs in 2012: an important piece to

Ordinary Matter
complete SM e The Standard Model

Quarks (a.k.a. our best theary of Na
Mpdla (= l'-1:| er
_r Ir'utera;:[‘rirzrrl:'.tt )
. . . . b : Forces |
© Higgs is really unique and special ol =, ﬂ Z n
@ the only particle that talks to everybody gl [m' g
@ the only fundamental scalar particle \ | =
® the only particle that is condensed in the universe 16| Vi -E Before Jlulv 4, 2012,
LEp‘tﬂns ‘ never directly observed!

® the source of all masses of elementary particles

*Some assembly required. Gravity not included.

® Motivates a detailed study of Higgs properties

@ Including rare decays and its couplings to
different generations of fermions
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Higgs portal to BSM
N

® Strong evidence that physics beyond SM (BSM) exist

® Neutrino masses, matter—antimatter asymmetry, dark matter, gravity and
hierarchy problem etc.

® Higgs boson plays a central role for probing BSM physics
@ Dark matter candidates from rare and exotic Higgs decays
® Axion-Like Particles in Higgs exotic decays

® Supersymmetry
@ Higgs just one of many scalar bosons, superpartners

naturalness

® Composite Higgs
. . . dark
® Higgs spins cancel among constituents e SHEr
@ top partner, vector-like quarks etc.

cosmic

® Extra dimension phase transition

@ Higgs spinning in extra dimensions
® new forces from particles running in extra dimension, KK particles

This talk will present a few selected results on Higgs rare and exotic decays, extended Higgs

sector, DM with higgs
CLHCP2024 16th November 2024



ATLAS VH - cc
2

® ATLAS VH - cc New results e
A TLAS — Observed
@ Based on a re-analysis of the VH — bb/cc 5-13TeV, 140 o' B Expocted £ 1o
VH, H — bb/ct [ Expected + 26
® V=Z/W, split into 0, 1 and 2 muons electrons 0 lepton
taus SV
® Split also between resolved and boosted 1lepton
cases Ot 21 oM
. . . . 2 lepton
® Rapid progress in c-tagging techniques  ge-igxsu
® Graph NNs, transformer networks Combination
Obs.= 12x SM
® Major driver of sensitivity increases S T T e T
arXiv:2410.19611 95% CLlimiton w,,, o
oI 2T T T T
© UyHoce < 11.5 @ 95% CL (106 eXp.) = 20- :F{:Egl%\//,_MOfb" E
. 18 T, g
©® Best limit to date oE E
® Factor 2.5 improvement over previous limit 2: ;
® |k, <4.2@ 95% CL ]
10 =
® Factor 2 improvement over previous result i Sbeeed L e S ebestt
R ot ior S
_255.“..|J..|..‘|.;.|.J.|...\.?
04 06 038 1 12 14 16
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https://arxiv.org/abs/2410.19611

CMS VH - cc
5

® CMS VH - cc Phys. Rev. Lett. 131 (2023) 061801

138 b (13 TeV)

® Leptonic decays of W/Z boson
® With both resolved and boosted jet analyses
® Used GNN based c-tagging

® Uy H=cc < 14 @ 95(%) CL (76 eXp.)

Combined
Expected 7.60
Observed 14.4

T T e
CMS —e— Observed ~ ----- Median expected

BB 68% expected
----- 95% expected

Merged-jet
Expected 8.75
Observed 16.9

Resolved-jet
Expected 19.0
Observed 13.9

oL
Expected 12.6
Observed 18.3

1L
Expected 11.5
Observed 19.1

© Best sensitivity B 112
0
® |kC| < 34 @ 95% CL 95% CLlimitonp, .~
H H CMS\ L D R B ‘1:‘38|ﬂ?_1!'(1\3‘T'eV)
® Most stringent constraint to date S "1 ss0cor<1200 Gev T+ Dan | W
™ 1.8x105  DeepDoubleX BN ZicS)  mm Hob)
8 Failing Region B Z{bb) WM Hicc) |
S 1.5x108 Z{agd) Other
] . = Weq) — QCD |
1.2x10 » —= H(cg) =200 ]
108} Mzieg) = 1.0 Mriee = 9.4
® Boosted H - cc (py > 300 GeV) *
® Boosted fat jets identified with DNN c-tagging .|
@ First observation of Z — cc in hadronic collisions Of e A
Phys. Rev. Lett. 131 (2023) 041801 A st &

