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PNysics motivations

Non-resonant

V(H) = AvZ?H? + AVH?3 + AH4

e Tiny SM o,,,99F due to destructive interference
- Deviation can be a manifestation of new physics

 Here oy, = 0,499F + O, VEF

resonant
* Search for a spin 0 resonance in the 251 GeV = X =1 TeV range

* Narrow width models such as :
- two Higgs doublets
- MSSM
- twin Higgs model
- composite Higgs model
contain such spin 0 resonances
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https://www.sciencedirect.com/science/article/abs/pii/0550321381905228?via%3Dihub
https://arxiv.org/abs/hep-ph/0510273
https://arxiv.org/abs/1105.5403

Channel choice

Fully reconstructable final state
< « Main backgrounds are di-photon
b

* High H->bb branching ratio| ~ €ontinuum and single Higgs boson
(Non-resonant ggF and VBF for
= resonant analysis)

B <2
- Excellent m,, resolution (less than 1.9 GeV) or %
* Good photon identification & reconstruction : log | “_‘3
- good trigger (advantage for low m,,) vaa) %
- High S/B 3

039 052 009
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Analysis strategy

‘ continuum
+ single-Higgs

: continuum
[ preselection ]l:> signal [ BDT cut ]:> w
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B ==lagioln

continuum
+ single-Higgs
continuum
| preselection ||:> : BDT cut | | sigetioo~X"
t
*
H byy u

Common pre-selection for resonant and non-resonant analysis

b * Di-photon trigger
< « E¢/m,,>0.35 (0.25) for leading (subleading) photon

- * |solation criteria in a cone of R =0.2
- E{iso <0.065* E-

%wg:: v <005 E,
e« 105 GeV =m, <160 GeV

Yy =

» Less than 6 central jets (|n|<2.5) with P;>25 GeV
» 2 b-jets with 77 % b-tagging efficiency

22/09/2021

Higgs boson pair production, HULSKEN Raphaél



preselection I':

T 0 2JoliZzauen

m*,,,, used in both analysis to improve resolution * — m - — Myy + 250

« 2 category in Non-resonant analysis :
-low : < 350 GeV for BSM
-High : >350 GeV for SM

- Resonant analysis : selection applied on m*,,,, at +/-20 (+/- 40) around the
expected mean signal value for each resonance (at 900-1000 GeV)

0.25

> |||||||| I T TT1TT | | | | | ] | | | I | ] | T T1TT | T TT1TT | [N N | > I
® - . . . i o 8L ATLAS Prehmmar ¢ D t -
O B ATLAS Simulation Preliminary 6 10°E Vs = y HEL (SN 3
ey - . e S 13TeV, 139 fo" = MEHH (SM) E
& ook 's =13 TeV 7 = - HH—bbyy Single Higgs
E C HH—bbyy ggF ] ?2 i Common Preselection = ;f%b i
c O —_—K, = -6 ] cC I yy+other jets
q>; 0.15 A | g’ 102 = I DataDriven yj —
o YL —x,=0 - L = DataDriven j 3
= L . C ---m, =300GeV T
c i ] = ---m, =500 GeV
-2 0.1_— 7 B N
& - ] 10 3
e i = 3
0.05 7 - * ]

250 300 350 400 450 500 550 600 650 700 750

N
o
o
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bBW [GeV] "
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Non-resonant

BDT selection

* Low and High mass region are both
separated in 2 sub-category

- BDT trained for each region to
discriminate signal from continuum and

0-7— ATLAS Preliminary — HHggF, «,=1
E Vs=13TeV,139fb" ——— HH ggF, x,=10
0.6:— High mass region Single H
E R Yy+jets

Data

Fraction of events / 0.04

» Loose and Tight BDT selection ok S v
- Selection taken to maximize the BDT Sooro

combined expected significance

g 0,35:_ ATLAS Prellmlnary — HH ggF, ;=1 —g
2t ﬁ_ 13 TeV, 139fb" ——— HHggF, k=10 [
S 3L Low mass region inale =
Category Selection criteria = E g- fy+?;tsH -
High mass BDT tight mbb > 350 GeV, BDT score € [0.967, 1] g
High mass BDT loose mbb > 350 GeV, BDT score € [0.857,0.967]
Low mass BDT tight mbb < 350 GeV, BDT score € [0.966, 1]
Low mass BDT loose mbb < 350 GeV, BDT score € [0.881, 0.966] : ”
0 01 02 03 04 05 06 07 08 0l9 1

