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Higgs self-coupling search

« Higgs self coupling (1,*): one of the most important piece of the Higgs puzzle accessible at

LHC
« SM prediction 43 = 0.125 P
« still missing experimentally /.\
« The di-Higgs boson production is the only direct way to access k; = /13//1§M s .
 but Higgs pairs are predicted to be 1000x rarer than single Higgs @ 13TeV g
« k, gives access to the shape of the Higgs potential V(¢) via the 1; measurement
|
V(g) = >+ (') @ 7o) V(h) = _mH + Awh® + O(h*)
Vi) > Vih+v
An alternative / \ .
potential Mass term Trilinear coupling

Standard Model
potential

Due to our 45 sensitivity and missing sensitivity
to higher order terms, current constraints on
Higgs potential are weak —difficult to probe
other scenarios

Higgs field value
in our Universe

Current
experimental
knowledge

° ¢ 1 *A3= Aypn = mﬁ, /(2"2)
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HH production at LHC

Gluon-gluon fusion (ggF):

Phys. Lett. B732 (2014)

HH production at 14 TeV LHC at (N)LO in QCD * leading production mode
M,=125 GeV, MSTW2008 (N)LO pdf (68%cl)

Sensitive to &, and k,
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Vector boson fusion (VBF):
 Access to k,, coupling

. oM (HH)=1.73 £ 0.04 fb @ +/s = 13 TeV



https://www.sciencedirect.com/science/article/pii/S0370269314001828#fg0020

HH decay modes

« Different decay channels to explore detector opportunity
e No clear golden channel
« ATLAS Collaboration exploits different channels to increase the sensitivity

bbbb (34%) Large decay fraction
e Most abundant final state

WwW 1T ZZ YY

e Challenging multi-jets background
bbtr 1™ (1.3%)
e Medium decay fraction

4.6%

.1%

* Good signal purity
bbyy (0.26%)
* Low decay fraction

7.3%

3.1%

o Excellent m,, resolution

bbt =" + EN'SS (2.9%)
» Targeting where one H » bb Clean final state
Multileptons (6.5%)
« Targeting where both H -+ bb
« Although including bbZZ( — 4¢)

Combination is the key for observation!



Resolved HH(bbbb)

Phys. Rev. D 108 (2023) 052003

ATLAS

EXPERIMENT
Run: 362619
Event: 524614423
2018-10-03 08:06:34 CEST



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.052003

Event selection and categorisation

» Trigger: b-jet triggers
 Preselection:
e >4 b-jets (DLIr @ 77% WP) with p,> 40 GeV and |n|<2.5

» Jet pairing considering the highest-py jet pair with the smallest AR;; separation

» Top veto discriminant
« Event categories:
- VBF category: > 6 jets, m;; > 1TeV, | An;|>3

 ggF category: |Arnyy|<1.5
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) .. 8 L ATLAS
» Dominant background: QCD multi-jet 2V
pE -

Background estimation

« Difficult to model — extracted using the data-driven

method

» Alternative event samples with the same selection as the
signal region but fewer b-tagged jets to derive the 4b
background (“2b events”)
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» Neural networks to evaluate reweighting function from 2b to 4b 8"-
events .
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Results

 Discriminating variable: invariant mass of the di-Higgs system 1,

« Maximum likelihood fit performed simultaneously to the all ggF and VBF SRs.

Events / 25 GeV

1.0

[ ] [ ]
Data/Pred
o
[4,]

« Background modelling uncertainties
 Theoretical predictions

G. Di Gregorio
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Observed (expected) limits on py; 0of 5.4 (8.1) x SM @ 95% CL
Observed k; € [-3.5, 11.3] @ 95% CL
Observed k,y, € [0.0, 2.1]7 @ 95% CL

Dominant uncertainties:



Boosted VBF HH(bbbb)

arXiv:2404.17193

RS -

ATLAS

EXPERIMENT

Run: 311402
Event: 2695204841
2016-10-25 19:04:17 CEST

- ———
- | maa——


https://arxiv.org/abs/2404.17193

Event selection and categorlsatlon

« Trigger: large-R jet triggers

* Preselection: H Z @ ) 4
—_—— BOOST!
« > 2 ]arge-R jets with p,> 250 GeV ) =

* > 2 double b-tagged jets (Xbb @ 60% WP)
« pr(H,)>450 GeV and p(H,) > 250 GeV

« > 2 small-R jets assigned as VBF jets
« my;>1TeVand |An;|>3 Only VBF topology is studied
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» Signal region (SR) definition: - V5=13TeV, 140 fo"!, VBF HH bbbb

L Koy=1 (SM) 2Pass

my, — 124GeV\> [ my, — 117GeV \*
. XHH — + < 1.6150 7
1500 GeV /myy, 1900 GeV /my,

* Control region (CR) and | e

definition applying different cuts in the mass plain of | s [GeV]
the two Higgs candidate

« Boosted decision tree (BDT) used to separate signal (VBF HH &,,~=0 ) from background
events ( QCD multi-jet + SM ggF and VBF HH )
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Background estimation

« Data-driven method to estimate the QCD multi-jet §
contribution E

 Alternative event samples with the same selection as the
signal region but looser btag requirement (“‘1Pass”)

Control region  Signal region ——» Learn

200

----- » Predict
1Pass data A C
| : : .
v v Blind until
2Pass data B D <« analysis _
finalised 3
I
g
» Use the CR to extract 1Pass-to-2Pass normalisation

150

» Apply this to the SR-1Pass to predict the background in SR-2Pass
* VR used to extract the systematics uncertainty

505‘

G. Di Gregorio
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Results

Events

 Binned maximume-likelihood fit to the BDT distribution in SR

» Results of the boosted analysis are combined with the HH(4b)
resolved
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e Observed k,y, € [0.55, 1.49] @ 95% CL — leading channel in k,, constraints!

« HH(4b) boosted analysis dominates our sensitivity to K,y

* k,;,=0 excluded with an observed (expected) significance of 3.8 (3.3) ¢

0 01 02 03 04 05 06 07 08 09

1

BDT Score

* Boosted analysis statistical dominated but dominant systematics uncertainties:

* Double b-tagging algorithm
» Background estimation

» Theoretical modelling predictions

G. Di Gregorio
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ATLAS

EXPERIMENT

Run: 339535
Event: 996385095
2017-10-31 00:02:20 CEST

n
'/\\ I.‘/ ) AR )

HH((bbtt7)

Phys. Rev. D 110 (2024) 032012



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.032012

Event selection and categorlsatlon

IL}

bbt,, 7)., and bbz, /71, Studied in the analysis

Trigger:

* 7,.4Thag Channel: single 7, ; and di-7;,; triggers

* TjadTlep channel:

« single lepton trigger (SLT)
« single lepton + 7, ,, trigger (LTT)

Preselection:
« 2 b-jets (DL1r @ 77% WP) with p;(b,) > 45 GeV and p;(b,) > 20 GeV
e m.>60 GeV

 (Categorisation: VBE
Yes
[ > VBF BDT cut ] / Trained on k) = 1
. /Tralned on SM ggF vs VBF goF x 3 types of
events _’[ =4 jets } No l Yes mun = 350 GeV .
e triggers — 9 SRs

[ MHH > 350 Gev ) Trained on K\ = 1

N

No
muH < 350 GeV

Trained on kx =10

 BDT is trained in each SR to better separate signal from backgrounds events.



