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HH production mechanism

Why do we care about HH ?

Non-resonant gluon gluon fusion (GGF)
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Non-resonant vector boson fusion (VBF)
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HH production mechanism

Destructive interference !

OH
OHH ™ 7000

I I I I I
HH production at 14 TeV LHC at (N)LO in QCD

My=125 GeV, MSTW2008 (N)LO pdf (68%cl)

2 GGF

-, VBF

MadGraph5_aMC@NLO

. hot so easy to measure !

07/07/2022

Q 13 TeV g

Non-resonant gluon gluon fusion

=31.05 fb £ 3%(PDF + ag) 7227 (scale) =+ 2.6%(m;) @ 13 TeV

Non-resonant vector boson fusion
olBF =173 fb +2.1%(PDF + ag) T293% (scale) @ 13 TeV

0.04%
\{ ’
,&

ICHEP 2022


https://arxiv.org/abs/1910.00012

HH decays : no golden channel !
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bbbb (resolved) : Large BR, large backgrounds
arXiv:2202.09617

bbbb (boosted) : Merged jets topology
arXiv:2205.06667

bbTT : Sizeable BR, small backgrounds
arXiv:2206.09401

bbyy : Small BR, very clean mass resolution
JHEP03(2021)257

bbZZ : Medium BR, moderate backgrounds
arXiv:2206.10657

WWWW, WWTT, tTtTT (Multilepton) :
Medium/small BR, multiple final states
arXiv:2206.10268

(most sensitive channels are public)

- No golden channel
- each channel comes with its own challenges
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HH-bbbb (resolved)

Higgs boson reconstruction
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HH-bbbb (resolved)

3b data —» 4b QCD
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Event selection
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HH-bbbb

Resolved & | Boosted
|
|
[
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wemm  See next talk by Valeria D’Amante
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First evidence of non-zero values at 6.3 ¢
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—2.3 (=5.0) < Ky < 9.4 (12.0)
—0.1 (=0.4) < roy < 2.2 (2.5)
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HH-bbTT

Event selection Background estimation

ﬂadronic tau using DeepTau algoritm ﬂ)CD multijet from datadriven ABCD metm
N(Th) Z 1

- Averaged from two CR

« 2 OS leptons + 3 lepton veto 0S SS R
* 3 channels : T/Th, Te/Th, Tn/Th Sigl.'la| SS VA —lc*B/D
« 2 jets + btagging using HH-btag iso [ fegion ISO A =B*lc/D
 Elliptic mass cut on resonances (only GGF) A

H- TT (SVk: algo) and H- bb (mass sum) anti OS_ SS shlpe CO”‘JC“O”
(10— 129 GeVY? . (myy — 169 GeV)? o1 (Resotved) iso | noiso . no iso o to yield

(53 GeV)2 (145 GeV)2
(mrr —128 GeV)?  (my, —159 GeV)® (Boosted) )

(60 GeV)® (94 GeV)* « tt and DY : MC normalised from data CR
&NN classification / vther backgrounds : pure MC /
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HH-bbTT

Signal extraction Signal region + results
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07/07/2022 ICHEP 2022 9



https://arxiv.org/abs/2206.09401

HH-bbyy

» 2 photons « 2 jets = b-jets (largest b-tag score)
* Invariant mass requirements : * Invariant mass requirement :
pr,1 > 0.33 x TNy~ 70 < m;; < 190 GeV
pr,2 > 0.25 X Moy * B-jet energy regression : jet + m;
100 < m,, < 180 GeV
CMS Simulation 13 TeV CMS  Simulation Supplementary arXiv:2011.12373
—_ :\\\\‘\||||||_||I||||||||||||||I||||: é\ ,_T'T']T1[T"T1['llT"I1[1[]"T1ITI'T“'I1[Y_
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) ol model e =z F
> - ] .
T - 1 - very important 0.025 ,
- o, =150GeV 1 for low My 0.02  Bias corrected
N 3 region 0.015E E ~ 5.5 GeV
- FWHM=3.20 GeV : F 1+ Resolution
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HH-bbyy

Event selection Signal extraction and results
Backgrounds / m~~ X mj; 2D likelihood fit \
CMsS 137 b7 (13 TeV) CcMs 137 5 (13 TeV)
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HH-bbZZ

Event selection

K 2 pairs of OS SF isolated Ieptons\

e ZZ candidates :

