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Introduction - The Higgs Boson Self-Coupling
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arXiv:1806.02697

The Higgs Potential

V(h)~Avh3 + i,w*
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https://physics.aps.org/articles/v8/108
https://arxiv.org/pdf/1806.02697.pdf

How Do We Measure the Higgs Potential?

1
“Non-resonant” V(h)~Avh® + Zlh‘l
Production — E—

SLAS  25May2023 R. Hyneman - LHCP 2023 ATLAS 4

EXPERIMENT



How Do We Measure the Higgs Potential?

1
“Non-resonant” V(h)~Avh® + Z)lh4
Production — E—

See talks by:
“Resonant” N. Kyriacou
Production M.Lu
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https://indico.cern.ch/event/1198609/timetable/?view=standard
https://indico.cern.ch/event/1198609/timetable/?view=standard

How Do We Measure the Higgs Potential?

1
“Non-resonant” V(h)~Avh3 + Z)lh4
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https://doi.org/10.1103/PhysRevD.98.093004

Higgs Pair (HH) Production and Decay Modes

¢
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wWw 25% 4.6%

K, = CHHH/CHHH
Koy = Cyvun/ CVVHH

HH Decay Modes

bb WW 1T 7

bb

TT 7.3% 2.7% 0.39%

YA 3.1% 1.1% 0.33%

YY 0.26%
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Measurements
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VHH — (£4,fv,vv) + bbbb arXiv:2210.05415
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https://arxiv.org/abs/2210.05415

VHH — (£¢,fv,vv) + bbbb arXiv:2210.05415
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g VHH production allows separation of ZZHH and WWHH
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https://arxiv.org/abs/2210.05415

HH - bbbb (ggF+VBF)

arXiv:2301.03212

Challenge: 2 24 Neural ) ab 2
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https://arxiv.org/abs/2301.03212

95% CL Limit on OggF + VBF HH [fb]

HH — bbbb (ggF+VBF) arXiv:2301.03212
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HH - bbtt (ggF+VBF)

arXiv:2209.10910, ATLAS-CONF-2021-052

Two Hadronic t’s:

* Single- and Di-t Triggers (Combined)q
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Boosted Decision Tree
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o'ggF+VBF (HH) [fb]
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https://arxiv.org/abs/2209.10910
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-052/

HH - bbyy (ggF+VBF)

PhysRevD.106.052001
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052001

*No VHH included!

Combination and Prospects
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Combination: HH — bbbb, bbtt, bbyy

arXiv:2211.01216
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https://arxiv.org/abs/2211.01216

Combination: Single- and Di-Higgs

arXiv:2211.01216
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https://arxiv.org/abs/2211.01216

Combination: Single- and Di-Higgs

arXiv:2211.01216
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https://arxiv.org/abs/2211.01216

HH Prospects @ High Luminosity LHC

ATL-PHYS-PUB-2022-053

Constraints on i ; (3000 fb-1)

/_T L I LI | LI LI I L I LI I L I LI I LI I L
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 to SM HH signal by end of HL-LHC ,
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-053/

Concluding Remarks
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Concluding Remarks

« ATLAS measurements of non-resonant HH production in three b | ww | w | 2z | w

complementary final states I-

* Constrain HHH coupling (i ;) to within 0(10) o | eee
* Constrain HHVV coupling (k) to within 0(2)

T 7.3% 2.7% 0.39%

* First ATLAS constraints on WWHH (k,y) and ZZHH (k5 7) : O(10) . | s | 1o | osen

*  Promising future for HH measurements at HL-LHC v ([026%
{4 . b)) . . . .
* “Baseline” uncertainty scenario projects evidence of HH! ]
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6 68%: k) € [1.0,5.0] - 6 68%: Koy € [0.4,1.7] - N b
i 95%: K, € [-0.6,6.6] ] i 95%: Kay € [0.1,2.0] ] 3 /// .
A\ N e 7 S W W | VR | S AV 95% -] o E
I i I i [ ' ]
2r 2; _ 1 ;— .
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Additional Material
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Links to Results