BDT Score
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e
BDT selection

inuum
+ single-Higgs
preselection |[—>

* One BDT for all resonances but selection
depends on the mass

— SM HH

s ARRRRRARR RARRA ]
S 0-6_ ATLAS Prehmmary o Dat 7
ata

g [ f5=13Tev, 139 fo” 2 300 Gev]
& 0.5 HH—-bbyy —yy+ets -
5 Single Higgs ]
S ]
8

w

o
'S
T 1T

=
W
TTT T

- Two BDT to separate signal for continuum (BDT,,) | *
and from (BDTsingler)

OI 0.1 0.2 0.3 0.4 05 06 0.7 0.8 0.9 1

« Combination of both score into one score BDT,,,

R R R L RN AR AN RN RRRRR A
07— ATLAS Preliminary

- Vs=13TeV, 139 fo" hd Efﬂi 500 GV
0.6F- HH->bbyY —yyets E
C Single Higgs
— SM HH A

0.5

Fraction of events / 0.05

BDTsingien +1

2 )?

1 BDT,. +1
BDT,,, = \/ CH—2— ” )2+ (1-Cp)%(
\/c12+ (1-C))2

BDT Scol

22/09/2021 Higgs boson pair production, HULSKEN Raphaél 8



Sl

background modelisation =

» Fit m,, on for both non-resonant & resonant

» Signal and single Higgs background is modeled from fit on MC using Double Sided
Crystal Ball function

« Continuum background is modeled from data side-band fit using Exponential function

Non-resonant Resonant

V‘

"""""""""""""""" Bl N AL I T LT N SO A R
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Non-resonant results

No signal, limits are set via the CLs method

| ATLAS Preliminary ~ —— Observed limit (95% CL) |

[ = —1 ---- Expected limit (95% CL) |
| L{ﬁ;é%;;ev’ 1SS0 Expected limit 16 ]

1 Expected limit +2¢
E== Theory prediction
i\( SM prediction

]

—_

o
(6}

OggF+veF (HH) [fo
S
~

—_
o

w
—rr —_——

Observed: k) € [-1.5,6.7]
- Expected: k) € [-2.4,7.7]

* QObserved (Expected) non-resonant HH production of 180 (130) fb : 4.1 (5.5) times the SM

e Previous paper, 36 fb-iresults : 22 (28) times the SM, -8.2 (-8.3) < Kk, < 13.2 (13.2)
* Full Run 2 CMS results : 7.7 (5.2) times the SM, -3.3 (-2.5) < K, < 8.5 (8.2)
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https://link.springer.com/article/10.1007/JHEP11(2018)040
https://cds.cern.ch/record/2742937/files/HIG-19-018-pas.pdf?version=1

Resonant results

No signal, limits are set via the CLs method

1000'I"" L L L L L L L L B

ATLAS Preliminar¥
Is =13 TeV, 139 fb’
HH—Dbbyy

S(X—sHH) [fo]
o O
o O
T

700 —e— Observed limit (95% CL)
600 & o 00 e Expected limit (95% CL)

: Expected limit £+ 1o
500 P

[ ] Expected limit+2 ¢

N
o
o

III | |||

| L1 1 1 | 11 1 1 | | I - | 11 1 1 I | I - | 1 I 11 ] 11 | 77 I 7 LV' 11
200 300 400 500 600 700 800 900 1000
m, [GeV]

 Observed (Expected) o upper limits at 95% CL for a scalar resonance vary between
610-47 (360-43) fb in the 251 GeV = m, = 1000 GeV mass range.

« Previous paper, 36 fb-1results: observed (expected) limits between 1140-120
(900-150) fb in the 260 GeV = m, = 1000 GeV mass range.
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https://link.springer.com/article/10.1007/JHEP11(2018)040

Gere =8¢

* Non-resonant and resonant searches for HH production in the HH->
bbyy, final state are presented

 Both channel are limited by statistics

Non-resonant Resonant
4.1 (5.5) times the SM -

251 GeV = m, = 1000 GeV mass range

Compared to previous paper : o
~60% improvement from m,,_ ~30% improvement from BDT strategy

categorization compared to the baseline strategy

~20% from BDT strategy

~10% from b-jet corrections Best channel for low regime

Presented as a conf note for 2021 winter conference
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http://cds.cern.ch/record/2759683/files/ATLAS-CONF-2021-016.pdf

* Thanks for your attention !
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Variable in BDT non-resonant analysis

Variable Definition

Photon-related kinematic variables

/ Transverse momentum of the two photons scaled by their
Priftyy invariant mass n1,,,
Pseudo-rapidity and azimuthal angle of the leading and

7 and ¢ sub-leading photon

Jet-related kinematic variables

b-tag status Highest fixed b-tag working point that the jet passes

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

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

Hr Scalar sum of the pr of the jets in the event

pr, 1 and ¢
1’ npp and gy

Mmpyp

Single topness For the definition, see Eq. (??)