40 GeV < mgz, < 120 GeV
12 GeV < mgz, < 120 GeV

» 2 jets - b-jets (highest b-tag score)
« 3 categories: 4e, 4y, 2e2u
* 4l invariant mass

\_ 115 GeV <m(l) < 135 GV _/

Backgrounds
\

* lrreducible :
* Single Higgs
* qq—ZZ* g9 —» ZZ*
o W, ttZ
* Reducible : Z+X (fake leptons)

Signal extraction

138 fb! (13&}

B go — ZZ — 4
CJag—=ZZ -4
I sMH
I iV, where V = Z, W
[ vv, vvv, where V=2, W
B Z+X
—4— Data
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CMS

. 0.8 1
BDT score

0

- data-driven approach :
k fake factor e, u in control regiony

o

=08 05 04

-02 0 02 04 06 08 1
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category and data
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----- Expected 95% CL limit
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10' .
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taking year

o
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HH-Multilepton (WWWW, WW-TT, TTTT)
\

K 7 categories based on I/t

Event selection

- 2lss, 3l, 41, 31+1th, 214271,
11+ 37, Ol+4T,
AK4/AKS8 jets (hadronic W decay)
- 2lIss and 3| categories
B-jet veto
M cuts
* Remove meson decays
* Overlap with bbzz

* Reduce DY background

/

Backgrounds

/.

~

|/Tn fakes : data-driven
with fake factor method in CR
Electron charge flip measurement :

data-driven using similar method

Other backgrounds : simulation /

07/07/2022

Signal extraction
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Results

95% CL upper limit on o(pp — HH) [pb]

o

3.5 CMS — . HH — Multilepton 138 fk|3“|(1|3 Tev)
- 68% expected — Observed
3_ -
L 95% expected === Median expected ]
2_5:— = Theoretical prediction
o

10

—6.9 (—6.9) < k) < 11.1 (11.7)
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HH combination

2016 HH combination

CMS 35911 (13 TeV)

bbVV

Observed 78.6x<SM
Expected 88.8xSM

bbbb

Observed 74.6<SM
Expected 36.9xSM

gg9—HH
bbtt

Observed 31.4xSM

Expected 25.1xSM —— Observed

- -- - Median expected

I 68% expected
95% expected

bbyy

Observed 23.6<5M
Expected 18.8xSM

Combined

Observed 22.2xSM
Expected 12.8:xSM

6 7 8910 20 30 40 506070 100 200 300 400

95% CL on oy,,/c5)

2016 combination results :
Run-2 current combination results :

oy < 3.4 (2.5) O'flj\f[

Run-2 HH combination

138 fb' (13 TeV)
! L |

bb ZZ2
Expected: 40
Observed: 32

Multilepton
Expected: 19
Observed: 21

bb yy

Expected: 5.5
Observed: B.4

bb 1t
Expected: 5.2
Observed: 3.3

bb bb
Expected: 4.0
Observed: 6.4

Combined
Expected: 2.5
Observed: 3.4

|
—e— Observed

== Median expected
B9 68% expected
----- 95% expected

X 30 better

10 100
95% CL limit on a(pp — HH}/ O heory

. not only from the gain in luminosity !

(resolved)

(boosted)
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HH combination

0(pp—HH) [fb]

(2]

3500 MS

2016 HH combination

FERREE SRR SRR ET

3597 (13 TeV)
95% C.L. upper limits H : :
= Observed
... === Median expected
I 68% expected
[ 95% expected

\ i#ees Theoretical Prediction

95% CL limit on o(pp — HH (incl.)) / fb

L

2

Run-2 current combination results :
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1
20

kA=AHHHhISM

016 combination results :

—11.8 (=7.1) < k) < 18.8

—1.24 < k) < 6.49

cus

Run-2 HH combination

138 fb (13 TeV) CcMS
LI L L B 103?-n-V|-|VV||v-||.||V|

Lok =K, =x,=1

—— Observed

10°F

10°F

Excluded

£ Theory prediction [EEH 68% expected

138 fb™' (13 TeV)

Median expected - Eox, =x=x,=1 —— Observed

95% expected
N

,§

N

10°F

Excluded

95% CL limit on o(pp — HH (incl.)) / fb

Excluded

Median expected ]
= Theory prediction - 68% expected
----- 95% expected

Excluded

._2 .0...2.....

