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Landscape of Higgs Searches

« Soon to be 10 years since Higgs discovery
» Precise Higgs mass measurement ~ order of per-mille
* ~90 % of Higgs branching is observed

» Datasets with millions of Higgs bosons
recorded by ATLAS & CMS enabling
further exploration

* Rare decays

e H>puy,H—>ee, H—>2Zy,H—cc
« Exotic decays

e H-=invisible, H = aa
« Extended H sector

» MSSM, Charged Higgs
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Outline

Rare Decays

VH - cc ATLAS-HIGG-2021-12, CMS-HIG-21-008 Jan/Mar 2022
ggH - cc CMS-HIG-21-012 New
H- Zy ATLAS-HIGG-2018-42, CMS-HIG-19-014 2020/2021
H- pp ATLAS-HIGG-2019-14, CMS-HIG-19-006 2020
H- ee ATLAS-HIGG-2018-58, CMS-HIG-21-015 Moriond 2022 (CMS)

BSM: Exotic Decays

VBF H - invisible ATLAS-EXQT-2020-11, CMS-HIG-20-003 Jan/Feb 2022
ZH - invisible ATLAS-HIGG-2018-26, CMS-EX0-19-003 Nov 2021, 2020

Low Mass H = aa - 4y CMS-HIG-21-016 Moriond 2022

Low Mass H = 2y ATLAS-CONF-2022-018 Moriond 2022
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-12/
http://cms-results.web.cern.ch/cms-results/public-results/superseded/HIG-21-008/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-42/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-014/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-14/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-58/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-015/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-11/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-003/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-26/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-003/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-016/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-018/

Outline

BSM: Extended Higgs Sector

tgX - bb ATLAS-CONF-2022-027 New

W*H ->W*WW ATLAS-CONF-2022-033 New
ttH/A - tttt ATLAS-CONF-2022-008 Moriond 2022
MSSM/VLQ ¢ - Tt CMS-HIG-21-001 Moriond 2022
High Mass H-WW CMS-HIG-20-016 Moriond 2022
H*->HW?*, H-> Tt CMS-HIG-21-010 Moriond 2022
H** - [*1* ATLAS-CONF-2022-010 Moriond 2022
H* -» WZ -(nll ATLAS-CONF-2022-005 Moriond 2022
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-027/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-033/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-008/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-001/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-016/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-010/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-010/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-005/

H—- cc

« Yukawa couplings to 2"d generation of fermions
Key test of SM.
e Difficult

20x smaller BR than H — bb
« Charm quark signature in detector less prominent
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A first evidence
at HL-LHC?

LHC Seminar: Constraining the Higgs-charm coupling at CMS
H. Qu & L. Mastrolorenzo
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VH - cc (ATLAS)

 Analysis strategy
« 0,1, 2 lepton categories
* Further split by number of c-jets

e Limit set at 26 (31) x SM @95% C.L.

 Evidence for VW - cq
« 3.80(4.60)

e\ —> cCC
e 2.60(2.20)

ATLAS-HIGG-2021-12
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-12/

(13 TeV)

e Observation of VZ = cc w00 .

Expected 19.0
Observed 13.9
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https://indico.cern.ch/event/1109611/timetable/?view=standard#725-boosted-algorithms-for-sea
http://cms-results.web.cern.ch/cms-results/public-results/superseded/HIG-21-008/index.html

VH = cc, Constraining k_

* ATLAS
* First direct limit on |k .| < 8.5 (12.4 expected)
« Simultaneous constraint |K./ K,|< 4.5

* CMS
* 1.1 < k. < 5.5 (3.4 expected)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-12/
http://cms-results.web.cern.ch/cms-results/public-results/superseded/HIG-21-008/index.html

Talk by Tristan

VH - cc, Extrapolation to HL-LHC

* Targeting simultaneous constraints for k. and K,

CMS Phase-2 Projection Preliminary 3000 fb” (14 TeV)
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https://indico.cern.ch/event/1109611/timetable/?view=standard#761-higgs-charm-coupling-const
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-12/
http://cms-results.web.cern.ch/cms-results/public-results/superseded/HIG-21-008/index.html

g8H — cC

- Higgs candidate as AKS8 jet, pT > 450 GeV

* Signal identification with DeepDoubleX
« CNN/RNN/FC, low-level inputs
* Mass-independent via dedicated training samples

