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Theoretical Motivation
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Beyond the Standard Model Eftects
BSM physics that can

g /H
::j>xv«::\
g \\H
alter non-resonant HH

BSM resonances predicted production...
to decay to HH...
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Beyond the Standard Model Eftects
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BSM resonances predicted
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Beyond the Standard Model Eftects
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BSM resonances predicted
to decay to HH...

Kaluza-Klein

Gravitons

g H

Several others...

James Grundy
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Modifications to New covplinge of
the Higgs Higgs to SM
celf-coupling / particles

BSM physics that can
alter non-resonant HH
production...
\ New particles
contributing in
loops
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Beyond the Standard Model Eftects

BSM physics that can

. alter non-resonant HH
BSM resonances predicted production...

to decay to HH...

Rich theoretical basis to search for BSM
effects in the HH production!

So far, no such BSM effects have been observed
James Grundy 24/08/21 experimentally. 14



HH Production at the LHC

SM
Total HH production o = 34.4 fbf, which is ~1000 times smaller than o, ! K = C/C
— ggF HH production, o = 31.1 fbt - Resonant ggF HH production -
9 (9999999999999 f‘—f ———————— H g " . .
Kt K .
A Y A N .:’
Ky " x0T
J AR - - H g H g N .
g H
H
g Gkk
o g H

James Grundy 24/08/21 for /s =13 TeV with m, =125 GeV 15



ATLAS HH Analyses

HH analyses in ATLAS focus primarily on setting
limits on o, ,, couplings involving HH and BSM
resonance models.

There are several HH analyses targeting
different decay channels » overall aim: combine
results to maximise sensitivity.

Today, will cover the latest results from:
HH -> bbyy

HH > bbrT
HH »> bbbb

All use the full ATLAS Run 2 (2015-18) dataset
(£ =139 fb) at v/s =13 TeV.

James Grundy 24/08/21

HH decay branching ratios

bb W*W- gg T cc 7z Yy zy (N

33.9% | 249% 9.5%

46%  3.5% w'w

Data from LHCHXSWG (CERN YR 4)

16


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-030/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-035/

Publication: ATLAS-CONF-2021-016
Physics briefing: https:/atlas.cern/updates/briefing/twice-higgs-twice-challenge

HH — bbyy


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016/
https://atlas.cern/updates/briefing/twice-higgs-twice-challenge

Analysis Overview

Non-resonant: search for HH production for K, hypotheses in range -10to 10 (SM =1).
Resonant: search for a narrow-width scalar resonance with mass between 251-1000 GeV.

Low HH BR at ~0.3%, but clean signal due to H»yy.

- Pertinent H Decay Modes =
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Analysis Overview

Non-resonant: search for HH production for K, hypotheses in range -10to 10 (SM =1).
Resonant: search for a narrow-width scalar resonance with mass between 251-1000 GeV.

Low HH BR at ~0.3%, but clean signal due to H-yy.

- Pertinent H Decay Modes =

W vy
B === %% dl'-PAOfdh
W y triggers
b
Selected
H------ evente with 2
) photons and 2
b b-tagged jets
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Analysis Overview

Non-resonant: search for HH production for K, hypotheses in range -10to 10 (SM =1).
Resonant: search for a narrow-width scalar resonance with mass between 251-1000 GeV.

Low HH BR at ~0.3%, but clean signal due to H-yy.

- Pertinent H Decay Modes =

W v
H === 1174
w o
b
H ______
b

James Grundy

Usce MVA to

di-photon ceparale
triggers HH <ig from
bkq

Selected
evente with 2
photons and 2

b-tagged jetc

24/08/21

Main bkg is yy+jets, with
~ come ftyy, Fakes and single H
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Analysis Overview

Non-resonant: search for HH production for K, hypotheses in range -10to 10 (SM =1).
Resonant: search for a narrow-width scalar resonance with mass between 251-1000 GeV.

Low HH BR at ~0.3%, but clean signal due to H-yy.

- Pertinent H Decay Modes =
W Y
H === w
w Y
b
H ______
b

James Grundy

Uee MVA to

di—,bhofan

ceparate

triggers HH <ig from

Selected
evente with 2
photons and 2

b-tagged jetc

bkq

24/08/21

Main bkg is yy+jets, with

Model sig/bkg
with functions
fit to data. to
test
hypothesec!

Events/ 2.5 GeV

[ O G U Y

N A OO 0O O N DO
[TTT T I T[T LT [TTT[TTT 7T TTTT]

 come ftyy, Fakes and single H

t

Data

E— Continuum Background ;. hp,

Total Background

" ATLAS Preliminary

Vs =13 TeV, 139 fb" 3

High mass BDT loose_]

§

740 150 160
m,, [GeV]

Dominant analysis

uncertainty is statistical!

22



Details of Non-Resonant Analysis

James Grundy 24/08/21
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Details of Non-Resonant Analysis

d
d
/
L}

% 0-25_""I""!""I""I'"'l""I""I""l""l""_
O C ATLAS Simulation Preliminary ]
& o2 Vs = 13 TeV ]
= L HH-bbyy ggF ]
= L ) ]
) - — =6 |
o 0.151 —x, =0 ]
g E == E
-§ 0.15- K, = 2 —:
(i - —x; =10 ]
0.05 -
L | ]

Y g -l

250 300| 350 /400 450 500 550 600 650 700 750

mgﬁw [GeV]