0.67 < Koy < 1.38
koy = 0 excluded at 6.6 o

... hot only from the gain in luminosity !
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* Non-resonant Higgs pair production mechanism : oms

138 b (13 TeV)
AL

L B L B i e e

Koy =Ky =1 —— Observed ----- Median expected
== Theory prediction BBl 68% expected
====- 95% expected

* Probe Higgs self-coupling = Scalar potential shape
 Measure predicted couplings and search for new physics
* Latest CMS combined Run-2 results :

95% GL limit on ofpp — HH (incl.)) / fb

* Inclusive HH cross section : orm < 3.4 (2.5) gflﬂé
« Trilinear couplings : —1.24 < k) < 6.49 @ 95 % CL
e VVWHH Coup“ng . 0.67 < Koy < 1.38 @Q 95 % CL

* ... and many more (couplings, EFT interpretation, resonant) SRR AR AR
& Theory prediction [EEBE 68% expected

* Run-2 exceeded expectations thanks to :

» Better reconstruction of boosted topologies
» Additional final states considered

95% CL limit on o(pp — HH (incl)) / fb

* More performant b-tagging

* Inclusion of VBF measurements

 Run-3: closing in on aflﬂé ? - stay tuned !
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HH production mechanism
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HH production mechanism
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HH production mechanism
GGF VBF
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HH production mechanism

GGF

Cluster 1
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— —
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2
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Cluster 4

N

samples

=20

1M
400 600 800 1000 1200

1000

400600 800 1000 1200

400 600 800 1000 1200

N =446

samples

400 600 800 1000 1200

m,, (GeV/c?) m,, (GeV/c?) m,, (GeV/c?) m,, (GeV/c?)
Cluster 5 Cluster 6 Cluster 7 Cluster 8
3000
Nyampies = 36 Nsnmpm =16 Nyamptes = 112 [ sampios = 86
2000f}
: 10004
0 400 600 800 1000 1200 400 600 1000 1200 0 400 600 800 1000 1200 400 600 _ 1000 1200
m,, (GeV/c®) m,, (GeV/c®) m,, (GeVic’) m,,, (GeV/c?)
Cluster 9 Cluster 10 Cluster 11 Cluster 12
Nsamnlﬁ =49 N rmoies = 299
300
2001
100

600 800 1000 1200
m,, (GeV/c?)

07/07/2022

600 800 1000 120
m,, (GeV/ic®)

1]

m,, (GeV/c?)

400 ©600 800 1000 1200
m,, (GeVic?)

ICHEP 2022



https://arxiv.org/abs/1910.00012

m-l inference tool : \

* Documentation : https://cms-hh.web.cern.ch/tools/inference/
» Wrapper around combine commands with a task scheduler law
» Useful manipulation scripts

* Physics model containing
* BR scaling with the couplings
Single Higgs scaling with the couplings
NNLO scaling + theory systematics
Interpolation for a given set of coupling points and their associated shapes (see below)

0" y

7 2 ; — C—l . .
A= Htﬁ)\A+ﬁt (] If 3 points are known, then v o is fully determined
‘V The limits can be established for any value of the couplings via
. . . ( LN . T ~—1
(kg ky) ~ AP = KERS|AP + k7|01 + K3k, | A O+ AOY o(ky, ky) = (kg ky) C o
_ . \T Note :
= ek ky) 0, « Also works at NLO (still scale with the power of the couplings)
with » Also works for differential measurement (= histograms)
ek, ky) = (KiK. Ky, Ko Ky) « Can also be applied to more couplings (3 couplings - 6 points)

+ Caveat : points used in interpolation must be representative enough
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https://cms-hh.web.cern.ch/tools/inference/
https://cms-analysis.github.io/HiggsAnalysis-CombinedLimit/
https://gitlab.cern.ch/mrieger/law

HH-bbbb (resolved)

Triggers :
« 2016:
* 4 jets with pT > 45 GeV
» 2 jets with pT > 30 GeV
+ 2 jets with pT > 90 GeV
« 2017(2018):
* 4 jets with
pT > 40,45,60,75 GeV
« HT > 300 (330) GeV
Offline :
* Jets:
* |n] <2.4(2.5)
« pT > 30 (40) GeV
* Pileup ID when pT < 50 GeV
* Deepjet
« Medium WP : 75 % b-jet efficiency
1(10) % mistag for gluons (charm)
* Tight WP : 58 % b-jet efficiency
0.1(2) % mistag for gluons (charm)

