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l Electroweak Symmetry Breaking

Direct measurement of Ay via HH production
Strength of Ayyy relative to SM prediction (Agyy/Asy) = Kj

Higgs boson

1 1
V(h) = fmi,hz + AWh® +=2Ah* + -

4
Broken
Iz symmetry!
polarisation Value of my =0 .
Higgs field, h M 2= ' !
Minimum of the potential Ayuny
R Katharine's Talk
efer to Katharine's Ta my = 1/2/11/ ~ 125 GeV Too far for now...
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https://indico.cern.ch/event/1389632/

l Higgs Self-Coupling

* Higgs boson discovered 11 years ago (no deviations from SM observed so far)

* Higgs can couple to Higgs itself (Ayyy, Aygyy)- (The only particle in SM with
self-coupling)

* Ayypy is not a free parameter — closure test of SM

* Ayypy is the parameter regulating Higgs potential shape — EWSB and vacuum
stability test

* Deviation of Ayyy from SM can allow first order EW transition (BSM!)

Double Higgs

H166S POTENTTAL

Refer to

Stable universe
Current minimum is the absolute minimum.
Higgs field will stay in this state forever.

HIGGS POTENTIAL

0 HI66S FIELD

Net o scale!
PRESENT MINTMUM

Metastable universe
Current minimum is a false vacuum.

Lifetime is larger than the age of the universe,
but eventually it will decay to the new minimum...

T S gy, K166 FIELD
™S ot o sl
~
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Double Happiness
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https://indico.cern.ch/event/1389632/

l Non-resonant HH production at the LHC
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Gluon-gluon Fusion (ggF): 0" = 31.05 + 3% (PDF + as) 8%, (Scale + my,y,) fb
g 99 23% p

Vector Boson Fusion (VBF): o5 = 1.726 + 2% (PDF + a,) 0037 (Scale) fb

——————————————————————————————————————————————————————————————————

» Cross-section ~1000x smaller than single Higgs production for Run 2 (13 TeV)

» Test BSM effective models with anomalous couplings: k3, k¢, Ky, and
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bbbb

bbrr

l Direct HH Searches b

bbee

bbVV

multi-
lepton

Balance between branching ratio and final states

Y Large
Good G branching
Selection

0.39

0.33 0.069

0.028 0.012 0.00005

No single “Golden” channel * Historic three HH channels: bbbb, bbyy, bbtt

* Other HH channels: bbVV (0/1¢), bb££, and|multilepton

First result
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ATLAS Simuliation Vs =13 TeV, 140 b

l HH — Multilepton Channel S i

J / 3¢
25 Y &

« Targeting on ~6.5% of HH events decay to final states where the HH
system cannot be fully reconstructed and none of these are covered by
other analyses.

Number of SM HH events passing preselection

e Use a common analysis strategy for the same final states

[265C+T,.|

iz,
» Categorize final states by number of e, u, 75, named by yy + ML
channel (3) and Multilepton channel (6), 9 orthogonal channels in total HH decay mode Analysis channel
 Two same-sign light leptons w/wo 75: 25507y, and 2SS + 1t ~§ ' (MTJ 1 prie R S
* Three light leptons: 3¢ — most sensitive channel ; Y
« One/Two light leptons and two t,,: 1/2¢ + 27 Bl we || weoen || e channels
* 4 light leptons originated from H — ZZ and 2 b-jet: bb4¢ i —/
0 yy+f 2488 ( 3¢ ](Mbb]

e Two photons with light leptons and t;: yy + 1£0t,yy + 017, yy + 2¢

0 i 2 3 4

Number of light leptons
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l Object Definition and Baseline Selection

* Huge efforts to harmonize object

definitions and event selections.

* Dedicated control regions to

estimate norm factors (included

in simultaneous fit)

* Validation region to check

Data/MC agreement

Electrons Muons
Baseline | Loose | Tight ‘ yy+ML | Baseline | Loose | Tight | yy+ML
(B) (L) (T) (P) (B) (L) (T) (P)
Minimum pt 10 GeV 10GeV
(4¢+bb channel: 4.5 GeV) ( 4€+bb channel: 3 GeV)
n Inl < 1.37 or 1.52 < |p| < 2.47 Inl <25
Identification Loose | Tight | Medium Loose | Medium
Isolation X Loose X Loose
PLV isolation X Loose | Tight x X | Loose | Tight | X
Charge mis-ID BDT X v X -
ey ambiguity X v X -
|dol/ oy <5 <3
|zo sin 8| < 0.5 mm < 0.5 mm

