SIES — Exotic production and decays of the

125 GeV Higgs - ATLAS

Rocky Bala Garg
Stanford University

4

On Behalf of the ATLAS Collaboration

ST LHCP 2023 *

Large Hadron Collider-Physics Confefence
Belgrade, 22<26-May2023




Overview: Why is Higgs everyone’s favorite?

Higgs
: = Since its discovery in 2012, Higgs has A puzzle that
4 caught everyone’s attention fits perfectly
4 * It has a unique place in the Standard with Standsrd
Model (SM) famlly o 0[6[ ’out may

= And may have potential links outside of

the family nect to other

mensions
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From CERN Yellow Report: 4.1+£2.3 MeV
Latest measurement (2304.01532): 4.5“:32% MeV
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Higher decay width — Potential Higgs decays into new states
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Rich Experimental Program

Precise measurement of Higgs couplings to SM particles

Search for additional Higgs-like states

And the topic of this talk:
Search for “exotic” production/decays of SM Higgs



Exotic producﬁon/ decay of SM Higgs: Various man'gfestaﬁons

Exotic Higgs decays in rare SM particles
Exotic Higgs decays in new BSM! final states

SM Higgs production in association with new exotic final states

'Beyond the Standard Model



Exotic Higgs decays in rare SM particles
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arxiv: 2208.03122

H — )/¥+Y or ®(2S)+Y or Y (15,25,35)+Y — w'uy

3 f ' ' 3 f ' ' "] 3 1605 8and EC Categories ATLAS S
&3 70 %1'11.3.4 Tiv, 139 b E 8 35 Asg:;q T‘zv, 139 b = 8 1605 P and EC ateo gLL:Tiv,mg fo! .
a0 F 29<m,, <33GeV 1 & _F 35<m,, <3.9GeV 1 « 140 9.0<m,, <98GeV
% 60:— + Data ) - % 305_ ¢+ Data ! _E é 120:_ ¢ Data —:
:>j 503— ;Eiglltliriszngaizground - 5 251 ;E:gll:.ugsrigzn;azlliground ] L%) 100__ ;Exz:i::r;‘az;gmund __
E [ly(nS) Background E F [lw'(nS) Background 3 - [C]7(nS) Background
40 [ Dimuon Background - 20— [ Dimuon Background — - [I Dimuon Background 1
c [1B(H = J/yy) =2.1x 10: E E [JB(H— w(2S)y) =1.1x10° 3 801 [CIB(H - Y(15,25,3S)y) = (2.6,4.4,3.5) x 10*
30;_ [OB(Z » Jyy)=1.2x10 = [B(Z - y(2S)y) =2.3 x 10° _: 605— [CIB(Z - 1(18,25,38)y) = (1.0,1.2,2.3) x 10° _f
20 of B H— Y(1S,2539)y -
10 20 -
"4 , it - : 1
8 50 100 150 200 m250 [Ge\:;]oo 8 50 100 150 200 250 300 8 50 100 150 200 250 300
wwy Ly [GEV] M,y [GeV]
55% CL u';per T - = H — J/w+y or ¥(2S)+y: allow access
Branching fraction o %X B to the charm-quark Yukawa coupling
Decay | Higgs boson [ 107# ] Z boson [ 107 ] Higgs boson [fb] | Z boson [fb] = H— Y(1S,28,3S)+y: provide
9 9 *
channel | Expected Observed | Expected Observed Observed Observed information about the bottom-quark
+0.8 +0.3 . .
Iy 19205 2.1 0.6 1.2 12 71 coupling to the Higgs boson
+3.8 +1.3
v(28)y 8.57% 10.9 2973 2.3 61 135
+1.3 +0.6
Y(1S)y 2.8%3 2.6 1.5%5% 1.0 14 59
+1.6 +0.8 .. .
YQ2S)y | 355, | 44 2.0%56 1.2 24 1 No Significant excess over SM expectation
Y(3S)y 3. lﬁ(l)'_g 3.5 1.9“:‘())'_2 2.3 19 135



https://arxiv.org/abs/2208.03122

Events / 2.5 GeV

Data / Fit

140

120

100

80

60

40

20

arXiv: 2301.09938

H/Z — oy — T'TTT°Y or H/Z — kY — k'TTy

= These decays can probe the couplings of Higgs boson to 15t and 2™
generation quarks

