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Analyses covered in this talk:
* Z'- Hy with H- bb: Phys. Rev. Lett. 125, 251802
« H* and H* into 2I°¢, 3|, 4l: CERN-EP-2020-240
* Heavy diphoton resonances: CERN-EP-2020-248
 HH - yybb: ATLAS-CONF-2021-016

Data:
e 2015-2018
e 139fbt@ 13 TeV

* Pileup = O(30-40) close to average for full dataset
* Different trigger settings
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.251802
https://arxiv.org/abs/2101.11961
https://arxiv.org/abs/2102.13405
http://cdsweb.cern.ch/record/2759683

Z’' - Hy with H- bb The CoM algorithm

Novel b-jet identification technique

b-tagging

-------- To jet rest frame To lab frame
F
! .
Z b-tagging
\
250 GeV < Pre < 400 GeV 800 GeV < Pre < 1000 GeV 1500 GeV < Prje < 2000 GeV
vl 4

Photon p > 200 Gev .§ 10% Eatias | 76 GeV<mJe|<14SGeV 3 .§ 10 ATLAS | 76GeV<mJe‘<14GGeV 3 .§ L ATLAS T 76GeV<mJe‘<14GGeV 3
T & :Slmulatlon Preliminary 250 GeV < p < 400 GeV 7| 'i 3Simulation Preliminary 800 GeV < P, e 1000 GeV 7 & Slmulatlon Preliminary 1500 GeV < P, e S 2000 GeV|
&’ 1P double b- tagglng _ &:’ 10° double b-tagging _ &’ 10° \§ double b-tagging _
k] E 3 k] N 3 @ B = R=0.2 Track Jet 3
2 o | 2 o N | 2 C VR Track Jet |
S t ] 5 t S ] 8 G ExKt Subjet 1
3 102 3 5 O 102 3 ~‘\\.-\.§\u = O 1? 2 == CoM Subjet =
L == R=0.2 Track Jet = 10k S . 10 -

E VR Track Jet E 3 B E

F ExKt Subjet L N J E

F oM Sﬁb}:& N F ‘\\\— F

- 3 } | } } } 1 E L~ ! E. } } } | } } } 1 E‘ L ! E.

f E 3 f 2F E f 40
il ; 305 310 :
- G0 01 02 03 04 05 06 0.7 08 09 1 - GU 01 02 03 04 05 06 07 08 09 1 - G(J 01 02 03 04 05 06 0.7 08 09 1
& & &

Higgs Jet Efficiency Higgs Jet Efficiency Higgs Jet Efficiency

enrico.schioppa@unisalento.it - Pheno2021 ATL-PHYS-PUB-2017-010 3


http://cdsweb.cern.ch/record/2268678

Z' - Hy with H- bb

Calibration of b-tagging efficiency

/\\ ' MC studies show that the
| b-tagging two b-tagging efficiencies
are uncorrelated

: > — Can use tthar events
b-tagging

for calibration

* MC studies show that the b-tagging efficiency is
almost identical in top vs H - bb decays

* Estimated MC-to-data scale factor is consistent /\
with 1 (within 5% syst) /&
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Z’ — Hy With H s bb Previous results:

Phys. Rev. D 98 (2018) 032015 (ATLAS)

Results Phys. Rev. Lett. 122 (2019) 081804 (CMS)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.032015
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.081804

* and H* into 2/°¢, 3lI, 4l

Framework

Type-1l seesaw model (J. Schechter and J. W. F. Valle, 1980)
Considering an additional Y=2 scalar triplet acquiring vev=100MeV at EWSB

Scenario #1: Scenario #2 (hew):
m_.>100GeV +m,,.. m_ .<5GeV+m,..

q q _» BR=40-60%
Other contributions
are negligible after
2I5Cor 3l selection

L H .- w B
,-Y*/Z - \ W i
" \ X
4~ \ ++7~
H o~ \ HY
\
\\
~ \ L
q \ g

Considering only m,..>200 GeV BR = 100%*
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* and H* into 21°¢, 3lI, 4l

Lepton fake factors

Increased statistics allowed for improvement in lepton fake factors (non-prompt lepton

background) and their uncertainties

electron muon
fake factor stat. total uncertainty fake factor stat.
Uncertainty Uncertainty

2ISC  003@ 001@pT=40 30% @ 20 GeV<pT< 0.03@ pT=40 0.01 @ pT=40

pT=40 GeV GeV 60 GeV GeV GeV
0.16 @ 0.05 @ pT>60 55% @ pT > 60 GeV 0.09 @ pT>60 0.02 @ pT>60
pT>60 GeV GeV GeV GeV
(was 0.48) (was 0.07) (was 35%) (was 0.14) (was 0.03)
3l 0.021 0.009 60% 0.032 0.009
(was 0.39) (was 0.07) (was 55%) (was 0.17) (was 0.07)
4] insufficient statistics

Previous values from Eur. Phys. J. C (2019) 79:58
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total uncertainty

20% @ 20 GeV < pT <
60 GeV
85% @ pT > 60 GeV

(was 56%)