* Individual Measurements:
 VHH — (¢£,€v,vv) + bbbb: arXiv:2210.05415 (HDBS-2019-31)
 HH — bbbb: arXiv:2301.03212 (HDBS-2019-29)
* HH - bbtt: arXiv:2209.10910 (HDBS-2018-40, ATLAS-CONF-2021-052)
* HH - bbyy: PhysRevD.106.052001 (HDBS-2018-34)

« Single- and Di-Higgs Boson Combination: arXiv:2211.01216 (HDBS-2022-03)

 HL-LHC Prospects: Di-Higgs Boson Measurements: ATL-PHYS-PUB-2022-053
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https://arxiv.org/abs/2210.05415
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-31/
https://arxiv.org/abs/2301.03212
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/
https://arxiv.org/abs/2209.10910
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-40/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-052/
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052001
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-34/
https://arxiv.org/abs/2211.01216
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-03/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-053/

Higgs Pair (HH) Production Modes K = ¢/Csy

’-----------------------------------------------~
Kt
9 0990999999999 r——e---------- H

=

gluon-gluon Fusion (ggF)
o~310fb

A

9 9999999999999 «—0------—---- H

‘--§

\-----------------------------------------------‘
’-----------------------------------------------~

Vector Boson Fusion (VBF)
o~172fb

‘--§

\-----------------------------------------------‘

Vector Boson Associated (VHH)
o~ 0.86fb

SLAL 25 May 2023 R. Hyneman - LHCP 2023 ATLAS 24

EXPERIMENT



Sensitivity to New Physics in the Self-Coupling

- more signal; softer events

do | o
K¢ K ,/’
10% dmhx :|>‘H°i;
g o H

-10 -5 0 5 10 15

Ky (= A/ Asy)

o VS K
ggF HH A [ New physics disrupts interference ]

OHH (§8F)

200 300 400 500 600 700 800
Mun [GeV]

(Similar for VBF) new physics breaks cancellation
- more signal; harder events

<
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VHH - (1,2)¢ + bbbb: Analysis Selection

Signal regions

Control regions

OL IL (1IL+/1L-) 2L tt V +jets
Trigger E%niss single-lepton single-lepton single-lepton single-photon
= 1 tight electron = 2 loose leptons = 2 loose leptons = 1 photon with
Lepton 0 loose leptons, with pt > 27 GeV (ete” orutu), (e*u™), pr > 150GeV,
or photon 0 identified 7, OR 1 medium muon > 1 lepton with > 1 lepton with 0 loose leptons,
with pt > 25GeV, pt > 27GeV, pt > 27 GeV 0 identified 7y,
0 additional loose leptons, 81 < mge < 101 GeV
0 identified 7,
EMSS > 150 GeV, |
prss S(EMss) > 12, EISS > 30 GeV — — —
[A¢ (PSS, h)| > 1
Jets > 4 jets with pt > 20 GeV and passing the 85% b-tagging WP
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VHH - (1,2)¢ + bbbb: BDT Input Variables

Channel and signal model

0L 1L 2L
Variable VhhY VH A —ZH [VhhYVH [VhhYVH A > ZH

My, +mp, v v 7| v S v v

Mp, — M, S| v v S| v SV v

Niets S| v / S| v S v /

HS S| v / S| v S v /

2 S e S| v / S| v S v /

mESR S| v v S| v v v

miSR vl Y / S| v SV /

Mph v v4 v4

phh S v VR V4 Vel B4

Emiss v S| v SV /

pY Vel Y vl 4

mTVY v

cosh(An); —cos(A¢) | v | v Vel IRV Val IV

cosh(An), —cos(Ad), | V v v v v v VH,A — ZH:
[ v Y s | v BSM Resonant Models
YV = Yl -