* Validate with Z = cc measurement

, CMS Simulation Preliminary (13 TeV)
> 100 e, — : —
§ I 300 < pr < 1200 GeV
e 20 < mgp < 200 GeV
o I
a | DeepDoubleX discriminant
©
» — DDCvL, AUC = 93.6%
£ 10} g -
a I —-- DDCvB, AUC = 95.2%
£ B
P
T
S
[m]

8 102 -
/
7
/
/
/
0 | A [ [ I -
00 01 02 03 04 05 06 07 08 09 1.0

H — c¢ tagging efficiency

19th May 2022 Andrzej Novak LHCP 2022

Events / 7GeV

NEW

—_
N
x
e
o
=

104

8x10%

6x103]

CMS Preliminary
AR L L

| 450 < p7< 1200 GeV
DeepDoubleX
— Passing Region

_+_

Data W(qg)
Bl Z(cC) mm H(bb) -
Wm Z(bb) mm H(cc) -
Z(qq) X Other |
mE W(cg) — QCD
--- H(cg) x 200

Mzes) = 1.0 Mg =8.6 ]

138 b1, (13 TeV)

LI B
Bkg. unc. ]

PRI R
100

120

140

10

160

180 200
jet mgp [GeV]

.
Institute Ml A



g8H — cC NEW

- Observation of Z - cc NS Prelmzay R ST,
 Firstat LHC in Z+jets 022018 !
« Significance >> 50 ot
20187
. . . Exp=141 x SM o
* Inclusive in H production mode o orpecee
e ~50% ggF, ~30% VBF ---- Expected
2018 —4— Observed
Go3 254 » SM
* Limit set at 45 (38) x SM @95%cCc... @~ | o |
« Entirely orthogonal to VH - cc -
* Not yet sensitive to K, Oo245 x oM
0 | ‘1CI)OI - ‘2(|)O‘ - ‘3(|)O‘ - '460' - ‘SCIJOI -

95% CL upper limit on p(ggF, H — cC)
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H- Zy

* ATLAS
* 3.6 (2.6) x SM @95% C.L.

« CMS
. 4.1(1.8) x SM @95% C.L.

e Statistically limited

Run3 expected to be interesting
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-014/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-42/
https://indico.cern.ch/event/1109611/timetable/?view=standard#756-higgs-rare-decays-at-atlas

Talk by Milos

H = pp

*« ATLAS *CMS
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x10° 137 b (13 TeV)
> :""I""I""IIIlI II"I""I""I""I""I"": > \\\\\ [TTT T[T T T TTTT jrrrprrrrprrrrT T T TS
& 300 ATLAS -+ Data — & 8% cms ¢ Data E
S 250:_ Vs=13 TeV, 139 fo! _-Srptal Fdff = E 700F  All categories — S+B (u=1.19) —
5 N H o _Bll?na dpfd E S oo SI(S+B)weighted ... Bkg. component ]
S 200/ o EKO-P = i m,, = 125.38 GeV B:io :
i = - B 500
150 _; S 400
— - [
100:— = Esooj
= = 2
50— — ) 200
. = = D oo
g'lggg 0:\I\II\IIIlIIII‘II\IlII\II\\II‘IIII‘II\I:
, 0 c.) 5-\I\I|\III|IIII‘II\I|II\I|\\II‘IIII‘II\I
e g % 4 ¢
c —500 G 0
0 _1000 8

_5JltllJIIIIIIII{IIJI'IILI'JLIIJIIII{IIJI

110 115 120 125 130 135 140 145 150 155 160 pholn o oo Lo b d
m,, [GeV] m,, (GeV)

19th May 2022 Andrzej Novak ATLAS-HIGG-2019-14 LHCP 2022 CMS-HIG-19-006 13 -8, |FWH



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-14/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006/index.html
https://indico.cern.ch/event/1109611/timetable/?view=standard#756-higgs-rare-decays-at-atlas
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-015/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-58/

mediator?