Channel ‘ ¢ Thad-vis Photons E_srnm b-jets Channel Region Lepton Configuration NES:’ Niet Np_jer Additional Selections
yy+2€ Ne(P)+ Np =2 Ny =2 E{_ﬂiss > 35GeV Np.jer =0 4f+bb i CR 567 ety 0 22 =>land<3 [m3E0S —mz| > 10
myery > 12GeV Er(y1) > 35GeV tiZ CR EEEF 4 ey 0 >2 =zland<3 [m3EOS — mz| < 10
105 GeV < m,, < 160 GeV VV+Higgs CR Lo ol ol o 0 22 0
¥1: primy, > 0.35 Z+jets CR ol 0 =2 zland<3 [m3E0S — mz| < 10
Y2 i pr/my > 0.25 VR ergrese” 0 22 >land<3 |mae —my| = 10
yy+t 1Py  N:=0 Ny =2 yy+e: Ef'® > 35GeV Npje =0 3¢ WZ CR T lalad 0 >1 0 Im3e —mz| > 10, [m$FOS —mz| < 10
105(?\?') ! 3501?'0(3 v e EP > 30
2 </mﬂ ‘) e < Conv CR e 0 =1 0 |y —mz| <10
P, Myyaeaes HF-e CR fre*e” 0 22 > m3 - mz| > 10
Y2 i primy, > 0.25
— HF-u CR Eptu® 0 =2 > |mse —mz| > 10
Yy+1T Negpy=0 Ny =1 - J\;'}. =325(3 v E_:_m\\ > 35GeV Npjeu =0 - e a =il 7 BDT < 0.55
T(Y1) = 200Ge
105 GeV < my, < 160 GeV v
Y1 i primy, > 0.35 Channel Region Lepton Configuration Nﬁf‘ Niex Np-jet Additional Selections
: 5
PRl ittyed 02 2SC  WZCR e 0 32 0 mse — mz| > 10, mSE%5 — mz| < 10
BDT < 0.4, BDTyjcs > 0.8
Channel | ¢ Thad-vis Photons Jets b-jets et
Efmis > 30
4l+bb 4£(B) Ny =0 Ny=0 Njg22 1<£Npjer<3 VVjj CR ol 0 22 0 [m3ESS — mz| > 10
prifr) > 20GeV BDT < 0.4, BDTvje,, > —0.8
pritz) > 15GeV mj; > 300
pritz) = 10GeV QmisID etetlete” 0 <2 0 78.5 < m$FOS < 1023
{3 or {4 pass ‘lno.se’ PLV 76.5 < m3FSS < 101.3
2 Sng)SS pairs Conv CR Ll 0 =2 z1
50 < m . < 106 GeV e
lead- €€ ED CR ¢ 0 22 >1
5 < mSEOS 115 GeV . +
< Mgpiead-c6 < E HF-e CR tre* 0  2o0r3  lor2
All pairs AR(£;,£;) > 0.02 HF-u CR et 0 203 >1
115GeV < mye < 135GeV VR et 0 2 0 BDT < 0.4
3¢ tos(L), pr > 10GeV N =0 Ny=0 Nzl Npjer =0 26SC+r  Fake T CR [olad 1= 22 0 [m$E0S —mz| > 10
£ss1(T), pr > 15GeV VV CR it 12 22 0 BDT < 0.2
lss52(T), pr > 15GeV HF-e CR1 et 121 52 1
Allm3fOS > 12GeV HE-¢ CR2 et 1 s2 2
Z-veto HF-u CR £t 1= 22 >1
[m3g — mz| > 10GeV. VR e = <1 0
2{SS 26(T), pr > 20GeV N =0 Ny=0  Nigz2 Npjer =0 £+2r Z+jets CR ol 22 20 0 Im3E0S —mz| < 10
S8 charge 1 CR e 222 20 1 mSEOS — mz| > 10
mee > 12GeV VR Il 282 22 0
2{SS+t 2((T), pr > 20 GeV Ny =1 Ny=0 Njgz22 Npjer =0 2042t Z4jets CR e 222 >0 0 |mFOS —my| < 10
SS charge pr > 25GeV 1 CR e 242 >0 1 [mSEOS —myz| > 10
mee > 12GeV OS charge to £ VR Pt 2%2 >0 0 “
26427 2¢(L) Ny =2 Ny =0 > Np-jer =0 yy+ML  Fit background CR 0/5 6567 >0 20 0 [myy —125] > 5
OS charge OS charge
mee > 12GeV AR(7),m) <2
Z-veto
427 14(L) Ny =2 Ny=0 Ng22 Npju=0
mee > 12GeV OS charge

AR(T), 1) <2
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l Analysis Strategy

