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ATLAS

EXPERIMENT

* A triumph of theoretical and experimental

physics

* One of few handles to search for
new physics
* Sensitivity to new physics in rare decays
* Experimentally challenging
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* |n this talk:
* H—>cc
* H>Zy
* Decays to quarkonium and vector
mesons and a photon
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SATLAS Search for H — cC

EXPERIMENT

* Very challenging analysis
« H — ccis difficult to trigger
* Multijet background is larger by many orders of magnitude

* Charm-jet tagging is more complex compared to b-tagging
* YSF Talk later today on H — ¢¢ tagging by Martino Tanasini

e Search using VH production
» Categories based on number of leptons
* Further categorization based on pr(V) and Nje
* Validation of methods on V — cq process

* Evidence for VW(- cq):
observed (expected) significance is 3.8c (4.60)

* Observed (expected) significance of VZ(— cc)
is 2.60 (2.20)

Data c-tagging efficiency + total uncertainty
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https://link.springer.com/article/10.1140/epjc/s10052-022-10588-3
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EXPERIMENT

* Very challenging analysis
« H — ccis difficult to trigger
* Multijet background is larger by many orders of magnitude

e Charm-jet tagging is more complex compared to b-tagging 'A-,'-,_IA'S' - ——
* YSF Talk later today on H — ¢t tagging by Martino Tanasini Vs=13 TeV, 139 fb” J ;fgecte g
. . VH,H—ct —— Observed
e Search using VH production cepon | T T
 Categories based on number of leptons Exp.= 40 x SM
* Further categorization based on pr(V) and Nje tepton | T
* Validation of methods on V — cq process Exp.— 60 SM
* Evidence for VW(- cq): oo | TTTTTRE
observed (expected) significance is 3.8c (4.60) o 5% SM
Obs.= 49 x SM
* Observed (expected) significance of VZ(— ct) I a .....................
is 2.6 (2.26) g)g)n:girfg&n
» Combined observed (expected) limit (95% CL) ™ b HEEERL v e e
on H — cCis 26 (31) of the SM signal strength 95% CL imiton . _

* Alimit on |x./x},| < 4.5 @ 95% CL, from the combination with VH(H — bb)
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CMS -
Search for H — cc

(13 TeV)
e Search using VH production g foms _ poepats
 Combined resolved and boosted approach ; f;j‘j'zz,;‘;;v-f;';‘j“
« Significant improvement in c-tagging performance  §*} "
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. . —_ " . . . | . 138|fb'1(1|3TeV)
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e Search using VH production H
 Combined resolved and boosted approach B
Cc
* Significant improvement in c-tagging performance 15817 (13 Tev)
* Adopting boosted H production utilizing specialized CMS e e oo
c-jet tagger based on the ParticleNet algorithm = 95% expected |
* An improvement by a factor of 3 with respect to the e,
CMS previous algorithm (DeepAK15) ;bse”eZT"‘
erged-jet
* First observation of VZ(Z — c¢) @ 5.7c e .
Resolved-jet

Expected 19.0

* Combined observed (expected) limit (95% CL)  omenearas

oL

on H — cCis 14 (7.6) of the SM signal strength &
* Most stringent limit: 1.1 < |k.| < 5.5at95% CL  &pecearis

Observed 19.1
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Observed 20.4 |
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CMS — /
| Search for boosted H — cC e

* Dedicated effort to look for boosted H — cc process enriched with ggH

r ion
P oductio (o0 CMS Simulation (13 TeV)
* Target p; > 450 GeV and use ECEET
DDT) '(_au 450 < pt < 1200 GeV
( = 40 < mgp < 200 GeV
* DNN discriminators for signal vs. background 2 o] DeepDoubleX discriminator
(QCD multijet) separation g - G Re
_ ) 1019 Q -~ DDCvB,AUC =95.2% _
* Observed Z — cc process with u = 1.00Zy77 8
. . o 10_25_ E
e Observed (expected) upper limit on the 8 |
. . . . T
signal is 47 (39) times the SM expectation T
10_35— =
1060 0.1 02 03 04 05 06 07 08 09 1.0

H — cc tagging efficiency


https://arxiv.org/pdf/2211.14181.pdf
https://arxiv.org/abs/1603.00027

CMS,

Search for boosted H — c¢ 3@?