Standard Hidden
Model sectors

Higgs interaction

with mediator Higgs portal

BSM: Exotic Decays
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H - invisible

* SM prediction for H=>ZZ*— 4v ~ 0.1%
« Enhanced in various BSM models

* Challenging experimental signature
* Missing E;

* VBF most sensitive
« Offers balance of production rate & background rejection

 All production channels explored by ATLAS + CMS

Talk by Laurent

19th May 2022 Andrzej Novak LHCP 2022
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https://indico.cern.ch/event/1109611/timetable/?view=standard#634-searches-for-higgs-boson-d
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-11/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-003/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-052/

VBF H = invisible X

* Limits set on Dark Matter, Higgs Portal models
 Qutperforms other experiments at low mgy
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ZH - invisible

« Z = Il final states
Fit BDT (ATLAS) or p*ss (CMS)

R, <0.19 (0.19 exp.) @95% CL (ATLAS)
R, < 0.29 (0.25 exp.) @95% CL (CMS)
* Recast as limits for various DM models
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H - aa = 4y (Low Mass)

* Extremely low mass 0.1 t0 1.2 GeV

* vy deposits merged in calorimeter
* Novel end-to-end DL algorithm to identify a candidates

» Bypass PF, evaluate detector data

* No excess over SM found, BR <103 @95% C.L.
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Standard Model
Prediction

Higgs
Boson

MSSM Higgs Boson Predictions

BSM: Extended Sector

Talk by Giuseppe
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https://indico.cern.ch/event/1109611/timetable/?view=standard#633-exotic-higgs-decays-incl-n

Talk by Kenneth

tgX = bb

» Search for FCNC top decays into an up-type
quark and light scalar (SM suppressed)

« 4 jets + lepton final state
» Categorized by jet multiplicity, number of b-jets

* NN trained for signal extraction
* No excess above expected SM background
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W=H -» W*WW

« Heavy Higgs, decaying to W pair

« 2SS leptons, 2 jets, EFUSS
« Very low SM background
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ttH/A — tttt

* Heavy (pseudo) scalar Higgs production
» Two-Higgs doublet model (2HDM) II

« 30r 2SS leptons, 2

6 jets, >

2 b-jets

« BDT for signal extraction (mass parametrized)

« ttH/A — tttt — 14 (10) fb @95% C.L. (4x improvement)

* Heavy nggs -6 (5) fb @95% C.L.
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MSSM/VLQ ¢ - TT

 TT final state is a key search channel
« Strong coupling due to high mass
» Good background rejection from T id.

0=

=]

0
—
o

b N L T
Uy
* Three searches for a Tt resonance b § o
* Model independent gggp/@bb ~ o1 13700
- “low mass”: 60 GeV < m,, < 250 GeV § TCMS  womamer
E imulation Freliminary m,=1TeV,g =15 ]

* “high mass”: 250 GeV < m,, < 3.5TeV

» t-channel vector leptoquark

« MSSM

60
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MSSM/VLQ ¢ - TT

« Combination across channels
* ey, Ut,, ety, and T, T,

95% CL limit on o(ggd)-BR(d—171) (pb)
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High Mass H > WW .

 Search for resonances decaying to WW W
« Range 115 GeVto 5 TeV Py

» Targeting VBF and ggH production modes with leptonic final states
« Use DNN to define enriched regions and regression for mass resolution
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13817 (13 TeV)

CMS 8 Ocserved B 65% expected
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HighMassH->WW " o
* Three interpretations 1
Model independent
MSSM (six scenarios)
« Two Higgs Doublet Model (THDM) R TR gE
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« VBF only

e Statistically limited

* Order of magnitude improvement
projected for HL-LHC
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H* - WZ - lvll

* WZ resonance search in VBF production mode

» Fully leptonic final state

* Local excess - 375 GeV @ 2.80
« Statistically limited

* Two interpretations
« H*in Georgi-Machacek Model
* Heavy Vector Triplet

ATLAS-CONF-2022-005
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F resolved top tagger

H* = HW*, H - 1T

« Heavy charged H — heavy neural H

* Covers 43% of expected BR RV AT
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H* - %2 1 ,

» Search for Doubly Charged Higgs H**
« Same charge leptonic decays (ee/pp) ‘

* No significant excess found q
 Statistically limited ¢

« Excluding H** masses < 1080 GeV
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Relevant LHCP Talks and Posters

Rare

» Higgs rare decays
* Milos, Tuesday, H— Zy, H = up

» Higgs-charm coupling constraints
* Tristan, Wednesday, H = cc

« Precision Higgs experiment (plenary)
» Karsten, Wednesday

BSM

» Searches for Higgs decays to invisible
* Laurent, Monday

Search for heavy particles decays to 3rd gen.