Pre-selections

* Background Modelling:

n

Background Modelling

\ 4

MVA (BDTG)

* Irreducible backgrounds: MC (with data-driven corrections in CR if dominant)

* Fake backgrounds:

* Template Fit (TF) for fake light leptons

* Fake Factor (FF) / Scale Factor (SF) methods for fake ts

\ 4

Combined Fit

* MC continuum background (V + yy, tt + vy, yy + jets): modeled with an analytical function

24SC
Model
Input variables 16
K-Fold Training 2
Signal
Background jefcz' szg;rza:e_ly
SR definition > —0.4

2¢6SC+ 1 3¢
13 22
5 3
Total
4% Background
> —0.2 > —0.55

1¢ + 21 2¢ + 21
Gradient Boosted Decision Tree in TMVA

10 8
2 2
ggF + VBF
v /44

4¢ + bb

22
Single

Total
Background

vy + ML

21

Total
Background
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l First Result for Multilepton

ATLAS o Observed 1 +1o
o Expected (usy=0) [ +20
Vs=13TeV,140f0" . Expected (Upy=1)
SM HH)=32.8fb .
e Obs.  (an20) ML best-fit u = —0.09 + 5.08
a+bb- | de 9.3 yy + ML best-fit u = 18.40 + 11.02
3 e 0 19 29
sk o d 39 42 Combined best-fit u = 5.78 + 4.19
20SC+ Thag | 3 e 79 63
- A e | on
£+ 2Thaal . 46 46
Yy + 20, Thaa) ci ° 53 41 SySt 6 8 11 17 27 17
vy + I 3 e 51 29
YV + Thaa|- ) . 112 60
Combined ML|- @ 14 14
Combined yy + ML} a o 45 21
Combined - |d'.l ] 1 | ] | 1 ] | ] 1 i ] | ] 1 117 ] | 111 ]
0 50 100 150 200

95% CL upper limit on HH signal strength gy

2024/8/14



l Systematics Breakdown

DataStatistics
MCstatistics
LumiPileup
Electrons
Muons

Taus

JetMET
FlavourTagging
Photons
PromptLep
NonPromptLep
QmisID

TauMisID

Nuisance Parameter Group

NonResGamgam
Signal

Top
VectorBoson
SingleHiggs
Others

L Data statistics
|

I MC statistics

Detector response

A— Background estimation

- Signal

' Backgrounds

I

I |

0.01 1 100

Impact on 95% C.L. Exp. Limit [%]

[ combinedML
[] combinedyyML
[0 combined

NPs ML Yy + ML Combined
Data Statistics 77.6% 86.0% 80.5%
All Systematics 22.3% 14.0% 19.43%
MC Statistics 4.6% < 0.1% 3.0%
Experimental 4.9% 0.2% 3.2%
Detector Response 4.0% 0.1% 2.6%
Background Estimation 0.6% 0.1% 0.4%
Theoretical 13.3% 13.9% 13.3%
Signal 10.1% 12.2% 10.5%
Backgrounds 3.6% 1.9% 3.1%

Dominated by Data Statistics ~80%

2024/8/14
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l Constraints on k; & Kyyp

e Constructed parameterized kappa workspace including k,, k¢, Koy, Ky with 3 ggF and 6 VBF samples

e 4 + bb is the most sensitive channel for k scan.

* K, scan reaches better results than bbbb.

-2InA\

T 1 T 1 I T 1 T T I T 1 T T I T 1 T T I T 1 T T I T 1 T T I T 1 T T

— ATLAS —— Combined

B == Combined ML )
i Vs =13 TeV, 140 fb~' Combined yy+ML |
- HH-ML,yy+ML e Expected i
— Expected Observed —— Observed _

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

68% CL: Ky € [-4.3,0.6] U [4.4,9.8] -
95% CL: ky & [-6.2, 11.6] .

_____________________________________________________

l |

15 20

K\

=2InA

| ATLAS = Combined |
B = (Combined ML |
i Vs =13 TeV, 140 fb™ Combined yy+ML |
L HH-ML,yy+ML meeee Expected |
— Expected Observed —— Observed _

s 68% CL: koy € [-0.9,3.1] 68% CL: koy € [-1.6,3.7] §
- 95% CL: Koy € [-1.9,4.1] 95% CL: koy € [-2.5,4.6] .