Background composition/estimation

Vs =13 TeV, 140 fb”'
Thadthae 2 D-tags
@JQF SR, m,,, =350 GeV
TiepThad SLT, 2 b-tags TiepThad SLT, 2 b-tags TiepThad SLT, 2 b-tags
ggF SR, m..< 350 GeV ggF SR, m.,.= 350 GeV VBF SR

Fake'Th ad .
lepThad LTT, 2 b-tags LTT, 2 b-tags

;gF SR, m, <350 GeV ;I;pl:r‘:n, m = 350 GeV Cg’;hasdl: T 2brage * from I and ml’ﬂtl_.] et
e Estimated with data-driven
methods

Signal regions Top-auark

Jet — 1, fakes

Z + (bb,bc,cc)
N Jet — 1, fakes (ti)
VBF SR Bl Other

Single Higgs

ThagThae 2 D-tags
ggF SR, m..< 350 GeV

Thadhae 2 b-tags

Control region

ee or yy, 2 b-tags
control region

Top-quark Z(z7)+ heavy flavor Single Higgs & othe
» Shape from MC < Shape from MC » Shape and

 Normalisation * Normalisation from normalisation from
from fit CR MC




Results

« Simultaneous binned likelihood to the BDT score (m,,) in the SRs (CR)

TiepThaa» SiNgle lepton trigger

Thad%had
ggF my, > 350 GeV

Vs =13 TeV, 140 fb'

Events / bin

ggF SR, mHHZ 350 GeV

)

— ggF HHx 200 '
— VBF HH x 200
¢ Data
B HH (1=2.2)
Top-quark
Jet — 1, , fakes
Z + (bb,bc,cc)
Jet — 1, fakes (ti)
I Other
Single Higgs
1 Uncertainty
===« Pre-fit background
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BDT score bin

» Theoretical XS uncertainties

« Statistics precision of the bkg MC samples

G. Di Gregorio

Events / bin
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Observed (expected) limits on p; 0f 5.9 (3.3) x SM @
95% CL — leading channel in SM HH search!

* 20% improvement wrt previous publication
Observed k) € [-3.1, 9.0] @ 95% CL

Observed k,, € [-0.5, 2.7] @ 95% CL

Statistical dominated and dominant sys uncertainties:
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ATLAS

EXPERIMENT

HH(bE;/y)

JHEP 01 (2024) 066

Iz

Run: 329964
Event: 796155578
2017-07-17 23:58:15 CEST

17


https://link.springer.com/article/10.1007/JHEP01(2024)066

Event selection and categorisation

e Trigger: combination of y and yy triggers

* Preselection:

e 2 photons

e 105GeV < m,, < 160 GeV

 Categorization:

m>l<
bbyy

H — bb selection

= myp,, — (my — 125 GeV) — (m,, — 125 GeV)

e 2 b-jets (DLIr @ 77% WP)

e No leptons and N,

entral—jets

<6

ttH reduction

« Based on mg"bw(Low mass, < 350 GeV and High mass, >350 GeV) region and BDT

output

* 4 categories in the Low Mass region and 3 categories in the High Mass region

107271
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o -

S . ATLAS —— SMHH ggF

2 - -

o 10" vs=13Tev, 140 b~ o eslo 5

c o S ]

] - HH-bbyy HH VBF, 1=10 ]

¥T} | Lowmassregon ... HH VBF, koy=3 4

S 100 Single H —

s g — Yy+jets .3

= - ¢ Data sidebands, 7

| >3]

(TR 1 1 =T
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Signal and background modelling

> 18— 1 ' | ' | T ' | —
8 E ATLAS p ¢ Data E
16 Vs=13TeV, 140fb B HH (SM) 3
CL‘\I)' C HH-Dbbyy Single Higgs ]
> 14;— High Mass 1 Wy —;
*§ 100 yybb A
4 - I yy+otherjets 7
LL 10—' [ DataDriven yj _‘/\
Resonant bkg: o Patebriven
e 1 Non-resonant continuum bkg:
£ E Yy + jets events
2 =
0500 120 130 . 140 150 160
m,, [GeV]
. . . > [ T T ]
» Modelling of signal and background events in the m,, & 1o ATLAS -
¥ L {s=13TeV, 140 fb ¢ Data ]
spectrum ~ 8T HH > bByy Cont. background _]
= High Mass 3 —— Total background ]
e HH and g eC b
* Modelled by a double-sided Crystal ball function i; ]
Parameters estimated from MC i
e yy + jets events i -
. . . 0||I||.|I.|||I||||I|||||||.
e Modelled using exponential function. Parameters o1 10 T 10 : Ge:/?o
derived from the data sidebands Sideband SR Sideband
e e = =

G. Di Gregorio 19



Results

Simultaneous likelihood fit to m,, in all the 7 categories

Observed (expected) limits on y;;; of 4.0 (5.0) x SM @ 95% CL

* 12% improvement wrt the old Run2 analysis
Observed k), € [-1.4, 6.9] @ 95% CL — leading channel in &, constraints
Observed k,, € [-0.5, 2.7] @ 95% CL

E _I T T T I T T T I T T T I T T T I T T T I T T T I T T T I | E 7 _| T I T T T T I T T T T I T T T T I T T T T I T T T T I ]
al - ATLAS —— Observed al - ATLAS —— Observed
6 vs=13TeV, 140 fb-! ---- Expected ] 6 vs=13TeV, 140 fb-! ---- Expected ]

T HH - bbyy ] L HH - bbyy ]

Sl . Observed , ] Sl \ Observed , ]
AN 68% CL: k» € [0.6,5.2] ! . MY 68% CL: Koy € [0.3,1.9] ! ]

ab A 95% CL: Ky, & [-1.4,6.9] / B a0 95% CL: Koy € [-0.5,2.7] / B

L. \ r = - \ 1 -

- \\\ Expected J 1 - ‘\‘ Expected / .

- \ 68% CL: Ky, € [-1.2,6.1] / ] SN 68% CL: Ky € [-0.3,2.5] / ]

3 \ 95% CL: Ky, € [-2.8,7.8] / ] 3\ 95% CL: Kay € [-1.1,3.3] ; =

- \ / . - .

- \ ,’ 4 L i

2 ; - 2 ]

| \ / _ L .

- \ - - —

- \\ — - —

U - 1 =
O—I 1 1 1 I 1 1 1 \OFNL L L—2 -I_—__4 6 1 1 1 I 1 1 1 I N 0_| 1 1 O 1 L—f’é’ 1 1 | | é 1 1 | 1 A 1

Kx Kav

 Statistical dominated and dominant sys uncertainties from theoretical predictions
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HH(bD?? + EI'S)

JHEP 02 (2024) 037



https://link.springer.com/article/10.1007/JHEP02(2024)037

Event selection and categorisation

Target: one H — bb and the other one to WYW~, t71~, ZZ — 217+ 2 b-jets

Trigger: single or di-lepton triggers

Preselection: 2 opposite-sign leptons + 2 b-jets (77% WP)  muA 2T hk

» (Categorization: 7R
g 210Gev bl < 20 GeV
Yes VBF catecon | NN | =
2 forward jets with p;> 30 GeV, / 40 GeV + e 550 e
| Anp|>4 and m;; > 600 GeV \ >
15 GeV 75 GeV 110 GeV m

I
No

mbbA ed + Je
« Additional split based on the flavour of the leptons (Saie| on
« SR and CR definition based on m,, and m,,, cuts werdll [T Wt CR
mp; > 250 GeV
* DNN and BDT used to further discriminate signal from bkg Soay VY >

events in the ggF and VBF categories




Background estimation

i) I T I I I I I I T I T T T T T I T E
@ ATLAS ¢ Data 3 Bkg. Unc. -
D 408 VS = 13 TeV, 140 fb” [ Z+jets (HF) @R 4 ZF heavy flavour (HF)
HH — 2b+2l+E£7" [ Wt @ Single Higgs = o
- Posti et G-on 1 Shape from MC, normalisation
5 from Z+HF CR
10° E
10° Top (¢t and Wt)
10 Shape from MC, normalisation
1 from ¢f and Wt CRs
5 16 ' T
5 14E
s 1.2 Y
g 1E-e~~~ o ;/,w///w//ﬁe///f// % “ e
-~ 08E
8 0.6E :
8 0.4F j ,

I QgpSQgp éggksggp Qgp ng Qgp DOWI’IWEII'd ﬂuctuatlon Of

I%(OV@P V@A\ V&P V@P V@ # ,92'4//0 % S,(; 8,9 8,9 ,(?
s ¢ TR Ty the data

/

Fake leptons

Data-driven using CR defined Single Higgs
reverting SR definition (requiring

SS leptons)

e
c
Q%

Shape and normalisation from MC
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Results