* Dedicated effort to look for boosted H — cc¢ process enriched with ggH
production

CMs = 138 (13TeV)

* Target p; > 450 GeV and use E1-2“0“5450<|pT<12c|:oeev| | : lgat? - ‘|N<qgi>f
decorrelated taggers (DDT) s ol DeepDoutieX - ZE;Z)) i _

* DNN discriminators for signal vs. background & | - — acp |

(QCD multijet) separation

* Observed Z — cc process with u = 1.0077:19 6"103;
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signal is 47 (39) times the SM expectation 20T
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e Small branching fraction Br(H — Zy)~ 0(1.6 X 1073)

Z Z
Z
W
q W
H---- ¢ H---- W H---
q W %
y
gl gl

* Aratio of Br(H — Zy)/Br(H — yy) is sensitive to BSM effects

* Some systematics cancels, BSM change two branching fractions differently
enhancing the sensitivity

* Pursue eey and uuy final states
* Final state radiation recovery to improve the mass resolution


https://www.sciencedirect.com/science/article/pii/S0370269320305578?via%3Dihub
https://arxiv.org/abs/2204.12945

CMS,

H—>Zy

e Utilize 8 categories

* VH and ttH production (lepton-tagged)
* VBF (dijet-tagged): BDT VBF classifier (D)

e ggH (untagged)

* BDT discriminator (D) to improve S/B
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CMS 138 fb" (13 TeV)
e I e e e L B
© E H-Zy(m, >50Ge —»—Observed 1
2 oF vy, o . Expected - CMs 138 b (13 TeV)
3 - ] 68% expected - i
= - [C195% expected 3 Lepton-tagged |- 14.31104 =
o - . -
= - . — ; H—Zy (m o & 50 GeV)
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§ 5 g e Untagged 2 |— *.Bestm 1.133
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* Observed (expected) signal: 2.7c (1.20) Dijet 3 - | —— 12.33]
. n Dijet combined |—  — 187
* Signal strength: i = 2.4 + 0.9 - = *
* Ratio of branching fractions is consistent Combined |- ot 2.4203
. IS 2 I | | 1111 | I:I 1 I | | | 1111 | 1111 | | | | | | | 111
with the SM @ 1.5¢ Br(H — Zv) | 54 +0.65 10 -5 0 5 10 15 20 25 30
— . . . H
Br(H — vv) 0.58
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ATLAS [F=2>Zy
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* Use 6 categories with different signal-to-background ratio and mass resolution to

enhance the sensitivity
* MVA enriched VBF

e Using photon and dilepton kinematics to
select other signal events

m T

b — = —e— Data
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35008 -2 ATy —
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* Observed (expected) significance: 2.2c (1.2)c

* Best fit signal strength value: i = 2.4¥59
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“™> Search for H to guarkonia

* Small branching fractions |
but clean experimental signature : S v/
« Br(H->Z]J/¥)~2x10"% 77 s
* Br(H - J/¥]/¥) ~2x10710 2o z 7
* Analysis strategy

 Search for ee, uu final states from Z and uu final state from J /W
e Search for double Y decays

ﬁ
cms /- 4u 198 10" (13 TeV) 40CMS Z//lp - 2e2p 138 b (13 TeV) el cms ]/l»b]/‘l’ - 4“ 133107 (13 TeV)
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“™> Search for H to guarkonia

* Small branching fractions but clean experimental signature

e Br(H = Z ] /W) ~ 2x107, — q 9
* Br(H - ]/W]/¥) ~ 2x1071° e T e

* Analysis strategy
* Search for ee, up final states from - ‘ ‘

Z and up final state from J /W

Process Observed Expected Observed
» Search for double Y decays

Higgs boson channel  Longitudinal =~ Longitudinal =~ Unpolarized Transverse

B(H — ZJ/v) 19x107°  (2675)x107®  24x107° 28x107°
B(H — Z(2S)) 6.6 x107%  (71M38)x107®  83x107% 94x1073
8 ozCMS' T o) e asas oszS' T wovasas) :N'b ans B(H — J/¢1/y) 38x107*  (4673¢)x107*  47x107* 52x107*
102 - 1in>)rms) = =4 010 - - = _ _ _ o
<k —$—Daa, s & oen - B(H — ¢ (29)]/y) 21x107% (14708 x 1073 26x107° 29x1073
g XS B s 0t é SR H S, ST BH—(2S)9((2S)) 3.0x107%  (33713)x107® 36x107° 47x107°
- El E B(H — Y(nS)Y(mS)) 35x107* (3.6703) x107*  43x107* 46x107*
B(H — Y(18)Y(1S)) 17x107% (L7795 x107®  20x107® 22x107°