[ow mase

category

James Grundy 24/08/21 Mo = My = Mpp = My +250 GeV 24



Details of Non-Resonant Analysis

7’
7’
/
I
% 0-25_""|"“!'"'I""I'"'l""I""I""l""l""_
O C ATLAS Simulation Preliminary ]
& o2 Vs = 13 TeV ]
% HH-bbyy ggF . _ 3 R R R R o R SRR R RS R R r e
S 0.15F i 4 S o7 ATLAS Preliminary ——— HH ggF, K;=1 -
) —x, =0 1
2 E A= ] 2 Vs=13TeV, 139fb" —— HHggF, x;=10 [
< " 1:_ —x; =1 _ % 0.6 |High mass region Single H j
‘g . r K= 2 ] S 05 yy+jets _:
[ra n — ;=10 1 5 t Data E
0.05F . g o
j H ] o E
i =
250 300| 350 /400 450 500 550 600 650 700 750 =
m;EH [GeV] _E
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BDT Score
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James Grundy 24/08/21 Mo = My = Mpp = My +250 GeV 25



Details of Non-Resonant Analysis

, C'ategom‘s'atiou defined
/" based on HH mase

: ! I ned in m > - : : :
S —————— A BDT ic trained in each mags 5 F '@Tﬁgﬂrgeg;nf;na?v ———]
8 H ; < S0 . . 0 5=13TeV, s i
2 oa e b el category fo ceparate sig and bkg. s | swsoby i
- HH->bbyy ggF ] %5 gl |SxxzEcey ) &
‘g i ] g '"'I""!""I""I""I""I""I""|""|"": .E D BDTT|gm W ybb ]
$ o.15f - S o7t ATLAS Preliminary ~ —— HHggF, k=t o £ - W) otherjets
- C ] 2 %s_ =13 TeVj 139fb"  —— HHgoF, =10 4 Y gF I DataDrivenyj ]
5 0.1:— _: % 0.6~ [High mass region ) Single H :E 1 DataDriven jj 1
5 . i 5 5 Yy+jets o aF &
e . 5 t Data E -

0.05 B o . ]
[ 3 H ] 2 7
_____ - t,gAt »_: ]
250 300 650 700 750 i ; ]
mz; [GeV] o2El g T 0
Y 2]

H—J\ > J i 3 m,, [GeV]

COW macge /'/Igh mags 0 01 02 03 04 05 06 07 08 09 1 FOHI’ cafegaries':

BDT Score )
category category _ ‘ low/high mass x
Extra cateqorisation defined based on ,
e e loose/tight BDT score.
BOT ccore: ‘loose” and ‘tight
James Grundy 24/08/21

Mpfyy = Mpp — Myy + 250 GeV

o —
bbyy



Non-Resonant Results

No significant excesses over background observed » set limits' on o, and k,.

w=ocjosy = 100F——m—m—m—/———————————————
= i ATLAS Preliminary —— Observed limit (95% CL) 1
.. .. T _ -1 ---- Expected limit (95% CL) |
Limiton o, [fb] | Limitonp L I\'l/l_j—;kl)% TeV, 13910 Expected limit +1c '
. . E 1045' il 1 Expected Iin?it ‘1‘26 E
Obs’ (Exp’) 130 (180) 41 (5.5) > : E=S Theory prediction
I Y% SM prediction
(2]
©

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

101..‘1‘.,l‘..l“.11..1..‘|..Al..tl...lt‘.
-10 8 6 -4 -2 0 2 4 6 8 10

Ky
James Grundy 24/08/21 'at the 95% CL.. *HH-bbyy, £ = 36fb™. 27




Non-Resonant Results

No significant excesses over background observed » set limits' on o, and k,.

p=0/osu g 10Fr——————
= - ATLAS Preliminary — gbserved limit (95/ogL) ]
. . . . = _ -1 ---- Expected limit (95% CL) |
Limitono, [fb] Limitonyp L gg_}:}% TeV, 139 b Expected limit +1c 1
L 10%; N [ Expected limit +26 ]
Obs' (Exp’) 130 (180) 41 (5.5) > : E=S Theory prediction
I 3¢ SM prediction
O
©

5-fold improvement on previous ana/ys’ix'z./ it ;

102}

~3-fold due to analysic improvements | Observed: ke [-1.5,6.7]
e.g. ”‘)2 4,y COTeGOFiES, MVA event celection, | Epoeted: w= 24,07
improved object reco/calibration. 10_11(')' 8 6 4 2 0 2 4 6 8 10

Ky
James Grundy 24/08/21 'at the 95% CL.. ?HH-bbyy, £ = 36fb™. 28



Resonant Results

No significant excesses over background observed » set upper limits' on o for narrow
width scalar resonances at the various mass hypotheses tested.

E 10001__ L L UL I T 1 11 L I EE K & I { S IS | I T T 171 I L I T T l:
= 900 ATLAS Preliminary 3
T gooE Is =13 TeV, 139 b’ E
>1; = HH- bbyy E
S 700 —e— Observed limit (95% CL) =
60O & 0 e Expected limit (95% CL) =
5005 [ ] Expected limit + 16 3
= [ ] Expected limit £+ 2 o =
400 =
300F- 3
200F- 3
100 — =
0 l:| ! - I | I | I 111 1 | Ll L.} I | | I S AR I i l..l.l--l--l-l 1 I Ll I:
200 300 400 500 600 700 800 900 1000

m, [GeV]

James Grundy 24/08/21

For 251 = m, <1000 GeV, obs’ (exp’)
varies between 610-47 fb (360-43 fb)

lat the 95% CL.

2HH-»bbyy, £ = 36fb™. 29



Resonant Results

No significant excesses over background observed » set upper limits' on o for narrow
width scalar resonances at the various mass hypotheses tested.

E 1000 l: L L UL I T 1 11 T 1T 171 I EE K & I { S IS | I T T 171 I L I T T l:
§ 900F- ATLAS Preliminary =
I goob Vs =13TeV, 139 fb" =
>1; = HH- bbyy E
S 700 —e— Observed limit (95% CL) =
60O & 0 e Expected limit (95% CL) =
5005 [ ] Expected limit + 16 3
= [ ] Expected limit £+ 2 o =
400 =
300F- 3
200F- 3
100F e — 3
0 l:| ! - I | I | I 111 1 | Ll L.} I | | I S AR I i l..l.l--l--l-l 1 I Ll I:
200 300 400 500 600 700 800 900 1000

m, [GeV]

James Grundy 24/08/21

For 251 = m, <1000 GeV, obs’ (exp’)
varies between 610-47 fb (360-43 fb)

lat the 95% CL.