Missing transverse momentum-related variables

ETmiSS and ¢™iss Missing transverse momentum and its azimuthal angle
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Variapble in BDT resonant analysis

Variable Definition

Photon-related kinematic variables

Ly Transverse momentum and rapidity of the di-photon system

Azimuthal angular distance and AR between the two

Adyy and ARy, photons

Jet-related kinematic variables

Invariant mass, transverse momentum and rapidity of the

_ bb _
My, pp- and y,p b-tagged jets system

Azimuthal angular distance and AR between the two

Adpp and ARy b-tagged jets

Njets and Np_jets Number of jets and number of b-tagged jets

Hr Scalar sum of the pr of the jets in the event

Photons and jets-related kinematic variables

Invariant mass built with the di-photon and b-tagged jets

.
bbyy system

Distance in rapidity, azimuthal angle and AR between the
di-photon and the b-tagged jets system

Ayw,b,;, Aqbw’b_,; and ARyy,bE

22/09/2021 Higgs boson pair production, HULSKEN Raphaél 15



22/09/2021

Non-resonant analysis

High mass High mass Low mass Low mass
BDT tight BDT loose BDT tight BDT loose
Continuum background 49+1.1 9.5+1.5 37+1.0 249+25
Single Higgs boson background 0.670 £ 0.032 1.57 £ 0.04 0.220£0.016 1.39 £ 0.04
geF 0.261 +£0.028 0.44 +0.04 0.063 +£0.014 0.274 + 0.030
1H 0.1929 + 0.0045 0.491 £ 0.007 0.1074 £ 0.0033 0.742 £ 0.009
ZH 0.142 £ 0.005 0.486 £ 0.010 0.04019 + 0.0027 0.269 + 0.007
Rest 0.074 £0.012 0.155 £ 0.020 0.008 + 0.006 0.109 £ 0.016
SM H H signal 0.8753 +0.0032 0.3680 = 0.0020 (49.4£0.7)-1073 (78.7£0.9) - 1073
ggF 0.8626 +0.0032 0.3518 + 0.0020 (46.1+0.7) - 1073 (71.8+£0.9) - 1073
VBF 0.01266 +0.00016  0.01618 +0.00018  (3.22+0.08) - 107°  (6.923 +0.011) - 1073
Alternative HH (k) = 10) signal 6.36 £ 0.05 3.691 £0.038 4.65 +0.04 8.64 £ 0.06
Data 2 17 5 14

Resonant analysis

myx = 300 GeV myx = 500 GeV
Continuum background 5.6+£24 3.5+2.0
Single Higgs boson background 0.339 £ 0.009 0.398 + 0.010
SM H H background (20.6 £ 0.5) - 1073 0.1932 +0.0015
X — HH signal 5.771 £0.031 5.950 £ 0.026

Data

Higgs boson pair production, HULSKEN Raphaél
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Data and simulation samples

e Full run 2 data (139 fb-1)

ggF HH signal at NLO (k, =1,10) with Powheg-box v2 + Pythia 8

VBF HH signal at LO (k, =0,1,2,10) with MadGraph5 aMC@NLO + pythia 8
Spin O resonance at LO MadGraph5_aMC@NLO + Herwig

Single Higgs and continuum background summarized in the table

PU overlay : Pythia 8.1

Process Generator PDF set Showering Tune

- ggF NNLOPS PDFLHC PyTHIA 8.2 AZNLO
VBF PowhnEeG Box v2 PDFLHC PyTHiA 8.2 AZNLO
WH PownEG Box v2 PDFLHC PyTHIA 8.2 AZNLO
qq —» ZH PowHEG Box v2 PDFLHC PyTHIA 8.2 AZNLO
gg —» ZH PowHEtG Box v2 PDFLHC PyTHiA 8.2 AZNLO
ttH PowHEG Box v2 NNPDF3.0nlo  PyrtHia8.2 Al4
bbH PowHEeG Box v2 NNPDF3.0nlo  PyTHIAS.2 Al4
tHqgj MapGrarPHS_AMC@NLO NNPDF3.0nlo  PyTH1A 8.2 Al4

