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EXPERIMENT

Higgs Boson Self-Coupling (why Higgs pairs?) ATLAS
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Higgs boson pair-production measurement
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direct measurement of Higgs boson self-coupling
N/
direct probe of shape of Higgs potential

V(g)

e ‘ Im(g)

A # Ly, = new physics

Re(¢)

#CSIC g
V. Senthilkumar IF I C PN Probing the nature of electroweak symmetry breaking with Higgs boson pairs, 2023/08/08 - B« SRS

<
2 E INNOVACION



HH production cross sections ATLAS

EXPERIMENT

Jets: 10 kHz

Standard Mode! Production Cross Section Measurements Status: February 2022
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HH production modes ATLAS

; Non-resonant production modes probed in ATLAS
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Using the k framework to parametrize BSM physics

Assumption: New physics only modifies SM couplings,
where « is the coupling strength modifier

;{HHH ] . > k,: Higgs trilinear coupling strength modifier
K,= ———| -~ k,#1 = new physics 2 i
SM 1 K= . .
yl i M x,: VVH coupling strength modifier
HHH % k,,: VVHH coupling strength modifier
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HH decay modes
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Channels probed in ATLAS

ATLAS

EXPERIMENT

e Exploit all decays channel with at least one bb pair in
the final state - comparatively higher BR than
without bb

e Different production modes
(non- resonant: ggF, VBF; resonant production)
exploited

e 3 main channels & their production modes probed in
ATLAS:
o bbbb - highest BR, large background (ggF, VBF, VHH)
o bbyy - small background, low signal yields (ggF, VBF)
o bbrtr - balance of both (ggF, VBF)
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EXPERIMENT

HH-bbbb (largest signal) LAS

& gﬁ\lgﬁm Event selection: 4 b-tagged jets
Analysis strategy:

®  Higgs reconstruction: jets paired to minimize AR for p_ leading dijet system

e |An,,|and X categories to improve , and k,,, sensitivity

®  Background estimate:

o  Data from 2b region reweighted to 4b SR (defined in m - m ,, plane) using NN
Signal extraction: Limit from fit to m, distribution
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https://arxiv.org/abs/2301.03212

EXPERIMENT

HH-bbyy (clean signature) ATLAS
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052001

HH-bbrt (balance of both)

EXPERIMENT

[HEP 07 (2023) 040

Event selection:
e 2 hadronicts (t
e 2 b-tagged jets
Analysis strategy:
e  Signal region definitions: 3 regions
(@)

had Thad)

OR 11+ 1e/p (rleprhad); m_> 60 GeV using MMC

L
ad” had X .
O Ty, Tyuy SLT - single lepton triggers

O TyTha LTT - lepton - 1 triggers
e  Signal extraction:
O Tyihad .cha'nn-el: BDT; ¢, 7, , channel: NN
o  Final discriminant: MVA score
o  combine 3 channels - bins ofloglO(S/B)

Events / 1.00
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https://arxiv.org/abs/1012.4686
https://link.springer.com/article/10.1007/JHEP07(2023)040

Results (combination) ATLAS

Limits on p ., x, and «,,,, at 95% CL

M < 2.4 observed k,(observed) € [-0.6,6.6] k,,(observed) € [0.1,2.0]
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Combining 3 most sensitive channels increases sensitivity

Phys. Lett. B 843 (2023) 137745
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https://www.sciencedirect.com/science/article/pii/S0370269323000795?via=ihub

H+HH combination

ATLAS

EXPERIMENT

Single Higgs boson production is also sensitive to A through loop corrections. Examples (ggF and VBF):
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VHH production ATLAS

Sensitive to ZZHH and WWHH separately as opposed to VBF

Probed in the bbbb final state
Event selection:
e 4 b-tagged jets (from HH)

e  Z->wv (0L), Wolv (1L), Z>11 (2L) Observed limits at 95% CL: | T AR~
Analysis Strategy: [ ) -34.4 < K, <33.3 10 \ﬁ;ljks _Te\é,M139 fb' Iy 1 =t\fl+z11b
. k I elnl tt+>1c +=1c
e 3signal regions (0L, 1L, 2L) o -8.6<k, <100 IS v W B e V4
e  S-Bseparation: simultaneous fit to BDT ] M Other A
.. . 10
distributions
102
= L L B e B L o) L e L B B 10
= I ATLAS — Theory prediction ] = [ ATLAS — Theory prediction
= - 1 Observed limit (95% CL) = - 1 Observed limit (95% CL)
€ 10°- Vs =13TeV, 139 fb™ — Expected it (95% CL) = € 10% Vs =13TeV, 139 fo" Expected it (95% CL) !
= = [ Expected + 1o B N E [l Expected + 1o »
° E [CExpected + 26 ] © F [CJExpected + 26 10
102__ __ 102__ % B-only Hypothesis
= 7 £ (%

