i
é W AUSTRIAN M"/
ACADEMY OF —
A ssssssss ~721 HEPHY
TTTTTTTTTTTTTTTTTTTTTTTTTTTT
—

Searches for Higgs boson production
through decays of heavy resonances

Suman Chatterjee
for the CMS Collaboration

HEPHY, Austrian Academy of Sciences, Vienna

BOOST



Higgs boson as a window to new physics = HEPHY

INSTITUT FUR HOCHENERGIEPHYSIK

Newest fundamental particle discovered: Last missing piece in standard model (SM)

- Many things unknown — could answer limitations of SM
Tremendous progress on understanding H
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https://inspirehep.net/literature/2104672
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-019/index.html
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Topics

- Search for VH resonances

- Scalar resonance (A - ZH)

- Vector resonances (W’/Z° — W/Z H)

- Search for di-Higgs (HH) resonances

- Search for X -~ YH resonances

Outline of results to be discussed

Focus of this talk

Combination of multiple final states “

+
Interpretation in benchmark models

_I_
HL-LHC projections

& '
New results s

Will not discuss analysis strategies for published results
Already shown in past BOOST conferences

W
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Searches for VH resonances = HEPHY
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Scalar resonance

VVector resonance

Ao ZH - 212t JHEP 03 (2020) 065 [35.9 fb]
CMS-PAS-HIG-22-004 [138fb"'] new
Ao ZH - 21/2v 2b EPJC 79 (2019) 564 [35.9 fb']

W’ 5> WH - 1v bb Phys. Rev. D 105 (2022) 032008
7’ - ZH - llbb EPJC 81 (2021) 688

Z’ - VH - qqbb/qq Phys. Letr. B 844 (2023) 137813
Z’ - VH - ll/vv cc/4q CMS-PAS-B2G-23-008

[,.9) 8¢T]

Ao 7ZH - 212t CMS-PAS-B2G-23-006 [138 tb'']

~
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-023/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-22-004/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-23-006/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-19-002/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-19-006/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-20-009/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-23-008/index.html
https://inspirehep.net/literature/1685054
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Scalar for scalar resonances: A—>ZH (2016-only)

Analyses using 2016 data

36 b (13 TeV)
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10F cms
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95% CL upper limiton ¢ (pp - A — ZH) [pb]

L
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—— ZH > 2l 2t Obs.
e 7ZH — 2l/2v 2b Exp.
2HDM: tan(B) = 3, cos(B - ) = 0.1
Type-I|

Type-ll

Narrow Width Approximation

Probing high m, with H— bb and Z - vv decay modes

* Topology realized in models with an extended Higgs sector

Results interpreted in 2HDM

2HDM = SM + a complex Higgs doublet —

H X A

Type 2 2HDM — Higgs sector of MSSM

», CMS 35.9 fb" (13 TeV)
10" T T T = Observed
o - AN | Qe Expected
I =1 std. dev.
| Type-ll 2HDM + 2 std. dev._
10_mA=300 GeV B
1
- Lp/m,
i > 2%
| > 5%
=>10%
—1 L | 1 L | L Il 1 L Ill Il 1 L L 1 L | Il
1073 0.5 0 0.5 1

cos(B-a)

Strong constraints at low tanf3

|
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arXiv: 2403.16926

H H
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Interpretation using
A— ZH(bb) search

except at alignment limit 3-a = /2 & diagonal (a=0)


https://inspirehep.net/literature/2771692
https://inspirehep.net/literature/2051225
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- Irreducible background - Reducible background
77, ttZ, ZH/ttH, triboson jet faking as T/ lepton
« from simulation — estimated from data
Decav mode: CMS Preliminary 138 fb™ (13TeV)
Loetdy MOCC.. % ' S (4 CMS Preliminary 138 b (13 TeV)
O E . T T T
Z->11+ho 1Tt - =3 - gg—A -
E no b-tag E 1.2 —o— Observed —
. . . Q 8 ‘:: + data T - e Expected -
Final states considered: z 1 . Ezz < 1.0 /\ cov oxpected |-
. 2 reducible 08} 2 g
ee/l_[l_[ + E"[h B | -other é“ . 95% expected
' 53 — gg—A(350) 7
ee/pp + HT, : 33 bbA(350) 3
1 ©

ee/pp + T T

Event categorization: , _
Using # of b-tagged jets: =0, >=1 3: 2 [ + [ 0.0 300 400 500 660 700 800
targeting two production modes g | ! yobg *‘ﬂ; * &E» 1 m, (GeV)
80-0 300 400 5{)0 1000 : x2 extension of mass range w.r.t. 2016 analysis
Search variable: mss (GeV)
6