St A2 25May2023 R. Hyneman - LHCP 2023 ATLAS 27
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VHH - (1,2)¢ + bbbb: Control Regions

tt+jets CR V+jets CR (~y+jets)

fg [ I T T T I T T T I T T T I T T T I T T T I T T T I _] ..(e B I T T T I T T T I T T T I T T T I T T T I T T T I i
o 20005 ATLAS 4 Data Wtt+=1b & 3000~ ATLAS +Data [Wfakey 1
L C Vs=13TeV,139fb™ [tt+=1c [T +] ] ww - (s=13TeV, 139 fb" [y +=1c [y +=3b ]
3500F tt CR . .V+-z1c V+=3b = o500 V+jetS.CR y_+j' .ti+z1b B
- Post-Fit V+j [l Other ] - Post-Fit Bt +j tt+=1c -
u 7 Uncertainty T B [l Other 7~ Uncertainty
30001 Z . - 2 1 % . .
g - 2000/ J "V+jets ~ ytjets
2500 .
20003— 1500 -
1500 <

1000“
500:— - _:
g O E S :
L 1.05¢ = L 1.05F , =
e L b g
8 0955 E o 0.95F E
N T IR R TR I T R R TR
2 b-tagging scores 3 b-tagging scores
Y Pseudo-Continuous b-Tagging Score
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VHH - (1,2)¢ + bbbb: Analysis Uncertainties

Model [ Vhh like in SM WH ZH NWA—->ZH IWA—>ZH
Systematic uncertainty source Aufp [%]
Background modelling +20, —15 +14, —11 +4.7, =3.0 +17, —13 +20, —18
MC statistics +12, -9.1 +13, -7.8 +4.8, =2.2 +7.2, —4.1 +10, —-8.3
Objects +12, -8.6 +8.0, =5.2 +4.5, =2.2 +19, —-11 +16, —12
Signal modelling +10, —4.7 +12, —4.9 +8.6, —3.0 +14, -5.1 +17, =7.6
VR non-closure +14, —11 +11, -9.4 +4.4, -3.0 +4.9, =-3.7 +12, —10
Total systematic uncertainty +30, -22 +27, —18 +12, -5.8 +30, —18 +33, -24
Statistical uncertainty +44, -39 +52, —43 +68, —49 +59, —47 +42, =37
Total \ +52, —44 J +59, —47 +69, —49 +66, —50 +53, —45
VH,A - ZH:
BSM Resonant Models
S! AR )5May2023 R. Hyneman - LHCP 2023 ATLAS 2
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VHH — (1,2)¢ + bbbb: Upper Limits on k,, and k,y, (Plots)

o(Zhh) [fb]

10

ATLAS — Theory prediction

— -1 —Observed limit (95% CL) |
Vs =13 TeV, 139 fo™ Expected limit (95% CL)

[ Expected = 1o
[]Expected = 20

o(Whh) [fb]

10°

10?

10

" ATLAS — Theory prediction

— -1 —Observed limit (95% CL)
ls=13TeV, 139 fb” Expected limit (95% CL)

[ Expected = 1o
[ ]Expected + 20

-

L L T 1771 T 1771 T 1771 T 17
- I I I I I .

= = 15 =
- HHZ 7 - F HHWW -
B 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 ] i 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 | | | I | | | | i
-15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
Koz Kow
(,’
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HH — bbbb: Full Analysis Selection

A Quick Overview \/ m; — my\’
Xwe = min <—> + (

(1)

Pass trigger class

Yes

\ 4

(2)

2 4 central jets

Yes

A\ 4

(3)
>4 b-tagged
central jets

(6)

Mjjp — Mt

)| o=

my, — 124 (;.ev)2 s (mHz —117 GeV)z
0.1my,

VBF Selection

1 AR

[ 7 g \ 4

(A’

Yes

\ 4

0.1my,

—> VBFSR

Yes

(sz)T ) 65 Gev Yes\
A (7.VBF) (8.VBF) - (9.VBF)
Yes Xwt > 1.5 Xun< 1.6 “| mun > 400 Gev
Yes Yes
(5)
VBF Jets
|An| > 3,
m;i > 1 TeV
Yes,[
(7.ggF) (8.ggF) - (9.ggF)
|Annu| < 1.5 Xwe > 1.5 1 Xau<16
(4) Yes Yes

> 6 central or
forward jets

No

25 May 2023

—> ggF SR

Yes

ggF Selection

R.Hyneman - LHCP 2023
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HH - bbbb: Higgs Boson Pairing