50%
(was 81%)


https://link.springer.com/article/10.1140/epjc/s10052-018-6500-y

* and H* into 2I°¢, 3lI, 4l

Systematic uncertainties

Relative uncertainty
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= and H* into 21°¢, 3|, 4l Pair production
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https://link.springer.com/article/10.1140/epjc/s10052-018-6500-y

Heavy diphoton resonances

Framework

* Two benchmark models:
- Spin 0 (generic resonance X) with m, = 200 — 3000 GeV and I', either 4 MeV (Narrow
Width Approximation) or I', = 0-10% m,
- Spin 2 (lowest KK graviton in RS1 model) with m_,>500GeV and k/M_ = 0.01 - 0.1

* Novelties of the analysis:
- Common event selection for the two searches

- Functional decomposition method (arXiv:1805.04536) to assess spurious signal
uncertainty

Updated photon reconstruction, identification, isolation and energy calibration
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https://arxiv.org/abs/1805.04536

Heavy diphoton resonances Smallest (= fewest dof) function which

Functional decomposition maintains the flexibility to model all
variations of background template:

T
ATLAS Simulation L
Ys=13TeV, 139 tb”
—— Unsmoothed Template
from pseudo—experiment

—— Smoothed Template

@2 F j " T ' 3
;% 1.5 ATLAS Simulation _Unsmoothed'remp\ateé f(x., b’ Cl(), Cll) — N(l _ x1/3)bxa0+a]10g(x)
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Events/20 GeV
=
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Fitted signal yields are considered
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unsmoothed and smoothed templates, and both are
much smaller than the spurious signal uncertainty



= Previous results:
Heavy diphoton resonances *" Phys. Lett. B 775 (2017) 105 (ATLAS)
Result « Phys. Rev. D 98 (2018) 092001 (CMS)
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Most significant excess (m,~684 GeV NWA The RS1 model is excluded for
and k/M,, = 0.01) has 3.29¢ significance m_<2.2,3.9,4.5 TeV

Global significance is 1.30 (1.36) o for spin-0 k/M, =0.01, 0.05, 0.1

(spin-2) interpretations
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https://www.sciencedirect.com/science/article/pii/S0370269317308511?via%3Dihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.092001

HH - yybb

Framework
g H 9 9000999029999 oo H
R
T A Y /"« Non-resonant
- enhancements, e.g. loop
’ 1 e H corrections, non-SM
o1 (ggF) = 31.02722% (Scale) +3.0% (a;+PDF) £2.6% (mqp) fb couplings, k.=A ., /ASM

* Resonant enhancements,

q e.g.:
. H g /H
______ o
T X
g \H

q

o (VBF) = 1.7270- 03 (Scale) +2.1% (ay+PDF) fb
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HH - yybb

Common event preselection = 08
o] C ATLAS Simulation Preliminary
. . . 0 o5 /s =13 TeV HH—bbyy -
- Diphoton trigger with E >25,35 GeV P & M, Mipy, ]
e C mx=300 GeV ]
* Photon identification: loose (2015-16) + medium (2017- % 0.2~ my = 500 GeV
- —— HHggF, k=1 |
18) s - HH VBF, ,=1 ]
. . . s 015~ | —  yy+jets -]
* At least two photons passing the object selection 2 - ]
criteria < - 1
L 01_— —
« 105 GeV < m, < 160 GeV C :
+ (sub)leading p, > (25%)35% m, 0050 E
L e, l% e :
» Exactly two b-tagged jets (orthogonality wrt H - bbbb) Q&j’ 550 300 350 400 450 500 550 600
* No electrons, no electrons P Invariant mass [GeV]
« N <6 @ |n|<2.5 (reject ttbarH events decaying . .
: . - improved resolution
hadronically)
* Object selection = tight ID, isolated photons )
 [New categorization based on m;;f;’)’“)/ = My — Mpj = Myy +250 GeV
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HH - yybb

Results
Non-resonant search Resonant search
§105§...........'...‘......;.O.b.sér.véd.".m.it‘(ééo/‘(.i}.; g 1000 L=
% i f/‘!g'L_A1SSE’rree\I{|rT11I;§rf}t;_1 —- Expecied Imit (85% CL) ] % 900 ATLAS Preliminaw =
T M bbyy = Expected limit +1c ' T gooE Vs =13 TeV, 139 fb E
. 104§ " [ Expected limit +2¢ E ;E = HH—bbyy 3
> : E=S Theory prediction ] T 700 —e— Observed limit (95% CL) =
w Y% SM prediction 1 600 & 0 e Expected limit (95% CL) =
o = 7 = - =
© L A3 | =5 [ ] Expected imit+ 1o 3
10 E ] 5005 [ ]Expected limit + 2 ¢ E
—— o ——— — 400F- E
102} ] 200F E
F Observed: k;  [-1.5,6.7] 200 —
- Expected: k; € [-24,7.7] 100 3
101 \ \ \ \ \ \ \ \ | 0|E| RTINS N NNTUNT NN NI A (YU I A N A S S AN M A N BN |E
-10 8 6 4 -2 0 2 4 6 8 10 200 300 400 500 600 700 800 900 1000
K1 m, [GeV]