4-object invariant mass using lepton momenta, missing energy (+covariance matrix), H mass constraint — mass resolution: 5-7%


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-22-004/
https://cms.cern/news/searching-signs-new-higgs-bosons
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Physics briefing A-7ZH_ = llitt: Full Run 2 ons-a-826-23-006 M,y

t

‘
g ;ff< Probing alignment region in 2HDM - complementary to A— ZH searches jﬁax atm, - m,-m,
A E < 1800

****** - ) Reconstruction of hadronic tt system with small-radius (AK4) jets g e e % gg §
. i | 9
g " < t Sensitive variable: p_of dilepton system & Am =m_, —m_ =i 5
Binning using elliptical regions around mean for targeted (m , m ) signal ::: Ié
CMS Preliminary 188y |1 (13 TeV)
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1000} Observed — tanB=1.0 .
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(pf x Am) bin number  Excoss [2.20 local] seen by ATLAS at (600, 450) GeV is not confirmed 7
ATLAS-CONF-2023-034


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-23-006/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-034/
https://cms.cern/news/cms-fired-shot-heavy-higgs-particles-and-gun-smoking
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Search for vector resonances decaying to V+H =7 HEPHY

arXiv: 2403.16926
Vector resonances in generalized extensions of SM: heavy-vector triplet (HVT) models

HVT model A = Similar coupling to fermions & bosons — larger branching ratio to fermions

HVT model B = Enhanced coupling to bosons « exclusively probed with VH resonance searches
CMS 138 fb" (13 TeV) CMS 138 fb' (13 TeV)
Leverag'ng On Je‘t Substructure ‘technlques 5“' I | L T T T T T I L I T T T I I E.)u_ T I LI I L T T T LI I L I 1
C C
138 b (13 TeV) = =
3 _I T T i T | i T T T | T T T T | T T T i | T T T T |_ E E
= CMS DY production f f
I [ WH = Iv,bb Obs. o g
% 102k —— WH > qqgbb -~ Exp. | g Q
- Heavy Vector Triplet 8 8
% Model B GE) Ga)
== Model A @ 107" E Q.
8 S 2 s 107p ]
b 3 S o
§ 10—3_ ] o\o ”" o\o mV.=4TeV
£ 8 ”¢ g — V' > qg/qq W' — v
= Jepr? My=4TeV ] - —Z - ZH > llivv,bb — W' - WZ - v,qq
me
§ memdie =t —Z >5ZH->qgbb  —W —WH —qqbb L —Z' 5 WW > Iv,qq W' — WH - Iv,bb
j 10—2 - —Z'—->ZH - ll/vv,bb W' - WH — Iv,bb — — V' - VV + VH — qq,qq/bb W' — WZ — qq,vv
010—4_ ."..‘ """ ] _IlllllllllllIIII|IIII|IIII|IIII|I_ 10—2I|IIII|IIIIIIIIIlIlIIIIIIIlIIIIlI
X b L, ] -3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
8 > 3 7} 5 6 g, X sign(g.) g, X sign(g.)

Bosonic decay modes —
M d LD / ' ’
\ Most stringent constraints 8
V! ~ H

v’ If couplingis not too small
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https://inspirehep.net/literature/2771692

CMS g
Search for 7Z’—= Z(=ll/vv)H(=cc/4q)  CMS-PAS-B2G-25-008 l%,!/ HEPHY
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Complementary to Z'=ZH searches targeting H— bb decay

H—= cc/(VV—)4q tagging using mass-decorrelated ParticleNet tagger

Deftails in D. Troiano’s talk

Veto H candidates with 2 b-tagged sub jets H reconstruction with a large-radius jet

Search variable: Invariant mass of dilepton + H system (in pp/ee channels)
Transverse mass of MET + H system (in vv channel)

