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Search for Higgs Boson Pair Production at the LHC

S * Several CMS analysis search for HH production using all Run 2 data
e M; ;=125 GeV, MSTW2008 (N)LO pdf (682cl) (138 fb—l)

* Both non-resonant and resonant productions are studied.
* This talk focuses on the non-resonant production.

* Studying main production modes: Gluon and Vector Boson Fusion.
* Analysis objectives:

* Obtain the value of ayy with respect to the predicted by the SM.

oyLolfb]

eyl
MadGraph5_ aMC@NLO

R K ] * Study the values of the Higgs couplings involved.
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Search for Higgs Boson Pair Production at the LHC

* HH production has much smaller cross section than H
10° production.
* Best decay modes require a balance between purity and
branching ratio.
* This talk focuses in 4 decay modes:
- HH - bbtt
* Large BR thanks to the H — bb, good purity coming
from H - t7.
* Considering T, Tp, TTh, T, Ty final states (88%)
* arXiv:2206.09401, HIG-20-010
* Multilepton ( WWWW, WWTT, TTTT)
* First search for HH decaying into WW7t and t77T.
* Considering final states with at least 2] or 1 7,
e arXiv:2206.10268, HIG-21-002
* Both analysis included in combination published in
Nature.

bb
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http://arxiv.org/abs/2206.09401
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-010/index.html
http://arxiv.org/abs/2206.10268
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-002/index.html
https://www.nature.com/articles/s41586-022-04892-x

HH — bbtT
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CMS  supplementary 138 b (13 TeV) M AI N BAC KG RO U N DS

Datasets 3vy  moerva =
o | mQCD w1 Single H 4 N\
= 1%F B others ¢ Data Drell-Yan
/ \ 5 102- | Resohved, 2 b tag Basic estimation from MC,
DATA o + | category yield corrected by fitting in
138 fb~! of pp collision j: TnTh 2018 KZ — uu control regions )
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http://cds.cern.ch/record/2694158/files/DP2019_033.pdf

Analysis flow

[ Trigger requirements ]

e, U, T object selection
H — 17 pair identification

b jets, VBF jets selection
H — bb pair identification

VBF pair identification

Event categorization

[ Signal extraction ]
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Analysis flow
[ Trigger requirements ] |:>

[ e, U, T object selection

H - 17 pair identification J %

b jets, VBF jets selection
H — bb pair identification
VBF pair identification

Event categorization J

Signal extraction J

Jaime Ledn Holgado (CIEMAT)

Targetting H — 77 decay products:
* T7,Tp channel: single muon, muon-ty cross trigger

* 7,7 channel: single electron, electron-t; cross trigger

CMS HH - bbtt and HH — multilepton

* T,T, channel: di-t;, trigger, dedicated VBF H — 1, T), triggerj

o

* Match offline to trigger objects
* Apply kinematic, isolation and identification requirements.




Analysis flow

Trigger requirements J

e, U, T object selection
H — 77 pair identification

b jets, VBF jets selection

H — bb pair identification} )

VBF pair identification

Event categorization J

Signal extraction J

Jaime Ledn Holgado (CIEMAT)

CMS HH - bbtt and HH — multilepton

KNew ML-based b jet candidates’

selection: HH-btag

e Using as input information the
kinematic of the event
(including information about
the H — 11 candidate) and the
jet b-tag score (Deeplet).

* Improving H — bb selection
efficiency and mass resolution
w.r.t. CMS standard b-tagging.

* Select VBF jet candidates (highest



https://iopscience.iop.org/article/10.1088/1748-0221/15/12/P12012

Analysis flow

, 8 final analysis categories
Triggers

Trigger requirements J i e Boosted category: Requiring a fat jet

with 2 loose b-tag subjets matched to
the selected b jets.

 Resolved 1 b tagand 2 b tag: one or two
jets passing medium b-tag WP.

* VBF categories: m;; > 500 GeV and
|A77jj| > 3, medium b-tag requirement
on at least one b jet candidate. Five

(_1btag ) ((2btag ) subcategories identified using a

multi-classifier.