95% ClL-

10
Koy

2024/8/14



l Summary

* First result of 95% C.L. combined observed upper limit

reaches 17 on the HH cross-section over SM for HH —

multilepton final states with the full Run 2 data with
140~ fb luminosity. arXiv: 2405.20040

* Machine learning techniques are introduced in multilepton for
the first time, achieved an order of magnitude increasement in

expected sensitivity for 3-lepton channel.

e 1.7-fold gain from higher luminosity
» 2-fold enhancement with optimized identification and isolation
criteria

e 2.8-fold increase due to the advanced use of MVA techniques

e Advanced MVA techniques are under investigation for RUN 3:

* Preliminary study of using GNN on 3-lepton gives expected
upper limit (stats. only) of 20.51 (current: 23.82)

[ combinedmL]- @ 14 14 ||
Combined yy + ML~ ci (] 45 21
Combined- |ql.| L I 1? L | .\11 ]

0

HH — Multilepton
2¢ss

pn < 125 (62.8 exp) B

37

K < 59.3 (41.2 exp) B

47

7 u<567(768exp)

3/ + 1Th

22f’+2Th
K1 < 50.3 (62.0 exp)
1 f+3Th
1 < 50.9 (48.5 exp)

| n<457(63.2exp)l|

] I ] I | I I I
50 100

1 1 1 I
150

200

95% CL upper limit on HH signal strength Ly

4Th
1 < 50.0 (78.8 exp)

Combined
1< 21.3 (19.4 exp)

CMS 138 fb (13 TeV)
T T T T ' T T T T I T T
-@— Observed - 68% expected
===+ Median expected 95% expected
| I S SN U T T NN SN N TN T I SN T T
0 50 100 150 200 250

95% CL upper limit on u = o(pp— HH) / ..

2024/8/14
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l Kappa Scan in HH channels

< 8_ I I | I I I I I I I 1 | | I | | _I 1 ]
c [ ATLAS — Combined — bbyy
~ 7L Multilepton =—— bbbb ]
Al 7 _ . -1 . —
Ik Vs=13 T.eV,.126 140 fb bbiL + EISs S
- HH combination .
6 All other k fixed to SM —— Obs.: 95% CL [-1.2,7.2]
- ——= Exp. (SM): 95% CL [-1.6,7.2]
Sl P P ]
- I 1 ,-’ .
: ,," ’,, ,v” :
4= N S 1 W S A A J95% Cl—
- Pl .
L ,’ ] I ]
3 [ ! ,r’ I:’ -
- r.l l’ -
B /, :’I .
2 fo 7
i\\ I,' ’I ;
1B A 88%CL ]
0_ :-:::-'1'"7"T’ | L
10

-2InA

8 B | | I I I l I I I 1 I | | 1 1 I I 1 | | .I I I | I 1 1 _I 1 I i
- ATLAS combined St
7 _ . 1 ultilepton : .
- VS =13TeV, 126—140 fo b + £ it
- HH combination ]
6~ All other K fixed to SM —— Obs.: 95% CL[0.6,1.5]
N -—- Exp. (SM): 95% CL[0.4,1.6] ]
Sl I
1

!_‘ f" :
4\ e 5% CLL
B F
3 ;o7
| Il /I —
2 :_ /’l /l’ _:
Y U N N W Y SN0 S A 58% 01 2
: / /,,//// ,”/, :

- / ,”/’ ”,’ .
O_ | ..-/\ | L-F—":’:’-r’-'r"l‘—: T B
-0.5 0 0.5 1 1.5 2 2.5
K2y

2024/8/14
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l Trigger

@ The trigger strategies refer to the ttH multilepton

80 fb~! study [link] and follow the recommendation.

@ single-lepton triggers (SL) and di-lepton triggers (DL)
@ Channels with = 2 light leptons: SL OR DL
@® 14 + ZTh: SL

@ Trigger Scale Factor calculated by
TrigGlobalEfficiencyCorrection package [link]

@ Di-photon triggers are applied for yy+ multilepton:
* HLT g35 loose g25 loose (2015/2016).

 HLT g35 loose g25 medium_L12EM20VH (2017/2018).

Yulei Zhang | Paper Approval Meeting

Single lepton triggers (2015)

7 HLT_mu20_iloose_L1MU15, HLT_mu50
e HLT_e24_lhmedium_L1EM20VH, HLT_e60_lhmedium, HLT_el120_lhloose
Dilepton triggers (2015)
ppu (asymm.) HLT_mul8_mu8noL1l
ee (symm.) HLT_2e12_lhloose_L12EM10VH
eu, pe (~symm.) HLT _el7_lhloose_mul4
Single lepton triggers (2016)
7 HLT_mu26_ivarmedium, HLT_mu5®
. HLT_e26_lhtight_nod®_ivarloose, HLT_e60_lhmedium_nod®,
HLT_e140_lhloose_nod®
Dilepton triggers (2016)
pu (asymm.) HLT_mu22_mu8noL1l
ee (symm.) HLT_2el17_lhvloose_nod®

eft, pre (~symm.)