\J tHW MADGrRAPHS_AMC@NLO NNPDF3.0nlo  PyTHIAS.2 Al4

| yy+jets SHERPA v2.2.4 NNPDF3.0nnlo SHERPA v2.2.4 —

| vy MapGrapHS_AMC@NLO NNPDF2.31lo PyTHIA 8.2 —

22/09/2021 Higgs boson pair production, HULSKEN Raphaél 17
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Physics motivations (non-resonant)

» Study of the Higgs potential

e Tiny SM o,,,99F (31.02 fb at 13 TeV for m,;=125.09) due to destructive
interference

- Deviation can be a manifestation of new physics
e 0,5 (1.7 fb at 13 TeV for m,=125.09)

V(oTp) = oo + Ao ¢)?
S MZPH? + WwH? + éH"l

4

M,= ~ 125.09 GeV

Vv ~ 246 GeV
-> we know A (theo)

Not accessible

Access through
yet

HH pairs

o — ggF VBF
Here o, =0,% + 0,

22/09/2021 Higgs boson pair production, HULSKEN Raphaél 18



continuum
+ single-Higgs
E ' E ' continuum

[ preselection ]':>

comparison

Non-resonant

> T T T y T y T g T > F—T T T y T 1 T i T 3
@ [ ATLAS Preliminary ¢ Data ] © 14— ATLAS Preliminary ¢ Data = .
O] 10— i O] C _ - J
o F e e FEE R e W 3 Events dominated 1
ol r ingle Higgs ol j ingle Higgs | > 2 T T T T T y T r T
~ [ My =>350GeV 1 h ~ F My 2350Gev 15 . i @ T ATLAS Preliminary ¢ Data ]
% 8 BDTTight —ia . % 1of.  BDT Loose — SN B by continuum yybb 9, o EeisTev 139 b mien
r W yy+otherjets ] L W yy+otherjets ] [ L R i
Lﬁ 6 . [ DataDriven yj __| Lﬁ C [ DataDriven yj _T] b a C kg ro u n d ; C my = 300 GeV = ;t:gb ]
- DataDriven jj = DataDriven jj ] :]C: 8— I yy+other jets  —|
- - = Lﬁ C B DataDriven yj 7
| T -] [ DataDriven j |
4 T 1 | ---my =300 GeV —|
] o - - - i ]
L b I
2t ] £ Data-driven ]
L i L . i
| ] method using &

2x2D method e
based on nlset

150 160
m,, [GeV]

> —_— > rr———————— reverting the
& ' ATLASPreliminary ¢ Data 7 $ T ATLAS Preliminary ¢ Data ] - -
o [ Vs=13TeV, 139" B HH (SM) ] D - Vs=13TeV, 139 10" I HH (SM) § ISO|atIOI‘I and
o L HH—bbyy Single Higgs | & 10—  HH-bbyy Single Higgs |
B 8— M, <350 GeV Wy — ; C my =300 GeV -nyZb ] identiﬁcation % JE IATLIASFI’ I'I 1 T T T T B
= B BDT Tigh T 841 - || B - reliminar ¢ Dat: -
S - ot = ::izmerjets 1 S 8- = zwm_er jets ] . . e E Vs-13TeV, 1391 i o H;TSM)_ -
o e s ] & = Daavren; photon criteria gl O ey may
L DataDriven j | L --- my =300 GeV —]| @ E 1 y7bb ]
' : e e (only used for 5 o m rotrios
7 - : data/MC I o Detorher) ]
. i ala = --- m =500 GeV ]
- E comparison) 3 =
] ] 2 =

110 120 130 140 150 160
m,, [GeV]
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Systematic uncertainties

 Both analysis dominated by statistical uncertainty, systematic
uncertainty have relatively low effects

* Only spurious signal uncertainty affects continuum background as fitted

from data

* Other uncertainties affects the resonant and non-resonant signal as well as

the single Higgs background

Relative impact of the systematic uncertainties in %

Source Type Non-resonant analysis Resonant analysis
HH myx = 300 GeV

Experimental
Photon energy scale Norm. + Shape 5.2 2.7
Photon energy resolution Norm. + Shape 1.8 1.6
Flavor tagging Normalization 0.5 < 0.5
Theoretical
Heavy flavor content Normalization 1.5 < 0.5
Higgs boson mass Norm. + Shape 1.8 < 0.5
PDF+a, Normalization 0.7 < 0.5
Spurious signal Normalization 5.5 54