07/07/2022

ICHEP 2022

B-jet energy regression arXiv:1912.06046
DNN trained on tt events,
evaluated on Z+H- llIbb

(13 TeV)
% UL L DL DL DL LR LR DL B
G 5[ CMS Simulation N
Ly L
ey -
1)) -
2 b
= 4 — DWW N
Ll : _H_=124.EGE‘1'III
= o = 15.4 GeV
3_— —— Baseline —
L u=1159GeV
i o =18.0 GeV
2 -
1t 7 -
DM+F“T#+IIII+‘P?
0 20 40 60 80 100 120 140 160
”'II:{GE‘V‘

23



http://arxiv.org/abs/arXiv:2202.09617
https://arxiv.org/abs/1912.06046

HH-bbbb (resolved)

Application :

* SR (4b) QCD estimation using SR (3b) data
A3b N A4b
CMS Preliminary 36 b (13 TeV) SR SR
% 3505 ‘ 2016 Data | m = * Scaling the number oIbevengtbs using the TF in the CR
O, 300f Region 3b, All Categories b ” 5000 L%’ TV = Acr/AdR
N - 1 TF dependence in the mass plane parameterised by
£ 250 5000 m|
200f- 4000 » BDT-reweighting used to model differences
- between 3b and 4b regions,
150 — 3000 - trained on CR, applied on SR
- - For each GGF and VBF categories
100 —{ 2000
5of— 11000
B /Validation : N
U‘-...|....|....|....|....|....|.... -0 . . .
0 50 100 150 200 250 300 350 Depleted signal region V
m,, [GeV]  Same method applied
- Found good agreement between estimation and

\_ Vs
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http://arxiv.org/abs/arXiv:2202.09617

HH-bbbb (resolved)

CMS 138 b (13 TeV)
o 4000 : : : ; -
=, - 95% CL upper limits All categories E
CMS 3610 (13 Tev) CMS 361 (13 Tev) CcMS 36" (13 Tev) T [ — Observed . bbb 1
£ 300F HH - bBbB  § 2016 Data 2 HH—DBbE & 2016 Data 2 6o HH bbb § 2016 Da L s g";’q‘,"*’" e"pte‘é"’d HH — bbbb 7
¢ [ ogFlowm,, pEN Bko. model o 0gF high-m,,, I Bg. model ] VBFSM [ Big. model T 300l TN o - expect ed
W p50F Agg region [ Bkg. unc. L Asaregion  wes Bg. unc. L Asaregion s Bkg. unc. % - % expeme e .
F —— SMagFHHx 100 —— SMggF-HH x 100 —— SMggFHH x50 - = Theoretical prediction .
200F- —— VBF-HH (k,,=2) x 300 —— VBF-HH (x,,=2) x 100 —— VBF-HH [x,=2) x 20 %
E:
o
0!
o o 1Y ] o
~ & 1.2 =
g 2 ettt 2
@ 1 I f | © it f 1 1 I 1 1 Lo h 1 | 3
‘r‘u 0102 03 04 05 06 07 08 09 1 % 0102 0.3 04 05 06 0.7 08 09 1 = 1600 1800
[a] BDT Output [m] BDT Output [a] My [GeV]
102 10 (13 TeV 102 fo! (13 TeV 102" (13 T
" CMs (13 Tev) - CMs (13 TeV) - CMS (13 Tev) cMS 138 ' (13 TeV)
= 500 HHFTr bBbB  §  2017-2018 Data £ 700 HHF:_ DEBE § 20172018 Data £ 100 cg;saﬁbﬁ # 2017-2018 Data = 3 T T T T T 3
o 9gF low-m,. @ Bkg. model [ gF high-m,,., QI Bkg. model 2 / I Bkg. model = E 95% CL upper limits All categories
LE 400: Aébb? region 8 Bkg. unc. LE 600 A;E' region W9 Bhka. unc. LE A“Shﬂ region Bkg. unc. = | — Observed g ]
: —— SMggFHH x 100 —— SMggFHH x 100 —— S goF-HH x50 e Median expecled HH — bbbb |
s ——— VBF-HH (i,,=2) x 300 —— VBF-HH (x,,=2) x 100 —— VBFHH (1,,=2) x 20 I E w682 expected 3
! g_ o 95% expected 3
et [=} | ——— Theoretical prediction T
= 10°E e
w F 3
2 F 3
o ' : ]
= Kt
g g g 10 E
[v4] s3] . m 3
@ 3 I L, 3
= 0102 03 04 05 06 07 08 03 = 0102 03 04 05 06 0.y 0.8 09 5 1200 1200 1600 1800 1
o BDT Qutput [=] BDT Qutput [=] Myy [GeV] 1 |
-2 -1 0 1 2 3 4