CLHCP2024
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http://dx.doi.org/10.1103/PhysRevLett.131.041801
http://dx.doi.org/10.1103/PhysRevLett.131.061801

H — Zy (ATLAS+CMS)
6 |

® Small branching ratio predicted by the SM with loop
processes

Z Z
® Br(H->Zy) =16 x 1073 t w w7
® Sensitive to BSM effects H---- ¢ He---- W H{:}{i
t \\%
w vy
Y Y

® ATLAS and CMS results with full Run2 data
® Events selected with two leptons and one photon
® Optimized event categorization for 4 main production mode
@ Simultaneous fit to m,,, spectra over all categories

. : : - CMS 138 b (13 TeV)
[} r ATLAS 7 T A N L
O go- fs=13Tev.139f"  — G | HoZym =12538GeV 4 pata ] ATLAS: Obs.(exp.)
8 r All categories ] ;jmoog_mlcaiegories — S4B E . .
S 703 IN(1+S/B) WeighteAsUm | § g | SS+B) Welghted B component significance: 2.2 (1.2)o
L [ E Xpecte %10 3
= . 5 5000 L wé)ighted 1
N 60: - %4000; o
sof B e CMS: Obs.(exp.)
L [an} o
[ —e— Dat + 2000 . ofe .
a0k = Soeig o significance: 2.7 (1.2)o
[ oeseee Bkg F
L P L 1 i]= _._._._._l‘..\ e L L b
D ogE T I I \ 3 S A AL AP
T2 E R HeEte] Results dominant by
= 0 SRR 3 & - o )
N :ﬁi - \ 111 | | 11 11 ‘-+I L1 1 ‘ 11 1 1 ‘-+l \+-I Ié g 0 - StthStICGI Uncertqlnty
115 120 125 130 135 140 145 +
3
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https://www.sciencedirect.com/science/article/pii/S0370269320305578?via=ihub
http://dx.doi.org/10.1007/JHEP05(2023)233

H - Zy (ATLAS+CMS)
7 L
® Statistical combination of ATLAS and CMS results

¢« p——— 7T T T T
:l I I I 1 T I T 1 1 1 I 1 1 I 1 I 1 1 1 T I 1 I I T I 1 I 1 1 I I: § 18 : ATLAS and CMS
B ATLAS and CMS ] [ n LHC Run 2 _:
60 :— LHCRun 2 é Data —: 1 - —— ATLAS + CMS ]
[ In(1 +S/B) weighted —— Signal + background i — CMS
— 14 :_ — ATLAS ]

---- Background

Weighted events / GeV
- [4]]
o [e»]
1 LI L I

(]
(=)

N
(=]
LN L L

N
T T

Data — Bkg
(=]

|
N

Phys. Rev. Lett. 132 (2024) 021803
® Best fit signal strength at 2.2 + 0.7 times the SM prediction

® The observed (expected) H — Zy significance is 3.4 (1.6) o
® First evidence of the H — Zy decay

CLHCP2024 16th November 2024


http://dx.doi.org/10.1103/PhysRevLett.132.021803

H - meson + y in CMS
s I

® H - meson(J/Y ory") + y allows to access
the c-quark Yukawa coupling

® Also probes new physics in the loops

® Final states with two muons and one isolated
photon

® Exploring also the Z boson decays
@ Fitto m,,, with different higgs production

pt ut

Process B
H—¥(1S)y 3017512 x10°° - 12807 (13Te)
Z — ¥(1S 8.961151 w108 @ 5L CMS @
o ‘P((ZS)):)’Y 1_03%:{85 106 £ 10 § Preliminary - 15
Z - ¥(28 4837102 108 UF 11
¥(1S) £> ;33;4— 5.961 10083  10-2 & L = _E’
¥(2S) > utp~  8.010% x 1073 3
® No excess observed ol i}
C . 9 0/ CL § 95% CL upper limits §
X Ob ed ]
@ Constraints on k./k, @ 95% : 0 — oo
i —— B £1std. dev. |
® Observed: [-157, 199] [ — 25, dev.
® EXpeCted: [_1 21 ’ 161 ] T Zowisy  Zowesy  Howasy Howesy