2HH-»bbyy, £ = 36fb™. 30



Publication: ATLAS-CONF-2021-030
Physics briefing: https://atlas.cern/updates/briefing/two-Higgs-better-one

HH — bbrt


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-030/
https://atlas.cern/updates/briefing/two-Higgs-better-one

Analysis Overview

Non-resonant: search for SM non-resonant HH production.
Resonant: search for a narrow-width scalar resonance with mass in range 251 to 1600 GeV.

Balance of moderate HH BR of ~7.3% and relatively clean 11 signature.

- Pertinent H Decay Modes =

il
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Analysis Overview

Non-resonant: search for SM non-resonant HH production.
Resonant: search for a narrow-width scalar resonance with mass in range 251 to 1600 GeV.

Balance of moderate HH BR of ~7.3% and relatively clean 1T signature.

- Pertinent H Decay Modes =

b T¢ can decay
hadronically or
leptonically...

Tt

T e pd

Kf4

James Grundy 24/08/21
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Analysis Overview

Non-resonant: search for SM non-resonant HH production.
Resonant: search for a narrow-width scalar resonance with mass in range 251 to 1600 GeV.

Balance of moderate HH BR of ~7.3% and relatively clean 1T signature.

- Pertinent H Decay Modes =

b
| SO

b

=
H------

-

James Grundy

T¢ can decay
hadronically or
/epfanica//

+H

e pyd

Ve, Uy, U

Kt

24/08/21

Thad Thad

Two initial

categories:

t Aad-t had

t /e}n-t had

TiepThad

\ Further r,b/:tT T QQ
Single Lepton ﬁ:gyer [5’[77
Lepton Tau Trigger (LTT)

Three signal regions in totall
34



Analysis Overview

Main background is top,
( Z+jets and moltijet.

Modelled true T
bkg using MC.

Modelled fake
contribution

uging data.

James Grundy

24/08/21
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Analysis Overview

Main background is top,
( Z+jets and moltijet.

Uced suite of
MVAg to

separale iq
from bkq

\

Modelled true T
bkg using MC.

Modelled fake
contribution

using data.

Non-Resonant

Resonant
ThadThad TlepThad
MVA Parameterised BDT NN
NN (m,)

James Grundy

24/08/21
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Analysis Overview

Main background is top, 3
o
( Z+jets and moltijet. =
Variable of L%
Modelled true T US;;[/;I “ t: of interect is MVA
geore
bkg using MC. Z o. (
Modelled Fake separate £1 :
g from bkg Fit templates
contribution
: to data to
uging data.
\ test
hypothesec!
Non-Resonant
Resonant "
ThadThad | Tiep'had %
MVA pararse(:f]:)sed BDT NN &

James Grundy

24/08/21

ﬂ-m"lll

ATLAS Preliminary . 2::?1 NU——
\s =13 TeV, 139 fb” S R
Top-quark

Thadhad
Signal Region

o Jet » 1, fakes (MJ)
Z - Tt + (bb,be,cc)
I Jet - 1,4 fakes (ti)
Il Other
SM Higgs
Uncertainty
----- Pre-fit background

C tugen
! 2H

T g

allnnnlbnon Tmendaalionadbennlin o Eran Lo
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Non-Resonant Results

No significant excesses over background observed » set upper limits' on Oy

Obs’ (Exp’) | Limiton o, [fb] Limiton p
T oThog 145 (131) 4.9 (4.5)
TrepThad 265 (231) 9.0 (7.9)

Combined 135 (114) 4.7 (3.9)

James Grundy

24/08/21

lat the 95% CL.

2HH-bbrr, £ = 36fb™.
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Non-Resonant Results

No significant excesses over background observed » set upper limits' ono,,,..

Obs’ (Exp’) | Limiton o, [fb] Limiton p
T aThag 145 (131) 4.9 (4.5)
TiepThad 265 (231) 9.0 (7.9)

Combined 135 (114) 4.7 (3.9)

James Grundy

24/08/21

94-fold improvement on previous SM limits’.

~2-fold due to analysic improvements
e.9. MVA event celection, improved fake
9 P
ectimate, object reco/calibration.

Dominant uncertainty is ctalictical.

(argest syctematic is background modelling.

'atthe 95% CL..  *HH-»bbrr, £ = 36fb".
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Resonant Results

At m, =1TeV, a small excess of local significance 3.00 and a global significance 2.0 (+0.4, -0.2) o
was observed.

T T T T T T T T T I T T T I T T T | T T T I T T T

- ---- Comb. Exp. """ TiepThad Exp. =1
—— Comb. Obs. —— T, Tpq ObS.
103 lep “had
Bl Comb. Exp. +16  ---- T, 7,4 EXP. TAMIAM/ T/ep-tl\ad

B Comb. Exp. 26 —— 1, T, .4 Obs.

1 IIIIlll

|

1025—

1 lIl[

I

_________
_____________
.-

N
.......
------
- -
_________
................

had "~ had
10

ATLAS Preliminary
\s=13TeV, 139 b

1 1 1 I 1 L L l 1 1 1 I 1 1 1 l 1 1 1 l 1 1 1 I 1 {} 1 I

400 600 800 1000 1200 1400 1600

m, [GeV]
James Grundy 24/08/21 'atthe 95% CL..  ?HH-»bbrr, £ = 36fb™. 40
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Publication: ATLAS-CONF-2021-035
Physics briefing: https:/atlas.cern/updates/briefing/double-Higgs-to-bottoms

H — bbbb


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-035/
https://atlas.cern/updates/briefing/double-Higgs-to-bottoms

Analysis Overview

Resonant: search for narrow-width scalar resonance and spin-2 Kaluza-Klein Gravitont resonance
with mass in range 251-3000 GeV.