22/09/2021 Higgs boson pair production, HULSKEN Raphaeél
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L continuul
O b e Ct + single-Higgs
J | preselection l':>

and preselection

* Tight photon identification

* |solation criteria in a cone of R =0.2
- E{iso <0.065* E-
- pisc <0.05* E;

e« 105 GeV =m,, <160 GeV

Yy —

* Ei/m,,>0.35 (0.25) for leading (subleading) photon

* Less than 6 central jets S —
* Pflow JetS, anti-kt R=0.4 1o FommenbIOSM 24 1 I-“\T'\“

pi > 150 GeV

[
=
=

Tight JVT applied

Arbitrary units / 5 GeV
FO>0O

o
©

I|IIIIIlIIIIlIIIIIII!IIIIIIIIIIIIIIII_

* 2 b-jets with DL1r 77 % WP o T
- B-jet correction applied N %

205
Aty
7o Lo LR S F 1 | 1 | 11

= M U O N inN Jet + PT- reco F85TEa0 T e0 80 100 120
Taken from Evidence for the H->bb decay with the ATLASdetector
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https://arxiv.org/pdf/1708.03299.pdf

oo e- el - o0 Cel e o amEiag

* Choice of the continuum function done via
spurious signal method
- Estimate the signal bias by fitting a
background only MC template using a
sighal+background function
- Exponential function chosen due to small bias
and small number of free parameters
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Siafiall Al ]

Non- resonant

o MaXimum |ike|ih00d ﬁt in the '% 8;+| ' B;tal T ATLASPreIlmlnary _ %163 ’ B;tal o ATLASPreIlmlnary -
1 E‘D’ — Continuum Background iy LT, o fo! ] EKD) 14:— ----------------- Continuum Background Vs = 13 TeV, 139 o E

105 GeV < myy < 160 GeV reglon S 67 Total Background :g:m\ss BDT tight _| f12§_ Total Background :gﬁfnba:{ss BDT Ioose_
(simultaneously for all non-resonant ) B ;

category)

£ =] [poisrcne@) -] f.0m',.6) - G6)
e i=1

= e — ATILASP ll —— '% Foor oo ATLASPreIImInary E
G0 ¢ pme fztarev s | | [C 250 W s = 13 TeV, 139 b ]
("8. [« st Continuum Background iy _pF. . B 1 : F & Continuum Background 4 .

— 8 Total Background Low mass BDT tight = 20F Total Background Low mass BDT Ioose
0 L | ®w

=R 2

S 6 O L

o T (& 15:

Resonant

b o e e R A S = B S B S A A
S ¢ Data ATLAS Preliminaryr‘ b 8 ¢ Data ATLAS Preliminary 3
qu 12 - Continuum Background fH= Tb%-yrjv’ 139 o™ 7 "N’ E - Continuum Background Vs =13 TeV, 139 fb™'
L - ] E HH-bbyy E
@ 10~ — Total Background 300 GeV Resonance —| @ 5F — Total Background 500 GeV Resonance -
= -1 c -
° ©

i i

i \S] w » o (o2} ~
L L O R R THTT

n > [o2] ©
LIBLIL LI L L L L B

Single Higgs yleld flxed to SM value (SM
signal yield fixed in resonant analysis)
while p float in the fit
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ATLAS resonant results

3‘ 1 1 LI I I I I I 1 1 I 1 1 | I 1 I
=0’k . Combined 27.5—36.1 fb~1 -
510 = ATLAS Preliminary — pnys. Lett. B 800 (2020) 135103] 3
T - VS =13TeV,27.5—-139fb~! ___ bbbb126-139 b2 .
1 [ Spin-0 [ATLAS-CONF-2021-035] ]
X 4 ____ bbt*t (resolved) 139 fb*
T 10 F [ATLAS-CONF-2021-030] 3
Qo s ____ bbT*T™ (boosted) 139 fb~1 .
e L \ [JHEP 11 (2020) 163] ]
. 3_ ____ bbyy139fb! 1
10°F [ATLAS-CONF-2021-016] :
2
10 F E
1
10 F ) E
E —— Observed SR E
o| --- Expected i
10 E 1 1 L1 I 1 I | 1 1 | I 1 1 L1 1 1 111 I 1 I E
200 300 500 1000 2000 3000

myx [GeV]
From CONF note
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https://cds.cern.ch/record/2777013/files/ATL-PHYS-PUB-2021-031.pdf
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