2 VBF cand.?
e, U, T object selection
H — 77 pair identification

H — bb pair identification
VBF pair identification

b jets, VBF jets selection J

“Probability”
HHgger 0.41
0 5 ‘_ “5 &8
[ Event categorization & . }\\V:;é;,.\}}?ﬁ,% HHver  0.18 N
Example [ % ﬁ%“?’;%:‘?"}ﬁﬁ ttbar 0.13 b b hg hest
event =i XX X% y g
S Q‘Q\t\'/"‘\\'/;'&z\‘ DY 0.9 output
Ve = TR
Signal extraction J y=1
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Analysis flow

[ Trigger requirements ]

e, U, T object selection
H — 77 pair identification

b jets, VBF jets selection
H — bb pair identification

VBF pair identification

Event categorization

[ Signal extraction

%

* Using a dedicated ML discriminator that provides a single

signal only the ggF samples.

-1
@ 10° CMS _ supplementary 58710 (13Tev) CMS  Supplementary 507" (13 TeV)
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prediction to discriminate between signal and background.
* Trained with boosted and resolved events and considering as

* Binned shape of the output score used in all analysis categories.

/Resolved 2b A
tag and VBF
subcategory
T,Th, 2018

\_h %
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r= O'/O'SM
(ggF+VBF)

2016
Expected 10.6
Observed 8.92

2017
Expected 11.7
Observed 9.47

2018
Expected 8.16
Observed 5.51

Run 2
Expected 5.22
Observed 3.33

Obs (exp) upper limit on inclusive HH production:
3.3 (52) X Osm

* ggF + VBF: second most sensitive CMS HH analysis.

bbr, 138 fb (13 TeV)

T I T T T T I T T T T I
—e— Observed @ ==--- Medlan expected

B 68% expected
----- 95% expected

11 I L1 1 1 I L1 1 L1 1 1 I L1 1
15 20 25 30 35
o - ,
95% CL limit on o(pp — HH (incl.)) / O heory

* VBF: most sensitive CMS HH analysis.
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2016
Expected 357
Observed 283

2017
Expected 392
Observed 280

2018
Expected 226
Observed 241

Run 2
Expected 154
Observed 124

Resu\ts Upper I|m|ts @SI\/I

bbrt, 138 fb™' (13 TeV)
T I T T T I T

—e— Observed @ ==--- Median expected
B 68% expected
----- 95% expected

1 I 1 1 1 I 1 1 1 ] 1 1 1 l 1 L 1 l 1
400 600 800 1000 1200

o -
95% CL limit on o(pp — qqHH) / oThemy

Obs (exp) upper limit on VBF HH production:

CMS HH - bbtt and HH — multilepton

124 (154) X Osm

TvBF = OyBF/Osm
(VBF only,

assumming rgep = 1)
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Results: Inclusive HH upper limits vs. k; and k5,

Limitsonr Limitsonr
qq
CMS bbrT, 138 fb™' (13 TeV) CMS bbrt, 138 fb' (13 TeV)
E‘ _lIlI|I'\III\IIIIIIIIIIIIIIIIII_ E. lllllllIIllllllllllllllllllllllllllllll]lllllllll
é LK T K TRy, =1 —— Observed ~ ----- Median expected - E 10 E K TR K =T —— Observed ~ ----- Median expected 3
102k BB 65% expected i ° - B 63% expected
- g H ----- 95% expected T o | 95% expected
- / e k- E

102 E

10F

Q
C.|.:
95% CL limit on o(pp — qqHH) /

95% CL limit on o(pp — HH (incl.)) / o
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-15 -10 -5 0 5 10 15 -4

* Observed: K, € [—1.8,8.8] * Observed: k,, € [—0.4, 2.6]
* Expected: k3 € [-3,9.9] * Expected: Kk, € [-0.6,2.8]
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HH — Multilepton
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Datasets /gackgrounps \