Largest HH BR (~34%) but dominant multijet background » data-driven background estimate.

Regolved Boosted
Jwo Mags range: 251-1500 GeV/ Mags range: 900-3000 GeV

cateqories: | I

e I ! ,Qecan struct large

Reconstruct small radius jets radivs jets
James Grundy 24/08/21 *from the Randall-Sundrum model where k/ﬁpI =142




Resolved Analysis Overview

3 3¢

Small-R Small-R
non-b-tagged b-tagged
PFlow jet PFlow jet

) -

James Grundy 24/08/21
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Resolved Analysis Overview

Fully

data-driven

bkg model

4b

Small-R
non-b-tagged
PFlow jet

—

James Grundy

Build 4% bég

from 26 >

2b

Small-R
b-tagged
PFlow jet

=]

m(H) [GeV]

n
o
o

e
[o5]
o

e
2]
o

Derive weighte in CR by
mapping fo 2b to 46

60 80 100\ 120 140 160 180 200
m(H,) [GeV]

Apply weights to 26 SR to
get background ectimate!
24/08/21

Events/ (3 GeV)? *
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Resolved Analysis Overview

Fully

data-driven
bkg model

4b

Small-R
non-b-tagged
PFlow jet

-

James Grundy

Build 456 éég
from 2b

2b

Small-R
b-tagged
PFlow jet

=]

Derive weighte in CR by Fit templates

. to data to
mapping fo 2b to 46 7
<10t test
< 200 o
o >
e 3 hypothe:ec./
18l b
z T
E @
g - , , , _ .
: 8 105 V5 13 eV 136 1o t Data
© Background-only fit [ Background
¥ 10¢L Resolved channel © Uncertainty ]
2 ke e m(X) = 280 GeV
15 -——- m(X) = 400 GeV |
@ —— m(X) = 600 GeV

- m(X) = 1000 GeV

=y
120 140 160 180 200 10
m(H,) [GeV]

Apply weights to 26 SR to

. / 3
get background ectimate: 1 T
24/08/21 Corrected m(HH) [GeV]

Data - Background
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Boosted Analysis Overview

Categorice
based on the Build 45 bkg from 2b2f,

no. of track 36 from 2L1F
Jets and their 2b from 1b1F!

tag >
=l
T

Large-R PFlow jet

b-tagged track jet non-b-tagged track jet

James Grundy 4 < <) 24/08/21
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Boosted Analysis Overview

Region definitions slightly
Cateqorice different from Resolved
based on the Build 45 bkg from 2b2f,
no. of track 36 from 2L1F
Jets and their 2b from 1b1F!

tag >
80 100 120 140 160 180 200 220
m(H;) [GeV]
2b-2f 2b-1f 1b-1f UP to 30% tt.
multijet:

>
[
S
S
£
£

data-driven
b-tagged track jet non-b-tagged track jet tt: Mc

James Grundy 4 < <) 24/08/21

Large-R PFlow jet

(o]
8
Events / (5 GeV)?
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Boosted Analysis Overview

Region definitions slightly
Categorice different from Resolved Fit templatec

based on the Build 45 bkg from 262f, to data to
no. of track 36 from 2L1F

Jets and their 2b from 1b1F!
tag

==
b b

Large-R PFlow jet

n
n
o

m(H,) [GeV]
n
g
g

test
hypotheses!

»
o
Events / (5 GeV)?

600

> ERERASY BRSEY RARES REEAARERCE RS EALED LR

IS} ATLAS Preliminary ¢ Data

1S3 Vs =13 TeV, 139 fb [ Multijet

3 Background-only fit it

2 Boosted channel, 2b Uncertainty

Soosh 0w mX)=1TeV 3
----- m(X) =2 TeV

m(X) =3 TeV
80 700 120 140 160 180 200 220 °

m(H1) [GeV]

Up to 30% tt.
multijet:

o
2

5

gl5

O

218 ul+
8|2 i T
(] 5}

28

s8-

[=]

data-driven

. . t
b-tagged track jet non-b-tagged track jet tt: MC 7000 1500 2000 2500 3000 3500 4000 4500 5000

m(HH) [GeV]
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HH — bbbb Results

No significant excesses above background observed » set upper limitst on o for two models
at various mass hypotheses.

T T T T T

105t ATLAS Preliminary —— Observed limit (95% CL)

T T T T T T

£.10°F ATLAS Preliminary _, — Observed limit (95% CL) £ 105} »

T | ‘ég:_(;s T8 e 188 Expected limit (95% CL) 1 T i g;;s Tev, 125189 o™ .. Expected limit (95% CL) |

5 ol Expected limit +10 *Tg il Expected limit £ 10 |

Iy Expected limit + 20 ® ‘ Expected limit +20

% [ ——- Resolved expected limit ; I ——- Resolved expected limit

& 10| === Boosted expected limit | \Q'% 103F — == Boosted expected limit |
: | © —— RS Graviton, kMpi=1 |

! Boocted !
1025- 102E
10" 101_
- Recolved
100} 100}
250 TB00 1000 2000 3000 250 500 1000 2000 3000
m(X) [GeV] m(Gige) [GeV]

James Grundy 24/08/21 tat the 95% CL_. 49



Results Summary

Combined
27.5—-36.1fb~!

bbftvi~v|

139 fo~!

bbyy
139 fp~1

bbttt |

139 fb~!

Individval chanunels showing improvement over

James Grundy

Non-Resonant SM HH production

ATLAS Preliminary
Vs =13TeV, 27.5-139 fb~!