15 3 3 Z boson channel
- i 0 P - N7 it B(Z — 1/¢]/v) 11x1077  (9.5738) x 1077 14x107 16x1077
0o 60 80 100 120 140 1940 60 80 100 120 7140 B(Z = Y(@S)Y(mS)) 39x107  (40%93) x 107 49 %107 5.6 %107

m,, (GeV) m,, (GeV)
B(Z — Y(1S)Y(1S)) 1.8x107° (1.8750)x 107  22x107° 24x107°
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$ATLAS Search for H to quarkonia

EXPERIMENT

* Small branching fractions

« Br(H-J/¥Yy)~3%x107% Br(H->Yy)~107"°
* Focus on uuy final state

* Major background is FSR uuy and y+jet processes

* Estimated from data (shape of exclusive background is from MC)
e 2D simultaneous unbinned fit to mlm and my,,,,

H(Z)

> AR PR | b LU WP LIRS PO B 5 > = L B > LI L L L
8 50[ + Data ATLAS _ 8 E ATLAS } 3 8 35:_ ATLAS } E
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W 30 [ ]B(H— y(@S)y) =1.1x 10 E E
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] g 1B I - 12 10° g Bz  w(2Sh) - 23 x 10° ]
e 30 EIB(Z — Jiyy) =12 x <] [IB(Z - w(2S)y) =2.3 x -
201~ * E - |
| 1 10F } ! = o Ielimiady
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SATLAS .h for H to quarkonia

e Similar distributions for Y (nS)

Accepted to EPJC
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?ATLAS Search for H to quarkonia

EXPERIMENT

e Similar distributions for Y (nS)

* Observations are consistent with
background-only hypotheses
* Br(H - Qy) < 0(107%)

95% CLs upper limits
Branching fraction o X8
Decay | Higgs boson [ 107# ] Z boson [ 107° ] Higgs boson [fb] | Z boson [fb]
channel | Expected Observed | Expected Observed Observed Observed
Iy 1955 2.1 0.6%; 1.2 12 71
v(2S)y | 8555 109 2955 2.3 61 135
Y(18)y | 2873 2.6 1.570¢ 1.0 14 59
Y28)y | 8595 4.4 20: 3 1.2 24 71
Y(3S)y | 3.1%5% 3.5 19523 2.3 19 135
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SATLAS K*/w + v

EXPERIMENT

* Flavor conserving/violating decays
e HZ) » wy » ntn %
*H->K*->Ktn~y

* Dedicated trigger and tau lepton particle flow to identify pions

e Backgrounds are determined

from data § MO I T

o 120:_ \5=13 TeV, 89.5 b = T 1800F \s=13 TeV, 134 fb" —

E C ¢ Data ‘2 - ¢ Data A

Channel 95% CL upper limit M Sooonmrie 4 2O = pgonirize

pp i} E | [ Background 1400 - Background —

C f [ ] B(H—wy)=1.5x10* ] C ackgroun 3

Expected Observed 80, J *DB(MZHM,, - 12001 e kpescos

H — wy [1074] 3.0“:(1)'%g 1.5 ol ' 1000F =

- 800f —

= 2. - - E

Z — wy [1077] S 3.8 ok 600k E

H— K'y[1079]  12.29 8.9 soF- 400p E

’ . 200 =
 Limits for H = wy are ~100 times ;s Wt i + -
~ + ~
the SM expected values E A R 1 5

o 100 150 200 250 o 100 150 200 250 300
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ATLAS

EXPERIMENT Ch for H tO meson and gamma

ATLAS: ATL-PHYS-PUB-2023-004

* These results together with the other ATLAS results on mesons + photon
searches are illustrated below