Rd
<
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HH-bbbb (boosted)

Trigger strategy

/Se eral single-jet + HT triggers R 1 “3Tev)
VvV I - I : > AR LS LN RARRE AR LA LR L 3
. R ; J tJ , 99 % - CMS DF’ note 2020/002 ]
equirements : © [ Simulation Preliminary i
i = _,| H-—bb vs. aCD multijet
HT, Jet pT’ . g 10 1 §_ 500 <p]" <1000 GeV, h**"l <2.4 | i
trimmed mass & double b-tagging S so<mp<tocey
o o L DeepAK8 |
FuIIy efficient for jet pT > 500 GeV 9. P ; A
/ 8 E — ParticleNet 3
m C - -ParticleNet-MD a
" % DeepAK8-DDT (5%) 3
. " % DeepAK8-DDT (2%) i
107°F .
1t -
0 01 02 03 04 05 06 07 08
Signal efficiency

AKS8 jet tagger : ParticleNet
» Graph neural network
 Mass-decorrelated

+ jet mass
regression

Two separate
jets (R=0.4)

One large-coned
jet (R=0.8)

° (0] (0] 1
pT@)/[Ge‘J] 0.1 % bkg eff at 50 % signal eff

Jet clustering with Anti-KT (AK) algorithm \ Discriminant score : Dy /

07/07/2022 ICHEP 2022 26



https://arxiv.org/abs/2205.06667

HH-bbbb (boosted)

Event selection

Preselection

HH selection

-like?
No VBF-like?

D}y > Dj;
Djy > 0.8
mi2 > 50 GeV

reg

VBF cat

GGF | GGF | GGF

Catl | Cat2 | Cat3

BDT + j2 Dbb based
categories

j2 reg variable in fit

> 2 AKS8 jets with
pT>300 GeV (central)

pT, A® & An requirements
Dyp > 0.9 50 < myey < 200 GeV

Yes
VBF selection :

Two forward jets

mj; = 500 GeV
Anjj >4

Dy,

classification

High, medium, low purity
categories

mHH variable in fit

07/07/2022

Background estimation

QCD multijet
01<D, <09

09<D, <1.0 Alphabet
Jet mass (ABCD)
sideband B Method

Lot mass Model D = C x TF
near mH

TF computed
from A and B

VBF categories

GGF categories

* Parametric alphabet method
* Regions defined by BDT score and j2 Dbb score

ICHEP 2022

tt + minor backgrounds : MC
+ corrections

* TF parameterized as j2 mreg
27



https://arxiv.org/abs/2205.06667

HH-bbTT

Table 1: Summary of selections applied to the 7T pair. Trigger thresholds in parentheses refer
to the 2017-2018 data-taking period.

single-e: py = 25(32) GeV, cross-e: pr > 24 GeV

Online py trigger thresholds single-j: pp = 22(24) GeV, cross-u: pr > 19(20) GeV
di-tau: py > 35GeV, di-tau VBF: py = 20GeV
Offline py thresholds 1GeV (electrons and muons), 5 GeV (taus)

y thresholds electrons and muons: |r;'| < 21 | |
tau: |n| < 2.1 (2.3) for di-tau and cross (single) triggers
Lepton ID and Isolation Tight electron MVA ID+Iso, Tight muon ID and Iso
Medium DeepTauVs]et
W Th channels)  Tight DeepTauVsMu
Very-loose DeepTauVsEle
Medium DeepTauVs]et

T}, isolation (T, T, channel) Very-loose DeepTauVsMu

T, isolation (1,7, T

Very-very-loose DeepTauVsEle

d..| < 0.045 cm (electrons and muons only
Distance to PV | -"-'f| ( V)

|d,| < 02cm
Pair selections opposite sign, AR = 0.5
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https://arxiv.org/abs/2206.09401