Tighter constraint on k,

Old was k, = [-8.1,13.1] (CERN-EP-2019-099)
Extrapolated HL-LHC (15 TeV 3 ab™): k, = 1 with 3 (4.5) o (stat + sys)
per experiment (ATL-PHYS-PUB-2018-053, CMS PAS FTR-18-019)
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https://www.sciencedirect.com/science/article/pii/S0370269319308251?via%3Dihub
https://cds.cern.ch/record/2652727?ln=en
https://cds.cern.ch/record/2652549?ln=en

Conclusions

Analysis updates on resonances decaying into boson pairs using 139 fb* @ 13 TeV
collected in 2015-2018
Z' . Hy with H- bb

* Enhanced sensitivity due to novel algorithm to identify b-jets in the large-R jet CoM
frame

# and H® into 2I5¢, 3|, 4l

* New channel: H*H* associated production

* Improved measurement of lepton fake factor and their uncertainties
Heavy diphoton resonances

* Common event selection for spin-0 and spin-2

* Spurious signal uncertainty assessed by Functional decomposition
HH - yybb

* New categorization based on m;;BT’}’ improves HH mass resolution
All searches are compatible with background-only hypotheses
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BACKUP
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Z' - Hy with H- bb

ATLAS simulation 2010

Selection ; [omes t H.T :t g cowev Large-R jet (R=1)
F aoni e | « Removed subjets
10.1140/epjc/s10052-017-5276-9 e _10 (R:OZ) with <5%p.|.
--------- > . m, from calo+track
z e . 50 GeV < m,< 200 GeV
e I « p,>200 GeV
i * [n| <2.00
Eur. Phys. J. C 77 (2017) 490 @
Single photon trigger
p, > 200 GeV @ « AR ;>1.0
In| < 1.37 (calo barrel) * Atleast 1y+1J
Mass window
optimization My = Am,D sm,<m, - A”LU o .
| | * Calculated by maximizing search sensitivity

« m_ dependent
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Z' - Hy with H- bb

Selection and fit

Selection Fit
* Candidates are divided into single * Signal PDF:
and double b-tagged + Crystal ball + Gaussian
- Optimization of the p, cuts: - Parameters extracted from MC and
p’>pl+ax m, interpolated in m_, with polynomials

* Background PDF:
B(X):<1_ X)pl Xp2+p310g(><)
- signal efficiency 10-20% - validated in control regions

* Systematics as Gaussian nuisance
parameters

p{r> 0-8(p:(;+a xXm, y)

enrico.schioppa@unisalento.it - Pheno2021
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* and H* into 21°¢, 3lI, 4l

Backgrounds

Type 1: WZ production (2I5¢, 3I)

« Jet multiplicity distribution
corrected by normalisation
factor from WZ CR (ortogonal
to 3I CR)

T T T T
ATLAS ¢ E

1 Non-prompt lepton 4
Vs=13 TeV 139 fb”' . WZ E
WZ Control Region Bl WW . ZZ VH VVV =
Bl {iZ, W E
I H{W)Z,ttH VvV, 3t,4t, Vy—
Total uncertainty B

Data/SM

Type 2: electron charge flip (2I5°)
* Due to electron interaction in the ID

* Misidentification rate estimated from
Zee (JINST 14 (2019) P12006)

Type 3: non-prompt leptons (all)
* Main sources: b- and c-hadron decays

* Fake-factor method (Eur. Phys. J. C 79
(2019) 58) for 2I°¢ and 3l

e Scale factors measured in data for 4l

enrico.schioppa@unisalento.it - Pheno2021
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* and H* into 21°¢, 3lI, 4l

myp++ [GeV] 200 300 | 350 400 500 600

nig+ [GeV] 400 400 | 700 700 700 700

B(H*™* - WW*) [%] 100 100 | 100 100 100 100

Cross section [fb] Mass
81.0 16.5 | 8.7 4.9 1.8 0.7

(H** pair production) hypotheses

QCD NLO cross sections for signal produced in MC

mpygz= [GeV] 200 220 300 400 | 450 500 550 600
myz [GeV] 196 215 295 395 445 496 545 602
BH™ - WW™) [%] 100 100 100 100 100 100 100 100
B(H*= - W*Z) [%] 58.8 | 443 37.3 447 | 459 | 45.7 | 484 | 50.8

Cross section [fb]

_ . . 88.7 | 44.5 9.5 3.0 1.9 1.2 0.8 0.5
(H*=H" associated production)
Backgrounds
Process “ Generator ME accuracy PDF Parton shower and hadronisation ~ Parameter set
VV. Vy SHERPA NLO (0-1j) + LO (2-3j) NNPDF3.0nnlo SHERPA default
VV-EW jj SHERPA LO NNPDF3.0nnlo SHERPA default
Vvvv SHERPA NLO(0j) + LO (1-2j) NNPDF3.0nnlo SHERPA default
V +jets SHERPA NLO (0-2j) + LO (3-4)) NNPDF3.0nnlo SHERPA default
VH PyTHiA 8 LO NNPDF2.31lo Pythia 8 Al4
ttH PownEG-Box v2 NLO NNPDF3.0nlo PyTHiA 8 Ald
ttV,tWZ, tZ MapGrapuS_aMC@NLO NLO NNPDF3.0nlo PyrHia 8 Al4
tr, tW Pownec-Box v2 NLO NNPDF3.6nnlo PytHia 8 Al4
titt, tit ttW W, titWZ MapGrapu5_aMC@NLO NLO NNPDF3. Inlo PytHia 8 Al4

enrico.schioppa@unisalento.it - Pheno2021
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* and H* into 21°¢, 3lI, 4l