CLHCP2024 CMS-PAS-SMP-22-012 16th November 2024



H — D*y in ATLAS
9 I
® H - D"y measurement probes H,. couplings
@® Forbidden at tree-level within the SM
® Sensitive to BSM effects H(Z)

@ Signal is selected with di-tracks and isolated photon

® Major background is multi-jet and phton+jet events
@ Estimated by data-driven method

(D*/D%y Analysis ATLAS
Post-Fit {s=13 TeV, 136.3 fb™
¢+ Data
—— Background Fit 1o
[ Background

o
o

® No excess observed

(o))
o

Events / 5 GeV
— — — |\)
[0 0]
o

Channel Mass range Observed (Expected)  H signal Z signal 40 1 B(HoD )1.0x10°
—10-3 —10-6 —D*y)=1.0x10"
[GeV] background B=10 B=10 120 1 B(Z>D')=4.0x10°
H— D*y  116-126 203 (214.8 £5.5) 25420 - 100
Z — D% 86-96 215 (206 = 14) - 103 + 0.7
Z—K)y 8696 21 (19.5 +2.0) - 42104 80

60
g
® Firstlimits on H — D*y branching fractions :2
at the LHC st hiftrane
= H++*+**++f+**+*§++;;ﬁ++++++mﬁ Thedd
Phys. Lett. B 855 (2024) 138762 & 05——fg———rs———t0———55——5%0
My, [GEV]
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https://www.sciencedirect.com/science/article/pii/S0370269324003204

Summary of H - meson + y in ATLAS
T

® Summary of the 95% confidence-level upper limits on Higgs boson
branching fractions for decays to a meson and a photon.

. o e 136 b )
H—D*y ATLAS Preliminary l arXiv:2402. 18731 7
H-K*Yy - Vs=13TeV o . g’l_3848£ftt7);;023) 138292 7
H—)(D’Y — . Expected + 1o o l §%§4f7b(-21023) 138292

Hopy - ... Expected £ 20 JSHZES of7b(;o18) 127 I
H%(P'Y — O Observed . .?l—|5é90f7b(2018)127 _
H-J/yy - . ;PSJ% fslg(;ozes 781 N
H-wy(2S)y . IlF:’BJ% ;2(12023) 781 7
H-Y(1S)y |- . ;F?J% gte? (2023) 781 7
H-Y(2S)y |- . ;SJ% ;2 12023 781 N
H—>Y(3S)'Y — L . ESJ%£2(2023)781 L _

107 10° 10> 10* 10° 10— 107"
95% CL Upper Limit on Branching Fraction

ATL-PHYS-PUB-2023-004

CLHCP2024 16th November 2024



CMS H - invisible
T

, | I138 fb' (13 TeV}
® Tiny branching fraction in SM ~0.1% S 5o OMS 95% CL upper limits
® Higgs portal model predicts larger values AT F

,I>L 1‘4; [] 95% expected -
® The Higgs mediates interactions between el o s
SM and DM particles = F 2% 0 .
0.8 0.47 (0.40)
® CMS results of the Higgs invisible decays ‘
@ Explored ttH and VH modes with fully
hadronic final states

- 4.9fb" (7 TeV), 19.7 o' (8 TeV), 140 fo' (13 TeV)
. . . N B, LAY T Ty
® Run 1+ Run 2 combined upper limiton  § =" cwus 00% CL limits
. . 5 10" “ B(H — inv) < 0.14 _

the branching fraction 3 Higg poral morsle

Ha E = - - Majorana fermion ?