HH-bbTT

CMS Preliminary bbrr, 138 fb' (13 TeV)
.. . . . T T T T T T T T T
s C“S Fl‘mfnﬁm'_','l : . th\I.aTcha.nlnEII. 1$alﬂ:- [1:3ITE'\-':I . . blhfnlut E.hannali-, 135ﬂ:: (13 TE-"."J e Obssrved e Median expected
R | i Woreiven  [lSirgeH  —— Dala B MisngleH —— Dalz B 56% expected
L 1D‘: v i Bomars Background (post-1mj i1} W caners Bacwgoumopestry 4 | 95% expected
E- B aco S35 Uncariainty (post-in) i Uncertainty (posl-1n)
i Signal i = 3382 ) Sigral ir = 3.33, 3 a1} ]
o' f B = mo I =i = 2016
3 Expectad 10.6
Observed 8.92
. 2017
Expectad 11.7
Observed 9.47
2018
Expectad B.16
Observed 5.51
=3 =3
i i Run 2
'r; "a Expectad 5.22
.':,'i.;.a- g S % Opssned 333 A PPN PRI IR EPEPEE EPSPEPE BN
- 1 i L i i 1 i 1 i i i L L 1 1 i 10 15 20 25 a0 35
55 -5 45 4 35 -3 -25 -2  -15 5§ 5 4§ -4 a5 -3 -25 -2 15 955 CL limit HH (incl1) /
Pre-fit expected Iag“:lfs."ﬁ} Pre-fit expected Iag1_:|.:5-'liﬁ:| & imit on o(pp — (incl.)) c_l_hgw
. .
. CMS Prelimin bor (11 channell. 138 fb' (13 Te CMS Preiiminary bbrr, 138 b (13 TeV)
51':"[“-""-."' .DI"EiI-YEﬂ ._SlnglaH Data —|:|_—l—_|l--.|...|...|....|...|.
&4 E o=y = it W cmers 8 {post-i} ':;_ ; f —= . —— Observed  ----- Median expected
1 r B oco #4092 Uncertainty ipast-1m) v B 8% expected
10 l' B Sional ir = 333 0] £e==- 95% expected
0 2016
F Expectad 357
10.1 Observed 283
10¢ r 2017
Expectad 332
10 Observed 280
3 2018
: Expectad 226
g :: Observed 241
< 1 Run 2
o 08 Expactad 154
-85 5 45 4 85 3 28 2 s A Qpsanied 124 F EEEREPEN BRI AU SRR R
Pre-fit expected Iug1cn:S."'EII 0 400 600 800 1000 1200

95% CL limit on o(pp — qgHH) / GThanry
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HH-bbyy

My

Mryryi

/Dijet-diphoton mass very sensitive to anomalous couplings
ﬂJX = — (m” — mH) — (TR,.T,Y — mH)

Less dependent on dijet and diphoton resolutions

- CME S"m”'laﬂ':'” S . 1|3 T&V CMS S:mun'atran 13 Te‘l."
L] = T 3 B L AL B T
= [ —SMugF HH—meE BSM8 E —SM‘U‘EFHH—:WIJE Gy = 2
p BSM4 - BSM 10 - Gpy = 0
— | = — =2 -
g 10 {1 5 10F E
o 1, O Tﬁ-\
| : ) T
= [ = h
E FKL“H E I R
o .-|'r T o LL"Ll
= m-z:__r ) - < 0k . .
f &“x&."" h
‘“}'3=I... [P PP P e :-Lf"1.| =) '"]-5 "-l‘tLI?\LLL" ----------
300 400 500 600 70O 800 900 1000 400 E'EID BUG 1000 12001@01501}18["]2013'0
\ M, (GeV) M (GeV)
07/07/2022 ICHEP 2022

~

Category MVA My (GeV)
VBF CAT 0 0.52-1.00 >500
VBF CAT 1 0.86-1.00  250-500
gegF CAT 0 0.78-1.00 >600
ooF CAT 1 510-600
ooF CAT 2 385-510
ooF CAT 3 250385
geF CAT 4 0.62-0.78 >540
ooF CAT 5 360-540
ooF CAT 6 330-360
ooF CAT 7 950330
geF CAT 8  0.37-0.62 >5H85
osF CAT 9 375-585
ooF CAT 10 330-375
ooF CAT 11 250330
30