HLT_el7_lhloose_nod®_mul4

Single lepton triggers (2017 / 2018)

7 HLT_mu26_ivarmedium, HLT_mu50
. HLT_e26_lhtight_nod®_ivarloose, HLT_e60_lhmedium_nod®@,
HLT_e140_lhloose_nod0®
Dilepton triggers (2017 / 2018)
pp (asymm.) HLT_mu22_mu8noL1l
ee (symm.) HLT_2e24_lhvloose_nod®

ey, pe (~symm.)

HLT_el7_lhloose_nod®_mul4



https://cds.cern.ch/record/2314122
https://twiki.cern.ch/twiki/bin/viewauth/Atlas/TrigGlobalEfficiencyCorrectionTool

B bh4e: MVA

@ MVA strategy

» 80% of the total events from the signal and full backgrounds which pass the event selection. The rest of events are
used for testing.

Variables Symbol Description Separation
lep_Pt_0 PT.1, pr of the first lepton 2.432e-01
lep_Pt_3 PT I, pr of the fourth lepton 2.275e-01 TMVA overtraining check for classifier: BDT
m_41 my Invariant mass of the quadruplet 2.235e-01 > T
met met MET Missing transverse energy 2.131e-01 ® _‘- Signal (test sample) * Sighal (training sample) ]
HT HT Scalar sum of pr of all the objects 1.941e-01 = -] Background (test sample) | | = Background (training sample) -
lep_Pt_1 PT.I pr of the second lepton 1.924e-01 2 --Kolmogorov-Smirnov test: signal (background) probability = 0.001 (0.411) -
m_12 Mieading pair Invariant mass of the leading lepton pair 1.812e-01 < 10 ; ]
lep_Pt_2 DT Is pr of the third lepton 1.600e-01 = ? 7
p_ij DT jj pr of the leading jet pair 1.528e-01 8 -~ — e
lep_Etcone30_3 Etcone304 (¥ Ar<0.3 ET)/ET of the fourth lepton 1.331e-01 L 18
nbjets NpJets Number of b-jets 1.227e-01 6 ; g
lep_Etcone30_0 Etcone30, (X Ar<0.3 ET)/ET of the first lepton 1.165e-01 o 2
Dphi_met_jets AMET&jets A® of the MET and leading jets 1.062e-01 ; f
lep_Etcone30_1 Etcone30, (XArR<03 ET)/ET of the second lepton 9.586e-02 4 ; 3:
jet_Pt_0 PT Jleading jet pr of the first jet 9.547e-02 j
lep_Etcone30_2 Etcone30; (X AR<0.3 ET)/ET of the third lepton 7.792e-02 2 fi* §
m_34 Mgub-leading pair  INvariant mass of the sub-leading lepton pair  6.869¢-02 3
m_jj mj Invariant mass of the leading jet pair 6.680e-02 0 S
lep_Eta_3 4 7 of the fourth lepton 2.084e-02 08 06 -04 -0.2 0 02 04 06 038
lep_Eta_2 n 7 of the third lepton 1.970e-02 BDT response
lep_Eta 1 m n of the second lepton 1.474e-02
lep_Eta_0 m n of the first lepton 9.422e-03