Background modeling using functional parameterization (= validated in control regions)

10° 138 fb™" (13 TeV) 1
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-g m, =2 TeV (1 fb) T - Model A -~ Expected i
5 1 my =3 TeV (1 fb) N C — Model B B 68% expected
4 m, =4 TeV (1 fb) B 95% expected N
Vo 1t ,\Tl 10 ~ Improvement over <=1b tag category
_2 E 3 . .
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_3 .
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https://inspirehep.net/literature/1721352
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-23-008/index.html
https://agenda.infn.it/event/37093/contributions/234316/

138 fb ' (13 TeV)

' CMS

1073}

95% CL UL on o (pp — Z'jj, Z' — ZH) [pb]

1074

L L L L
VBF production
—— ZH — qq,bb
—— ZH — ll/vv,bb
Heavy Vector Triplet (Model C)

cy=1

Obs.
Exp.

c,=3

- L

| I | I | Il Il Il | Il Il I ]

3 4 5 6
m.. [TeV]

HVT model C = No coupling to fermions
— exclusively probed in V’ production via vector boson fusion
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Search for vector resonances decaying to V+H: VBF production

W
=7 HEPHY
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arXiv: 2403.16926

Combination of hadronic VH & VV channels

H

95% CL upper limit on g

- Starting to become sensitive to VBF production for g =3 at ~800 GeV

- Hadronic final states dominate sensitivity a high masses

138 b (13 TeV)
1 3 T I T T T T l T T T T | T T T T T T T T l T T T T
0 F Model C (gF =0) CMS -
[ —— Z' > ZH > ll/vv,bb ]
| W' - WZ — qq,vv
| —— W S WZ->lvgq
—— V' > VV + VH - qq,qq/bb
10°F E

10

1 2 3

4

5 6
m, [TeV]

10


https://inspirehep.net/literature/2771692
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X=»HH searches

X > HH - WWWW /WW1t/ trrt (multilepton) JHEP 07 (2023) 095
X-> HH - 2b2W (l‘eSOIVGd) arXiv: 2403.090430 (accepted for publication in JHEP)

H/Y X - HH - 2b 2W/21 (boosted) JHEP 05 (2022) 005
X =
Sl X=YH searches o0
\\ ?._
H - X - HH/YH — 2b 2b Phys. Left. B 842 (2023) 137392 -
g ) X > HH/YH - 2b 2t JHEP 11 (2021) 057
X - HH/YH - 2b 2y JHEP 05 (2024) 316
X - HH/YH - 2t2y CMS-PAS-HIG-22-012 new
Non-resonant HH searches also
heavily using jet substructure Combination performed using 0 oo
_ — different final states AR |
¢.g» HH ~ bb WW (hadronic) CMS-PAS-HIG-22-013 — targeting resolved/boosted topologies
- Not a topic of this talk new
- 11

Covered in C. Zhou’s talk



https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-002/index.html
https://inspirehep.net/literature/2768920
https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-20-007/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-012/
https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-21-003/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-014/index.html
https://inspirehep.net/literature/2705674
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-22-012/index.html
https://inspirehep.net/literature/2771692
https://agenda.infn.it/event/37093/contributions/234298/
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Probing models with extra spatial dimensions predicting new resonances at high mass scale PO R

: : : -~ » H+H
Spin-2: Kaluza-Klein graviton
L Combination of various channels Ax = vV6e MMy - UV cut-off
R 138 b (13 TeV) '8 36*- 138 fb" (13 TeV)
~ . 5‘ | | I | | I I | | | I | I I ] ; | | | I | | I | | I | I | |
% 10L CMS -e— HH Combination - |9 16 . CMS -e- HH Combination
- 1 T g —— HH — 4W/41/2W21 —>2| 3 — T Bulk radion, kr % = 35 .
§ LT HH — bb,WW — > 1] (resolved) <'I i e Tacton, KT 2z — 2l,2q/2v/21 ~ ]
T —— HH — bb,WW — > 1| o c qqf — Opsered — WW = v2g/v* ]
T 1 __'__.:.’.“ — DD, — 2 11 (merged-jet) | o [ Expected i
T 0.100 xRN AR b, 1 E ~WW = v
= 1 N »\/\"\/ —— HH — bb,yy = 12r -~ WW/ZZ - qq,q9 |
Q ".. .... . —— HH — bb,bb (merged-jet) E) i
0.010 b % 1 0_1 = A Narrow Width Approximation % 1 O i
S S
0.0011} E 102 4 2
= o ]
() .
o L e N Ttoer .
1074 S0k N T - 7
1 E Spin 0, ggF production : ]
o [ — Observed R ]
N N | ---- Expected i
1u 5 8 1 0_4 3 l l | l l l | | | 1 | l I_:
3x107" 1 2 3 456 2x107" 1 2 3 456
m, [TeV] mg [TeV]
bbyy @ small m