https://link.springer.com/content/pdf/10.1007/JHEP03(2021)257.pdf

HH-bbyy

ttH rejection GGF classification VBF classification
. EH Iinzﬂrjornrg?r?nh?nﬁ rit ﬂ“'ticlass BDT trained between\ « Multiclass BDT trained between GGF (1/3 of
rac. %0“ gh purity GGF bbyy (mixture of SM+ BSM), events), VBF and y(y) + jets (MC)
€gilons y+jets and yy+jets (MC) . Inouts -
» ttHScore - classifying . Inputs : P '
DNN ' * VBF features of the two forward jets :
e * Kinematic variables ' i
* Angular and discrimination (dimensionless) kinematic + an.gular
from W boson decays o T _ * HH system variables
variables . Obj.ect |dent|ﬁFat|on Yarlables - Centrality
* ttHScore > 0.26 for GGF " Object resolution variables « Signal events : inversely weighted by
(VBF) categories « Signal events : inversely weighted resolution
— 80 (85) % ttH rejection by r%?ﬂo;utlon 57 1 (13 TeW) « One BDT for each of the 2 subcategories
- 95 (90) % HH efficiency - Z
CMS 137 5" (13 TeV) g ¢ Data FlagH EVBF H _ Cms 137%'(137eV)  CMS 137 16" (13 TeV)
R o A At M AL - —SMggFHHx10° [ JVH [JfH S 0 woaocey 48 T G
5 10°F 4 Data FlogH E/VBF H g S 4ok 4 Data agH =VBFHA = OF 4 Data PlagH IVBFH
E 1[35.'r—sr|.|i;|gFHH:|:11]:1 vH [T]iH - E % 1Us:r----sr\.n;gFHH;-ntf VH [iH % 105 --- SM ggF HH x 10° VH [OfH
< 3 4 I 104;—SMVBFHHMO’ 1z mq —SM VBF HH x 107 . 3
= ¢, =0VBFHHx 10° 10°F — ¢, =0 VBF HH x 10 E
u 1K, 7 10° 3
102i’~~_. "| -;
" 10§ S 1] S 1
: 7 > | = " &
: o " }'?v!-.mifﬁh. | "“'
: e E: Sy 0 0.1020304050607 0809 1
§ : - o i VBF MVA (High M,)
Qj 01020304 0506070800 i k 0 010203
ttHSco
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https://link.springer.com/content/pdf/10.1007/JHEP03(2021)257.pdf

HH-bbyy

CMS 137 b7 (13 TeV) _CMS 137 b (13 TeV)
* cf SM expected i / * LE Observed : ,/ [J'
i i | o if | )
"9 /) [ o / CMS 137 fo” (13 TeV)
3 /o 3 S = F 95% CL upper limits E|
bt / * ( T / * \ : = C ’ Ob;j::-ed HH — yybb 3
0.5F W \ % 0.5( v i 2 10%k e Median expected
; . \ - ( A o E- B 658 CL expected -?
o K /) o ‘\ / = 95% CL expected 4
5 .. \\"». sl - o i e T 10 E- — — Theoretical prediction -a
-0.5F | -0.5F T
C % SM : F % SM T 3 3
[ o HH cat. Best fit [ e HH cat Best fit — - B
-1f-— HH cat. 68% CL -1 — HH cat. 68% CL m
F .. HH cat. 95% CL I . HH cat. 95% CL T
_15f ¢ HH+iH cat. Best fit _15f. ¢ HH+itH cat. Best fit L
“F HH+ttH cat. 68% CL “k HH+tH cat. 68% CL B
. HH+ttH cat. 95% CL F IHH+tt|H cat,IQS% FL | : ; b}
20

PN T N Pl P P IS IO e 2

-20 -15 -10 -5 Q = 10 15 20 -15 -10 -5 0 5 10 15 20
K K oz , 4
10 \/

_CMs 137 i (13 TeV) _CMS 137 1" (13 TeV) S
)
‘E —3 I 1 I a1 L I i3 i | I bkl L I Ll - I L 4 i I La i | I i B 1 L
S W3 > 3 0 1 2 3 4 5
vy

Coy

SM expected

— HHcat, k=124
HH+1fH cat., x, = 1.3°93

L Y J gy S 1 SR - BN

K, K
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https://link.springer.com/content/pdf/10.1007/JHEP03(2021)257.pdf

HH-bbZZ

137 fb (12 TeV)
E B~z 4
2 F cMms -2z
! o B =M Higgs
T 5ol Preliminary B 1tV whare V-Z,W
=
w I W wneTE Va2 W
|
—a— [8f3
40 - = HH — bb4l %100
160 170 180
m, (GeV)
o 2F
i =
El 1.5 ':'— n iy
: : _+_ +
™ | Sl LU St e PRI Y -
YT T T T i ]
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Evenis's Gay

Data’s Bkg.