10

—_
o

1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4
BDT Bin

| € [-12.3,13.5]
v b b

5 10 15

Eur. Phys. J. C 83 (2023) 519

L
o
F
L
ol
|
o
o
o
_f
o.
-
o
|
-
o
b
L
ol
|
o
[e) =

Kow Koz

* GOBIERNO MINISTERIO

Probing the nature of electroweak symmetry breaking with Higgs boson pairs, 2023/08/08 ”!E BEGSPANA  DECENCA

NIVERSITAT
DEFVALENCIA



https://link.springer.com/article/10.1140/epjc/s10052-023-11559-y

Effective Field Theories (EFT) ATLAS

Parametrise new physics without strong model dependance
Two common frameworks in HH: SMEFT and Higgs EFT (HEFT); HEFT € SMEFT
Effective operators can modify gg>HH production in various ways

HEFT coupling parameters
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Effective Field Theory (EFT) interpretations for HH
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Cluster analysis: define groups of different
HEFT models (with specific values for the 5
HEFT coupling parameters) according to their
impact on the shape of m_, distribution
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Upper limits on benchmaﬁ

models at 95% CL
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Run 3 improvements ATLAS
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High Lumi - LHC prospects for HH ATLAS

HL-LHC conditions: Frospects studied for bbbb, bbyy and bbtt channels
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Conclusions ATLAS

e No new physics so far, HH search - useful next step if BSM physics exists
e No single golden channel = parallel searches and combination are necessary
e Can easily be extrapolated to BSM heavy resonance searches

e HH in ATLAS during Run 2: enhanced results with combining 3 most sensitive
channels, adding single Higgs contributions provides additional constraints

e Run 3: Higher centre-of-mass energy, improved detector hardware, software
(triggers, reconstruction algorithms etc.)

e HL-LHC:20 X current luminosity, run 2 extrapolation very promising (3.46
significance expected)
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Particle reconstruction in ATLAS ATLAS

Stable - tracks + calorimeter deposits
Jets - reconstruct cones of QCD radiation from tracks & calorimeter information

Unstable - jet reconstruction + MVAs using track information for particle ID
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HH-bbbb 2b > 4b reweighting: NN input variables

ggF

VBF

. log(pr) of the g leading Higgs boson
candidate jet

. log(pr) of the 4™ Jeading Higgs boson
candidate jet

. log(AR) between the closest two Higgs
boson candidate jets

. log(AR) between the other two Higgs
boson candidate jets

. Average absolute 1 value of the Higgs
boson candidate jets

. log(pr) of the di-Higgs system

. AR between the two Higgs boson candi-
dates

. A¢ between jets in the leading Higgs
boson candidate

. A¢ between jets in the subleading Higgs
boson candidate

. log(Xy,)

. Number of jets in the event

. Trigger class index as one-hot encoder

. Maximum dijet mass from the possible

pairings of the four Higgs boson candi-
date jets

. Minimum dijet mass from the possible

pairings of the four Higgs boson candi-
date jets

. Energy of the leading Higgs boson can-

didate

. Energy of the subleading Higgs boson

candidate

. Second-smallest AR between the jets

in the leading Higgs boson candidate
(from the three possible pairings for the
leading Higgs candidate)

. Average absolute n value of the four

Higgs boson candidate jets

. log(Xy,)
. Trigger class index as one-hot encoder

. Year index as one-hot encoder (for years

inclusive training)
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HH->bbbb NN input variables for 2b > 4b reweighting

ggF

VBF

. log(pr) of the g leading Higgs boson
candidate jet

. log(pr) of the 4™ Jeading Higgs boson
candidate jet

. log(AR) between the closest two Higgs
boson candidate jets

. log(AR) between the other two Higgs
boson candidate jets

. Average absolute 1 value of the Higgs
boson candidate jets

. log(pr) of the di-Higgs system

. AR between the two Higgs boson candi-
dates

. A¢ between jets in the leading Higgs
boson candidate

. A¢ between jets in the subleading Higgs
boson candidate

. log(Xy,)

. Number of jets in the event

. Trigger class index as one-hot encoder

. Maximum dijet mass from the possible

pairings of the four Higgs boson candi-
date jets

. Minimum dijet mass from the possible

pairings of the four Higgs boson candi-
date jets

. Energy of the leading Higgs boson can-

didate

. Energy of the subleading Higgs boson

candidate

. Second-smallest AR between the jets

in the leading Higgs boson candidate
(from the three possible pairings for the
leading Higgs candidate)

. Average absolute n value of the four

Higgs boson candidate jets

. log(Xy,)
. Trigger class index as one-hot encoder

. Year index as one-hot encoder (for years

inclusive training)
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HH-bbbb: Signal Region categories ATLAS