* Simultaneous likelihood fit to SRs and CRs

» Observed (expected) limits on yi; 01 9.7 (16.2) x SM @ 95% CL

* Observed kﬂ € [-6.2, 13.3] @ 95% CL Observed constraints better than

« Observed k2V e [-0.17, 2.4] @ 95% CL expected constraints due to the observed

downward data fluctuation

j 6_ T | ||| T T T | T T T T | T T T T I T T T T ,' T I B j 6_| ||‘| T | LU | T T 1T | TT 1T | |||||||||||| |'| T l 1
> CooN ! ] > Co ' ]
o - ' ATLAS ! . o Lo ATLAS ! —
g 5 /s =13 TeV, 140 b : E < o /s =13 TeV, 140 b ; E
' oo HH — 2b+21+E7"° ' . - Eo HH — 2b+21+ET™ / .
4= ] 4=\ -
L ) ___ observed i ] L \ ___observed : N
- ' [-6.2, 13.3] @95% CL ; . - [-0.17, 2.4] @95% CL R .
3 V' \__ expected N -] 3 \ __expected ,'l ]
- \ [-8.1, 15.5] @95% CL / . - \ [:0.51, 2.7] @95% CL ; ]
2 :— \\\ I’, —: 2:_ ‘\\ l,’ {
C \\ l, ] C ‘\ ! ]
1= ’ - 1= 3 E
0: | | | L 0:....|....|....~1-.“ /|| | L

-10 -5 0 5 10 15 20 -05 0 05 1 15 2 25 3 35

K

K

N
<

« Statistical dominated and dominant sys uncertainties from bkg modelling of Z+HF
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HH(Multileptons)

JHEP 08 (2024) 164

ATLAS

EXPERIMENT /A
Date: 2016-08-28 17:18:41 CEST



https://link.springer.com/article/10.1007/JHEP08(2024)164

Event selection and categorisation

bb WwW T /4 YY

Target: bbZZ, 4V (V=W or Z), VVr1, 47, yyVV, yyrt

bb

» Total HH BR covered: 6.5% ww | 255y 4 !
° Tri er: T 7.3% :-2-7; :-0-39;6
) r===r="
Y24 1 3.1% I 1.1% {n 0.33%

« single or di-lepton triggers (ML channels);

Yy 0.26%

 diphoton triggers (yy+ML channels)

Legend

ML
channels

[ ]

1
)
’£
\_)
fm\
5

.y,

Categorization:

J
yy+ML

YY+Thad VY42 (£, Thad) 2£SC+Thag channels

Nu mb of hadronic taus

« Based on the number of leptons (e, u), hadronl
taus (7;,,;,) and photons

= 9 orthogonal channels 0 Wt @ ( 3t J[4t’+2b]

Number of light leptons

BDTs use to enhance signal to background separation (except for the yy+ 2 (¢, 7,,,)
channel)

» Used as final discriminant in ML channels

« Used to defined categories in which the m,,, is fit in yy+ML channels

G. Di Gregorio 26



Background estimation
Prompt leptons from SM processes (dominated by diboson)

3 ATy, a0 igﬁzimoo e Shape from MC, normalization from CRs
2/SC | Diboson
. . Non-prompt e/} .
Signal region =§mi|§-f::|; T NIRRT IR SR (from b-hadron decay or y conversion)
ingle Higgs

Jncarainyy | « Template fit to data in CR

----Pre-fit bkg.
_ (from leptons with mis-identified charge)

» Template fit to data in CR

s 0
R . . . . .. .
5 o e e esey ey WNIEEGIIUN I KA( from jets misidentified as 7, )
C %z 0 0z 04 06 08 . . . .
BOT score e Data-informed corrections to simulations
» - . T I % T T T T T
§ o ATLAS o Data ] O gl ATLAS ; ¢ Data
w Vs =13 TeV, 140 b ;g:\gol;uc-:nx 100 Qi yfi =f1 3TeV, 140 b - gmgTeHHXi;goso . .
20} :f;igffgg‘i’on W Mis-ID 7, % 40F BDT Loose I yy-continuum : Slngle nggs
Post-fit u Np “‘p'°’.“p‘ e/p ] Post-fit 77 Uncertainty
Single Higgs ) . .
15} Other e Estimated using MC
72 Uncertainty
---- Pre-fit bkg.

Non-resonant 77 process. i 7

+iets
=) 0 ; :
E 4 s Y % g 128 « Functional form from m,,
R oost - ‘ g 075 .
%z 0 02 04 056 08 1 ° 05—g 120 130 140 150 160 sidebands

BDT score m,, [GeV]




ATLAS e Observed /1 1o
. . . o Expected (uyy=0) [ 20
e Simultaneous likelihood fit to 9 SRs and VS=13TeV, 14010 Expested (=)
oM\ er(HH)=32.8 fb Exp.
CRS aoF VBFI Obs. (UnH = 0)
° ° 4/ + bb|- dl. 39 35
» Observed (expected) limits on piy of 17 L e o
(11) x SM @ 95% CL 2uscl . o 32 42
o 20SC+Thag - ‘ d . 79 63
« Observed k; € [-6.2, 11.6] @ 95% CL | do a s
« Observed k,, € [-2.5, 4.6] @ 95% CL !+ 2Thaal” N oon
Yy + 2(L, Thad) [ d: ° 53 41
— vy d e 51 29
YV + Thaal ¢ . 112 60
=S L R L Combined ML|- @ 14 14
§ 10 ATLAS e L 5 Combinedyy+MLF @ o 45 21
Vs =13 TeV, 140 fb! Combined yy+ML | I Combinedl de 17 11
- HH-MLyy+ML = Expected o 50 700 750 200
8 Expected Observed — Observed -

68% CL: k) € [-2.4,7.4]
95% CL: k) € [-4.5,9.6]

68% CL: Ky € [-4.3,0.6] U [4.4,9.8]
95% CL: k) € [-6.2,11.6]

G. Di Gregorio

Results

95% CL upper limit on HH signal strength gy

« Statistical dominated and dominant sys
uncertainties from modelling

o Uy <9.1 x SM expected limit without
systematics
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ATLAS

EXPERIMENT

Run: 339535
Event: 996385095
2017-10-31 00:02:20 CEST

Combination
Phys. Rev. Lett. 133 (2024) 101801

A WA ATLAS

EXPERIMENT

Run: 311402

EXPERIMENT
Run: 362619
Event: 524614423
2018-10-03 08:06:34 CEST

ATLAS g
"3

EXPERIMENT -

Run: 329964
Event: 796155578
2017-07-17 23:58:15 CEST
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.101801

Results: ji;;; limits

* Updates: ATLAS —e— Observed limit (95% CL)
— — Expected limit (95% CL)
» Improved results from bbrt and bbyy VS=13TeV, 126—140 o~ " (1= 0 hypothesis)
- — oSM (HH) =32.8 b [ Expected limit 1o
« New boosted VBF HH(bbbb) R BRET [ Expected limit 20
* New decay modes: multi-leptons and Obs.  Bxp.
bbtt +E¥1iss bbiL + Efiss | } 10 14
Multilepton— * 17 11
* Observed (expected) limits on s of 2.9 bbb~ + 53 8.1
o
(2.4) x SM @ 95% CL il * ve o
* 17 % improvement wrt previous _
publication oo 8 * 59 33
* 13% from bbbb, bbtt and bbyy | comomea— g 29 24
improvements S 0 15 20 25 30 35 40

95% CL upper limit on HH signal strength tyy
* 4% from inclusion of multilepton

and bb£? + E?”SS
Leading contribution from »b77 channel

« Dominant syst. uncertainties:

* theory XS uncertainties

* background modelling
G. Di Gregorio 30



Results: &k, and k,,, constraints

< 8_ ' T I T T T T I T T T T I T [ T T I ' _] ' t‘ 8_ I I 1 1 1 I 1 1 1 T I T I 1 I 1 1 i i I i i i I I 1 1 I I I ]
£ E ATLAS - ;)Aor;lbm:ed _ ZZZZ § E B ATLAS = Combined _— b5yy ]
N 7Fyso _ . Mullepfon T BOOL ~ L —— Multilepton —— bbbb _|
| : \/E— 13 TeV;126 140 fb — bBEl + E_Pqiss —— bbT+T_ : (“I 7 B \/E = 13 Tev’ 126_1 40 fb_1 o bglll -e'-pEor:iss . bb_T+T_ -|
L HH combination : - HH combination T .