Z to meson and gamma

H%K*’Y _I T ||||||| T T ||||||| T T ||||II|1I32|fIbIIII T T ||||||| T T III: | | | | I - | _ | - | -
ATLAS Preliminary v2e01.09958 Zsoy |- ' 89510 | | ! O
- \lg = 1 3 TeV 89.5 fb'1 | arXiv:2301.09938
H—- oy 9 ariv:2301.09938 231
- Z—py — l : _
1
Hopy [ B8 Expected ¢ To L |
----- Expected + 2¢ 35.6 fb Zoen ' f,ifoibm o |
H_xP'Y — JHEP 07 (2018) 127 ] ;
© Observed ZsJhvy — l 139 fb° a
H—J/ VY — l :32;?08 15120 ] vy arXiv:2208.03122

: L 139 b ATLAS Prelimi _

H_)W(ZS)'Y I l :33;2%;03122 ] Z_>\|I(2S)’Y l ez \/g =13 Ter\(j minay

139 fo!

139 fp! Z—>Y(1S)y — ' i —

H-T(1S)y — l argi?:2g)8.03122 ] Kresososizz - Expected + 1o
. 139" ]

HoY(2S)y | l 19001 | Zor@sy - o l Expected + 20

R 139 fb_1 o Observed
HoY(@S) [ B ool 1 oz JE el “
Ll Ll Ll 1 111 Ll Lo L L1 1L L 111U e S
- _ _ _ _ _ —7 —6 -5 —4 —3 —2
o . . o . . .

95% CL Upper Limit on Branching Fraction 95% CL Upper Limit on Branching Fraction
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CMS
ATLAS |~ Summary

EXPERIMENT | /

* Studies of rare Higgs boson decays are ol e e e (O50)
essential in the LHC physics program

— SM prediction ATLAS
* Both experiments are making impressive

EXPERIMENT

Nature 607 (2022) 57-59

10"

. } i g8 E
progress in studying Higgs boson E
* First evidence of Higgs boson couplings A
to muons at CMS J e _Lleli“’”f_‘ J
* First evidence of Higgs decay to low-mass £y ) e, B - ian:
n ATLAS — Force carriers  Higgs boson
B Y H
* Improvement not only comes from a larger  "'g b e |,,,. »
data set, but also from using innovative 141
MVA techniques s 12f
. . . . 5 o
* Run 3 will consolidate the evidence in some ¢ *°f ; { g i
decay channels and will bring further efp L o L Lo
improvement in sensitivity o Nt mase (O e


https://www.nature.com/articles/s41586-022-04893-w

ATL

EXPERIMENT
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ATLAS 'H %y*y ATLAS:

EXPERIMENT

* Small branching fractions Br(H — £€y) ~ 10~*

* Use di-electron and di-muon plus photon !

* myy < 30 GeV (excluding J/W and Y resonances)

* Three types of categories
* VBF enriched, high- and low-pTt categories
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EXPERIMENT

* Small branching fractions Br(H — £€y) ~ 10~*

* Use di-electron and di-muon plus photon
* myy < 30 GeV (excluding J/W and Y resonances)

* Three types of categories

* VBF enriched, high- and low-pTt categories

e pTtis strongly correlated with the transverse
momentum of the ££y system

* Use both resolved and merged ee signatures

» Dedicated ID and calibration for merged electrons

e Observed (expected) signal: 3.2c (2.10)
* Signal strength: i = 1.5 + 0.5
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CMS

H— M].,l CMS: JHEP 01 (2021) 148

ATLAS: PLB 812 (2021) 135980

e Very small branching fraction Br(H — uu) = 2.17 x 10~*
* Indistinguishable Drell-Yan background with signal to background ~ 1073

* Background modeling is essential to search for the narrow mass peak
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* Multiple categories based on production processes
e VBF uses DNN discriminator

* First evidence: 3.0o0 (2.50) observed (expected)
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ATLAS:
CMS:

* Really small branching fraction Br(H — ee) =5 x 107°
* Expected enhancement from BSM sources

* No evidence for the decay, 95% CL limits are set
« ATLAS: Br(H — ee) < 3.6 (3.5) x 107> obs (exp)
« CMS: Br(H = ee) < 3.0 (3.0) x 107>
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