® 15 % at 95 % CL S R a3

1079 e e ; e

. E "3‘:\\\ | = == Vactor DM i 3

@ Interpreted to probe different DM models  w«¢ N
1074 é— .".," T ;/: " Veclor DM:?':";:GW -

10*“5;—____,-‘— ------ :“‘.: """" ‘—/:"l ............... é

107 ;_ :o.,“,.: ................. _;

10% ;, _~ - Direct-detection

Eur. Phys. J. C 83 (2023) 933 1w+t~ o D50 3

107 Lz

1051' L ool | Ll 1 L
1 10 10° 10°
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http://dx.doi.org/10.1140/epjc/s10052-023-11952-7

H - Za - llyy

® First search for axion like particles in H - Za — llyy

® The light boson as a mediator in axion models

@ solution to the strong CP violation problem ie y
Mass range of search: 1 <m, < 30 GeV. H*g
® Dominant background: SM Drell yan
® Optimized event categories based on BDT scores : ’

@ Designed new photon ID for closed-photons Phys. Lett. B 852 (2024) 138582
® Local (global) S|gn|f|cance of 2.6 (1.3) ¢ @ m_=3 GeV

CMS 138 fb (13Tev)_

e e )
L ] , CMS 138fb1(13 TeV)
O | ,F M=1GeV i Data E 10°¢ : z : i :
‘g 12 - — S+Bit i o) - —_ Observed ;
(] o 11 B component ~ = L Pe-e- Median expected
o 10k Ea Ny = & L | I 68% GL, expected:
C [+26 ] + : 95% GL expected
8L Y B ‘
6 ‘1 |
C N -
4 0 C
2F L B
» o
0 i B
10F T B : :
g T
SE & 1 SIS S S
; o =
)], L
F C | | L C I
S ‘ ‘ ‘ ‘ . . 7 0 5 10 15 20 25 30
100 110 120 130 140 150 160 170 180 m, [GeV]

mgz[w (G EV)


http://dx.doi.org/10.1016/j.physletb.2024.138582

H — aa - bbtT

REN
. . +
® First search in ATLAS for decays P T
of the Higgs boson into a pair of 0 _
pseudoscalar particles decaying -—-<Z_
into bbtt “ T
p
@ Novel ML algorithm to identify low  _ 0.1 e
mass merged “double b-quark” S 0.09F Al fa"‘va o —— Observed E
jetS j; 0.08; All channels combined - E);E:thd 1o —i
o c,]? 0.07E Expected+2c6 3
® Improves the sensitivity at low T, 065_ E
mass 3&5 0'055 :
I |3z V.Vop
°l° 0.04
(@)
® No significant excess above the g 003
SM background expectation is q 002
< 0.01
Observed ';O ol by b b by b by Py

IIIII
15 20 25 30 35 40 45 50 55 60
m, [GeV]

Phys. Rev. D 110 (2024) 052013
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https://link.aps.org/doi/10.1103/PhysRevD.110.052013

Extended Higgs A in 2HDM

CMS Preliminary 138 b (13TeV)
T -

® SearchforA — Zh (h - t7)

dN/dm (1/GeV)
>

® Dedicated mass estimator corrects for missing 16 no btag
momentum from neutrinos while constraining h " Eroducible

10 [ other 3

mass to 125GeV 08 —gg—>A(350)

----- bbA(350)

® Good mass resolution of 5-7% o H]

® Also probes bbA production mode 00
2 3E :
0 E I :
o 2E [ |y
® No excess observed I SRR, 1“# |
+ IIIE E
CMS Simuiation 2018 (13 TeV) CMS Simuiation 2018 (13 TeV) goo 300 400 500 1000
ma =300 GeV ma =300 GeV myzr (GeV)
0.40 A vis vis
— My 0.8 - — Myzc
0.35 1 me T M ” CMS Preliminary 138 b (13 TeV)
— MY = - - u u
0.30 1 ’ f-./ - bbA
0.6 1 =1.2 —8— Observed —
0.25 A ? o e Expected
S 1.0 68% expected ||
0.20 A 0.4 1 e 95% expected | |
Z 08
0.15 - g
0.10 A 0.2 e \\
0.05 L 04 \/»rv\.\
0.00 . . . . . 0.0 : ; . . . 0.2 i
0 50 100 150 200 250 300 100 150 200 250 300 350 400 : -
Reconstructed 7T Mass [GeV] Reconstructed £{tT Mass [GeV] 0.0 i i i
’ 300 400 500 600 700 800
CMS-PAS-HIG-22-004 m, (GeV)
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Extended Higgs H* in 2HDM