/DATA N * Irreducible backgrounds: [ and 7}, come from W, Z or H
138 fb~1 of pp collision decays and are reconstructed with the correct charge.
data collected by the CMS Extracted from MC.
detector at the LHC during - Reducible backgrounds: [ /7, misidentification, electron
@U” 2 (2016-2018). ) charge misidentification, electron from photon conversion.
° Huge cross-sections — Cannot produce enough MC events, need to
CMS Preliminary 2£SS  1381b7(13 TeV) extract from data.
£ 15| i Wiskdloptons 1 Otrer Big. EAWZ | , L ,
2 1o [ M Conversions  7]Fiips Single H o Using the “fake factor” method: defining a relaxed selection

Y I L (charge/iso) region. Data events entering in this sideband region are
10 [2155 category, ] extrapolated to the SR by reweighting them.

Full Run 2
Prompt MC
DATA

g
«\MW
b - b 5 3 S 8
£ e N
v 7
e

Irreducible bkg

1 DATA (MC)
E%_%_ Reducible bkg Non-prompt MC
Sgost - .
§ 7 s B ™ % Signal region “Reweighting Sideband region

Bin number
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Analysis flow

[ Event categorization ]

Trigger requirements and
object selection

[ Signal extraction ]
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Analysis flow

* Targetting W and tj, decay products. Seven mutually
exclusive categories included, each with its dedicated
triggers.

* 2lss (same-sign): single- and double-lepton.

* 3l:single-, double- and triple-lepton.

* 4l:single-, double- and triple-lepton.

e 3l +1ty: single-, double- and triple-lepton.

e 2l + 21y: single- and double-lepton.

* 1l + 314: single-lepton, lepton+t; and double-ty,.
* 4t,: double-1y,.

* [ and 1, candidates required to pass a tight selection
criteria and category-specific pr thresholds motivated

J by the triggers.

* Background reduced by rejecting events with Z or light
meson resonances, with b tagged jets, H—77 —4l
events.

[ Event categorization ]

object selection

[ Trigger requirements and J :

Signal extraction

Jaime Ledn Holgado (CIEMAT) CMS HH - bbtt and HH — multilepton 16




Analysis flow

Event categorization

Trigger requirements and
object selection

J

&

[ Signal extraction

)
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CMS HH - bbtt and HH — multilepton

Dedicated boosted decision trees (BDT) for each category used
to discriminate between HH signal events and backgrounds.
Trained using the three years at once.

Maximizing MC statistics by relaxing object selections.
Binning chosen so each bin has similar expected
background/signal events (in high/low event yield categories).
Higher bin numbers correspond to high BDT output values and
higher signal to background ratio.

CMs 27ss 138fb (13 TeV)
@ F L LI e 0
T 1t L MISId f Other bkg E iWZ "UEJ
2 = -Conver5|ons V77 Charge Misid. [ Single H 3
oo E Mz ¢ Data %% Uncertainty
10t i_ — SMHH % 30
. 2[ss category
=

o
[+]
\'\

//////”// 2 i

Data
Expectation

Data
Expectation

15 10 15 20 25
Bin number

CMS 4Tf’l
R L I R I
N Misid. 1, .zz

138 fb (13 TeV
.Smgle H

0=

9 =
8 Other bkg. ¢ Data % Uncertainty -3
75 —SMHHx 30 E
2 4ty category
4 =
3 =
2 =
1; =
ol
2 E
;
o
i 2 3 4 5
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[ Dedicated VBF search to be done in Run 3 ]

Results

—0/0 -
/T cms 138 (13 TeV) CMS ___ HH-Muliiepton 138 fb" (13 TeV)

(ggF"'VBF) ...Obls‘;n:,e(ljl o -68% expected |

HH — Multilepton | === Median expected 95% expected

!

w
o

- 68% expected = Observed
95% expected @ === Median expected ]

OO

2SS
u < 125 (62.8 exp)

37
1L <59.3 (41.2 exp) B

4¢
1< 56.7 (76.8 exp)

37 + 1Th
1 < 45.7 (63.2 exp) B

2&”+2Th

1 < 50.3 (62.0 exp)
1Lﬂ+3Th

1 < 50.9 (48.5 exp)
4Th

n < 50.0 (78.8 exp)

Combined
1< 21.3(19.4 exp)

N
()

- = Theoretical prediction .