Cen Mo 16




l 37: MvA

Low BDTG validation region: BDT score < 0.55

® MVA strategy Signal Region: BDT score = 0.55
» 3-fold training over signal and all background samples
i S
Variable Description Separation " + e
ARy, Distance in i — ¢ space between lepton 0 and lepton 1 32.62% 30
M1, Invariant mass of lepton 0 and lepton 1 26.90% . o R e
min. mgs Minimum invariant mass of opposite-sign lepton pairs 26.23% § 2200¢ ATLAS Internal ¢ Data
ARy, Distance in 7 — ¢ space between lepton 2 and nearest jet 23.90% 20 w 2000F s =13TeV, 140fb" —HH %100
ARy, Distance in 7 — ¢ space between lepton 1 and lepton 2 12.67% i, 1800 3¢ %g;goﬁe Olr;'" s
min. mE;SSF Minimum invariant mass of opposite-sign same-flavor lepton pairs  11.41% 1600F Low BDT Validation Region DOth%r 99
iy matched Invariant mass of lepton pair closest to Z mass 11.38% v 1a00f PostFit B Mis-ID e/u
Myl Invariant mass of all three leptons and two leading jets 3.49% o 2 Uncertainty
mu Invariant mass of all three leptons 2.94% e 1200 ----Pre-Fit
my, j Invariant mass of lepton 2 and nearest jet 2.40% o 1000
Myl Invariant mass of lepton 0 and lepton 2 2.11% e . .« . 800
Er Missing transverse energy 1.80% aw ---------“Z::,;..-.Z's' 600
ARy, ; Distance in 7 — ¢ space between lepton 0 and nearest jet 1.20% o : 400
FlavorCategory Categorization of lepton flavors, details in Sec. 7.2.1 1.17% TR e T 0P
HTep Scalar sum of lepton pr’s and missing transverse momentum 0.96% 1o 200ﬁ J
HT Scalar sum of jet pr’s 0.52% s 0
ARy, Distance in 7 — ¢ space between lepton 1 and nearest jet 0.33% o &J 1.51:----0@-/{;;-7-2 PP “«_HW#WJ_;
ARy, Distance in 7 — ¢ space between lepton 0 and lepton 2 0.26% , s 05l *
my, j Invariant mass of lepton 1 and nearest jet 0.19% E S o . k J . . k ‘
HTess Scalar sum of jet p7’s 0.05% 7. -1 -08 -06 -04 -02 0 0.2 0.4
my, i Invariant mass of lepton O and nearest jet 0.01% BDT Score
my 1, Invariant mass of lepton 1 and lepton 2 0.01% - A=

0.0 0.2 0.4 0.6 0.8 1.0
Background InEff




B 245C: MvA

Low BDTG validation region: BDT score < —0.4
@ MVA strategy Signal Region: BDT score = 0.4

* Three specific BDTs to target the leading three background. A combined BDT using them as input.

. . . . . *: normalised to total Bkg. *: normalised 1o total Bkg.
[ ] G @ BOOOF TTT T T T T[T I T[T I T[T T T[T I T[T TTrTTT @ BO00F TT T T T T T[T T T[T T[T T[T T I T [TTTT[TTT
Slgnal reglon' ngh BDT reglon Of the Comblned BDT § r ATLAS Internal ¢ Data WHH . § F ATLAS |Internal # Data BHH 7
@ 7000 15 =13TeV, 140fb T LLHH* Clav = @ 2000 15 = 13TeV, 140t T LHH* Oty 3
F HHML2LSC Wother [z ] F HHML2LSC Wother  [Owz 1
6000~ BDTVR WV W VV(other) 6000 BDTVR EWii W VV(other) 7
E Pre-Fit [IIFakes (QECIIMat. Conv. F Post-Fit [IFakes (QEC@IMat. Conv. J
o . so00F- Brece WFdem g0l Wrece  Erkems
* Mp,: invariant mass of the di-lepton system " F ECmisiD Uncertainty J F EamisiD Uncertainty 1
° H c | F ]
R . . S 9 r = F =
* Mgy invariant mass of all selected objects: leptons and jets = 4000 g 40001 ]
) . . . . T 8 FRoimogorov-Smirnov test: signal (background) probabllity = 0.014 (0.282) r 1 E ]
® My,: invariant mass of the leading lepton and its closest jet z 3000~ 3 3000 E
* Mg invariant mass of the subleading lepton and its closest jet 6 £ 2000 = 20001 £
. M‘I;,O and M&I: the transverse mass of the leptonically decay W boson (reconstructed by the MET ° §_ 1000 - 1000 - =
with leading lepton and subleading lepton, respectively). & : C 3 0' .
. 3 = . - . 3
* ET': missing transverse energy ) - E 1.25 3 E 125 .
s 5 E i 5 e . . 3
« 1o and 7;: 17 of the leading and the subleading leptons 1E i § 0.75F E ﬁ 075F E
el ey i e g 5E ‘ ‘ . ‘ . i3 055t . . . . . R
. An: absolute value of 170-11 0 0.8 06 -04 02 0 0.2 04 06 0.8 .8 -0.75 -0.7 -065 -06 -055 -05 -045 -04 -%,3 -0.75 -0.7 -0.65 -0.6 -055 -05 -045 -04
BDTG response BDT output BDT output
« Number of jets
- HT: scalar sum of transverse momentum of all visible objects TMVA overtraining check for classifier: BDTG TMVA overtraining check for classifier: BDTG
% [f0) Signal (test sample) | | | + Sighal (tralning sample) | 3 2 [H Sigral (test Sample) | | * Sigal (traifing sample) ' | | & 10 [l Signal (test sample) | | | + Sighal (tralning sample) | '
* Hr(lep): scalar sum of transverse momentum of the leptons - (ast . i s 18 tast . 1 = Iz (test :
g 2. [ Backaron : ) g : g 18 ) Backaron ] g s = I L ] g b
. Di]ep_ - =1if P =2if ep or pe, =3 ifee g test: signal p y= 0(0.065) g 160" :T' test: signal (backg p ty = 0.065 (0.061) e g 8 & test: signal (backgs 0.015 (0.111)
- - = = - (7
. . . . = = 14F 4 = F
* ARpmine0jers: minimum distance between the leading lepton and its closest jet E + bl E - »
e VV vs. HH £ 2f PP 45 b V + jets vs. HH :
* ARpine1jers: minimum distance between the subleading lepton and its closest jet $ P / dg b g
. . . 2 E Jz o 2
* ARy¢: Distance between the leading and the subleading leptons s a8 r ER a7 s
s osf ] H
+ Total_charge: Sum of the charge of the leading and the subleading lepton which could be +2 or -2 & i 2 .’% i
B B . @ 224 2
as leptons have to have same electric charge. The total charge is specific to the VV BDT. In the 3 02! ’//ﬂ g
2LSS, VV background is mainly due to WZ events. Unlike the HH final state, a charge asymmetry S . i - S