s A A———
© Previous ATLAS H* — cb analysis JHEP 09 (2023) 004

— 1.2 T T T T T T T T T T
. R barlas | o peened 1
® Excess observed around 130GeV with S ClmnTeven g ]
global significance 2.5 o S poectime e E
E 0.8 — X=1, Y=1, Z=1 _
1 — X=5b,¥=1,Z=5 -
) ——— X=10, Y=0.1, Z=5 |
+ TR -
® RecentATLAS t - H*b search with H+ —» ©° .
0.4
cS
. . . 0.2
® Simultaneous tagging of b and c jets
® No excess observed Qo™ 7680 60 00" 110" 120" T30 140 15{(; \1/;30
20 L L L | [N L LU LI | AL LD I I L
104 ATLAS — Observed
E (s=13TeV, 140%7 . Eypected
3k I Expected 16
2r [ ] Expected +26
1 —_

95% CL upper limit on 98, [%)]
|

0.03F

- N PP R B E
60 80 100 120 140 160

m,,. [GeV]

arXiv:2407.10096
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https://link.springer.com/article/10.1007/JHEP09(2023)004
https://arxiv.org/abs/2407.10096

Extended Higgs H in 2ZHDM
16

® Heavy higgs to dark matter with b-quarks and lepton pairs
® First time at the LHC

@ Dark Matter candidate x appearing as a large momentum
imbalance in the CMS detector

® Sophisticated ML techniques use to distinguish signal and

backgrounds
® No excess observed CMS-PAS-SUS-23-018
CMS Preiiminary 138 fo' (13 TeV)
1 @_ 25 : :I T :l .' T .. T T T
102 CMS Preliminary 138 b (13 TeV) c - : ] :
L=l E T T T T T T T T T T T T T T T T T T T T T T T T E (“
ﬁ 10 E_ 95% CL upper limits _: -
m 1 i_ -e- Observed - - - Median expected E 20+
© ] ; . 68% expected 95% expected ;
107 E -
E my, = 400 GeV (x10°) 3
102E 2 = i
102 a g m, = 500 GeV (x10) 3 15
107 z_ i my, = 600 GeV (x10%) E
107 ; m,, = 800 GeV (x107) é 10+
g / 3 = Observed
107® = - m, = 1000 GeV (<10") 3 \ o/ e Median expected
107 é‘ m, = 1400 GeV (<10 -é ------- 95% expected
1070 | T———— . ST 2HDM+a, m_=m,=m,
10°F E——————————______e 2000 GeV (107 3 m,=300 GeV, sin 6=0.35
1010 A T T m,=45 GeV, y =1
0 500 1000 1500 2000 2500

0 L L 1 L L L L
m, [GeV] 400 600 800 1000 1200 1400 1600 1800 2000
CLHCP2024 m, [GeV]



Higgs+DM in 2HDM+a

® 2HDM-+a: extension of the Standard q
Model that includes two Higgs doublets ; h
and an additional pseudoscalar particle ; A‘
(a) t a < 9_6
@® Search for dark matter produced with a q X
Higgs boson decaying to 7t
CMS-PAS-SUS-23-012
® No excess observed
CMS figliminary 101.2 b (13 TeV)

DM+a,h — 11

—— Observed 95% GL 10 §

® Results interpreted within the framework - a0
of 2HDM+a and the baryonic-Z' models. “t1sd

® heavy pseudoscalar masses between 400
and 700 GeV are excluded for a light
pseudoscalar mass of 100 GeV

® Z masses up to 1050 GeV are excluded
for a dark matter mass of 1 GeV

S
95% CL limit

2
1000 1200 10

CLHCP2024 m, [GeV]