6p Allother k fixedto SM —— Obs.: ~ 95% CL[-1.2,7.2] 7 6 All other k fixedto SM —— Obs.:  95%CL[0.6,1.5] —

- === Exp.(SM): 95% CL[-1.6,7.2] 1 - -=- Exp.(SM): 95% CL[0.4,1.6] 1

S ] 5 —
3 - sk B
2F . of =
s . £ L3

O_ . 0: | _——”l'E
-0.5 0 0.5 1 1.5 2 2.5

Ka Kav

« Observed k; € [-1.2, 7.2] @ 95% CL
Leading contribution from bbyy channel
« Observed k,, € [0.6, 1.5] @ 95% CL

Leading contribution from bbbb, mostly from boosted channel

G. Di Gregorio



HL-LHC projections

Phys. Rev. Lett. 133 (2024) 101801
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.101801

HL-LHC projections

Extracted for combination bbbb + bbtt + bbyy
18% o(HH) increase due to the \/E =13 TeV —» 14 TeV.

Different scenarios for the systematics uncertainties

. Baseline: % x theory and experimental uncertainties, 4 /% X statistical unc., modelling unc

~

are the same as in Run2.

[$)]

Significance [0]
(2]

IIIIIIIIIIIIIIIIIIIIIIII

T I 1 1 1 1 I 1 1 1 T | I 1 1 1 I 1 1 1 T | T

ATLAS Preliminary

—+— No syst. unc.
Vs=14TeV . _ _—e— Baseline
HH - bbyy + bbT™ T~ + bbbb Theoretical unc. halved

Projection from Run 2 data —+— Run 2 syst. unc.
Asimov data (k) = 1)

IIIIIIIIIII]II

|

-
— =
....I....I....I...ﬂ

l I 1 L 1 1 1
2500 3000
Integrated Luminosity [fb~"]

1 I | | I | | L Il l 1
1000 1500 2000

G. Di Gregorio

_2AIn(L)

Based on previous round of HH analyses — Already 13% improvements with this round

UL LN U LR RN RN RN UL R LN AR R
o0l ATLAS Preliminary

s v's =14 TeV, 3000 fbo

- HH - bbyy + bbt* T~ + bbbb
16 i Projection from Run 2 data

Asimov data (k) = 1)
—+—No syst. unc.
—e— Baseline
Theoretical unc. halved
—+— Run 2 syst. unc.

12

alll ||IIIIIIIIIIIIIIIIIIIIIIIIII

1 | | I | | | I | | | I | | | I L L L l 1

05— 1 0 1 2 3 4 5 6

k, € 0.0, 2.5] @ 95% CL

8
K
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Towards the (near) future

More data, better triggers, better taggers, better performance!
Tau triggers

_I T T 1T T TT l T TT LI | T 1T [ T TT | TTT I_
12 ¢ All triggers: e (HH—bbtt) = 88.8% ATLAS Simulation _|
s Run 3 t-triggers: ¢ (HH—bbtt) = 74.4% Preliminary i
- © Run 2 t-triggers: e(HH—bbtt) = 69.0% Vs=13.6 TeV R
JL..A Alets (2 btagged): e (HH —~bbrz) =67.7% _ x,=1, bbrz, ]
L S ——— |
—0— S
i — —e—r— ]
0.8 =6:_°—_A__A_ A
e —_-t ]
—— = Offline selection: E
0.6 :8: 7, p‘;‘>25 GeV, Inl<2.5, loose RNN 7-ID —|
r 7, p">20 GeV, I3i<2.5, loose RNN -ID |
[ ' ]
0.4 2 jets, p,>20 GeV, Inl<2.5, —
- ; b-tagged (GN2, ¢~ 82%) 1
0.2~ —
0- 1 l L1 11 l L1 11 | l L1 11 L1 11 L1l l | S l-
1.8
7
6E
5 ++
.g 3 ———
SE —
1.2E —— e
115 —
1 300 400 500 600 700 800 900 1000
e BTAG-2023-01
70F T, L T T T T L ]
- ATLAS Simulation Preliminary —2500
60 Vs =13TeV 1
[ FFi = o, ]
g ttjets, ep =70% 32000
- 50 i
RS [ ]
8 40f Run 3 reco 14500
ol ]
g, 80¢ DL1d 11000
Q N ]
201 i
; 500
10 ]
ot 1o

2017 2018 2019 2020

Year

2021

2022

2023

Light-jet rejection

Background rejection

Top ratio

;

Multijet ratio

10°

=]

10

2.0

1.5

1.0

ATL-PHYS-PUB-2023-021

T T T T T T 1
[ |/ATLAS Simulation Preliminary
VS =13 TeV, Anti-k; R=1.0 UFO jets

—— Dxpp

—— 2VRDEW

£ pr > 250 GeV, 50 < m; < 200 GeV, |n| <2 DS
F H
N D
E TSR TS———
E “—~-...:;=:=“ ~~~~~~~~~~
F '\‘:.~. Sl

'~.:":. __________ "~.~.‘_~
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TauTriggerPublicResults#Plots_for_Higgs_2023
http://www.apple.com/uk
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-021/
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TauTriggerPublicResults#Plots_for_Higgs_2023

Conclusions

* Di-Higgs is a unique process to probe the Higgs potential
* HH is a rare process and requires highly optimised analyses
» ATLAS conducted searches in HH final states covering 50% of decays
» Best expected sensitivity is obtained by combining all the HH analyses
 Signal strength: py < 2.9 (2.4 expected)
« Higgs self-coupling: k; € [-1.2, 7.2] @ 95% CL
* Promising outlook for Run3 results:
» New triggers
* Improved b(b)-taggers
 Better object identification

 Analysis techniques

G. Di Gregorio
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Higgs potential

 The full expression of the Higgs potential is encoded with u and A parameters as:
V(@ h) = 1>’ + A )

» When linearising the Higgs field after the EWSB around the vacuum expected value v one gets

A
V(h) = u?h?|+|Avh® i Zh4
where ,u _mH and v = V / direct access to
A through Quartic
comes from the Higgs pair interaction
Higgs mass creation even rarer (out
measurement = of reach even
‘ for HL-LHC)
my A )
_____________________ o . H
g Ty H -
N \\’//
H H

G. Di Gregorio



do/dmyy [fb/GeV]

G. Di Gregorio

!
O
—

Interference in the ggF HH

production
Rev.Phys. 5 (2020) 100045
0.2 ——————————————————
| 14 TeV |
01} .7 _'
0.0} e e ——
----- box
----- - triangle
- interference
| —— sum _
I 7 S S S S
300 400 500 600 700
mpy [GeV]
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https://www.sciencedirect.com/science/article/pii/S2405428320300083#fig0003

Contribution to the ggF HH
A ::}ﬂ:

« Low my;;: essential to constrain self coupling &,

WO 300 400 500 @00 F00 £00

muw[GeV]
_*2 014_! LI B B B |.| LA |.| T T T |.| |.| T T |_ ”
i 012:_ ATLAS Simulation Pre"mmary_: S 014 ATLAS Simulation Preliminary
& [ % : § F —¢,,=0.0
= Co s=13TeV . pE - 2V
S oM it L K, =0 . . L — Cpy=05
< - :.. _ A_2 . o4l — Cypy=1.0
0.08[~ i ---EAZS . T [ — — Cy=1.5
S M . 0.081 1 — C,=2.0
006 : —_ - Set x,=1.0 and c,=1.0
s e ] 0.06— mi
0.04[ : _ = ] C | ~ —
- ] 0.04
0.021- - - :EEI—_I:"Q:_E_C
- = T ey : 0.02 :—
0 300 400 500 600 700 800 C = | 1 | | |
my, [GeV] O —"%00 400 600 800 1000 1200 1400