Category Data Expected ggF Signal VBF Signal
Background SM SM
gk signal region
IAngul < 0.5, Xgg < 0.95 1940 1940(130) 6.99 0.038
|Angu| < 0.5, Xgg > 0.95 3602 3620(200) 6.49 0.036
0.5 < |Anggyl < 1.0, Xy <0.95 1924 1870(120) 5.15 0.037
0.5 < |[Angg| < 1.0, Xgy > 0.95 3540 3490(190) 4.75 0.040
IAnggl > 1.0, Xgg < 0.95 1880 1740(120) 2.92 0.043
IAnggl > 1.0, Xz > 0.95 3285 3210(200) 2.81 0.041
VBF signal region
IAngpl < 1.5 116 125(12) 0.37 0.090
ANyl > 1.5 241 231(20) 0.06 0.207

arxiv.org:2301.03212
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HH-bbbb (resonant production) ATLAS

g H
BSM HH production via decays of heavy resonance (X)
______ _</
X N
Phys. Rev. D 105 (2022) 092002
9 H
Signal vs bkg modelling for Limits in production cross-section for different mass values for 2
3 resonance mass points different theoretical models
%’ L L R B —_ T T — T T T T T T T = T T — T T T T T T T T
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£10°= Boosted channel, 4b Uncertainty >T< 10tk [ Expected limit £ 10 L 104k | Expected limit +10 1
:>j okl 0920090 m(X) = 1 TeV g_ ¥ Expected limit +20 o f Expected limit +20
""" m(X) =2 TeV = ——- Resolved expected limit ng_ — =~ Resolved expected limit
1 m(X) = 3 TeV S0k ——- Boosted expected limit % 103K, - —- Boosted expected limit
5 —— RS Graviton, k/Mp; =1
102 102
10°° b
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HH-bbyy (non-resonant)MVA categories and inputs

ATLAS

EXPERIMENT

Variable

Definition

Photon-related kinematic variables

prim,,

n and ¢

Transverse momentum of each of the two photons divided
by the diphoton invariant mass m,,

Pseudorapidity and azimuthal angle of the leading and
subleading photon

Jet-related kinematic variables

Category Selection criteria

High mass BDT tight m;; Sy > 350 GeV, BDT score € [0.967, 1]
High mass BDT loose m; o > 350 GeV, BDT score € [0.857, 0.967]
Low mass BDT tight m;;Bw < 350 GeV, BDT score € [0.966, 1]

Low mass BDT loose

mbgw < 350 GeV, BDT score € [0.881,0.966]

Phys. RevD 106, 052001 (2022)

V. Senthilkumar I F I C

b-tag status
pr. 1 and ¢
PlTab’ Npp and ¢y,

Mpp
Ht

Single topness

Tightest fixed b-tag working point (60%, 70%, or 77%)
that the jet passes

Transverse momentum, pseudorapidity and azimuthal
angle of the two jets with the highest b-tagging score
Transverse momentum, pseudorapidity and azimuthal
angle of the b-tagged jets system

Invariant mass of the two jets with the highest b-tagging
score

Scalar sum of the pr of the jets in the event

For the definition, see Eq. (2?)

Missing transverse momentum variables

Egliss and ¢miss

Missing transverse momentum and its azimuthal angle
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HH-bbyy (x,scan) ATLAS

Region with low m*bb—w values - large number of events for BSM «, values
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& 3 E ]
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= ! e ] E. e
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HH-bbyy (resonant production) ATLAS

BSM HH production via decays of heavy resonance (X) .
Phys. RevD 106, 052001 (2022) >

Limits in production cross-section
Example: m,, = 500 GeV P

X for different mass values for X

> F T ) T T T T T T T 3 D e e B L e e e e AN s e s s e |
[0) 7= ATLAS ¢ Dat - o [ ] = 1000 e
f?, F Vs=13TeV, 139 fb" | Hi TSM) E O F L ATLAS 1 = 900 ATLAS =
Q& s HHobbyy Single Higgs ) e— Continuum Background 'S = 13 TeV, 139 fb™ | I g 4 E
- E my=500GeV W iy ] NE HH—>bbyy ] I goob s =13 TeV, 139 fo E
2 5 Myreb @ 55 Total Background 500 GeV Resonance ] J; E HF=bbyy E
o F I yy+other jets ™ € F E 700 Expected limit (95% CL) =
> F M DataDriven yj ] o C 7 g_ E . 3
w 4F DataDriven j o 4c — a 600 —— Observed limit (95% CL) =
C ---m, =500 GeV | = ] © E [ Expected limit + 1 E
3: = 3F - 500;_ [ Expected limit £ 2 ¢ E
H ] c ] 400 =
2 = 2p E 300E =
i E i ] 200 E
B - f —t—t E 1001 . ! _ =
0 3 ' 740180160 TR T wreews svvvamwwes e P