Choose between three possible pairs of four jets

AR, |

A

. >§ “Leading” Reconstructed Higgs Boson
Pairing =70% accurate for VBF

(=90% for K, far from 1)

‘ “Subleading” Reconstructed Higgs Boson

S! A% 25May2023 R. Hyneman - LHCP 2023 ATLAS =
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HH - bbbb: Reweighting Using the Mass Plane

4b Mass Plane: (my,, my,)
— 200 [ | 1l | 1T 1 | T | o U | T 1 | L | 1T m
> B 7] )
& - o _ B ] =1
o [ ATLAS SR 7 500 .
« 180 543 Tev, 126 fb-! — = elzh e @
& — ggF selection, Xyt > 1.5 = = -
| -, azmzmaa CR2 | w
160 [ — 400 ©
L ] =
= i R
140 — —
- - 300
° L — |
Train 1208 = Apply
U N i (Signal Region)
100 — | 200
80— —
B ] 100
[ 1 . —
.I | 1 | | | | L S| | D] | [ | I | i |
60 80 100 120 140 160 180 200
mys [GeV]
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HH — bbbb: Observed m,, Distributions in ggF Categories

LI e L LA L B I N R R R R N L RARREE S s Rasss Ra s e
8 E Post-Fit Background
& 3 AJL(:TS V, 2016 24.6 fb' N\ stat + Syst. Erer 3
= Vs = eV, .6 b~ B
E 100 ggF Signal Region + + 4bData =
& 7 + L [ 400 x SM HH A
] E 200xK=6HH 3
50 —
25f+ - {
e =, = JnJ_I |
= e I ORI BT P s TR AT OO b . = A N IR TN RS | SO, ol b S i IO |
Y= A = =S RSy, S e b ol | S oS SN B e S A P = |
O S T T T T T T A T T T A T A T T T T T T =
§ E
N S S e S A O AN N Y i .~ < N N N\ v S £ T SN Sk N N \\\I t%«*+_x.k ek \\ N \ E
B g == < \\\\ ] R SN S| NN ! = S AR SN \ = N\ NN Y e
© H s E
[= R u W FEW R S T [N I IS A | N WS N W W, L e e M b bbb b b b B b b d el T b b s b b bl I NI I IS \ L L b b
mHH[GeV]
I B L o LA L o B R A L o LA AL o I A R L N o B B B e B B R B B B B R R N R RN R R e S RN RN RN
> ] I I I [ [ [ [ T I I I [
8 E Post-Fit Background
o 150~ ATLAS NN Stat. + Syst. Error -
N [ Vs=13TeV, 201743610 + ]
a [ ggF Signal Region 4b Data ]
)
S 100~ [ 400xSMHH ]
i F 200 x Ky =6 HH ]
sory 7
§ e + S J“_,—- F-,J -~ E
O‘HHMH\\H%# Bl e PN AN B | b b 4 I b b B L T NS ol AT i | T del
8 1.57‘\\\\‘\\H‘HH‘HH‘HH‘HH‘\HA‘\ﬂuu‘uu‘HH‘HH‘HH‘HHHH‘\ u\‘uuﬂ,uu‘uu‘uuuu‘uu‘\‘uu‘uu‘u\\‘HH‘HHHH\uu‘\‘uu‘uu‘uu‘uu‘uuwwu‘u\ BRRRE AR RN R RS N RN AR
% 10M e e RN e L b . } l\tglA ‘ \\\\\ & \\ \\\;\t§ LAJ**;,,¢_L_ Tt ewwn + L \*\\\\ N
3 g wr\r ST * = B !
s r + D P \ T 3
O o5t il \H\H\\HHHH\\\HH\HH\HHHH\HH\'H\\\ | \\H\\H\\HH\HH\HH\\H\\\\HH\HH\HH\HH\\ [N [N NS NS RN NREE SN R | | | | |
5 3 8
mun [GeV]
> LSRN B o o L L o o L R e R R R AR RS R R
8 C Post-Fit Background |
9 300— ATLAS , NN Stat. + Syst. Error
a [ Vs=13TeV,201857.7 fo- .
@ [ ggF Signal Region 4b Data
S 200 400 x SM HH
> C
i C