T T T | I
—— Observed

......... Expected
Expected + 2 0
I Expected + 10

Obs.  Exp.

6.9 10

Phys. Lett. B 800 (2020) 135103

Normalised to Oyqr —

40 29
Phys. Lett. B 801 (2020) 135145

4.1 55

ATLAS-CONF-2021-016

47 3.9

ATLAS-CONF-2021-030
|

Normalised to Ogg¢ -

Normalised to Ogqf + ver =

Normalised to Oggr + ver .

5 10 20 50 100 200

95% CL upper limit on o (pp = HH) normalised to ogy

36fb" combination!

ATL-PHYS-PUB-2021-031

Scalar resonance

E‘ T 1T I T I T T T T I T R SO FEE RN N ) II T I
E 0%k o Combined 27.5-36.1 fb~1 i
’1‘10 = ATLAS Preliminary — [P%?s,mLeet!.BBOO (2020) 135103] 3
T - VS =13TeV,27.5—139fb~1 ___ bbbb 126-139 fo-? .
1 [ Spin-0 [ATLAS-CONF-2021-035] ]
X 4 ___ bbt*t (resolved) 139 fb~!
+ 10 F [ATLAS-CONF-2021-030] 3
= - ___ bbT*T (boosted) 139 fo? 3
= - [JHEP 11 (2020) 163] ]
S 5| __ bbyy 139! T
10°F [ATLAS-CONF-2021-016] 5
2
10 F E
E bbby s ]
) dominates 1
10 E 2t low my o M N e 3
- dominates at ]
| —— Observed . & ]
---- Expected Medl(l”\ mn gl
10°F X 5
E 10l I | ! TR R A SR B A A | ! | 3
200 300 500 1000 bbbb 2000 3000
my [GeV
dominates xheY]
at high
t hly m,

50


http://cdsweb.cern.ch/record/2777013/files/ATL-PHYS-PUB-2021-031.pdf

Looking Forward...

ATL-PHYS-PUB-2020-005

(
Projections for High Luminosity LHC (HL-LHC) with 3ab™ of data based
on 36fb' HH analyses (not those shown today!):

Channel Statistical-only | Statistical + Systematic
HH — bbbb 1.2 0.5
HH — bbt*1~ 2.3 2.0
HH — bbyy 2.1 2.0
Combined 330 290

James Grundy

24/08/21

51


https://cds.cern.ch/record/2713377/files/ATL-PHYS-PUB-2020-005.pdf?version=1

Looking Forward...

ATL-PHYS-PUB-2020-005

(
Projections for High Luminosity LHC (HL-LHC) with 3ab™ of data based
on 36fb' HH analyses (not those shown today!):

Channel Statistical-only | Statistical + Systematic
HH — bbbb 1.2 0.5
HH — bbt*1~ 2.3 2.0
HH — bbyy 2.1 2.0
Combined 330 290
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Figure 4: Reconstructed four-body mass for mx = 300 GeV and mx = 500 GeV resonant signal benchmarks

and for the yy+jets background. Dashed lines represent the distribution of m,; ., while solid lines represent the
distribution of m;‘7 B defined in Section 4.2.1. Distributions are normalized to unit area.
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Table 2: Variables used in the BDT for the non-resonant analysis. The b-tag status identifies the highest fixed b-tag
working point (60%, 70%, 77%) that the jet passes. All vectors in the event are rotated so that the leading photon ¢ is

equal to zero.

Variable

Definition

Photon-related kinematic variables

prim,,,

n and ¢

Transverse momentum of the two photons scaled by their
invariant mass m,,,,
Pseudo-rapidity and azimuthal angle of the leading and
sub-leading photon

Jet-related kinematic variables

b-tag status
pr,n and ¢
p?‘h’ Mvb and ¢1)[3

mpyp
Hrt

Single topness

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

Scalar sum of the pr of the jets in the event

For the definition, see Eq. (1)

Missing transverse momentum-related variables

E¥1iss and ¢miss

Missing transverse momentum and its azimuthal angle

24/08/21
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Table 3: Definition of the categories used in the HH non-resonant search. Before entering the BDT-based categories,
events are required to satisfy the common preselection.

Category Selection criteria

High mass BDT tight m’;ﬂ;w > 350 GeV, BDT score € [0.967, 1]
High mass BDT loose m’;)l;w > 350 GeV, BDT score € [0.857,0.967]
Low mass BDT tight m;‘)l;w < 350 GeV, BDT score € [0.966, 1]
Low mass BDT loose m;ﬂ;w < 350 GeV, BDT score € [0.881,0.966]
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Figure 6: The BDT distribution of the di-Higgs ggF signal for two different values of k ; and the main backgrounds in
the (a) low and (b) high mass region. Distributions are normalized to unit area. The dotted lines denote the category
boundaries. Events with a BDT score below 0.881 in the low mass region or below 0.857 in the high mass region are
discarded.
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Table 4: Variables used in the BDT for the resonant analysis. For variables depending on b-tagged jets, only jets
b-tagged using the 77% working point are considered as described in Section 4.1.

Variable Definition

Photon-related kinematic variables

p%y, y? Transverse momentum and rapidity of the di-photon system

Azimuthal angular distance and AR between the two

A¢,, and AR, photons

Jet-related kinematic variables

Invariant mass, transverse momentum and rapidity of the

bb
myj; and y, j; 2
bb> P Ybb b-tagged jets system

Azimuthal angular distance and AR between the two

Ady,j, and ARy b-tagged jets

Njers and Np_jeqs Number of jets and number of b-tagged jets

Hy 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
myj,
bbyy system

Distance in rapidity, azimuthal angle and AR between the

AYyy.bbs Abyy.pp a0d ARy b di-photon and the b-tagged jets system
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Figure 7: The BDT score for the benchmark signals ((a) mx = 300 GeV and (b) mx = 500 GeV) and for the main
backgrounds. Distributions are normalized to unit area. The dotted lines denote the event selection thresholds.
Events with a BDT score below 0.85 for mx = 300 GeV or below 0.75 for mx = 500 GeV are discarded.

