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Ultimative probe of the scalar sector

[ts properties are determined by the

shape of the Higgs potential

Shape controlled by x* and 4
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Measure Higgs self-coupling 1 via di-Higgs production



v B8 Nain HH production modes
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* Gluon - gluon fusion:
oM = 31 fb £ 3 % (PDF + ay) 8% (scale + m) at 13 TeV

ggF 23%
“triangle” “box”
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+ Vector - boson fusion:

oon: = 1.7fb £2.1% (PDF + aS)+8 gig(scale) at 13 TeV

remark: ky is a coupling modifier, xy = cy/cp™
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Main HH decay modes

H— XX

charm/anti-charm, 7z OVZV% 02*2":/ others
tau/anti-tau 3% ".3% ' e _0.6%

6% \

2 gluons
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HH — XX
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Most promising channels at LHC: 4b, bbtt and bbyy

Q : public Run 2 results
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Pros: Contras:

= [ow background = [.ow branching ratio (0.26%)

= Fxcellent m,, resolution

Probes mostly the lower end of the myy spectrum

sensitive to the Higgs self-coupling

Recent results:

ATLAS: arXiv:2112.11876
CMS: JHEP03 (2021) 257
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+ Similar analysis strategy as ATLAS with

a few differences listed below

- 12 ggF-like and 2 VBF-like SRs based

on
- DNN score to separate HH and ttH

- ggF- and VBF-specific BDT scores to
separate HH from yy andy + jets
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- Parametric fit in the (m

vy’
SRs

; my,)-plane 1n the

- HH and H shapes from simulation
- other bkgs from data using discrete

profiling
Obs. (exp.) limit on o,
7.7 (6.2) x SM at 95% CL

HH bbyy at CMS
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Tklep-had channel (46 b T had-had channel (42%) -
. ~ /,‘
e/p <—HH | () ,
. \ pd = N\ T 4/@ @
“ v W o
Pros: Contras:
= Sizeable branching ratio (7%) = Neutrinos in T decays
= Moderate bkg contamination = Challenging had. t reco and triggering

Probes the intermediate myy spectrum
broad range of x; hypotheses

Recent results:

ATLAS: ATLLAS-CONF-2021-030
CMS: arXiv:2206.09401
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Electron/muon and z-triggers
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Events with at least one 7 and 2 b-jets

Events split into 3 categories: single-
lepton-trigger, lepton-tau-trigger and bbz,z,

- no specific VBF category, resolved only

Background estimate:

« 1t with real 7’s and Z+yets from
simulation; a dedicated Z + jets CR to
constrain the normalisation in data

- multijet and 7 with mis-identified 7’s
from data in regions with inverted z-1D
(charge or 1solation)

« Dedicated multivariate classifier in each
category: BDT in bbt,r, and NN 1n bbz,z,

Obs. (exp.) limit on o,

4.6 (3.9) x SM at 95% CL
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HH bbtt at CMS

5 CMS 59.7 o' (13 TeV)
. @ 10
= bb 1.1 Expected VBF HH x 150 Expected ggF HH x 5
- Electron/muon and z-triggers § F oW o —
& 10° I aco B Single H
¢ Data

- Events split into bbz,z,, bbz,7, and bbz,z;, final
states

+ 8 signal categories per final state and year:
+ resolved 2b, resolved 1b and boosted

- 5 VBF multiclass categories: VBE, ggL5
ttH, tt and DY

+ Background estimate:

- tf and Z+jets from simulation
normalised to data in CRs

- multyjet from data in regions with
inverted z-1D (charge or 1solation)

. single DNN training to extract signal
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b \resolved channel . boosted channel R=08
Sl [ —
Y ]
R =04
Pros: Contras:
= highest branching ratio (34%) = high multyjet background

probes mostly the higher end of the myy spectrum

sensitive to New Physics at high pryy

Recent results resolved channel:

ATLAS: ATLAS -CONF-2022-035
CMS: arXiv:2202.09617

Recent results boosted channel:

CMS: arXiv:2205.06667 13
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+ trigger with at least 3 jets
+ Event categorisation based on the

BDT, . r_ypr classifier:

Two(separ?te One large- coned
jets (R=0.4 jet (R=0. 8)
+ 2 ggF-like SR: signal vs bkg trained '
] 0 250 500 pT(H) [GeV]
B D T Clas Slﬁer Jet clustering with Anti-kT (AK) algorithm
. . . . . CMS 102 fb' (13 TeV)
QIVB.E-hke SRs: my, or single bin 2 roof i thbB PTE—
(O] - ggF high-m Bkg. model
classitier 2 coof- AZ regior - Bkg- mode
. N —— SM ggF-HH x 100
» data-driven background: 500}~  VBFHH (x-2) x 100

+ BDT-based 36 — 4b reweighting

Obs. (exp.) limit on 6’1,

ggF+VBF

3.9 (7.8) x SM at 95% CL

00203 04 05 06 0.7 08 09 1
BDT Output

Data/Bkg.
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+ High p;jet and H; triggers

+ Large-R jet as proxy for
Higgs; sophisticated
tagger to identity H — bb
candidates

- Event categorisation:

+ 3 ggF-like SRs: jet
regressed mass as
discriminant

+ 3 VBF-like SRs: m,;;,

HH
Obs. (exp.) limit on o,z ygp

9.9 (5.1) x SM at 95% CL

Events / 10 GeV
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HH 4b boosted at CMS
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Two separate One large- coned
jets (R=0. 4 jet (R=0. 8)
I
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Jet clustering with Anti-kT (AK) algorithm
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CMS ]
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- Prrwe=35 [ e {tH ]
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HH Non-Resonant Production

Combined|_
27.5-36.1fb~ !

bbetvi—v|

139 fb~!

bbyy
139 fb~!

bbttt |

139 fb~!