Strongest constraints from di-Higgs searches

Sensitivity dominated by — bbbb (merged) @ large m_ for radion mass > 300 GeV .

multiple final states @ intermediate m_


https://inspirehep.net/literature/2771692

'!!|||||n..§’/

1 1 arXiv: 2403.16926 =
Combination of X—=HH searches (2) 7 HEPHY
Probing models with extended Higgs sectors using di-Higgs resonance searches
____<\
Higgs-to-Higgs decays Ho
Additional Higgs bosons decaying to SM-like H pairs
Interpretation in M, __'** scenario
2HDM type 2 m, = 500 GeV - 10 CMS 35.9-138 fb ' (13 TeV)
o e — c 9 Observed
c 18 g 3 exclusion 95% CL
=z 7 \ Expected
16 6 N\ exclusion 95% CL
14 02 % 5 0>
12 JHEP 07 (2023) 73 *
4 o —tt
10 JHEP 04 (2020) 171
8 H— WW
JHEP 03 (2020) 34
A — ZH (IkT)
2 JHEP 03 (2020) 65
e e e e e e e ey Ly X_>HH*
-0.04 002 0 0.02 0.04
cos(B - o)
1 200 300 400 500 *1381b"

m, [GeV]
Exclusive sensitivity from di-Higgs searches at high m and intermediate tanf3

— Complementary to searches with fermionic decays 13


https://inspirehep.net/literature/2771692

Probing models predicting 3 CP-even Higgs bosons

‘Big 3' channels

Combination of X—=YH searches

9
arXiv: 2403.16926 %’/

e.9., SM+1Higgs doublet + 1 complex singlet (NMSSM)
SM + 2 real singlets (TRSM)

138 fb™ (13 TeV)

51019 TTTT] T T T T T T T 711 102
— 3 —e— HY(bb) Combination
o) | CMS —Observed —— H(z1)Y(bb) i
o : -- Expected
T 107k —— H(y7)Y(bb) 1 < - 10%
- Narrow Width Approx. —— H(bb)Y(bb) (merged-jet) H
>-. ~ Assumes SM H BF . S o |
- mall i 23
; 10 L . M=400 GeV (x 10") i | High 10
..... ] m | m

C -

(@)

=

=

)

o

o

- L J
- g

©)

x

Yo e
m o

< o My=500 GeV (x 10
+ =600 GeV (x 10%)

+ My=700 GeV (x 10°)

- + M=800 GeV (x 10*)

+ M=900 GeV (x

2 o my=1000 GeV (x 10°)

4 X X

—_

o
—
IS

10%)

95% CL upper limit on o(pp — X — HY, Y = bb) [fb]
o

10—1 |||||
107

10°

m, [GeV]

77 HEPHY
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138 fo' (13 TeV)

10"F

_IIIII

CMS

T T T T T T T

I IIIIIII

—_ Observed —* HY(bb) Combination
------ Expected —— H(t1)Y(bb)

Narrow Width Approx.
Assumes SM H BF

v M=1200 GeV (x 10%)

0
.
Crdd

+ Mx=1400 GeV (x 10'°)