137 b (13 TeV)

10—

- CMS

Preliminary

B2z —4
=2z =4
B 5M Hipgs

B it whare V=2, W
B v where VeZ W
B

== Data

- - HH — bb41 %100

=
=
1 E'- A e
05 f— ..........
o | -0 -]

ICHEP 2022



https://arxiv.org/abs/2206.10657

HH-bbZZ

Data-driven Z+X

* Probabilities for misidentification of
electrons and muons

f e / f m
. . i . 137 -t 13 Tal) e 137 10 (13 Ted)
* Measured with Z( ”) + e/l.l + JetS events EMS Prelimibary b — omserved 5% CL Ll CMS — :I;n:::n:i.::_‘: -

i == Expacied 95% O Lmit |
| o e e1s Frelminary 1 | o Brpectsd 5% CLLimt
I 0 tspected 254 { Il Espected =054

* Tight requirement

[ Esperte =354

1=

|Minfu(lll2) - MZ| < 7 GeV gm*-

+ Misidentifications as bins of lepton pT ’E
07

N =gy e 3~ M) 437 :

* Nspir and Nzpzr are observed number of |
events in the control regions Z + 2jets .- . e 1o
(additional pair of SF OS leptons)

 3P1F : one of the four leptons does
not pass final selection

» 2P2F : two leptons (not Z1) do not
pass final selection
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https://cds.cern.ch/record/2725691

HH-Multilepton

Trigger Selection requirements for reconstructed e, i, and 7, objects

Single e prle) = 27/32-35/32 GeV (2016/17/18)

Single u | pr(p) > 22-24/24-27/24 GeV (2016/17/18)

Doublee | prle) = 23,12 GeV

e+ prle) =23 GeV, pr(u) = 8 GeV

U +e pr(p) > 23 GeV, prle) > 8/12/12 GeV (2016/17/18)

Double | pr(p) = 17,8 GeV

e+ Ty prle) =24 GeV, pr(ty,) > 20-30/30/30 GeV, |n(e, 7,,)| < 2.1 (2016/17/18)

o+ Ty, pr(p) = 19/20/20 GeV, pr(Ty,) > 20/27/27 GeV, n(u, 1,)| < 2.1 (16/17/18)

Double 1}, | pr(Ty,) > 3540, 35-40 GeV, |n(Ty,)| < 2.1

Triple e prle) > 16,12, 8 GeV CMS Preiminary 3¢ CR __138 " (13 Tev) CMS Preliminary 47 CR 138157 (13 TeV)
Twoe +u | prle) = 12,12 GeV, pr(j) = 8 GeV %3500 -~ S Mo, lootons .ZZ % . .22 T -m-akg MMasamaacinnss
Two Ht+e pT{}' } >99 C(—.vr FT{LJ > 9 GeV & 2000 Other Bhky. .Cunversmns 25 Uncertainty i 500 ) -

Triple | pr(p) > 12,10,5 GeV o oo | Weomesors G owanaey § ou

07/07/2022

0
5 Bya ——————r :
b PSR 23'2 NN S

m m
o/gosk : o|sosk t t t 1
20 20 40 60 80 100 120 140 & 0 50 100 150 200 250 300 350 400 450
mr [GeV] my, [GeV|
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https://arxiv.org/abs/2206.10268

HH-Multilepton

Misidentification background Charge flip background
KMisidentiﬁcation probability for e,u and T, \ / Only necessary in 2Iss category \
fi(pr,m) - N(2 leptons 0S) >> N(2 leptons SS)
 Measured in Multijet events in Z- pu + jets » Select events in the SR 2Iss, except of the
— requiring 2 muons with 60 < M, < 120 GeV dilepton pair being OS

- evaluate misidentification of jet as — Weight applied to estimate charge flip bkg

lepton/tau * Probability measure in Z— ee events

(negligible for muons)
° Appl:,\,d - -

EU— n—|-1 s fr Pt/ 1] )
Hl fI(PTr )

- For both data and MC (subtracted)

- AN _/
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