95% CL upper limit on o(pp — HH) [pb]
N

0 50 100 150 200 250 -10 -5 0 5 10 15
95% CL upper limit on u = o(pp—>HH)/ o__ Ky

* Observed: k) € [—6.9,11.1]

Obs (exp) upper limit on inclusive HH production:
* Expected: k) € [—6.9,11.7]

21.3 (194) X OsMm
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Conclusions

* Searches for non-resonant HH production in the bbtt and multilepton final states have been
presented.
* Using the full Run 2 data set (138 fb™1).
* Studying the main production modes: ggF and VBF.

HH - bbtt

KConsiderable improvement compared to the HH — multilepton
previous results (upper limiton o ~ 30(25) X ggy )
due to increased statistics and introduction of K First analysis to consider the WW<tt and TTTT\
advanced Machine Learning techniques at analysis decay modes.
and object identification levels.

* Observed (expected) 95% CL upper limit for
* Observed (expected) 95% CL upper limit for the SM the SM point:
point: \ * Oggrsver = 21.3 (19.4) X 0gop ypF /
Oggr+ver = 3.3 (5.2) X 0 gF+VBF

\ * OVBF — 124 (154) X O-VBF /

CMS HH - bbtt and HH — multilepton 19
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BACKUP
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Signal samples

°ggF:
o LO: MADGRAPHS5 aMC@NLO v2.4.2
o NLO: MADGRAPH5 aMC@NLO v2.4.2 + POWHEG v2.0

* VBF:
> LO: MADGRAPH5 aMC@NLO v2.3.2.2

Jaime Leén Holgado (CIEMAT) CMS HH - bbtt and HH — multilepton 21




Latest HH — bbtt results (2016 dataset)

1000 CMS preliminary 359fb' (13 TeV)
e Observed bb }LT + bb eT +bb1 ’E
900 o Expected CLs -
o Egeced | ] C°mb'”,ed°ha””e‘s, * Most recent bbtTt result: PLB 778 (2018) 101
800 Expected + 26 et ¥ S — e =

m Theory predlctlon i I

flreneof o Using 2016 data: 35.0 fb™?

700
600
500
400
300
200
100

0

* 95% CL upper limiton a(gg — HH) obs (exp) ~30 (25) X ogp,

CMS 35.9 b (13 TeV)

95% CL on ¢ x B(HH— bbtr) [fb]

bbVV

Observed 78.6xSM
Expected 88.8xSM

I_IIII 1 wl P11 |I_I_IIJ_I_IIILIIII_I I I_J_I 1 III_I_II

—20 = I—'IOI = 0 | | 10 — 20 30 ggggdm_exw
Kk, I
* Combination of 2016 HH analysis: Phys. Rev. Lett. 122,  aXiu.a e observed
12 1803 - --- - Median expected
32 Zrz; 423.645M - 68% expected
* The bbtt channel is the second most sensitive HH R B 95% expected__|
channel. Sombined,

Expected 12.8xSM

1 . T . .
678910 20 30 40 506070 100 200 300 400

SM
95% CL on o,,,/c7y;
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https://doi.org/10.1016/j.physletb.2018.01.001.
https://doi.org/10.1103/PhysRevLett.122.121803

Multi-class classification for VBF categorization

* In order to separate the VBF signal from the ggF and “Probability”
other background contamination, we classify the events HHger 041
in this category into 5 subcategories using a multi-class S 3 A e HHver 018 Categorize
e xample s AN T Yo s tth ;
classification. N il S O aele e A 013 g by highest
. . . . S @ DY  0.09 output
* In this strategy, machine learning techniques are used to 0\\\'//\\ o 010

assign probability estimates for an event to belong to - s

categories associated to any of the relevant physics :

processes under consideration.