100

Data/Pred
S

—

Ty =
1 T A o o T R

200 x Ky =6 HH

d

:

A 7S A A A AR AR AN

R e

N ST S Locpeadas NN Rl e T e S dee . -

) ' 4+ T T D S E

[ NI VIR IR I AT ANV ¥ WA A L b b bl | | | | L b b b b b b b b b b b b b g
S S S S S S S o S S S S S S o S S S S S S S o S S S S 9o S S 9o S S S

g ¥ & & L &F & & ¥ & & L F & FF5 ¥ & & LK & 5§ §5 ¥ F & K & 5§ &85 ¥ F & LK & & §& ¥ & & L &% & 8
My [GeV]

L 11 11 11 ; m m 1

o1 A
DS [ B N

T
|Anu| < 0.5, X <0.95

25 May 2023

T T
|ANnyy| > 1.0, Xy <0.95 0.5<|AnyH| < 1.0, Xyn >0.95

R.Hyneman - LHCP 2023

T
0.5<|Anuu| < 1.0, Xy <0.95 |ANnyH| < 0.5, Xpw > 0.95

T
|ANnyH| > 1.0, Xpn >0.95
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HH — bbbb: Observed my,, Distributions in VBF Categories

> e N L T T T T T T [ T2 >go = T T T T T T L L L
8 50 f_ ATLAS [ ] Post-Fit Background_f 8 N g_ ATLAS [ ] Post-Fit Background_g
S Vs =13TeV, 126 fb! N\ Stat. + Syst. Error - 3 S F Vs =13TeV, 126 fb! N\ Stat. + Syst. Error S
—_ 50 — VBF Signal Region — — 60 & VBF Signal Region =
@ [ |Anul>15 +  4bData . @ F |Anu<15 + 4bData -
§ 40 |5 [ ] 1000 x SM HH = § 50 = . [ ] 1500xSMHH
w 200x Ky =6HH I Ll 40 ES 50 x Ky =6 HH =
[ ] 40xkay=OHH 7 30 | [ ] 10xKkoy=OHH =
. ' E E :
- 20 = T —
) - = = T — .
10 i — = 10 = —_— -
%*— —— F L e =
0 Coo oy e e M 0 cococo oo o by | I | T B
- 1.5 T T[T . T T T 1 T T AT ] | 1.5 T L L I I T T T
o 1.0 R - X** N W N o 1.0 \ \
3 —} 3 4+ N\ & - 3 SAARS AV ENNNNNNNY N
- 05 Cooo oy — [ I ST AN B @) 05 ooy ERTI EE AE i| A = —

400 600 800 1000 1200 1400 400 500 600 700 800 900
My [GeV] My [GeV]
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HH — bbbb: Uncertainties

o1 AL
Ol

Source of Uncertainty A/ p
Theory uncertainties

Theory uncertainty in signal cross-section —9.0%
All other theory uncertainties —1.4%
Background modeling uncertainties
Bootstrap uncertainty —7.1%
CR to SR extrapolation uncertainty —7.5%
3b1f nonclosure uncertainty —2.0%

* Impact on measurement of SM HH (ggF+VBF) production

25 May 2023 R. Hyneman - LHCP 2023 ATLAS
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HH — bbtt: Analysis Selection

ThadThad Category TiepThad Categories
STT DTT SLT LTT

e [ u selection

No loose e/ u Exactly one loose e/ u

e (u) must be tight (medium and have || < 2.5)
ps > 25,27 GeV 18 GeV < p% < SLT cut
p# > 21,27 GeV 15 GeV < p’T’ < SLT cut

Thad-vis Selection

Two loose Thad-vis One loose Thad-vis

In| < 2.3
pr > > 40 (30) GeV > 30 GeV
100, 140, 180 (25) GeV pr pr
Jet selection
> 2 jets with |n| < 2.5
Leading jet pt > 45 GeV Trigger dependent Leading jet pt > 45 GeV Trigger dependent
Event-level selection
Trigger requirements passed
Collision vertex reconstructed
mMMC 5 60 GeV
Opposite-sign electric charges of e/u/Thadvis and Thad.vis
Exactly two b-tagged jets
mpp < 150 GeV
SLAL 25 May 2023 R. Hyneman - LHCP 2023