I IIIlIII| I I

—— H(bb)Y (bb) (merged-jet)

v M=1800 GeV (x 10°)
v Mx=2000 GeV (x 10)

|
o M,=1600 GeV (x 10" -
v ™=3000 GeV (x 10°)
|

102

10°

Complementary sensitivity in analyses targeting different final states & kinematic topologies


https://inspirehep.net/literature/2771692
https://indico.cern.ch/event/1253590/contributions/5814336/attachments/2870268/5026059/DiHiggsAtLHC.pdf
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Search for X— HH/YH - TTYY CMS-PAS-HIG-22-012 "%/'ET’/HEPHY
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7 Many searches in one final state . . .
y Signal extraction using m
, X (spin-0) = HH — yyTT ,
. X E b} ) Yy - Non-resonant YY+jets background from data
e spin-2) = HH - yyTT : :
_____ < X - Y- (TTH(~ YY) - DY+jets background estimated from data
\\ . _ q . . .
. - X = Y(= yY)H(= TT) [low & high mY] H(—-YY) + jets background from simulation
T low m_ = [70, 125] GeV
high m = [125, 800] GeV CMS Preliminary 138 fb (13 TeV)
> qrE T T T T T T T ]
. . . 8 " § Xas0 = Yiai(>VV)H(>77) + Data --- B model E
Complementary to previous X— YH searches: Including bosonic decay of ¥ © [ a0 BeH  —BeHeH ]
"2 = .68% expected|:|95% expected E
o I Tl
_CMSP@Iimingryl | . ___132fb7' (13TeV) o
. . . g 1057 H DY mm Y + jets ‘
Signal separation using neural networks R e G i 1075
. . i tt + jets YY + )€ ata
parametric inm, (& my) - - . sl
108 :
— PNN scores used for event categorization ool
102 E

T I T T T T I T T T T | T T T T
B component subtracted

O 157 0
= | -
; 1 0 = =+ . 2 = L] . 1 _2 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1
o LI 100 150 200 250 300 350 400
o [ ]
0'8.0 R 0{2 P 0}4 N 0!6 N 0!8 — my, [GeV]

f(X; my =500 GeV, my = 125 GeV)
15


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-22-012/index.html

No excess observed in X—=HH search

Highest local significance ~ 1.1 0

138 fb' (13 TeV)

iroy L I B L L L B T
= CMS 95% CL upper limits
T 10* Preliminary ~— — B,t”k Ra-lc-’i?/n —— Observed E
T . (Ar=2TeV) --- Median expected ]
x I 68% expected
o 95% expected
X
T
o)
o
o]

103 E

1021 e

Ll N I Ll - N T R
300 400 500 600 700 800 900 1000

mx [GeV]

Search for X— HH/YH - TTVY

95% CL limit on o(pp = X = YH)B(

Also reported constraints for spin-2 resonances

108

10°

104

102

100

Y
CMS-PAS-HIG-22-012 AJ

Results of new X - YH - yytt search useful to constrain NMSSM parameter space

CMS Preliminary

132 o' (13 TeV)
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my =800 GeV (x10%) —

my =700 GeV (x10%)
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100 110

Maximum deviations observed:
X-Y(- 1) H(- vy) : 2.6 (2.2) 0 significance at m_ = 320, m_ = 60 GeV

X-Y(- vy) H(- 11): 3.4 (0.1) 0 significance at m_ = 525, m_ =115 GeV
X-Y(- vy) H(- 11) : 3.2(0.3) 0 significance atm =462, m =161 GeV
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130 140
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CMS Preliminary 132 b1 (13 TeV)

Limit below maximally
120 *3 allowed in NMSSM

900 1000
my [GeV]
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(Y = yy) [fb]

95% CL limit on a(pp = X - YH)B


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-22-012/index.html
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% Road towards future: projections for HL-LHC =% HEPHY
| Today
HL-LHC
| arXiv: 2403.16926
2021 2022 2023 20 202 IND|3 FMA%’I?JZAGSONDJ FMA%'I?JZZSONDJ FMAZP’I?JZASSONDJ FMAZBd?JzASOND
(13-14 TeV)
g 16_ L I T 1T I LU T 1T l T 17T I T 1T I-
v, - CMS Projection 1
9 141 PP — X - HH (m, =1 TeV) 7
% [ —~— 0= 10 fb
— ‘g 12 - ——c=1 fb' o _
Cilw 7 3 0 0 0 "T'— 5.’ i Narrow Width Approximation
! £ w10 N
g 6 2500 - [ Spin-0 resonance |
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5 1 500 % 0*"’7’/?'||||
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2028 2030 2032 2034 2036 2038 2040 2042
Year
Projection to HL-LHC: - Potential for discovery in Run 3 if O ot >=10 fb