Event reconstruction

Primary vertices:
« From ID tracks with p.>500 MeV

Jets:
« Particle flow, anti-k. (R=0.4) with p. > 20 GeV and |n| < 2

* Removed calo noise and non-collision background
« Jet-vertex tagging discriminant to remove pile-up
b-tagging
* RNN-based algorithm at |n| < 2.5
* 70% efficiency measured on ttbar
Electrons
» |D tracks matched to EM-cal clusters at |n| < 2.47 (excluding barrel-endcap transition)
« p,;>10GeV

* Loose identification for candidates (85-95% efficiency), tight identification for signal (65-88% efficiency)
* Reduced photon conversion background + Non-prompt-lepton veto

* Isolation requirements

» Suppressing charge flip using a BDT discriminant

enrico.schioppa@unisalento.it - Pheno2021 22



* and H* into 21°¢, 3lI, 4l

Event reconstruction

Muons:
* MS tracks matching ID tracks at |n| < 2.5
« p,>10 GeV and “Medium quality” requirement

* 98% efficiency in Z - mumu
* Constraints on impact parameters and isolation
* Non-prompt-lepton veto

Overlap removal

* To remove cases in which the detector response to a single physical object produces two final state
objects

enrico.schioppa@unisalento.it - Pheno2021
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* and H* into 21°¢, 3lI, 4l

Event reconstruction

Loose Loose and minimal isolated Tight
ectrons \\\’\\\\\ Muons.
Candidate || L L* T Candidate || L L* T

|zo sin 0| < 0.5mm < 0.5mm
|do|/ o (do) <5 <3
Identification Loose Tight Medium
Isolation No Loose Yes No FixedCutLoose | Yes
Non-prompt-lepton veto No Yes No Yes
Electron charge-flip veto No Yes N/A

enrico.schioppa@unisalento.it - Pheno2021

24



* and H* into 21°¢, 3lI, 4l

Signal regions

Charged Higgs
arged Higes Mpges = 200GV | mpp+= = 300GeV | mpes = 400GeV | mpe« = 500 GeV

boson mass
Selection criteria | 2£%¢ channel
Miers [GeV] [100, 450] [100, 500] [300, 700] [400, 1000]
S <0.3 <0.6 <0.6 <0.9
AR g+ p+ <1.9 <2.1 <22 <24
Aﬁb{&E%liss <0.7 <09 <1.0 <1.0
mp [GeV] [40, 150] [90, 240] [130, 340] [130, 400]
E}“i'“ [GeV] >100 >130 >170 >200
Selection criteria | 3¢ channel
AR g+ p+ [0.2,1.7] [0.0,2.1] [0.2, 2.5] [0.3, 2.8]
myr [GeV] >160 >190 >240 >310
EMS [GeV] >30 >55 >80 >90
AR pjey [0.1, 1.5] [0.1,2.0] [0.1,2.3] [0.5, 2.3]

leading jet
Pr [GeV] >40 =70 >100 >95
Selection criteria | 4 channel
mye [GeV] >230 >270 >360 >440
E}“i'“ [GeV] >60 >60 >60 >60
p.i' [GeV] >65 >80 >110 >130
AR{‘}E‘},! [0.2,1.2] [0.2,2.0] [0.5, 2.4] [0.6, 2.4]
AR{“,;&;,! [0.3, 2.0] [0.5,2.6] [0.4, 3.1] [0.6, 3.1]

R(d)fls q'()fgs d)E}I‘,"“) : R(@I)}], ¢j2= o .)
R(qﬁﬁ,a ‘;bfgs ch,F‘i“ﬂ ‘;bjls ¢st oo )

Rb1.--6n) = \[4 (00 = 92

* SR’s are optimized to maximize
sensitivity for H** pair production

e Same SR’s used for H* associated
production

* Increased statistics improves
lepton fake factors
(10.1140/epjc/s10052-018-6500-y)
from previous analysis
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* and H* into 21°¢, 3lI, 4l

Event preselection

Selection criteria 26°%¢ 3¢ 4¢
At least one offline tight lepton with p.‘? > 30 GeV that triggered the event
N¢ (type L) =2 =3 —4
Ne (type L7) B - =4 Reduce
Ng¢ (type T) =2 >2 (£ 2) >1 + Non-prompt lepton
’ > * Electron charge-flip

| 2. Q¢ =2 =1 *4 * VV background

2 . . . e t-producti
Lepton pr pir530,20GeV | p2 5 10,20,20Gev | piBE 510GV T background
E%’i"" > 70 GeV > 30 GeV > 30 GeV

Reduces background

Nijets >3 > 2 - from DY and neutral
Nb_icts =0 mesons
Low SFOC mygg veto - my5, > 15 GeV 4
Z boson decay veto |mi, —mz| > 10 GeV imy, — mz| > 10 GeV