STT: Single T Trigger
DTT: Di-t Trigger
SLT: Single ¢ Trigger
LTT: £+t Trigger

ATLAS 37

EXPERIMENT



HH — bbtt: Analysis Selection

Variable ThadThad  TlepThad SLT 1 lep Thad LTT

MHH

MMC
Mzt

ANEAN

Mpp

AR(T,T)

AR(b, D)

Apr(L,7)

Sub-leading b-tagged jet pr
w

My

Errrniss

p?iss ¢ centrality

A¢({t,bb)

A (L, pr™)

AG (T, ™)

AN NN Y
NSNS

STT: Single T Trigger
DTT: Di-t Trigger
SLT: Single ¢ Trigger
LTT: £+t Trigger

SN SNSSNSSNSNSNSNASNNS
N

NSNS

St AZ  25May2023 R. Hyneman - LHCP 2023 ATLAS s
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HH - bbyy: BDT Input Variables

Variable Definition

Photon-related kinematic variables

/ Transverse momentum of each of the two photons divided
PTiMyy by the diphoton invariant mass m,,
Pseudorapidity and azimuthal angle of the leading and

7 and ¢ subleading photon

Jet-related kinematic variables

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

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

Invariant mass of the two jets with the highest b-tagging

b-tag status

pt, 1 and ¢

P2, nyp and ¢y,

BDT Category Definitions

Category Selection criteria

High mass BDT tight mzl;w > 350 GeV, BDT score € [0.967, 1]
High mass BDT loose ngw > 350 GeV, BDT score € [0.857,0.967]
Low mass BDT tight leSw < 350 GeV, BDT score € [0.966, 1]
Low mass BDT loose le;yy < 350 GeV, BDT score € [0.881,0.966]

Mpp

score
Hrt Scalar sum of the pt of the jets in the event
Single topness For the definition, see Eq. (??)

Missing transverse momentum variables

E‘TniSS and @™iss Missing transverse momentum and its azimuthal angle
SLAL  25May2023 R. Hyneman - LHCP 2023
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HH - bbyy: BDT Distributions (Low and High Mass)

Low Mass ~ |BSM k;

High Mass ~ |SM

g :I TTT | TTTT | LU | TTTT | LU | TTTT | LU | LU | LU | TTT I: g : IIIIIIII | TTTT | LU | TTTT | LU | TTTT | LU | TTTT | TTT I:
S o35 ATLAS HHggF, k=1 ] S o7 ATLAS HHggF, k=1
2 F V{s=13TeV, 139 fb" HH ggF, x,=10 [ 2 [ {s=13TeV, 139 fb" HH ggF, ©,=10 [
% 0.3 Low mass region Single H :I;_ % 0.6~ High mass region Single H E
IS - yy+jets ] © - o ' vy+jets .
il . 0.5 —

5 0'25: t Data ] 5 - t Data .
3] C 3 3 C ]
S 0.2 = © — —
™ C E E ] L C ]
os .t 0 = =~ =

- 1008 08d o088 092 096 1 ] :+ .
01T} g - E

= % ] C ]

0.05— —] = .

:I 1 L |: |: T T A e e TR SRS

0O 01 02 03 04 05 06 07 08 09 1 06 07 08 09 1

BDT Score

BDT Score

*
mbEyy = mbbyy — Mpp — myy + 250)

1 AL 25 May 2023

ATLAS
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HH - bbyy:Uncertainties

Relative impact of the systematic uncertainties [%o]

Source Type Nonresonant analysis Resonant analysis
HH myx = 300 GeV

Experimental

Photon energy resolution Norm. + Shape 0.4 0.6

Jet energy scale and resolution Normalization <0.2 0.3

Flavor tagging Normalization < 0.2 0.2

Theoretical

Factorization and renormalization scale = Normalization 0.3 < 0.2

Parton showering model Norm. + Shape 0.6 2.6

Heavy-flavor content Normalization 0.3 < 0.2

B(H — vy, bb) Normalization 0.2 < 0.2

Spurious signal Normalization 3.0 3.3

1 AL 25 May 2023

(1)
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HH — bbtt: All MVA Distributions