Extrapolation of Run-2 results

- 50 significance possible with HL-LHC data if 0 >=3 fb
Signal cross section @ Vs = 14 TeV PP

->HH

Strategy similar to 2018 Yellow Report & Snowmass 2021 Report 17
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S1: Systematic uncertainties assumed to be same as Run 2 [over-conservative]

S2: Theory uncertainties halved, experimental ones ~ scaled down by VL details in CMS-PAS-FTR-18-011

Final states use for projection: bbyy, bbtt, 4b (merged)

(13-14 TeV)
. X 4 ;‘ _IllllllllIlllIIIIIIIIIIIIIIIIIIIIIIII_
w 10 CMS Projection __ 138:3000 fo™ (13-14 TeV 3000 fb! (14 TeV) @ 30 CMS Projection HH Combination .
§ °f M, e X — HH, 138 fo" S 10°F oS Proeoton - I ~=Run 2
— 8 s ] - ! : N CMS Projection =o= HH Combination < B 1 .
X S1 scenario T i e HH o bbyyy - 25- ——300fb™" (S1 scenario) i
g 7 + [ o HH o b, o i ——1000 fb™! (S2 scenario)
= NN T 102 = — bb,tt i -_': |
g 7 §\ X — HH, 300 fb > F ——HH — bb,bb (merged-jet) g ——3000 o' (S2 scenario)
% \ks\ S1 scenario T s Narrow Width Approximation - 20
_| L (0]
— Q- -
») N 1 e 10 3 E (;D 5
e -+ [} X = HH, 1000 fb o F =
% | 82 scenario 5 i ) 15}
gor i E 1 . 3 [
X — HH, 3000 fb" 5 | @ 10
S2 scenario a
107 3 i
i &) : 5
2 I Spin 0, ggF.production i
_ & 1 0_2' S2 sytematics scheme , v L Bulk radion, kr t = 35
: I I P — _|||||||||||||||||||||||||||||||||||||
300 400 500 600 1000 2000 2x10 1 1 2 3 4
—
mg [TeV]
X2 reach in m,
- Small effects of systematic uncertainties in most sensitive channels x2 improvement in limits on

cut-off scale
- Sensitivity controlled by bbyy at low mass & 4b (merged) at high mass
18
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HL-LHC projection for X=YH searches
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Small m High m CMS Projection 3000 fo' (14 TeV)
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Combination results dominated by bbyy except for large mass splittings N
Future measurements sensitive to

a large portion of model parameter space

Contribution of 4b (merged) topology remains dominant at high m_ 19
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* Presented summary of searches by CMS experiment for resonances decaying to at least one Higgs boson
A-7H V - VH X-HH X->YH

* Combination of analyses + new results targeting different topologies and final states

- resolved vs boosted

- final states with: electrons, muons, taus, photons, small-radius / large-radius jets

* Interpretation of results in benchmark BSM models & projections for high-luminosity phase of LHC

— Guide to develop new ideas

Looking forward to share more Run-2 results & fresh ones with Run-3 data + beyond !l
LHC HL-LHC

EYETS 136Tev  [BIAN 13.6 - 14 TeV
13 TeV energy
Diodes Consolidation
splice consolidation limit LIU Installation -
7 TeV 8 TeV button collimators Fn?g’;:.lt]inn - inner triplet ~ HL LH_C
e R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation

201 2012 2013 2014 2015 2016 2017 2018 2019 2020 2022 2028 2024 2025 2026 IIIIIII

5 to 7.5 x nominal Lumi

ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS
beam pipes 7 : . 5 HL upgrade
nominal Lumi _2_"_’_‘1“_'[‘3‘}_“‘_"_‘{ ALICE - LHCb | 2 x nominal Lumi .
75% nominal Lumi upgrade

; M 3000 fb"
0w oo ] o e 20
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Extra Material
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Run3 prospects: X—>HH =7 HEPHY

Parking triggers  cys-pp-2023-050

s =13, 13.6 TeV
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Combination: X—=HH

Combination of various channels

March 2024 138 b (13 TeV)
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2310.01643, Acc. by JHEP
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Light quarks