ATLAS Preliminary
VS =13TeV, 27.5-139 fb!

I | T Ll ] l I
—— Observed

Expected
Expected £ 2 0
I Expected £ 10

3.1 x SM (obs, exp) bbzz + bbyy 139 fb~!

ATLAS-CONF-2021-052 Obs.  Exp.

6.9 10

Normalised to Oggr
Phys. Lett. B 800 (2020) 135103

40 29

x10 better - Normalised 0 Oger 1
Phys. Lett. B 801 (2020) 135145

41 5.5
| x3 better ATASCONF 2081015 |

- 4.7 3.9
Normalised 10 Oggr + ver -

x3 better ATLAIS-CONIF-2021-O?O
2 5 107 20 50 100 200

95% CL upper limit on o (pp = HH) normalised to osm

bb ZZ
Expected: 40
Observed: 32

Multilepton
Expected: 19
Observed: 21

bb bb, resolved

Expected: 7.8
Observed: 3.9

bb yy

Expected: 5.5
Observed: 8.4

bb Tt
Expected: 5.2

Observed: 3.3

bb bb, merged jet

Expected: 5.1
Observed: 9.9

CMS Preliminary 138 fb™ (13 TeV)
1 1 1 1 1 L I 1 I 1 1 1 LI I I 1 1 1 1 I
K=K =1 —e— Observed ----- Median expected
Ky =Koy =1 FRESE 68% expected
----- 95% expected

new channel
ﬁ

new channel
ﬁ

CMS-PAS-HIG-20-004

CMS-PAS-HIG-21-002

x5 better Sub. to PRL (2202.09617)
. - _

x3 better JHEP 03 (2021) 257

—

x5 better CMS-PAS-HIG-20-010
I . —

x30 better Sub. to PRL (2205.06667)
(e L.

10 100

95% CL limit on o(pp — HH) / o

eory

iImprovements quoted with respect to the 2015+2016 dataset

—————————————————.———
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Oggr + ver (HH) [fb]
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Higgs Self-Coupling

| ATLAS Preliminary
Vs = 13 TeV, 139 fb

Observed limit (95% CL)
Expected limit (95% CL)
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Theory prediction

SM prediction

Observed: k) € [-1.0,6.6] bbyy
bbt*t~
EXpedBd:KAe[—LZQKZ] Combined -
10 -8 -6 -4 -2 "2 4 6 8 10

K

bb ZZ

+5.6
K, = 2.3_5‘ 4
CMS-PAS-HIG-20-004

Multilepton
K, = 23;522

CMS-PAS-HIG-21-002

bb bb, merged jet
K, =-1 .5_*;“;'5

Sub. to PRL (2205.06667)

bb bb, resolved
K, =3.67¢

Sub. to PRL (2202.09617)

bb tt
X, = 3.672
CMS-PAS-HIG-20-010

bb yy

+2.49
x, =-0.1 9_1473

JHEP 03 (2021) 257

CMS Preliminary
LI I B | LI I T

l T
Koy =1
K=Ky =1

Z

Ll T I T T T T I 1
Excluded at 95% CL
/7 Observed
N\ Expected

T I LI B | I

—e— Best fit value
—— Theory prediction

&5
RS
SRR
RRRRRRRR
LRRRRRKS

SRS
QRIS
IR
QRRERIRRRRIIKRIRS
RRKRKR QRIRRRRRKS

Z

QRRRIERRRISIL
OSSR RKRRY

AR ERRIRIERRIK
QR RRRRRIRARIRIRKRRRNS
RRRRRRRRRRRRHn:H:
<Qﬁ§?¥¥9&&&#¥&&&#*ﬁvb

X

QIR
KL
%&%&&&&&%’

QKL
REKELRKL

3&g
g:
<)

<%
.:
%5
&5
555
X
%%
%%

50555
%
93959,
%6
26

%

&5
$96%676%% %
s
GRRAAS
s
9200959,

99
%f
()

205959
(LK
%&&
505

138 fb' (13 TeV)
1 T LI I T || LI I

SRS

SRRRKRKKS

SRRRRRKRKS
QXK

QRO
QESRL

KXY
QIR

-15

-10




HHVYV Coupling



Tatjana Lenz

HHVYV Coupling

UNIVERSITAT

138 fb' (13 TeV)

CMS Preliminary
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+ Single Higgs production is sensitive to Higgs self-coupling via next-to-
leading order electroweak corrections

+ Combine H and HH analyses
+ Last publication: ATLAS-CONF-2019-049

< 8_|]||l||||||]||l|]l|Il]llllllllll]]lllll_ < 8_]|lll|||[I|||||I|||||||||]|[||Tl||l||||
— [ ATLAS Preliminary — — double Higgs - — [ ATLAS Preliminary —— double Higgs -
o~ [ fs=13Tev,275-79.8 1" — - single Higgs — — 75 {s=13TeV,275-79.8f"' — single Higgs
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» Top quark appears in loops
» Simultaneous fit of top-Higgs and H self-couplings



Conclusions
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Strong program of searches for non-resonant HH production
and determination of Higgs self-coupling

» 1nnovative analysis techniques enables sensitivities well
beyond the expectations

» most results published with the full Run 2 data set
combinations to follow

Limits on the HH production cross-section: 3.1xSM

Higgs self-coupling constrained to [-1,6.6] (expected [—1.2,7.2])

- Absence of VVHH interaction excluded > 60
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