James Grundy 24/08/21



Figure 8: Distributions of (a) m,,, and (b) m
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Figure 9: Distributions of m,,, in all signal categories for the non-resonant HH search: (a) high mass BDT tight, (b)
high mass BDT loose, (c) low mass BDT tight, (d) low mass BDT loose. The continuum background is scaled by the
vY. y-jet, and di-jet fractions and normalized to the data sideband.

James Grundy 24/08/21



> T b T = T T . T = T . T v. T T o T ]
& ATLAS Preliminary ¢ Data 2| & 7 ATLAS Preliminary ¢ Data X
ot fs=13TeV, 139 fb" I HH (SM) a = Vs=13TeV, 130" B HH (SM) ]
& 10 HH-bbyy Single Higgs = e [3 HH- bbyy Single Higgs =
- my = 300 GeV Ly ] ~ my, = 500 GeV Wy k
@ Wy ybb i 8 W yybb -
g W y y+otherjets = s 5 By +otherjots
> W DataDriven yj ] > B DataDriven jj ]
w DataDrivenj ] w 4 DataDrivenj ]
... m, =300 GeV ] veemy =500 GeV
] 3 -
3 2 -
B ‘ ] 1 =

130 160 05910 120 130 140 150 160

m,, [GeV] m,_ [GeV]
(a) (b)

Figure 10: Distributions of m,,, for the selections used for the resonance mass points (a) mx = 300 GeV and (b)
myx = 500 GeV for the resonant search. The non-resonant background is scaled by the y7y, y-jet, and di-jet fractions
and normalized to the data sideband. The scalar resonance signal is scaled to an arbitrary cross section value.
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Likelihood function for bbyy:
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Figure 11: Data are compared to the background-only fit for the four categories of the non-resonant search. Both the
continuum background and the background from single Higgs boson production are considered.
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Table 6: Expected and observed numbers of events in the categories of the non-resonant search. An additional
requirement of 120 GeV < m,,,, < 130 GeV is applied. The uncertainties on the continuum background are those
arising from the fitting procedure. The uncertainties on the single Higgs boson and Higgs boson pair productions are

from MC statistical error.

High mass High mass Low mass Low mass
BDT tight BDT loose BDT tight BDT loose
Continuum background 49+1.1 95+£1.3 37410 249+25
Single Higgs boson background 0.670 +0.032 1.57 £ 0.04 0.220 + 0.016 1.39 + 0.04
gF 0.261 +0.028 0.44 £0.04 0.063 + 0.014 0.274 £ 0.030
1tH 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 HH 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) - 1073 (6.923 +0.011) - 1073
Alternative HH (k3 = 10) signal 6.36 +0.05 3.691 + 0.038 4.65+0.04 8.64 +0.06
Data 2 17 5 14
24/08/21
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Table 8: Breakdown of the dominant systematic uncertainties. The impact of the uncertainties is defined according to
the statistical analysis described in Section 7. It corresponds to the variation on the upper limit on the signal strength
when re-evaluating the profile likelihood ratio after fixing the nuisance parameter in question to its best-fit value
increased or decreased by one standard deviation, while all remaining nuisance parameters remain free to float. The
impact is shown in %. Only systematic uncertainties with an impact of at least 0.5% are shown. Uncertainties of
Norm. + Shape type have effects on both the normalization and the parameters of the functional form, the rest of
uncertainties affects only the yields.

Relative impact of the systematic uncertainties in %

Source Type Non-resonant analysis Resonant analysis
HH myx = 300 GeV
Experimental
Photon energy scale Norm. + Shape 3.2 29
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+ag Normalization 0.7 <0.5
Spurious signal Normalization 5.5 54
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Figure 12: Observed and expected limits at 95% CL on the cross section of non-resonant Higgs boson pair production
as a function of the Higgs boson self-coupling modifier k1 = AuuH /A‘;{MH - The constraints on k, are obtained over
an expected hypothesis excluding pp — HH production. The +10 and +20 variations about the expected limit due
to statistical and systematic uncertainties are also shown. The theory prediction curve represents the scenario where

all parameters and couplings are set to their SM values except for «;. The uncertainty band of the theory prediction
curve shows the cross section uncertainty.
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Table 7: Expected and observed numbers of events of the resonant HH search. An additional requirement of
120 GeV < m,,,, < 130 GeV is applied. The event numbers quoted for the scalar resonance signal assume an
arbitrary total production cross section o (pp — X — HH) equal to the observed exclusion limits of Figure 14. The
uncertainties on the continuum background are those arising from the fitting procedure. The uncertainties on the
single Higgs boson, Higgs boson pair and scalar resonance production are from the MC statistical error.

James Grundy

myx = 300 GeV myx = 500 GeV

Continuum background 56+24 3.3+£20
Single Higgs boson background 0.339 + 0.009 0.398 £ 0.010
SM HH background (20.6 +0.5) - 107> 0.1932 +0.0015
X — HH signal 5:171 £0.031 5.950 + 0.026
Data 6 .
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Figure 13: Data are compared to the background-only fit for the resonant search for the (a) my = 300 GeV and (b)
myx = 500 GeV mass hypotheses. The continuum background, as well as the background from single Higgs boson
production and from the SM HH production are considered.
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Figure 14: Observed and expected limits at 95% CL on the production cross section of a narrow width scalar
resonance X as a function of the mass my of the hypothetical scalar particle. The black solid line represents the
observed upper limits. The dashed line represents the expected upper limits. The +10- and +20 variations about the
expected limit due to statistical and systematic uncertainties are also shown.
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Table 2: Summary of the event selections, shown separately in the different trigger categories. In cases where pairs
of reconstructed objects of the same type are required, thresholds on the (sub-)leading pr object are given outside
(within) parentheses. When the selection depends on the year of data-taking, the possible values of the requirements
are separated by commas, except for the jet selection in the lepton-plus-hag.vis trigger and di-Thag-vis triggers, which
use multiple selection criteria as described in Section 5.1. The trigger pr thresholds shown correspond to the offline
requirements.