is therefore expected in the V'V final state. 08 06 04 02 0 02 04 06 08 08 06 04 02 0 02 04 06 08 -08 -06 04 02 0 04 06 08
BDTG response BDTG response BDTG response




B 245C + 17,: MVA

TMVA overtraining check for classifier: BDTG

@ MVA strat 3 [T 5ignal (iest sample) ' | | « Sighal (traihing sample) ' 1
Stra egy - 1.8 _ =
2 Background (test sample) * Background (training sample) ]
©
. . . . o 1.6 ["Kolmogorov-Smirnov test: signal (background) probability = 1( 1) =
« 5-fold training over signal and dominant background samples (VV) L : =
1.2 12
3
1 <
e
Validation region: njets < 2 0.8 2
. . s
Signal Region: BDT score = —0.2 & njets > 2 0.6 g
0.4 a
e
2180:"\I‘II\|II\|\II‘I\I|\IIl\l\llll‘l\ll\\1: 2160—F\I‘II\|II\|\II‘I\I|\IIl\l\llll‘l\ll\\-l— 0-2 §
§ - ATLAS work in prégress  DATA 296.0 § L ATLAS Internal [l HH 02 0 g
W 160~ {s=13TeV, 140fb ' = CC 132-; 7 W qgf fs=13Tev, 13910 ° = f\ti‘vf 7:3 - 08 06 04 02 0 02 04 06 08
L HH2ISS1T - 7 L HH - 27881t o
140 C 244 1Thad VR - Other 341 —] 120 [ BDTG SR - Vjels 14.3 7 BDTG response
" Post-Fit tops 03 7 - Post-Fit || VvV 27
120} [ QED 05 E r O VH 38 Variable Description Rank Separation
F [ | HF e 269 4 100~ ] Other 45 power
100 Zy 301 4 = ] v 46 AR(6, £1) Distance between leading and sub-leading leptons 1 12.48%
m RPN g0 Bl Vgamma 16 | M (£y, jeticading) Invariant mass of leading lepton and leading jet 2 11.57%
80 - C Total 113.9 M (£, closet — jet) Invariant mass of leading lepton and it’s closet jet 3 11.39%
] 60 r 77 Uncertainty h AR(£y, closet jet) Distance between leading lepton and it’s closet jet 4 10.24%
60 _ = ---Pre-Fit Bkgd. g AR(£o, jeticading) Distance between leading lepton and leading jet 5 9.11%
] C SRR 1 M(£1, jeticading) Invariant mass of sub-leading lepton and leading jet 6 9.04%
40 ] 40 : 7 O(boostfy, €1, Thad, jelieading) Angle between tau and leading jet after 7 8.50%
] ] lorentz boost to two leading leptons system
20 ] 20 - O(boostly, €1, Thads jetsub-leading) Angle between tau and sub-leading jet after 9 6.87%
B lorentz boost to two leading leptons system
. E ] . ==== === = AR(£), closet jet) Distance between sub-leading lepton and it’s closet jet 10 6.60%
E 125 7 7 E E 1255 % & AR(boostty, Thad, £0, jeteab-icading) Distailce betwb'een leading leﬁ);ondand fub—leading jetafter 11 6.48%
a ;/% / o D e e e orentz boost to tau and leading leptons system
« 1_ %%///////////////%E « £ S E M Thag, tcloset) Invariant mass of tau and it’s closet lep 12 6.00%
g 0750 7 % E 8 075F E AR(boostty, Thad, £1, jeticading) Distance between sub-leading lepton and leading jet after 13 5.88%
05 T . ' ' : ' y 0S5 S~ T A n X y ; ‘ y lorentz boost to tau and sub-leading leptons system
1 -08 06 -04-02 0 02 04 06 08 1 1 -08 06 -04-02 0 02 04 06 08 1 M (6o, jetup-teading) Invariant mass of leading lepton and sub-leading jet 14 5.85%