Two Hadronic 7’s
Single- and Di-t Triggers

%)
§ 107 ATLAS ; Zl\alltall-lH at exp. limit
m {s=13TeV, 139 15" ’
s Top-quark
10" E™ nagthed Jet — 1, fakes (MJ)

Signal Region Z — tt + (bb,bc,cc)
I Jet — 1, fakes (tf)
Il Other

SM Higgs
Uncertainty
==+« Pre-fit background

& onn
'--.nu
el '--.--
L)

'1 5 T T T T T T T T T T T
[ R O LIS I RSN AN <\\<\$\\<\\\\;\‘\\s§*§§§§i}

TITT T

de/lux

Data/Pred.

T 2 3 4 5 6 7 8 9 10111213 14
BDT score bin

Boosted Decision Tree

o Ty —ON 25 May 2023

Events

Data/Pred.

One hadronic + one leptonic t

Single € Trigger

—— SM HH at exp. limit

8 _ -1
10 Vs=13TeV, 139 b Top-quark

107 - DlepTha SLT Jet — 1, fakes
Signal Region Z — 1t + (bb,bc,cc)
10° Il Other
SM Higgs
10° Uncertainty

==+« Pre-fit background

10?

!

1 5 T T T T T T T T T T T T T T
e o o o o o U.M’\\\q\\\.\\\(\\\\*\\\\\*\‘\‘i\i*isti\“

HH‘HH

11l

T2 3 456 7 891011121314 15
NN score bin

Events

Data/Pred.

£+t Trigger

o[ ATLAS e Data
10 {5 =13 TeV, 139 ft" —— SM HH at exp. limit
’ Top-quark
105 TiepThad LT Jet — Thad fakes
Signal Region Z — tt + (bb,bc,cc)
Il Other
10* SM Higgs
Uncertainty

==+« Pre-fit background

N
N

R
B g B B B g i
L] [ 3 NN ANNN W

—_
_ O
HH‘HH
Ll
Hvd/lux

T2 3 456 7 8 9 1011121314 15
NN score bin

Neural Networks
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HH Combination: Cross-Section Scan Limits (95% CL)

OggF + VBF(HH) [fb]

I e e L L L L L LA B AU N EN BN BN p — L L O Y S N B B N IR B N B N N B B g
- ATLAS —— Observed limit (95% CL) é - ATLAS —— Observed limit (95% CL)
i Expected limit (95% CL) | <= B Expected limit (95% CL) |
B \/E = 1 3 :reV, 1 26_ 1_39 fb_1 o _—— (MHH =0 hypothesis) N % \/g = 1 3 :reV, 1 26_1_39 fb_1 o - (I-lHH =0 hypothesis)
104 HH-bbt* T~ + bbyy + bbbb [ Expected limit 10 4 < 108k HH-bbT* T~ + bbyy + bbbb 1 Expected limit +10 =
- [ Expected limit 20 . E = [ Expected limit +20 3
B E== Theory prediction ] D> B E== Theory prediction i
Y% SM prediction 8 - Y SM prediction .
< = ——— \ -
103 1025\ o

107

21 | 3 =
" : bbyy E : — bbyy ]
N bbt*T™ ] B —— bbttT" ]
i bibb 1 ! — bbbb ]
i K}, N Combined ) 100 | KZ V —— Combined _
1 I N A N AN N N B T R I S T B AN T T R ST TN T [N A T TN T AN TN T M NN T S T [N N T
1915 5 0 5 10 5 I 0 1 2 3 4
K Kav
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Single- and Di-Higgs Measurements (Expected)