Thad Thad Category Tlep Thad Categories
STT DTT SLT LTT
e/ p selection
No loose e¢/u with pr > 7 GeV Exactly one tight ¢ or medium y
Pt > 25,27 GeV 18 GeV < pf. < SLT cut
p# > 21,27 GeV 15 GeV<p$ < SLT cut
In¢l < 2.47,not 1.37 < |n°| < 1.52
In#| < 2.7
Thad-vis Selection
Two loose Thad-vis One loose Thad.vis
Inl <2.5 In] <2.3
pr > 100, 140, 180 (25) GeV pr > 40 (30) GeV pr > 20 GeV pr > 30 GeV

Jet selection
> 2 jets with [p] < 2.5
pr > 45 (20) GeV Trigger dependent pr > 45 (20) GeV Trigger dependent

Event-level selection
Trigger requirements passed
Collision vertex reconstructed
mMMC 5 60 Gev
Opposite-sign electric charges of ¢/ tt/ Thad-vis and Thad-vis
Exactly two b-tagged jets
mpp < 150 GeV
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Figure 2: Acceptance times efficiency for the full analysis selection as a function of the resonance mass my in the
Thad Thad» Tlep Thad Single-lepton trigger and Tiep Thaq lepton-plus-haq.vis trigger categories, shown in solid line with square
markers, dashed and dotted lines, respectively. The solid line with circle markers is the acceptance times efficiency
curve for the combined 7iepThag category. The acceptance times efficiency is evaluated for X — HH — bbr*t™

decays, with respect to the targeted 7-lepton decay modes (Tiep Thad OF Thad Thad)-
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Table 3: Variables used as inputs to the MVAs in the three analysis categories. The same choice of input variables is
used for the resonant and non-resonant production modes. The variables are defined in the main text.

Variable ThadThad  TlepThad SLT  TiepThaa LTT

MHyH

m %.MC

e W S

Mpp

AR(T,T)
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w
an
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3
pr" ¢ centrality
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A(ﬁ(f‘l’, "l;};liss
St
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Figure 3: Signal (solid lines), post-fit background (filled histograms) and data (dots with error bars) distributions
of myp (top), mMMC (middle row) and mp,, (bottom) for events in the ThaqThad (left), TiepThaa single-lepton trigger
(middle column) and TiepThad lepton-plus-Thaq.vis trigger (right) categories. The normalisation and shape of the
backgrounds and the uncertainty on the total background shown are determined from the likelihood fit to data in the
non-resonant H H search. The expected non-resonant signal is overlaid with its normalisation scaled by a factor
of 100, and the mx = 500 GeV and mx = 1000 GeV resonant signals are overlaid in the mypy distributions with
their cross-section set to 1 pb. The dashed histogram shows the total pre-fit background. The size of the combined
statistical and systematic uncertainty of the background is indicated by the hatched band. The ratio of the data to the
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mpp < 150 GeV MJ CR: Anti-Iso tt CR: mpp > 150 GeV

ID SR ID
. ¢

AuiiD| SR Template Y FEy, Y FE, Anti-ID

FFeomb = vy X FFMy + (1 —ryg) X FFyg

True-Thad-vis subtracted

TMJ Fraction of multi-jet
events in the template

Figure 4: Schematic depiction of the combined fake-factor method used to estimate multi-jet and 77 backgrounds
with fake-7j,4.vis in the TjepThag channel. Backgrounds which are not from events with fake-7j,,4.vis Originating from
jets are estimated from simulation and are subtracted from data in all control regions. Events in which an electron
or a muon is misidentified as a 7,,4.yis are also subtracted, but their contribution is very small. Both sources are
indicated by "True-tj,4.vis Subtracted" in the legend.
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OS, 2 b-tagged jets SS, 1 b-tagged jet SS, 2 b-tagged jets

ID SR A f ID

Anti-ID SR Template i * FFi p-tag e Anti-ID

FF = FF; p-tag X TF152 p-tags

Non-multi-jet subtracted

Figure 5: Schematic depiction of the combined fake-factor method to estimate the multi-jet background with fake-
Thad-vis iN the ThaaThag channel. Backgrounds with true-pag.vis that are not from multi-jet events are simulated and
subtracted from data in all the control regions. This is indicated by "Non-multi-jet subtracted" in the legend.
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James Grundy

Table 4: Breakdown of the relative contributions to the uncertainty in the extracted signal cross-sections, as determined
in the likelihood fit to data. These are obtained by fixing the relevant nuisance parameters in the likelihood fit, and
subtracting the obtained uncertainty on the fitted signal cross-sections in quadrature from the total uncertainty, and
then dividing the result by the total uncertainty. The sum in quadrature of the individual components differs from the
total uncertainty due to correlations between the groups of uncertainties.