* SFOC = same flavor opposite charge
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*®*and H*

N

to 21°¢, 3|, 4l

Distribution of selected
variables used to define
the 2I5¢ SRs

Events20 GeV

Data/SM

Events'100 GeV

Data/SM

T T
ATLAS
{s=13 Tev 139 o’
26 Preselection

T T L=
[ Mon-prompt lepton @ Data 4

I Charge-lip --HeEH ]
[ - HTH
B WW ZZVH WY

I 12 AW

[ (WO Z TH, TV 3141 Wy
Tatal uncedainty

2 4 o
. . . 4
00 50 200 250 300

E!}]I.\*«[GBV]
(a)
—_——
700 [ Mon-prompt keplon ® Data
ATLAS wmmcrseio e
600 E=13Tevizen' EEWZ - .
10+ Preselection B WREEVHAVY
= W
500 W2 TH, WV 3Lt vy
=21 Total uncarainty
100

1000
s [GeV]

EventsiD. 4

Data/SM

Events/0.3

Data/SM

450

400

350

ATLAS

5=13 Tev 138"
20 Preselection

T T
[ han-prampt lepton

. -
ig
E4
111

I Charge-fiip

B WZ HEHY
B WWZZ VH Y

I 2. AW

[ W02 ATH, VY 3L 4LV
Tatal uncarainty

=]

BOO|

700

GO0|

500!

400|

300!

200}

(b)

T T T T T
ATLAS
f5=13 Tev 138"
20 Preselection

III|HII|III:llfllllllH|IIII|IIII|HI

——— 7
[ hon-prampt lepton e Data

I Charge-fip HHE
1A HesHe
W WW.Z2 VH Y

= 12w

[ W02 ATH, VY 3L 4Ly
Tatal uncarainty
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= and H* In

to 2Is¢, 3l, 4l

Distribution of selected
variables used to define

the 3l SRs

Events/25 GeV

Data/SM

Events/50 GeV

Data/SM

T T T T
ATLAS
(s=13 Tev 139 0"
3¢ Preselection

T T T T T T
[ Man-prompt leplon @ Data

Wz R
B 22 VH VY - HEH
I 17 iw

[ 1(W)Z,H 1TV 3t 4 vy
Total uncertainty

2r -
) + .
| w . ¥
1] . . . .
50 100 150 Z00
E_l;m.\. [GBV]
(a)
= T ; _
- [ Non-prompt leplon @ Data
=t ATLAS =W " om
F(s=13Tevidaf' MR ZZVHVWY - HER S
IOE 5 preselect B iz W =
F O Preseiection 0 1(W)Z H 1T 3t 4ty B
250 Total uncertainty =
200 3
150 3
100 -

my [GeV]

Events0.4

Data/sM

Events'40 GeV

Data/sM

400, . ; . i
[ Mon-prompt kepton @ Data
350 ATLAS Wz "H::H:‘
Vs=13 TeV 139 fo” -"§ZZ-‘\T~“’+‘:.VW - HEH
B ¥ Preselection I:Ii[\n‘.'}z.ﬁu.ﬂw‘zi.tﬂ.w
221 Total uncadainty
250
200| -

150]

100|

ARpaps

(b)

T T T

ATLAS

Vs=13 TeV 139 fo’
3 Preselection

T T T T =
[ Mon-prompt leplon  Dala _J

. Wz

I ZZVH VW
I 2 1w
[ (W) 2, M, 1TV 3t 4 ey
Tatal uncadainty

-
+
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= and H* In

to 21°¢, 3|, 4l

Distribution of selected
variables used to define

the 41 SRs
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Events15 GeV

Data/SM

Evenis'80 GeV

Data/SM

50 T T T =
- [ Mon-promptieplon @ Data
C A TLAS %zz H::n:* ]
[ =13 Tev 138 1" WW,WZVH WV == 3
O 4rPrecelection I 21T =
r [ WZ1TH ATV, 31,41, Ve b
F Total uncarainty 3
30— 1

[ ¥ ¥ + T
- 50 100 150
£ [GeV]
(a)
T
c [ Non-prampt leptan @ Data
st ATLAS == s
E {5o13 Tevize ' COWWWZVHWY --HEH
E . s W
aof- 4t Preselection Pz ik vy 3t vy
E Total uncarainty
25—

v ¥ } T L4
= 200 400 600
Myp [Ge\ﬂ']

Events/0.4

Data/SM

Events20 GeV

Data/SM

- T
o= ATLAS
E fe=13Tev 139’
25 4f Preselection
2oF

T T I
[ Nonprompt leplon & Data
ez -

-

[ WW,WZ VH VWY
[ ey

[ 1W)ZATH, 1TV 3141, Wy
Total uncerainty

min
e

AR

(b)

£

T T T T T T T
ATLAS
(5=13 Tev 139 0™

4 Preselection

—— 7
[ Non-promptleplon @ Data 3
zz

Pt
COIWWWZ VHVVY == HEH ]
12 1Tw

0 t0WIZATHTV V 314V
Total uncerainty

..............