Summary plot with BSM Higgs in ATLAS and CMS
T

The interpretations of various searches for additional Higgs bosons beyond the Standard
Model, as well as the Higgs boson coupling combination, in the hMSSM and the 2HDM

.CMS Preliminary 35.9-138 fb™ (13 TeV)
60 May 2024 a 10 % T M T T T T T r é
[eal [0 gg/bb HA HA - @© =
c 139 fb” =
Phys. Rev. Lett. 125 (2020) 051801 =|
= 1 L 2HDM:S
- [0 tb) H', H' = v, 36.1 fo = E =
30 JHEF (2018) 138 m - i
[ bib) H/A, HIA - bb S B 4 |
o0 F g 1 27.8 o 10 E- Iy
it D . Phys. Rev. D 102 (2020) 032004 d = ‘!‘ ,'7
[ H—ZZ - 4lfvy, 138 b 5 C -
Eur. Phys. J. C 81 (2021) 332 P T R I P 1 | S \ V S I
1 S |
[ A-Zh h—bb, 139 " 0 E S
1 0 ] JHEP 06 (2023) 016 C .
. JdE3 ) H L H > tb, 139 16 = 5
=" o - JHEP 06 (2021) 145 107" = =
' ATLAS Preliminary |23 H - Ww - viv. 139 it = E
5 hMSSM, 95% CL limits | g WS T 0000 = ]
4 Run 2, {s =13 TeV . 126 - 139 o 102 =
3 — Observed - arXiv:2311.15956 = ] Observed exclusion 95% CL 3
=== h couplings [k, K, ¥, - - . _
.-~ Expected 361 159 o 4 109 == Expected exclusion 95% CL ]
2 - arXiv:2402.05742 E H — aa — pppp H—aa — 1t E
0 ttHA, HA > tt, 138 b = PLB 796 (2019) 131 PLB 800 (2019) 135087
ATLAS-CONF-2024-002 B H — aa — putt H — aa — putt n
 — 99 H/A, H/A - t, 140 ! 107 E JHEP 08 (2020) 139 ‘ JHEP 11 (2018) 018 =
1 ! anxiv:2404.18986 E nlgza; 0—0>7||bb nlg 1383 0—2>6bbbb E
200 300 400 1000 2000 1oL , L e ]
m, [GeV] 1 2 3 4 567890 20 30 40 50 60
m, (GeV)

hMSSM exclusion in ATLAS 2HDM+Singlet searches in CMS
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Conclusion
2

® Rare and BSM Higgs studies are one of the most promising corners to
look for new physics!

® Many new results delivered by ATLAS and CMS experiments
® Improved constrains on the c-quark Yukawa couplings
@ Frist evidence of the H — Zy decay

® New results with Higgs to meson+photon to probe light quark Higgs
couplings

® New search channels in BSM Higgs
@ Better constraints on BSM models

® No significant excess observed so far

® Greater sensitivity and new physics discovery potential in the future
® More statistics coming in Run3
® More advanced techniques in analysis (tagging, classification..)
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Two Higgs doublet model (2HDM): H*, A, H, h

@® Search for bosons of an extended Higgs sector in b quark final states
® Exploring the invariant mass distribution of the two b-jects with the highest p;

g b
A )
0————<

I
Q0000 p—=—

@ Two different signatures explored to maximize sensitivity over a wide

Mmass range
® Semi leptonic (SL)
® Fully hadronic (FH)

® No clear excess observed

CMS-PAS-SUS-24-001

CLHCP2024

a(bb)B(¢ — bb) [pb]

10°

102}

10

100

107"E

CMS Preliminary 121.4-126.9fb™" (13 TeV)
L | L B L BN B L L

T
95% CL upper limits ]
—eo— Observed
- Expected
Bl 68% expected |
95% expected |

—— 2016 FH Exp. ]
— 2017 SLExp. |
— 2017 FHExp.
—— 2018 FH Exp.

b e
250 500 750 1000 1250 1500 1750

m¢ [GeV]
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