Resonant X - HH

Uncertainty source Non-resonant HH 300 GeV 500 GeV 1000 GeV
Data statistical 81% 75% 89% 88%
Systematic 59% 66% 46% 48%
tt and Z + HF normalisations 4% 15% 3% 3%
MC statistical 28% 44% 33% 18%
Experimental
Jet and E‘T‘niss 7% 28% 5% 3%
b-jet tagging 3% 6% 3% 3%
Thad-vis 5% 13% 3% 7%
Electrons and muons 2% 3% 2% 1%
Luminosity and pileup 3% 2% 2% 5%
Theoretical and modelling
Fake-Thad-vis 9% 22% 8% 7%
Top-quark 24% 17% 15% 8%
Z(— t7) + HF 9% 17% 9% 15%
Single Higgs boson 29% 2% 15% 14%
Other backgrounds 3% 2% 5% 3%
Signal 5% 15% 13% 34%
24/08/21
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Figure 7: The MVA output distributions in the search for non-resonant HH signal (top) and in the search for
resonant H H signal with mx = 500 GeV (middle row) and mx = 1000 GeV (bottom), in the ThaqThaq (left), TiepThad
single-lepton trigger (middle column) and Tjep Thag lepton-plus-Tpaq.vis trigger (right) categories. The distributions are
shown after the fit to the background-only hypothesis. The signal is overlaid and scaled to the combined expected
limit. The dashed histogram shows the total pre-fit background. The lower panels show the ratio between data
and the total post-fit background, where the hatched band shows the statistical and systematic uncertainties on that
background. For visualisation purposes, these histograms are displayed using uniform bin widths instead of the bin
edges used in the fit, though the bin contents correspond to those used in the fit.

James Grundy 24/08/21

87



Table 5: Observed and expected upper limits at 95% CL on the cross-section of non-resonant HH production
according to SM-like kinematics, and on the cross-section of non-resonant H H production divided by the SM
prediction. The +1 o and +2 ¢ variations around the expected limit are also shown.

Observed -20 -10 Expected +l1oc +20
S O'ggF+VBF [fb] 145 70.5 94.6 131 183 245
At oggrveR/oopr 495 238 319 443 617 827
= T gaF+vBF [fb] 265 124 167 231 322 432
g thad TogF+VBE/Togype 916 422 566 786 109 147
;s O'ggF+VBF [fb] 133 61.3 82.3 114 159 213
COMEE, o e ot e AGS 208 209 8% 539 702
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Figure 8: Observed and expected limits at 95% CL on the cross-section of the resonant HH production as a function
of the scalar resonance mass my. The dashed lines show the expected limits while the solid lines show the observed
limits. The blue and red lines are the limits for the 7j,q7hag channel and 7iep Thaq channel, respectively. The black lines
are the combined limits of the two channels. The +10- and +2¢ variations around the expected combined limit are
indicated by the turquoise and yellow bands, respectively. The limits are obtained using the profile-likelihood test
statistic and the modified frequentist CL technique.
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B o m(H;) — 120 GeV £ s m(H,) — 110 GeV ;
e 0.1 x m(H,) 0.1 X m(H,) '

RIS = \/(m(Hl) —1.03 x lZ()GeV)2 + (m(H,) — 1.03 x llOGeV)2 < 30GeV.

R = \/(m(Hl) —1.05 x 120 GeV)2 + (m(H,) —1.05x 110 Gf:V)2 < 45GeV.
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Figure 3: Cumulative acceptance times efficiency as a function of resonance mass for each event selection step in the
resolved channel for (a) the spin-0 and (b) the spin-2 signal models.
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Figure 4: Corrected m(HH) distributions for the 2 control region (teal histogram) and 45 control region (dots) in
the resolved channel. The statistical uncertainty in the 25 control region is represented by the grey band. The error
bars on the 4b points represent the Poisson uncertainties corresponding to their event yields. The 25 data are shown
(a) before and (b) after the kinematic reweighting procedure. In both cases the 25 distributions are normalized to the
4b event yields for a pure shape comparison. The final bin of each distribution includes overflow. The bottom panel
shows the difference between the 4b and 2b distributions, relative to the 25 distribution.
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Figure 5: Corrected m(HH) distribution in the resolved 45 validation region (dots), compared to the reweighted
distribution in 25 validation region (teal histogram). The error bars on the 45 points represent the Poisson uncertainties
corresponding to their event yields. The final bin includes overflow. The background uncertainty (grey band) is

computed by adding all individual sources in quadrature. The bottom panel shows the difference between the 45 and
reweighted 2b distributions, relative to the 25 distribution.
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Table 2: Resolved 4b signal region data, estimated background, and signal event yields in corrected m(HH) windows
containing roughly 90% of each signal, for representative spin-2 mass hypotheses. The signal is normalized to the
overall expected limit on its cross-section; its uncertainties are evaluated by adding all individual components in
quadrature. The background yields and uncertainties are evaluated after a background-only fit to the data.

m(Ggg) [GeV] Corrected m(HH) range [GeV] Data  Background model Spin-2 signal model

260 [250, 393] 26775 26650 =+ 130 368 = 25
500 [464, 636] 4655 4719 = 37 1386 = 3.0
800 [707, 950] 195 gll = 15 2.1 = 1.9
1200 [993.1279] 146 1206+ 28 1445+  0.67
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Figure 9: Cumulative signal acceptance times efficiency as a function of the resonance mass for various selection
steps in the boosted channel. The steps up to the b-tag categorization are shown for (a) the spin-0 and (b) the spin-2
signal models. The efficiencies of the three b-tag categories are shown for (c) the spin-0 and (d) the spin-2 scenarios;
this efficiency is obtained after the other selection steps including the SR definition. The signal efficiency in the 4b
region has a maximum around 1.5 TeV. Above that value the track jets starts to merge together, and for the highest
resonance masses the 3b and 2b categories become the most efficient.
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Figure 10: Reconstructed mass distributions of the leading H candidate for the data (dots) and the background model
(stacked histograms) in the (a) 2b, (b) 3b and (c) 4b control regions. The error bars on the data points represent the
Poisson uncertainties corresponding to their event yields. The statistical uncertainty in the background model is
represented by the grey band. This distribution is used to normalize the multijet and #7 background components.
The enhanced event rates at low and high masses are due to the geometry of the CR. The bottom panel shows the
difference between the data and the background model, normalized to the background model.
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