Pi[GeV]
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* and H* into 2I°¢, 3lI, 4l

Results

205%¢ 3L

SR Number of same-flavour opposite-charge pairs 4t

e f HH 0 >0
Prompt lepton 1.66+0.28 4.3+0.5 2.30£0.26 | 1.62+0.20 17.2+1.6 1.69+0.19
Charge-flip 0.17£0.07  0.102+0.034 - - - -
Non-prompt lepton 0.3+0.25 0.65+0.33 0.39+0.19 | 0.36+0.23 0.9+0.6 0.41+0.25
Total background 2.1+0.4 5.1+0.6 2.69+£0.32 | 1.98+0.29 18.1+1.6 2.10+0.30
Data + 8 1 1 17 1
H*>HT 1.99+0.24 5.3+0.6 3.03+£0.35 | 2.63+0.30 7.6+0.9 1.50+0.17
App [Y] 0.087 0.233 0.132 0.115 0.333 0.065
H*H™ 0.57+0.07 1.43+0.16 0.81+0.09 | 0.43+0.05 1.35+0.16 0.156+0.020
Aap [Y] 0.043 0.109 0.062 0.033 0.103 0.012
nys 6.72 9.21 3.24 3.27 9.52 3.31

* The expected background and the observed data event yields in the signal region
defined for the m H** = 300 GeV mass hypothesis
* No significant excess over the expected yields is observed in any of the SRs
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* and H* into 2I°¢, 3lI, 4l

Results
> 40T 7 " T T T T T T T =54 > 60— 1 " T 71 "~ T T [ —J = F | ' ' ' | T ' T 1 — 3
© E INon-prompt lepton i C —INon-prompt lepton 1 @ E 1 Non-prompt lepton 3
g 35:_ ATLAS ] Charge—[lip = g r ATLAS [ R ] g 8:_ ATLAS Z7 =
< E o Vs=13TeV 139" Wz 3 o 50 Vs=13TeV139fd' pgumZZVH,VVV -4 & E o Vs=13TeV139fb" [ WW WZ VH VVV =
£ 30 2€* channel mm WW,ZZ VH VWV 3 % - if channel iz W 1 £ ?E_ 4 channel mm 7 gwW _E
2 F ¢ Data --H=H® ERHZHW_ 3 © 40 ¢Data --H=HT EBUW)ZEHRVV.3t4tVy 1 £ g ¢ Data --H=H™ ERIW)ZHH,1VV,3t4t,Vy
w 25 - H"H*" :l{W)Z‘ﬂH‘ﬂVV,gtﬁ“,VT__ w r - H=H" EZZ1 Total uncertainty 7 it = -=H*H® £z Total uncertainty 7
c =2 Total uncertainty = C ] o] o =
0F =1 — af _ E
155— — 20:_ 32_ L _;
1 [] :— r 2 - P ' o B rmrﬁrfﬂrﬁm;
buiiaioaiase 9 10 3
] e C 1 ] —
% 2 . % 2 . %
- — - m —
: ! ot 2 | : g :
I e S et l Fataes ) 8 1 + . {
D I | h L I D | | | | I u | ] L
80 100 120 140 30 40 50 - 60 40 60 80
E7 [GeV] ET "[GeV] ET "[GeV]

« The E'____distribution for the SRs of the m H* = 300 GeV signal mass hypothesis
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Heavy diphoton resonances

Framework
Data:
« Diphoton trigger with E.>25,35 GeV
MC signal:
* Spin-0:
- m, in 200-3000 GeV
- I, =4 MeV
* Spin-2:
- RS1 model

- m, in 500-5000 GeV
- Coupling k/M, in 0.01-0.1
MC background:
* Events with 2 prompt photons
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Heavy diphoton resonances

Object and event selection

Event selection
« At least two photons with E.>22 GeV and |n| < 2.37 (excluding

transition between barrel and endcap calo)
* Identification of the diphoton vertex using tracking information
* Tight identification of photons (jet bkg reduction)
- Calculation of m_:

- Optimized kinematic selection: ET/mW>O.3,O.25

Improved significance
Unified selection for the two spin models
In most of the mass range, the expected limits improve
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Heavy diphoton resonances

Background estimates

As the search selections for the two models are unified, a common background modeling is used

= JJ OO T T 1T rrrrrrr
3 10 ATLAS —e— Data yiel éz
= 10K e (s=13TeV,139fb" —=— Esgma:eg Yy yield | dz
- - —a— Estimated yj+jy yie . -
g‘ 102 E" . s— Estimated jj yield . Jets misidentified as photons
= -
° 10 % N . 5
= 3
e =
= - * =
10 E
102 | T T =
c e B A I A
k) - =
T 09sE o ! —
= = =
? 093?] ey e oy oy 1w L s 1 ._:
200 400 600 800 1000 1200 1400 1600 1800_ 2000

m,., [GeV]
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Heavy diphoton resonances

Fit

Systematic uncertainties

Signal yield

Luminosity +1.7% Trigger +0.5%
Photon identification +0.5% Photon isolation +1.5%
Photon energy scale/resolution negligible  Pile-up reweighting®  +(2-0.2)%
Spin-0 production process” +(7-3)%