K,: H-only, HH-only, H+HH K; Vs k;: H-only, HH-only, H+HH
10 I | | | | I | | | | I | | | | I | | | | ‘l-l g 1 _4_ T T 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 I I I I I I | I | | | | ]
- ATLAS H ks onl 1 . ATLAS —— 68%CLHH+H
| VS=13TeV, 126—139 fb-" HHA on y| 1a - VS-13TeV, 126—139 fo-' —= 95%CLHH+H 1
8 Expected SM o only = 1.3 Al other « fixed to SM — 68%CLH —
B — HH+HKyonly | —h i Expected SM —-=: 95%CLH ]
- . HH + H K, generic - 8 - — 68%CLHH -
| HH + H K, only: 1= i ——. 95% CL HH ]
61 95%: k) € [-1.9,7.6] _ S' 1.2 — e : Y% SMpredicton ]
HH + H K, generic: 109 - ,’ I op  BestfitHH +H .
95%: K; € [-2.2,7.7] 1S - I‘ de—— i
n ™~ L | \ —
VIR W | S A 95% - & E N ! \ !
L |~ B \ \ ] _
x = ‘: II i
i 12 i | ) :
i 1= by :': / B
or 19 i o ]
NN L 68%_ = - o .
B 1= 0.9 -1 —
| | | | |I I | | | | I | | | |
05 0 5 10 15 -10 10 15 20
K K
~0.4< %, <6.3 ) )
(19 < k; <7.6) (Exp.)
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HH Prospects @ HL-LI

Ca

and Significance vs. k;

Upper Limit on o}y

o Significance vs. k; (3000 fb-1)

ATLAS lB' 12 L I UL I LI I LI I LI I LI I LI I LI I LI T T
iminary - Expected limit —
Prellml?ary : P i o 11 ||| ATLAS Preliminary
Vs =14 TeV, 3000 fo" == Sxpeclediimitz1o 2 S VS —14TeV, 3000 fo-
HH - bbyy + bbt* T~ + bbbb =1 Expectedlimit 20 8 10 = HH— bbyy + bbT* T~ + bbbb /
Projection from Run 2 data E Theory prediction = i L =
, 22222 Theory unc. halved o = I Projection from Run 2 data 3
Asimov data (bkg. only) 17p) - ! Asimov data (k;) .
oM. (HH) =38.725 b Sl | A =
9gF +VBF -85 Exp. SE | —— No syst. unc. E
: B | —e— Baseline =
No syst. unc.— i 15 6 : Theoretical unc. halved 3
i | —+— Run 2 syst. unc. -
; ] e N N S A 450
Baseline|— i 21 4 = 3
e 430
Theoretical unc. halved— 34 25 =
) i :
= | =
Run 2 syst. unc.|— 38 - i ]
I . . . I . . . . . . . I . 0 :I L1 1 I L1 1 | I L1 1| | L1 1 | I L1 1| I L1 1 | I L1 1| I L1 1 | I L1 1| I L1 1 I:
0 20 60 30 - - 1 2 4 5 6 7 8
OggF + ver(HH) [fb] KA
r —_— _— —_— _— —_— _— —_— _— —_— _— —_— _— —_— _— —_— _— —_—
I Discovery potential if k; < 0.0 or > 5. 8
\ —_— —_— —_— —_— —_— —_— —_— —_— —_— —_— —_— —_— —_— —_— —_— —_— —_—
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HH Prospects @ HL-LHC: Uncertainty Scenarios

Baseline Scenario

Other Scenarios:
Scale factors for

Systematic uncertainties HLLHC basel . e .
- aseline scenario . \
[« No Systematic :
Theoretical uncertainty 0.5 . Uncertainties :
I . . I
b-jet tagging efliciency 0.5 I\_ES_Ea_t_IS_t_Isa I_(_)_n_IY)____ /
c-jet tagging efficienc 0.5 I N
.J .gg © . y o Run 2 Systematic i
Light-jet tagging efficiency 1.0 I . |
, . Uncertainties |
Jet energy scale and resolution 1.0 /
Luminosity 0.6 .
 Run 2 Systematic
Background bootstrap uncertainty 0.5 Uncertainties, with
Background shape uncertainty 1.0 theoretical

uncertainties halved
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HH Prospects @ HL-LHC: Cross-Section Scan Upper Limits

“Baseline” systematic uncertainty scenario

hi

) . Q
§ 103:— ATLAS Preliminary - Expected limit (95% CL) = . ATLAS Preliminary  — Expeoted limit (95% CL)
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