Mass of the HH system [GeV]

« myy shape very dependent on k;



bbbb resolved pairing

* 4 b-jets are selected in the events — 3 possible combination pairings

Sort by AR .
Possibility 1 Possibility 2 Possibility 3
RS o P
o o 4

Leading Higgs Candidate
Subleading Higgs Candidate

I||||||||||||||||IIIIIIIII

ATLAS —— SR 1

[$)]
o
o

\
1
]
1
1
9]
X
N
|
_(AeD €) / sauug

=
» Jet pairing considering the highest-p; jet pair with the s
smallest AR; separation =

Vs =13 TeV, 126 fo! === CR17]
ggF selection, Xw; > 1.5 -

”

N
o
o

» Correct pairing in 90% of signal events
300

» No background sculpting — smooth background
shape in the my; spectrum

200

100

Due to the top discriminant cut

IIIIIIIIIIIIIIIIIII

120 140 160 180 200
My [GeV]




(1)

Pass trigger class

Yes

v

2)
>4 central jets

24 b-tagged
central jets

bbbb resolved: event selection

(6)
(3pi)r < 65 GeV

7}
Yes

(5)
VBF Jets
|Angl >3,
m; > 1 TeV

7/}
Yes

Yes

v

(4)
> 6 central or
forward jets

VBF Selection

ggF Selection

Yes
\\> (7.VBF) | (8.vBF) J  ©.vBR -
Xwt > 1.5 - Xun< 1.6 ] mun > 400 GeV 7 VBF SR
Yes Yes Yes
No
No
(7.ggF) N (8. ggF) N (9.ggF)
|Ankn| < 1.5 7l Xw>15 2l X< 16 ——> ggF SR
Yes Yes Yes
No




bbbb resolved: HH events in SR

x10_3
;zoo_l | T T | 1T T | 1T | 1T | T u T 171 | T T I_ I':n ;200_| I 11 I 11 | T T | T T | 1T T T | L
B . ! SN _ > L : . - . i
8 [ ATLAS Simulation SR = 8 [ ATLAS Simulation SR ]
180 - 0358 =10 -
g OV Vs =13 TeV, 126 fo' === CR1 @ g /513 TeV, 126 fb! === CR1
£ - ggF selection, Xwmi>15 _ _ . .. .. .. = > E - VBFselection, Xwi>15 _ ol = .,.... ]
160 4b Signal P ~< CR2 - 0.30 § 160 4 Signal = ~< CR2 -
B 7 < B ., i
- - 0.25 ™ E -
140 — ] 140 — 3 ]
- ’ 0.20 - E ]
120 — ] 120 — ..' ]
- 1 | lo1s - ]
100 — ] 100 — '.' ]
B ] 0.10 B ]
80 — ] 80 _— ]
C 7 0.05 B ]
60— — 60— —
B | | 1 1 | 1 1 | 1 1 | 11 1 | LN 1l | 1| 1 1 | 1l 1 1 B L Ooo B | | 1 1 1 I I | | 1 1 | 1 1 | 1 | [ 1 1 | 1 1 L |
60 80 100 120 140 160 180 200 60 80 100 120 140 160 180 200
My [GeV] My [GeV]
 Signal region (SR) definition:
2 2
my, — 124GeV My, — 117GeV
H1 H?2
Xy = +
. THH 0.1 0.1
. mHl . mH2

()]

N
2(A8D €) / seuuz

* 124 GeV and 117 GeV correspond to the centres of m;;; and my, distribution for HH events

» Deviations from 125 GeV due to detector effects, energy lost by neutrino from
b-hadron decay and out-of-cone effects

G. Di Gregorio
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bbbb resolved: Top veto discriminant

» Top veto discriminant:

2 2

G + (5
Xw: = min — | + | —/—/——
Olm]J Olm]]b

where
o my, = 80.4 GeV and m=172.5 GeV

« my; and m;;, are the invariant mass of / boson and top quark candidates

« Selected events in the analysis have yy, < 1.5

* tf reduction by a factor 2;
* 15% HH signal loss
* 15% reduction of multi-jets and non-¢7 backgrounds

G. Di Gregorio 43



bbbb resolved: reweighing technique

« Different kinematics for 2b events and 4b events due to different processes




bbbb resolved: input variable of

reweighing technique

ggF

VBF

N

10.
11.
12.

. log(pr) of the ond leading Higgs boson

candidate jet

. log(py) of the 4th leading 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 n value of the Higgs

boson candidate jets

log(py) 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

x

. 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 1 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)

G. Di Gregorio
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bbbb resolved: post-fit plots

[] 400 xSM HH
[ ] 200xKy=6 HH

S e R o o e B o L B R I B o N s m  E REREa R pa ey e e RREREERE RS R
> ] I T I T T T T T T T T T T T T T T I T T ]
8 F Post-Fit Background |
o oo ATLAS SN Stat. + Syst. Error
N F Vs=13TeV,201857.7 fo~' ] X +

@ I ggF Signal Region 4b Data

§ 200~

1] C

1.5 g

vv‘l-Tf-+\—|v\||vu|vul|\1lv‘|v\\|H\||H|v‘v|\|H‘|H\|Hv||ulv‘tluHvlHl‘v|HH‘|H\|HVI|HIV1|H||H|\ IREEBERERREES B EEEEE T

anc CULALALI AAAAY AARRRRRRA 1A N AN ARRRR R
L S S SOV NN T ARV S R A e N T Y VU NN NN NNk Y AP N SRR A V. & +

o8 DERN S T S SN N 3 TS SN X S SN L N B $

11 = NNEEE NRWEN SRS SR WS SRR ¥ ST FEETE V. ST ST S SR Sea cowl L b b b b s b b B b b b b s B b e B S b b b b b b s b b b b b b a1
s § § § S § § §8§ 8 8 § 8 8§ 8 §8 § § 8 & § 8§ §5 8 &§ § 8 &8 § §§8 ¢ S § s ¢ § § 8 & §

muy [GeV]

Data/Pred
5

11 11 ]
T T T T T T
|ANuH| < 0.5, Xy < 0.95 0.5 <|Anpu| < 1.0, Xuy <0.95 |ANyy| > 1.0, Xyn < 0.95 |ANyuy| < 0.5, Xy > 0.95 0.5<|AnpH| < 1.0, Xuy >0.95 |ANyy| > 1.0, Xy > 0.95

Deficit in SM, excess in k;=6




bbbb resolved: breakdown

Source of Uncertainty Au/

Theory uncertainties
Theory uncertainty in signal cross-section —9.0%

All other theory uncertainties —1.4%
Background modeling uncertainties

Bootstrap uncertainty -7.1%
CR to SR extrapolation uncertainty —~7.5%

3b1f nonclosure uncertainty -2.0%




(2)
Pass trigger

bbbb boosted: event selection

(2)

—p Higgs boson candidate jets

> 2 large-radius jets (J/;, J,)

v

(4)
ng?s boson candidate jet kinematics
py' 2 450 GeV, m’1 > 50 GeV

P2 > 250 GeV,m’2 > 50 GeV

3
H> le jets
60% WP of X,,(J), X;5(J2)

v

VBF jets kinematics
Py > 20Gev

AR(J,j) > 1.4
| ARG j2) | > 3,m;, j, > 1Tev

(6)

v

(5)
VBF jets
> 2 small-R jets (j;, j,)

(7

Signal-region

|

my, —124 GeV

1500/m,

2 (my, 117 Gev \?
2 —) <16
1900/my,




bbbb boosted: BDT input variables

Physics objects

BDT input variables

Higgs boson candidate (H;,i = 1, 2)
Di-Higgs boson system (HH)
VBF jets (j;, i =1, 2)