= Theoretical SM branching fraction for H —wy = (1.48+0.08) x107¢ (Ref)
= Observed UL@95%CL for H -y = 100 x SM
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Exotic Higgs decays in new BSM final states
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Great benchmark and lots of ongoing efforts
Dedicated ATLAS talk in Monday’s parallel session by Mohsen

Latest results on H — invisible combination:
Elliott’s talk in Thursday’s Plenary



https://indico.cern.ch/event/1109611/contributions/4771686/attachments/2444657/4188910/LHCP2022_Swagata.pdf
https://indico.cern.ch/event/1109611/contributions/4771753/attachments/2444794/4195787/LThomas_HInvisibleATLASCMS.pdf
https://indico.cern.ch/event/1198609/timetable/?view=standard
https://indico.cern.ch/event/1198609/timetable/?view=standard

arXiv: 2212.09649 |

&Higgs decay into dark matter pavﬁcles
ZH — llyy ;where | = e/u

= Signal topologies with massless and massive dark
photon are considered
= A boosted decision tree (BDT) has been used to

distinguish signal events from SM background g z h
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arXiv:2302.05225 13

Lepton—ﬂavowr VIO la’cing decays of Higgs Boson
H—eT or uT -

» Hadronic and leptonic decays of t-lepton are studied —
four distinct final states
= Three statistical analyses are performed:
* Independent search for H — et process, assuming H Result compatible with SM within 2.10

— ut signal to be zero ® 03 : ATLIAS S Oeswa
= Independent search for H — pt process, assuming H ~ © 025 s=13Tev, 13810 Qoo 1
— 7 signal to be zero i 0.2 xsMo
= Simultaneous determination of H - erandH —pr & | ]
signals
= Multivariate techniques like BDT and DNN are employed 01 ] E
to achieve maximum separation between signal and 0.05 - .
background of . E
| coaa v b e b v b v b v b v by aa s

05 L .
01 005 0 005 01 015 02 025 03
B(H —et)in %


https://arxiv.org/pdf/2302.05225.pdf

SM Higgs production in association with new exotic final states
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arXiv:2207.00230 15
Exotic pvoducﬁon of SM Higgs in association with a vector boson

W/Z /A — VH — llbb or bbb or [Vbb where | = ¢

T
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= Search for new vector resonance in the mass
range 300 GeV -5 TeV

= New vector resonance decays into a SM Higgs
boson and a SM vector boson
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Around 20 local excess in all cases at different mass points
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m, [TeV]

New heavy resonance, Y — XH — qq’o’o

= Fully hadronic final state with Higgs — bb and X — qq considered

(though different possible decays of X)

= Highly boosted so jets from Higgs and X are collimated
= Anomaly detection based on VRNN (Variational Recurrent Neural

Network) 1s used to define one Signal Region

Obs. Limits
0.342 fb for (my = 5000 GeV, my= 600 GeV)
1.22 pb for (my = 2500 GeV, my= 2000 GeV)

ATLAS Preliminary
Vs =13 TeV, 139 fb!
Expected CLs

ATLAS Preliminary
Vs =13 TeV, 139 fb"!
Observed CLs

| R
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No Significant excess over SM expectation

107

95% CL limit on o(pp—Y—XH—qgbb) [pb]
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95% CL limit on o(pp—Y—XH—qqbb) [pb]

ATLAS-CONF-2022-045
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Exotic produc’cion of SM Higgs in association with a new parﬁcle

X
> ~
H ~.
b
X/H Candidate Large-R Jet Selection
min(Dbe(Jl, 5)) max(Dth(J 1))
X-Tagging H-Tagging & Background Estimation
/
----------- . Dbe 2 Low Side Band Higgs mass window
Anomaly : -------- >
LSB1 SR HSB1
-----------
N 1
Two-prong (merged) 1= = = = = = = = < >
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""""" (=2.44)
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7
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Dypp: Jet-level discriminant
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ATLAS-CONF-2022-069 | 17

Exotic producﬁon of SM Higgs in association with a dark matter candidate
A— aH— 1T+ E!_.  (mono-H)

= First exploration of mono-H — Tt signature with hadronically decaying ts

X
t _i-- . . .
- < « ! . < X tanf: Ratio of vacuum expectation
tA t R — .
! < - > < - values of two BSM Higgs
~—- h ‘\\
h T