» Zhi, Tuesday, ttH/A — tttt

Exotic Higgs decays, incl. new scalars

» Giuseppe, Monday, H>WW, Hxt—>HTtW%, @—>1T
Resonant and non resonant searches

» Saranya, Thursday, H - yy, ttH/A - tttt

ttX/tX (X = anything but H)
» Kenneth and Carlos, tgX — bb

19th May 2022 Andrzej Novak

LHCP 2022

Performance

« Jet/MET + b/c tagging
« Jyothsna, Monday

* Boosted algorithms for searches

« Conggqiao, Thursday

Posters

o ttH/A — titt
e Shuhui

*H — pu (ATLAS)
e Jay
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https://indico.cern.ch/event/1109611/timetable/?view=standard#634-searches-for-higgs-boson-d
https://indico.cern.ch/event/1109611/timetable/?view=standard#602-search-for-heavy-particles
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https://indico.cern.ch/event/1109611/timetable/?view=standard#653-ttxtx-x-anything-but-h-pro
https://indico.cern.ch/event/1109611/timetable/?view=standard#711-jetmet-bc-tagging
https://indico.cern.ch/event/1109611/timetable/?view=standard#725-boosted-algorithms-for-sea
https://indico.cern.ch/event/1109611/timetable/?view=standard#835-search-for-the-higgs-boson

Conclusions

 Great progress in last few years

« (Graph) NNs and advanced calibration methods

* Novel analysis approaches

« Order of magnitude improvement in H — cc sensitivity

« Evidence possible at HL-LHC?
« H—- puevidence

 Exciting times ahead with Run3 starting

» Several ~30 excesses
« Statistically limited analyses (H = Zy)

19th May 2022 Andrzej Novak
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ZH - invisible

« Z = Il final states
*B;.,, <0.19 (0.19)% @95% CL
* Recast as limits for various DM models
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-26/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-003/index.html

H - ee

* Probing first generation
« Should not be visible at the LHC

« gdH/VBF categories
« MVA to separate into enriched categories
» Signal extraction BDT

MVA Cat. 1 MVA Cat. 2 MVA Cat. 3
4 > >

Mee Mee m,
Split into MVA
subcategories
Smoothly falling
H ‘/ background distribution

preselected _’E
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MSSM/VLQ ¢ - TT

« Combination across channels
* e, Ut,, et,, and T, T,

* Two local excesses observed
« ggp production mode

» Consistent across final states and data taking years

« 100 GeV -3.10
« 1.2 TeV-2.80

* Something to keep an eye out for
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MSSM/VLQ ¢ - TT

* VLQ presence — enhanced non-resonant production

at high mass

* Motivated by lepton flavour anomalies in B decays

* Limit within preferred range

« MSSM (model dependent)

 Exclusion limits for 2 scenarios

« Slight excess in data
» Constrains weaker than expected
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High Mass H->WW .

 Search for resonances decaying to WW W
« Range 115 GeVto 5 TeV Py

» Targeting VBF and ggH production modes with leptonic final states
« Use DNN to define enriched regions and regression for mass resolution
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-016/index.html

High Mass H->WW

* Three interpretations
Model independent
MSSM (six scenarios)
* Two Higgs Doublet Model (THDM)

 Excess ~650 GeV
Local (global) significance 3.8 (2.6) o

* Order of magnitude improvement
projected for HL-LHC
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CMS Sfmularron Prehmrna:y 13 TeV
resolved top tagger ]

Ht->HWz%, H->TT

* Covers 43% of total BR

Fit MVA for et,, Ut, g
Fit transverse mass of H cand for et Ty, YT, T, o AT

. . Signal Efficienc
* No deviation from SM found g y
Limit set on BR X ¢ from 13 to 80 fb, depending on H mass
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