Hi
Pt > 77Hi
HH
Pt >HNgH-MypH

Ji
p”[f’ nji’ E],

G. Di Gregorio
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BDT score shape: data shape

‘(2 0.7 [ ! T T T T T T T T T T T T T
§ - ATLAS » ¢ Data VR 1Pass
o 06— Vs=13TeV, 140 fb ¢ Data VR 2Pass
S — VBF HH bbbb
c 05
O
©
C 04
I
0.3

0.2

—
——

III|I IIIIIIIII|IIIllIlllllIlllIIIIllIlI

'O||||II1IIII|I |||||||II|||||||||I||III|I

o
0.0 L 1
7)) 1 T
»w 15
4]
o
Z 1.0 *#q@--a-*——--r-ﬁid o o A A A A A T
i :
o 05 . i
N A T R S SR S i
0 0.2 0.4 0.6 0.8 1.0
BDT score

» Same shape for data in 1Pass and 2Pass — difference is within the statistical uncertainties



bbtz: event selection

\ 4

channel: Thad Thad bb | ovent channel: £¢bb SLT + DLT ever!t CR
| selection
—

channel: Tiep Thad bb

] y ' ]
: , no ! STT: single Thad-vis triggers
E STT + DTT . > LTT : DTT: di-Thad-vis triggers
' : : . SLT: single lepton triggers
' : (]

: : ; ' LTT: lepton+Thad-vis triggers
: event event elve:t . DLT: di-lepton triggers
' i : i . selection '
. selection ; selection ' :
' N N .
O | - |
' : ) P N :
' VBF candidate: Yes VBF candidate: Yes VBF candidate: Yes 1
. 2 2 extra jets ' = 2 extra jets : = 2 extra jets .
' ———— : - o !
: No : No : { No .
E r—' AN v E ,—"_\ v E f—'_\ v E
: MHH ggF-lke | categorisation MHH ggF-like | categorisation MHH ggF-like | categorisation :

BDT : BDT : BD '
E \ : - N i '
: < 350 GeV =350 GeV VBF-like : < 350 GeV > 350 GeV VBE-like : < 350 GeV > 350 GeV VBF-like :
' A y H v \ 4 H \ 4 v 1
] Ll L] | ]
: low-muH high-muH VBF ' low-muH high-mun VBF ! low-mHH high-mun VBF :
. category category category : category category category E category category category '
T - —_— s T :

Thad Thad SR Tlep Thad SLT SR Tiep Thad LTT SR



bbrr: BDT input variables

ggF categories

VBF categories

F ‘ / BF Thad Thad Tlep Thad SLT Tlep Thad LTT Variable Thad Thad Tlep Thad SLT TlepThad LTT
g g V S Variable low-mp iy high-mpg gy low-mp iy high-m g gy low-mpg g high-m g gy
mpp v v v v v v mygH v v v
. mhMe v v v v v v v v
Variable ThadThad ~ TiepThad SLT  TiepThaa LTT mu v v v 4 4 4 mf/[lfwc y
ARppy v v v v v myr v v v
VBF AR(7q, 71) v v v v v v v v
mjj / v/ v Nets) v v v ARpp
Any];F v/ v/ v/ pr(HH) v v , AR(7q, 71) v v
v B’ é y y y o ’ , , ’ y ’ VBF 179 X 171 v v
o X1 T v v v A;—,YBF v v
VBF Emiss v v v
v BF
Ag;; v EMIS centrality s A¢}/ ) Y
VBF M2 v v VBF
AR i v v o , , g AI;{;JF v v
AR+, v ,;:.((:(; )) , v , ; v ij v v v
pr(T1) v v v N (jets) v
MyH v
pr(bo) v 4 4 Ht v
a v pr(b1) v
2 pr(bb) v St v
ce v v pr(r7) v v
Apr(70,71) v v T2W
mé v v 1(x0) 4 4 mp 4
Eff n(r1) v 4 A v
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sgl' vs VBEF BD'Ts

ggF vs. VBF HH categorisation BDT score
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bbtr: BDTs
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Tiep Thad LTT

Tiep Thad SLT

Thad had

Combined

bbrt: limits

ATLAS
Vs =13 TeV, 140 fb
HH — bbt*t

e Observed mtlo
o Expected u=0 = +2¢

---Expected p=1

Obs. (Exp.)
23 (20)

17 (7.2)

10°
95% CL upper limit on I



bbyy: BDT input variables

Variable Definition

Photon candidates

pr/my, Transverse momentum of each photon divided by the diphoton invariant mass m,,,,
n and ¢ Pseudorapidity and azimuthal angle of each photons

AR(y1,72) Angular distance between the two photons

b-jet candidates

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

pt, 1 and ¢ Transverse momentum, pseudorapidity and azimuthal angle of each jet

p’T’B ,Mpp and ¢y Transverse momentum, pseudorapidity and azimuthal angle of the two-b-jet system
AR(b:, b2) Angular distance between the two candidate b-jets

myp Invariant mass of the two candidate b-jets

Single topness Variable used to identify t — Wb — ¢g’b decays. For the definition, see Eq.( 1).
Other jets (only first two, if present, ranked by discrete b-tagging score)

b-tag status Tightest fixed b-tag working point (85% or none) that each jet passes

pt.1n and ¢ Transverse momentum, pseudorapidity and azimuthal angle of each jet

VBF-jet candidates

An(j1, j2),mjj Pseudorapidity difference and invariant mass of the two jets

Event-level variables

Transverse sphericity, planar flow, pr balance For the definitions, see Ref. [83], Ref. [84], and Eq. (2)
Hrt Scalar sum of the pr of the jets in the event

E;“iss and ¢™iss Missing transverse momentum and its azimuthal angle
%

bbyy

) The 4-body invariant mass of the two photons and two candidate b-jets, m
Mobyy My — (M5 — 125 GeV) = (m, — 125 GeV)




bbyy: VBF BDT input variables

Variable

Definition

p% and n/
AR(j,yybb) and
An(j,yybb)

m; and An(j, j)
AR(jj,yybb) and
An(jj,yybb)
p¥7b13jj, nybe ji,
and Moy b

Hrt

Transverse momentum and pseudorapidity of each of the VBF-jet candidates

Angular and pseudorapidity separation between the VBF-jet candidates and the
yybb system

Invariant mass and pseudorapidity separation of the two VBF-jet candidates

Angular and pseudorapidity separation between the VBF-jet candidate pair and
the yybb system

Transverse momentum, pseudorapidity, and invariant mass of the system formed
by the VBF-jet candidate pair, the two photons and the two b-tagged jets