Signal modelling”
Photon energy resolution J_';'f;’l‘-k - f;éi’fc
Photon energy scale +(0.5-0.6)%
Pile-up reweighting negligible

Spurious signal, Spin-0*

NWA

Ix/my =2%
['x/mx = 6%
[x/mx = 10%

114-0.04 events (mx = 160-2800 GeV)
107-0.14 events (my = 400-2800 GeV)
223-0.38 events (mx = 400-2800 GeV)
437-0.50 events (my = 400-2800 GeV)

Spurious signal, Spin-2*

k/Mp, =001
k/Mp, = 0.05
k/Mp = 0.1

4.71-0.04 events (mg- = 5002800 GeV)
19.0-0.09 events (mg- = 500-2800 GeV)
31.2-0.20 events (mg- = 500-2800 GeV)

* mass-dependent

Entries / 16 GeV

(data - fit)/o

4
2
0
-2

E&
4

200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400

:_TﬂTfﬂl Illlﬂﬂl—l_lTﬂ'ﬂl] IIII|||I| |II|H|7] TTI

———
Vs=13 TeV, 139 fb"

1l 1 IIIIIIII| | |||I.ll|| ] IIIM

Background-only fit
-------- Generic NW signal at 0.4 TeV
--------------- Generic NW signal at 1 TeV
ERREEEEE Generic NW signal at 2 TeV

b LU L

Illlllllﬁ.lﬁ -

m,, [GeV]

The RS1 model is excluded for
m_<2.2,3.9,4.5TeV

kIM

=0.01,0.05, 0.1
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HH - yybb

Backgrounds
Main contributions:

e yytjets

* Hoyy

* Reducible: jets wrongly identified as photons
Process Generator PDF set Showering Tune
ggF NNLOPS [65-67] [68, 69] PDFLHC [42] Pyrhia 8.2 [70] AZNLO [71]
VBF Pownec Box v2 [39, 66, 72-78] PDFLHC PyTHiA 8.2 AZNLO
WH PownEeEG Box v2 PDFLHC PyTHiA 8.2 AZNLO
qgqg — ZH PowHEG Box v2 PDFLHC PyTHiA 8.2 AZNLO
gg —- ZH PowHEGBoxv2 PDFLHC PyTHIA 8.2 AZNLO
ttH PowneG Box v2 [73=75, 78, 79] NNPDF3.0nlo [80] PyrTHiA 8.2 Al4 [81]
bbH PowHEG Box v2 NNPDF3.0nlo PyTHiA 8.2 Al4
tHqj MapGrapu5_aMC@NLO NNPDF3.0nlo PyTHiA 8.2 Al4
tHW MabpGrarPHS aMC@NLO NNPDF3.0nlo PyTHIA 8.2 Al4
yy+jets SHERPA v2.2.4 [56] NNPDF3.0nnlo SHERPA V2.2.4  —
ttyy MapGrapu5_aMC@NLO NNPDF2.31o PyTHiA 8.2 —
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HH - yybb

Object selection

Photons:
* Connected EM clusters in |n|<2.37 (excluding endcap-barrel transition)
» Converted-unconverted classification
 Calibrated photon energy with MV regression
* Direction from calo segmentation
« Lateral shower profile + hcal leakage - reduce 1t° background
 Tight identification + two isolation variables
Vertex:
« Atleast one primary (at least two tracks with p.>0.5 GeV)
» Selection from collision vertices using a NN algorithm
Electron:
* EM-cal deposits matched to ID tracks in |n|<2.37 (excluding endcap-barrel transition)
¢ p,>10GeV

 Medium identification criterion: calo + track + TRT
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HH - yybb

Object selection ATL-PHYS-PUB-2017-013

—_
o
]

Muons:
* High quality MS tracks in |n|<2.7 (|n|<2.5 to match ID track)
« p,>10GeV

* Medium identification criterion

Jets:
* Particle flow reconstruction (calo + track)
« Anti-k_with R=0.4

E (s=13TeV, i

—_

o
o
|

light-jet rejection, 1/¢,

L L RIS BRI B
ATLAS Simulation Preliminary

S

* lyl<4.4 08 065 0.7 075 08

¢ p,>25GeV
« Ifin tracking acceptance (|n|<2.4) and p, < 60 GeV - tight jet vertex tagger

Flavor tagging:
* NN DL1r
* Inputs to DL1r are generated by a RNN (RNNIP)
* Energy corrected for bhad - y and neutrinos
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HH - yybb

Non-resonant selection

SM (k =1) BSM (k =10)
+—1+—>

% 0_25 _I TTT | TTrTT | TTTT | TTTT | TTTT | TTTT | TTTT | TT T T | TTTT | TTT I_
O i ATLAS Simulation Preliminary
& 0oL /s =13 TeV B
P C HH-bbyy ggF ]
S i — K, =-6 ]
z 0.15F -
IS s b
c - i
S o1 .
[&] r -
© - ]
0.05F -

i i

250 300 350 400 450 500 550 600 650 700 750

0.05

SM (k =1) BSM (k =10)
+——>r
% 0_25 _I TTT | TT 1T I TTTT | TT 1T | TTTT | TTTT | TTTT | LU | TTTT | TTT I_
O B ATLAS Simulation Preliminary
& ooL s=13 TeV 5
- C HH—bbyy VBF ]
= C ]
) - —x =0 -
z 0.15F -
IS C b
c - i
S ot -
[&] r -
E ~ .