Massless gauge bosons

KK graviton

Planck

CMS preliminary March 2024 138 fb ' (13 TeV)
25102: ——— T . —
= - Bulk KK-Graviton
2 v : —— Observed

- e Expected

95% CL upper limit on k

TeV

HH — ¥y, Tt (not in HH Comb.)
HIG-22-012

HH Combination
B2(G-23-002

__ZZ —=qqgll
JHEP 04 (2022) 087

ZZ — ggwv
PRD 106 {2022) 012004

WW — Iv,gq
—_
PRD 105 {2022) 032008

= __WW/ZZ - gq.qq

PLB 844 {2023) 137813

2 3 4 568

mg[TeV]

CMS B2G Diboson Summary plots

Strongest constraints from di-Higgs searches
for small and large graviton masses
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CMS |

| gl
IoarXiv: 2403.09430 W\ . 4y
(accepted for publication in JHEP) X_)HH - bb (FCSO]VCC] + Seml_bOOSted) S HERHY.
b
X H"<b CMS 138 fb~! (13 TeV)
B y 5 10} HH -
/v @ ¢ Data W+]ets
Eﬁq ¢ 10° " Total Unc. Misid. lep.
qlt E —— Radion (400 GeV) Other
Final states considered: 107t mm Top
H- WW* _ 2 leptons + MET / 1 lepton + jets + MET resolved = 1b resolved = 2b boosted

H - bb - 2 small-radius jets /1 large-radius jet

Background estimation:

Data-driven approach for particular backgrounds:
- 1 lepton channel: fake lepton background
- 2 lepton channel: Drell-Yan + jets background

All other background processes estimated using simulation

Deep neural network training:

- separate signal & background
- score used to extract signal

DNN score bin (a.u.)

24
Training performed separately for single- and di-lepton final states
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H - bb - 2 small-radius jets /1 large-radius jet

astt

Background estimation:

Data-driven approach for particular backgrounds:
- 1 lepton channel: fake lepton background
- 2 lepton channel: Drell-Yan + jets background
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All other background processes estimated using simulation 300 400 500 600 700 800 (G 3()’0
y (be
Deep neural network training: . : ,
Model-independent constraints placed on spin-0 CP-even resonance
- separate signal & background (also on spin-2 resonances)
- score used to extract signal
25

Training performed separately for single- and di-lepton final states
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Final states considered:

2 isolated photons + 2 (b-tagged) AK4 jets

_sCMS 1381 (13 TeV)
D . oF — Data | m, = 300 GeV, m, = 90 GeV (x 109
G 10°E - ggF H —— m, =600 GeV, m, =90 GeV (x 10%)
S0’ EEVH  —— m, =600 GeV, m = 300 GeV (x 107)
P VBFH —— m, =900 GeV, m, =90 GeV (x 10°)

10 my = 900 GeV, m, = 300 GeV (x 10°)
2 10° , =600 GeV (x 10°)

[GeV]

mwij

JHEP 05 (2024) 316 A
-z HEPHY
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X—HH/YH — bb vy

Dominant backgrounds:

- y+jets, yy+jets, production in QCD
— reduced using BDT trained in multiple exclusive regions targeting different m -m_ranges

+ estimated with functional forms fitted using data

- Resonant ttH( - yy) background reduced using neural network

* X candidate mass reconstruction using X = Moyjj — (””?’r - ?””H) - (mjj - my)

Signal extraction using 2D mass distributions (mjj — mW) in regions defined by BDT scores

Events/ (1 GeV)
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CMS 138 fo' (13 TeV)
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i CMS B2G Diboson Summary plots

Constraints on spin-0 Radion

March 2024 138 b (13 TeV)
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i CMS B2G Diboson Summary plots

Constraints on spin-0 Radion

CMS Preliminary March 2024 36*- 138 fb ™' (13 TeV)
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ggF production
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Summary plots (X—=HH/VV)
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Constraints on spin-2 Graviton

March 2024 138 fb ' (13 TeV)
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Interference between resonant BSM and non-resonant SM HH productions explored in a model with one real singlet
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Combination: X—=HH
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HL-LHC projection for X—=HH searches
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[nterpretation: V'=VH
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138 fb™ (13 TeV)
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