Scalar sum of the pr of the jets in the event

G. Di Gregorio
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bbyy: yields

High Mass 1 High Mass 2 High Mass3 Low Mass1 Low Mass2 Low Mass3 Low Mass 4
SM HH(k = 1) signal 0.26*0%  0.194* 0% 0.84*010  0.0487 000 0.038*0%0L  0.039700%  0.032+0,00
+0.03 +0.021 +0.10 +0.007 0.004 +0.004 +0.004
ggF 0.25*0%  0.188*0021  0.81*010  0.04670007  0.036*004  0.03770.00  0.025+0.004
-3 +0.6 +0.5 +4 +0.28 +0.16 +0.21 +0.6
VBF [107?] 7.9 5.3 29+ 1.984038 1. 71#006 1.96*020 7.4496
Alternative HH (k4 = 10) signal 2.5%04 1.81702% 6.210% 5.0%03 3.8407 3.7497 3.6%%4
+0.4 +0.25 +0.8 1.0 +0.7 +0.7 +0.34
gk 2.3%03 1.6475 7 4906 47008 36056 33205 204557y
+0.019 +0.019 +0.15 +0.20 +0.23 +0.10 +0.17
VBF 0.231*90190.170*9019 1.29+0:13 0.284020  0.23*92 036910 1.57*017
Alternative VBF HH (kv = 3) signal ~ 0.23*0.00 0.20%%:9° 3.8407 0.03*0%°  0.03*0%  0.048*00%  0.1700%
; ; +0.5 +0.21 +0.25 +0.31 +0.08 +0.14 +0.06
Single Higgs boson background 1.573 0.487 7 0.5775 %% 1727570 0.53% 06 0.297; 7 0.167; 3
+0.5 +0.21 +0.25 +0.31 +0.08 +0.13 +0.06
ggF 0.54%3 0.14*921 0.25%0:25 0.29*93L  0.08*9%  0.07*%13  0.04*0%
= +0.034 +0.009 +0.008 +0.09 0.029 +0.012 +0.005
ttH 0.302*%93%  0.069*09%  0.063700% 07799 0.214700%  0.10070012  0.048*%90%
+0.06 +0.020 +0.035 +0.05 0.028 +0.033 +0.010
ZH 0.61%0:06  0.174*9020  0.18870.035  0.49*0.05  0.14970928  0.069*0.033  0.028+%910
Rest 0.17*4%,  0.089*0%0  0.07%0, 01817900 0.08970%%  0.0467000  0.039*%00%
Continuum background 1.3+ 3.2408 2.840% 37.2°5% 10.8*13 4.4409 11#03%
Total background 12.8+1¢ 3.7409 / 3.4t%-.88\ 38929 113713 47909 13403
Data 12 4 29 8 5 4

\__/
N

Downward fluctuations in data



bbyy: postfit distributions
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bbyy: breakdown uncertainties

Systematic uncertainty source

Relative impact [o]

Experimental

Photon energy resolution 0.4
Photon energy scale 0.1
Flavour tagging 0.1
Theoretical

Factorisation and renormalisation scale 4.8
B(H — yy, bb) 0.2
Parton showering model 0.2
Heavy-flavour content 0.1
Background model (spurious signal) 0.1
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bbyy: breakdown uncertainties (2)

This HH — bbyy Run 2 analysis

Old HH — bbyy Run 2 analysis

Systematic uncertainty source

Relative impact [%]

Experimental

Photon energy resolution 0.4
Photon energy scale 0.1
Flavour tagging 0.1
Theoretical

Factorisation and renormalisation scale 4.8
B(H — vy, bb) 0.2
Parton showering model 0.2
Heavy-flavour content 0.1

Background model (spurious signal)

3

Relative impact of the systematic Imcertainties [%o]

Source Type Nonresonant analysis ResJiant analysis
HH mx||= 300 GeV

Experimental

Photon energy resolution Norm. + Shape 0.4 0.6

Jet energy scale and resolution Normalization <0.2 0.3

Flavor tagging Normalization <0.2 0.2

Theoretical

Factorization and renormalization scale ~ Normalization 0.3 <0.2

Parton showering model Norm. + Shape 0.6 2.6

Heavy-flavor content Normalization 0.3 <0.2

B(H — yy, bb) Normalization 0.2 <0.2

Spurious signal Normalization 3.0 33




bbl ¢ + E;””“ : targeted processes

Dp

BRuusipeeimeT = 1.62%"
W-pair has spin correlation
small my and Ady,

~I

» BRyyppeeiMeT = 0.91%]

» light leptons are collinear to
t-lepton = m9!

~I

b (
Z
Yy pp——
H H 7
- v, q

7.7
» BRuu—spier+meT = 0.095%"

» my close to Z peak or small
for offshell Z

» only same flavour leptons

Decay BR BR/BR (bbt?) o/fb expected events
bbWW (WW — £f) 0.01624 0.5510 0.5322 73.9758
bbrt 0.009059 0.3074 0.2969 41.2691
bbZZ (ZZ — ttvv) 0.0008724 0.0296 0.0286 3.9754
bbZZ (ZZ — ttqq) 0.00304935 0.1035 0.0999 13.8861
bbupu 0.00025346 0.0086 0.0083 1.1537




bbbt + Efil"ss : prefit yields

Process ggF-SR VBF-SR tt-CR Wt-CR Z+HF-CR
SM background

tt 561220 + 150 52670+ 50 436840+ 130 2270+ 10 34700 +40

tr+V 1121 +4 1947+1.9 1133+5 97.0+1.1 440.1+1.9

Single top (Wt) 16260 + 50 1165+12 14100 £ 40 2901 +20 1237+ 13

Single top (s/t-channel) 12.7+0.8 2.48 +0.35 1.21+0.28 0.35+0.14 0.25+0.11

Z — {{ (HF) 16090 + 180 1178 +34 3610+70 525+11 43390 +260

Z — tf (LF) 2720+ 170 260 +40 600 +90 55+8 5470 £ 190

Z — 71 (HF) 2200 +40 154+13 3+7 1.9+0.5 4+6

Z — 17 (LF) 370+ 50 24 +4 -1.3+1.5 0.11+0.06 0.8+0.5

W+jets 0.7+0.5 0.09£0.08 -0.2+0.4 — —

Diboson 288 +4 32.6+0.8 159.0+2.8 39.0+0.9 226.8+3.3

Single Higgs 601.0+1.1 105.1+0.4 336.5+0.5 22.06+0.12 48.28 £0.29

Fakes 18510+ 170 2390 £ 60 10020 + 140 529+35 1360 +50

Total SM bkg. 619390 + 350 58170+ 100 466810+ 230 6440 +40 86890 +330
HH signal, ggF

ggF HH — bbWW 8.318+0.016 0.857 +0.005 0.00113 +£0.00019 0.00033 +0.00010 0.0014 +0.0002

geF HH — bbtt 3.138+0.009  0.3284+0.0029  0.00332 +0.00029 0.00068 +0.00015 0.0047 £ 0.0004

¢gF HH — bbZZ 0.633+0.005  0.0873+0.0018  0.00083 +0.00018 0.00020 + 0.00009 0.0442 +0.0013

>, geFHH 12.088 +0.019 1.272 +0.006 0.0053 £+ 0.0004 0.00121 +0.00020 0.0504 +£0.0014
HH signal, VBF

VBF HH — bbWW 0.1518+£0.0014 0.2138+0.0017  0.00013 + 0.00004 — 0.00009 + 0.00004

VBF HH — bbtt 0.0537+£0.0006 0.0769 +0.0007 0.000086 +0.000022  0.000048 + 0.000018  0.00024 + 0.00004

VBF HH — bbZZ 0.0097 £0.0004 0.0184 +0.0006 0.000040 +0.000024  0.0000029 +0.0000016  0.00236 + 0.00023

>, VBFHH 0.2152+0.0016  0.3091 +£0.0019  0.00026 + 0.00005 0.000051 £0.000018  0.00269 + 0.00024

HH signal, ggF+VBF
>, geF+VBF HH 12.303 +0.019 1.582 +0.006 0.0055 £ 0.0004 0.00126 + 0.00020 0.0531+£0.0014
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bblt + E;Z/‘"SS :

ggF categories

mva input variables

VBF categories

Input feature

Description

Input feature

Description

same flavour
t b

pT’ pT

mee, it

Mpp, [J’T’[’

mpe
min AR[,(
mppee
E_rrniss’ E.‘l‘?ifs—sig
mr (b, EMis5)
min mr, ¢

R
HT2

unity if final state leptons are ee or uu, zero otherwise

transverse momenta of the leptons, b-tagged jets

invariant mass and the transverse momentum of the di-lepton system
invariant mass and the transverse momentum of the b-tagged jet pair system
stransverse mass of the two b-tagged jets

AR between the two leptons and two b-tagged jets

min{max (mp, ¢, Mp, ¢,), max(Mpoe,, Mp,¢,) }

minimum AR of all b-tagged jet and lepton combinations

invariant mass of the bb{{ system

missing transverse energy and its significance

transverse mass of the pr-leading lepton with respect to E%‘i“
minimum value of mt(fo, ET"**) and mt ({1, ET*)

measure for boostedness' of the two Higgs bosons

G. Di Gregorio
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Nty  Meys Pegs b1 Pr's Pr

Mooy Ty> Obgs By P P!
Mjos Mj1s ¢j0’ ¢j| > p_fr‘), P—{-]
Elpiss, ¢E.‘P'”, Efl_niss_sig
PR2, ARpp, Adpp, mpp

et et
Pr > ARee, Adee, mee, Geeniariry
bbet

pr " Mbbee

bbLe+EMS
Pr s MppeorERss
M ey Eiss

ENisst0

T .