BDTG score BDTG




B 1/2¢ + 27,: MVA

@® MVA strategy

* HH signal is trained against VV. The IV + jets and tt background samples are not used in the training due to the low statistics.
(no impact)

o Od d - Eve N tra | N | N g . TMVA overtraining check for classifier: BDTG
- Y ; 5 Signal (test sample) ' | | * Sighal (tralning sample) ' ' ] K -
Varlablfa . Description . . Separation power s 5 j__;';’l ch':;wz" :;es': - . . = i :: :'g? .mj ) pie) ] = E
M(£p, jet) Invariant mass of lepton and its closest jet 27.34% O e P o T oaf-
M (Thados Thad1) Ditau invariant mass 21.61% E 08 112054 SR
AR(£y, jetiead) Distance between lepton and leading jet 16.81% 2 ks
AR(€y, Thad0Thad1) Distance between lepton and ditaus 16.70% § - E
Jelead PT Leading jet transverse momentum 16.57% s E wametos BoTe
AR(€p, jetsublead) Distance between lepton and sub-leading jet 10.06% < OSE™ =twive W 0% (OG- 0912
M (€9, Thad0Thad1) Invariant mass of lepton and ditaus 7.42% :'; GUL, R
Sum pr (£y, jet) Vector sum of lepton and it’s closest jet transverse momenta 5.41% *"’g' 03f-
Sum pr (Thados Thad1) Vector sum of ditau transverse momenta 4.28% 0 § 025 :
MET Missing energy 3.65% 08 06 04 02 0 02 MBD _I(_’g 0.8 o T v W 2 Tl ;51
response
TMVA overtraining check for classifier: BDTG
Variable Description Separation power 5 [T Sarei festsabpi) | |+ Sighartvamngshae’ 1 L
T " n = Background (test sample) | | * Background (training sample) - -
M (f(]s 'El) Dllepton Invariant mass 29.04% ;. 6 [ Kolmogorov-Smimov test: signal (background) probablllty = 0.818 (0.621) ] oo
Lepton flavor Bin 1 pu, bin 2 and 3 opposite flavor, bin 4 ee 23.58% E b oaf e
M (Thado» Thad1) Ditau invariant mass 22.84% o 2 . 75_
AR(€, 1) Distance between leading and sub-leading leptons 14.28% s F
S S f dt tr t 9 950] i 0.6 MVAmethod: BTG
um p7 (Thado, Thad1) um of ditau transverse momenta .95% g oWV 01 (ROC g 0536)
AR(£y, Thado) Distance between sub-leading lepton and leading tau 6.95% S 05 —imwew-cunRoCineg 053
AR(£€y, ThadoThad1) Distance between leading lepton and ditaus 6.01% % 0af-
M (€1, Thado) Invariant mass of sub-leading lepton and leading taus 5.35% , St $ osb
08 06 04 02 0 02 04 06 08 "0 0402 03 04 05 06 07 08 08 1

BDTG response
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l HH Combination

M . B [ T I L L] T L] [ T I T | T L] T ] I
—e— Observed limit (95% CL) < l l l | T :
ATLAS Expected limit (95% CL) £ | ATLAS E”:‘;::"":"d EE;E ]
] - — © , [ —— Multiepton —— 3
Vs =13TeV, 126—140 ib (M =0 l'l'flpﬂfthESIsl 'Dln.l 7 Vs =13 TeV, 126—140 fo-1 N e — hEobem
SM | EKpECtEd limit +1o | ) . ——  bbif + 'ET bbbttt ]
Oggr + ver(HH) =32.8 fb Expected limit +20 - HH combination .
_— - 6 All other k fixed to SM = Obs.: 95% CL [-1.2,7.2]
Obs.  Exp. - -== Exp. (SM): 95% CL[-1.6,7.2] ]
bbeL + Epissi— } 1 10 14 S 3 B
i : - i
Multilepton— i | 17 11 4 =]
bbbb|- , 53 8.1 3F -
bbyy 4.0 5.0 2 :— _:
bbTtT 59 33 1 - -
Combined 2.9 2.4 L ]

L1 | I L1 1 I_I L1 | I L1 1 | I_J Ll | I L1 1 | I Ll 1 | I [ 0

10 15 20 25 30 35 40
95% GL upper limit on HH signal strength Lg K