m.., [GeV] 200 300 400 500 600 700 800 900 1000

" My, [GeV] my [GeV]
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HH-bbtt non-resonant production: SR categories ATLAS

et oy sorics
ST L LT T
e/ seleetion

18 GeV =
15 GeV =

Thna-vis solection

2 100, 110, 80 {25} GeV pr > 10 (30) GV

Jet selection
=2 jets witk: 23

¢ 45 () G

g 130 GeVo
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EXPERIMENT

HH-bbzt non-resonant production: backgrounds ATLAS

BDT for background estimation NN for background estimation
> L L B L L | > T T T T — T T T
) > I I I I
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HH-bbtt (non-resonant production) MVA inputs ATLAS

Variable ThadThad  TlepThad SLT  TiepThag LTT

MmyH

mMMC

Mpp

AR(7,T)

AR(b,b)

Apt(¢,7)

Sub-leading b-tagged jet pr
my

E'rrniss

p?iss ¢ centrality

A¢ (LT, bb)

AG (L, pIi=) v
Ap(tT,pr™) v

AN N NN
NSNS

NSNS SSNSNANANANN
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HH-bbtt (resonant production)

T T | T T

ATLAS

ATLAS

EXPERIMENT
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HH-bbbb, bbyy, bbtt results ATLAS

K, observed limits at 95% CL
HH-bbbb: k, € [-3.3,11.4] HH->bbyy: x, € [-1.4,6.5] HH->bbr1r: x, € [-2.7,9.5]

5
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VHH production: Signal regions

ATLAS
Signal regions Control regions
OL 1L (1L+/1L-) tf V +jets
Trigger E%“iss single-lepton single-lepton single-lepton single-photon
= 1 tight electron = 2 loose leptons = 2 loose leptons = 1 photon with

Lepton 0 loose leptons with pt > 27 GeV (ete” or utu), (e*u™), pr > 150 GeV,

or photon OR 1 medium muon > 1 lepton with > 1 lepton with 0 loose leptons
with pt > 25 GeV, pr > 27GeV, pr > 27 GeV
0 additional loose leptons 81 GeV < mgre < 101 GeV
ED 5150 GaV, .
pos S(ET) & 12, EDSS > 30GeV —
8¢ (P, )| > 1
Jets

> 4 jets with pt > 20 GeV and passing the 85% b-tagging WP
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VHH production: BDT inputs ATLAS

Channel and signal model
OL 1L 2L

Variable Vhh VH A — ZH Vhh VH Vhh VH A —ZH
My, + mp, v v v v v v v v
mp, — mp, v v v v v v v v
Niets v v v v v v v v
HY v v v v v v v v
¥ sgctag v v v v v v v v

‘;HSR v v v v v v v v
mifR v v v v v v v v
Mph v v v
p#h v v v v v v
E%‘iss v v v v v v v
p¥ v v v v
m¥V v
cosh(An); —cos(Ag); v v v v v
cosh{Am)y ~oos(Adly o # o Eur. Phys. I. C 83 (2023) 519
|yn, = Y, | v v v v
lyv = ynnl v
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VHH (BSM scenarios)

/Production modes\

9 9909099,

RS 1111112 R

ATLAS

EXPERIMENT

Limits in production cross-section for different mass values for H
in the H>hh BSM model in the bbbb final state
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EXPERIMENT

Effective Field Theory (EFT) interpretations for HH ATLAS

Definitions of the benchmark points for the SM, 7 EFT models
using cluster analysis

Benchmark model ]

Chhh Ctth Cggh  Cgghh Ctthh

SM
BM 1
BM 2
BM 3
BM 4
BM 5
BM 6
BM 7

1 1 0 0 0

394 094 1/2 1/3 —1/3
684 061 00 -—1/3 1/3
221 105 1/2 1/2 -1/3
279 061 -1/2 1/6 1/3
395 117 1/6 —1/2 —1/3
568 0.83 —1/2 1/3 1/3
~0.10 094 1/6 -1/6 1

enhanced low mpy,
enhanced low myy, slowly falling or shoulder
enhanced low myy, second local maximum above mp;, ~ 2m;
SM-like
SM-like with enhanced tail
close-by double peaks or shoulder left

N O Ot s W N

no steep slope at low mp, enhanced tail
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Run 3 improvements: New triggers for HH—4b searches

Trigger efficiency

V. Senthilkumar IFIC csiC
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Two new triggers:
1) Main stream: asymmetric 4 jet trigger (3 b-tags)
2) Delayed stream: 4 jet trigger (2 b-tags)
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