Pr s Appmiss e

tot

Pr

Mot

m}(LF

min ARy, ;, min ARy, ;

Xmej

max p?/, maxm;;
Pr> Ji

max Anjj, max Ag;;

min ARy,

Nforward jetss N J

bb
My

Meoll
mmMmc

1, ¢, pt of the pr-(sub)leading lepton

1, ¢, pr of the pr-(sub)leading b-tagged jet

¢, 1, pt of the pr-(sub)leading non b-tagged jet
missing transverse energy, its ¢ and significance
p1, AR, A¢ and invariant mass of di-b-jet system
pT, AR, A¢, pt and centrality'of di-leptons system
pt and invariant mass of the bb{{ system

pr and invariant mass of bbl{ + E%’i“ system

invariant mass of di-lepton + E’T“iss system

pr of and A¢ between E'T‘niSS and di-lepton system

prof bbll + E%‘i“+ pr-leading and -sub-leading jet
invariant mass of bb{¢ + EJ"*+ pr-leading and -sub-leading jet
Kalman fitter top-quark mass

minimum AR between pr-(sub)leading {-j couples

sum of the invariant masses of all {+jet combinations
maximum pt and invariant mass of any two non b-tagged jets
maximum Az and A¢ between any two non b-tagged jets
minimum AR of all b-tagged jet and lepton combinations
number of forward jets, number of non b-tagged jets
stransverse mass of the two b-tagged jets

collinear mass (reconstruction of m,;)

value of the MMC algorithm (reconstruction of 7 ,;)
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Multilepton: selection

ML channels

Channel | 14 Thad-vis Jets b-jets

46+2b 4£(B) N:=0 Njet22 1< Npjer<3
pT(f1) >20GeV
pr(6) > 15GeV
pT(f3) > 10GeV

{3 or {4 pass loose PLV
2 SFOC pairs
50 <mSFOC, ,, < 106 GeV
5<m3kOC ;< 115GeV

All 4 pairs AR (6, £;) > 0.02 yyML channels

|m4g —le > 10GeV

Channel | 14 Thad-vis Photons E{-“iss b-jets
3¢ 3¢, sum of charges = +1 N:=0 Nier > 1 Npjer =0 Yy+2(€.thaa) | New) + Ny =2, 0C N, =2 EMS 5 35 GeV
toc(L) Mye.zy > 12GeV Er(y1) >35GeV

Csc1(T), pT > 15 GeV 105GeV < my,, < 160GeV Npjer =0

yy+l Nypy=1 N.=0 yy+e: ENSS 5 35GeV
lsca(T), pT > 15GeV ‘ @ Y1:p1/Mmyy >0.35 y;,r.,.u; -
SFOC : 0.25 -
All m3EO€ > 12 Gev N0 N1 7 pr/myy > ET > 35 Gev
Z-veto
|m3g —mzl > 10GeV
2¢SC 24(T), pt >20GeV, SC N:=0 Nijet 22 Npjer =0
Mep > 12 GeV
26SC+Thag 24(T), pt >20GeV, SC N:=1 Nijet 22 Npjet =0
mee > 12 GeV pr > 25GeV
OCto ¢
2642Thaq 2¢((L), OC N, =2,0C Njet 20 Npjer =0
mee > 12 GeV AR(71,12) <2
Z-veto
C+2Thag 14(L) N, =2,0C Nijet 22 Npjer =0

AR(TI,Tz) <2

L e |



Multilepton: CR definition

Channel | Region Leptons Jets b-jets Additional
selections
40+2b 1t CR* Off-shell-££ not SFOC - - -
Z-veto
tiZ CR* Off-shell-¢£ not SFOC - - -
All ¢ pass loose PLV
Z-req.
my¢ req. removed
VV, H CR* All ¢ pass loose PLV - Npjer =0 -
Z+jets CR* pr(63) <10GeV - -
pr(ty) <10GeV
Z-req. -
VR - - - |m4g—mH| > 10GeV
3¢ WZ CR* Z-req. - - ERss > 30 GeV
HF-e CR* lsci, Csca both e Nje[ >2 Nb»jel >2
No PLV on any ¢
HF-u CR* {sci,lsc2 both Njet >2 Nb»jel >2
No PLV on any ¢
Mat. conv. CR* [m3¢ —mz| < 10 GeV - - -
Lsc1 or fsca: Fy> 20 mm
0 < mykuk < 100 MeV
VR - - - BDT < 0.55
2(SC WZ CR* >34(T), pr > 20GeV - - ENiss > 30 GeV
One SFOC pair
Z-req.
mee (any pair) > 12 GeV
‘m;e - mzl > 10GeV
VVjj CR* Z-veto (SFSC pair) mjj > 300 GeV - BDT < -0.4
BDTz4jers > 0.8
HF-¢ CR1* £(T)e(T), no PLV 2< Njet <3 Npjer = 1 -
HF-e¢ CR2* {(T)e(T), no PLV 2 < Njet £3 Npjer 22 -
HF-u CR* {(T)u(T), no PLV 2< Njet <3 Npjer 2 1 -
Mat. conv. CR* Fyix> 20 mm - Npjer 2 1 -
Mk, ik < 100 MeV
Int. conv. CR* Fyix< 20 mm - Npjer 2 1 -
Myk,uk < 100 MeV
Q mis-ID 2¢(T), OC or SC Njet < 2 - -
VR - - - BDT < -0.4

Channel Region Leptons (anti-ID) Thag.vis Jets b-jets Additional
selections
20SC+7haq | VV CR* - - - - BDT < -0.2
HF-e CR1* £(T)e(T), no PLV - Njet 22 Npjer =1 -
HF-e CR2* {(T)e(T), no PLV - Niet 22 Npjer 22 -
HF-u CR* £(T)u(T), no PLV - - - -
Fake-Tpag.vis CR OC leptons - - - -
Z-veto
Z+jets VR OC leptons - - - -
Z-req.
1t VR OC leptons - Njet=2 Npje =1 -
Z-veto
VR - - Nijet <2 -
20+2Thad Z+jets CR 2{(T), OC N7+ Napii-p = = 2 Njet 21 Npjer =0 -
and Z-req.
C{+2Thad 11 CR 24(T), OC Nz + Naniiep + =2 Njet 21 Npjer =1 -
Z-veto
20+2Thag Fake-Thag.vis CR - (Nz =1, Nantiip = = 1) - - -
or Nanti-Ip 7 =2
Fake-Thad-vis VR = SC Thad-vis - - -
C+2Thag Fake-Thag.vis CR - (Nz =1, Naniep = = 1) - - -

Fake-Thagvis VR

or Nanti-Ip 7 =2
SC Thad-vis




Multilepton: breakdown
uncertainties

Systematic
uncertainty source

Relative impact of systematic uncertainties [ %]

ML channels yy+ML channels Combination

Total 22 14 19
MUC statistics 5 <1 3
Experimental 5 <1 3
Detector response - 3
Jets and EF"™ 3 2
Flavour tagging l <1

Background estimate <1 <1 <1

Theoretical 13 14 13
Signal 10 12 11
Backgrounds 4 2 3
Top quark I - <1
Vector boson 3 - 2
Single Higgs boson | 2 |

Other <1 - <]

G. Di Gregorio
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HL-LHC projection: scenarios

No syst unc: optimistic scenario where no systematics uncertainties are considered

Baseline: experimental and theoretical uncertainties halved, modelling uncertainties the same as

in Run2

Theoretical unc halved: theoretical un halved while experimental and modelling uncertainties

are the same as in Run2

Run2 sys. unc: pessimistic scenario with the same unc as in Run2.

G. Di Gregorio
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