}

250 300 350 400 450 500 550 600 650 700 750

b‘fmr [GeV] b’fmr [GeV]
Category Selection criteria
B DT t d . . . t High mass BDT tight m;‘ﬁ;w > 350 GeV, BDT score € [0.967, 1]
O ISCriminate High mass BDT loose m;;ﬁw > 350 GeV, BDT score € [0.857,0.967]
Sig nal from backg round Low mass BDT tight ;. <350 GeV, BDT score € [0.966, 1]
Low mass BDT loose mZﬁw < 350 GeV, BDT score € [0.881,0.966]
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HH - yybb

Resonant selection

* Trained two different BDT's:
One for ttbar+yy background
One for single-H background

Fraction of events / 0.05

BDTior =

\/02 BDTW ¥ 1) e (
1/C2 +C;

BDTSingleH + 1)2
2

Optimized coefficients to maximize sensitivity

7\\I\‘\\II|\III‘\\\IlHIllHH‘H\IllHllHHII\L g 7IIII|III\‘HI\‘IIII‘HH‘\III'\III‘\HI'IIIIH\L
06C ATLAS Preliminary 1 o7t ATLAS Preliminary g
r - -1 aia o L - -1 ata :
- @716’7Tev,1391b —my - 300GeV g @7137Tev.139fb — my = 500 GV
0.5 HH—bbyy yy+iets — 3 06— HH—bbyy Yy+jets —
[ Single Higgs | 5 F Single Higgs -
C — SMHH ] 5 — SM HH :
r = 0.5 ]
0.4 c n
= (I B
C 0.4— =
0.3 r 7
B 0.3 -
0.2 1
- 0.2 -

- -
™. C o ]
o1 Tlg 01 ® =
E Ole o . - ¢ Sle, . .
[ . Lol } - R
00 01 02 03 04 05 06 07 08 09 1 00 01 02 03 04 05 06 07 08 09 1

BDT Score BDT Score
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HH - yybb

Fit in non-resonant search

T
ATLAS Preliminary _|

-
LH]
8- Data
o + ' {s=13TeV, 139" -
o r Continuum Background HH—>bByy ]
~ & Total ground High mass BDT tight _|
w
c [ ]
fe¥]
= r 4
L 4 |
2 —
T IR T T A MM ST N N1 P | L
110 120 30 140 150 160
m,, [GeV]
(a) High mass BDT tight
> L L L L BN LA ALY LR
8 10~ ¢ Data ATLAS Pns:lnrmnarg.r1 ]
i ) Vs=13TeV, 139 b7 ]
o C Continuum Background HH—>bbyy ]
~ 8 Total Background Low mass BDT tight ]
w - 4
g 6 .
ITR 1
4 ]
2 -
750 160

140

130

(c) Low mass BDT tight

—- 4

N e M0 O N RO

Events/ 2.5 GeV

=]

Events / 2.5 GeV

T
t  Data ATLAS Preliminary
: Vs=13TeV, 139 fb’

s Continuum Background HH—rbEw

Total Background

High mass BDT loose

| |
110 120 30 140 150
m,, [GeV]
(b) High mass BDT loose
LA L L B L L L W AL BN
{  Data ATLAS Preliminary

: Vs = 13 TeV, 139 tb’
Continuum Background HH—bbyy

Low mass BDT loose

Total Background

(d) Low mass BDT loose

10%¢

104¢

GggF+ver (HH) [fb]

103}

ATLAS pre”m-mary —— Observed limit (95% CL)

Vs=13TeV, 139 fo
HH—bbyy

---- Expected limit (95% CL)
[ Expected limit +1c
[ Expected limit +2¢
E=4 Theory prediction

3% SM prediction

102}

101

Observed: x; € [-1.5,6.7]
Expected: x; € [-2.4,7.7]

-10

oy 1S
oo

8 6 4 2 0 2 4

10

Ky

Tighter constraint on k,
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HH - yybb

Fit in resonant search

Events/ 2.5 GeV

==
c 4 Data ATLAS Preliminary ]
[~ Continuum Background Is = 13Tev, 139 L
C HH—bbyy ]
— Total Background 300 GeV Resonance —|

Events/ 2.5 GeV

5  — Total Background

4 Dat ATLAS Preliminary  J

6 coee Continuum Background Is = 13_TEV’ 138 b3
HH—bbyy =

500 GeV Resonance

=
(o2}
o

m,, [GeV]

o(X—HH) [fb]

1000
900
800
700
600
500
400
300
200
100

o

ATLAS Preliminar

Is =13 TeV, 139 fb’
HH—bbyy

—e— Observed limit (95% CL)
----- Expected limit (95% CL)
[ ] Expected limit+ 1o

[ |Expected limit+2 o

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

PN FTTTT
o
o

*Narrow Width Approximation (NWA)
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