Lorentz Boost Network
Vector inputs Particles Boosted particles Features 1
0000
. 000 S Neural Network
LBN takes N input four- o
vectors, creates M BEEE 0000
partICIeS' bOOStS themAtO/ 3 T Non-vector inputs
their rest fram.es and éoo'oof 8838 : ' 8 - Objective
extracts generic features ©O0O0] L
. —— . —— - L ,—>

from them and their T : ranee () S
combinations. #m 0000 1S}
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https://arxiv.org/pdf/1812.09722.pdf
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DNN for signal extraction

A dedicated ML discriminator that
provides a binary signal vs background
classification is trained.
Trained with events belonging to the
resolved and boosted categories and
considering as signal only the ggF LO
sample.
Each discriminator is an ensemble of
ten neural networks trained via ten-fold
cross validation.

* The final score is a weighted sum of

the DNN scores from the ensemble

Binned shape of the output score is
used for the final signal extraction in all
analysis categories.

DNN architecture

Continuous
features

[ Categorical features ]

l

Categorical

embeddings
|

+

(+ X
N

»

Linear - Swish - Dropout

Concatenation

o+

h J

Linear - Swish - Dropout

=®

¥
Linear - Sigmoid
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DNN for signal extraction

* An extensive set of high- and low-level features is considered as possible inputs.
* The most influential inputs are selected using a series of steps:
* Cleaning of linearly correlated features
 |terative cleaning based on feature importance using Random Forest classifiers.
* Pruning of features with a high mutual dependency among the remaining ones.
* The final NN ensemble is trained on 20 continuous and 6 categorical features.

Some of the most important continuous features Categorical features

M(HH) (KinFit)
x? (KinFit)
M (zt) (SVFit)
AR(t, 1) - p:(H(tT)(SVFit))
My (71, MET)

Channel
Year
Boosted flag
VBF jets presence
Highest deepflavour WP from the first b

Deepflavour CvsB of the first b jet
Highest deepflavour WP from the second b
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b-tagging — CMS Deeplet

e https://cds.cern.ch/record/2646773/files/DP2018 058.pdf

41.9 o (13 TeV, 2017)

10°

Jets / 0.02 units

CMS . * Data le

Medium....

Tight

Data/MC

06 08 7

0.2 0.4
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DeepJet B Discriminant

misid. probability

—
<

107

107

41.9 fb’ (13 TeV, 2017)

o —@— DeepCSV
—&— Deeplet with SF applied )
“““ —&— DeepCSV with SF applied |~

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

N + DeepJet

—udsg
---C

... A udsg with SF applied i

“““ A cwith SF applied
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b jet efficiency
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https://cds.cern.ch/record/2646773/files/DP2018_058.pdf

Results: Upper limits @SM

ATLAS RESULT r (ggF+VBF) SM only!

Table 5: Observed and expected upper limits at 95% CI. on the cross-section of non-resonant HH production
according to SM-like kinematics, and on the cross-section of non-resonant HH production divided by the SM
prediction. The +1 ¢ and +2 ¢ variations around the expected limil are also shown.

Observed -20 —-lo Expected +lo +20
T eF+VEF [fD] 145 70.5 946 131 183 245

Padthod v /oM e 495 238 319 443 617 827
o o gaFveE [fb] 265 124 167 231 322 432
fopThad TegrsvBE/Toopyvpe 916 422 566 786 109 147
_ O ooty L] 135 61.3 823 114 159 213
Combined e/ ]| 465| 208 279 |387| 539 722
* CMS HH - bbtt upper limits in g /ag),: ggF +VBF 3.3 (5.2)

VBF 124 (154)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-030/

HH->WWWW — ATLAS analysis

e https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-24/

Observed Expected limit on o/osm
limit on o/ogyq Median +20 +loc —-lo 20
2 leptons 170 150 200 210 100 78
3 leptons 420 270 690 420 200 150
4 leptons 340 400 880 590 290 210
Combined 160 120 230 170 83 62
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-24/