A: CP-ODD Higgs Boson
a: Mediator between SM and DM
X: Dark matter particle

t

oS . .. No Significant excess over SM expectation
» Dark matter particle appears as ET ;s < 1600 s 100
& E ATLAS Preliminary 2HDM+a model, sin(@) = 0.35, tan(p) = 1 :_.é C A'I:LAS Prelimina?( 2HDM+a model, sin(@) = 0.7, m_= 250 GeV
Signal region Tyis [fb] Sobs Sexp CL, po (2) 12001~ —— Observed limit i Observed limit
LOWm A SR 1000: ---------- N
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T T e 800 :—Exclusig/ ,

[100,250] GeV | 0.08 | 10.7 12532 0.27 0.86 (~1.07) . =
[250,400] GeV | 0.07 | 9.1 7.6%{1? 0.72  0.30 (0.53) i Exclusion
[400, 550] GeV 0.08 10.8 8.9“:%'_g 0.75 0.26 (0.65) E 2 I
> 550 GeV 004 | 5.8 6.07¢ 042 0.61(-0.29) 20903"#5'5“'265‘“2;5“'360‘“'3;5"aacs“aéa“'séa[‘e;élso S50 5 TS R 0 o
High,,, SR
m,}l + m;z

New results on SM Higgs exotic production: X — SH —-VV1r
Details in ATLAS status talk: Monday morning Plenary

[400,750] GeV | 0.05 | 7.6 8873, 034 085(-103)
> 750 GeV 0.04 | 54 4612 067 034042
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Particles produced with Higgs Boson

Total 22 signal ﬁnal states

|
= Selection criteria not orthogonal, an event can belong to multiple signal regions
Target Region Detector level Particle level
’_ Heavy >3b Mjer 2 > 3, 85% WP My e 2 >3
flavour >4b My ie = 4, 85% WP My 24
>4j iy 2 4, [mjece] <2.5 My 2 4, |njer] <2.5
o >6j Mgy 2 26, el <2.5 Mgy = 26, |njet|] <2.5
ng_h.Jet >8j N 28, et <25 N 28, et <25
activity Hp >500GeV  Hp > 500 GeV Hry > 500 GeV
Hrt > 1000 GeV  Ht > 1000 GeV Hyp > 1000 GeV
Hrt > 1500 GeV  Ht > 1500 GeV Hy > 1500 GeV
E‘Tniss >100 GeV E‘Tniss > 100 GeV E,‘rmss’tru > 100 GeV
Efpis EDis 5200 GeV  EXISS > 200 GeV ERSST™ > 200 GeV
EDs >300 GeV  EX'sS > 300 GeV EXS'™ > 300 GeV
b Ne=ep = 1,n, . 2 1,70% WP ng—e y > 1, Mo 2 1
Top e =1, n ¢ = N =1,
Hep 70072 "%/P Je b-jet Rp=e,y = 1, Rjet = nb—jet =1
Ne=e,u = 0, Rjet = 3, nb—jet =1, — - —
Fhad 70% WP, BDT,op, > 0.9 Meze = 0 Miee = 3,1y joy = 1
>1¢ Ne—ep 2 1 Neey = 1
2¢ ee, Ui, or ey ee,uu, or ey
Lepton 27 ee,uu,ep; \mep—mz| > 10GeV  ee, uu, ey; |mee—mz| > 10 GeV
for same-flavour leptons for same-flavour leptons
SS-2¢ ee, uu, or ey with same charge  ee, uu, or ey with same charge
>3¢ Ne=e,u = 3 Rp=e,yu = 3
>21 Nz had = 2 ny>2
- 1)/—m12 ny > 3, my, defined with y1,y2  ny > 3, m,, defined with y,y>
Photon 24 . .
ly-my, ny > 3, my, defined with y2,y3 1y > 3, m,, defined with y2,y3

Upper limit on visible o [fb]

-
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New physics in final states with H — Y decay

arXiv:2301.10486

Decay of a BSM state produce Higgs boson along with other particles, defining different signal regions
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No significant excess beyond SM expectations
Obs. 95% CL upper limit range: 0.05fb — 0.7fb
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https://arxiv.org/pdf/2301.10486.pdf

Summary

» Rich and exciting program for the search of exotic production and decay of
Standard Model Higgs boson 1s on-going at ATLAS

= All the presented analyses are based on full Run2 data from ATLAS detector
» Several new Run2 results are 1n the pipeline
" Many more fascinating results with Run3 data

Thank you fov your attention!!
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