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https://arxiv.org/pdf/1910.00012.pdf

HH production at LHC
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HH production at LHC
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https://www.researchgate.net/publication/259953685_Higgs_pair_production_at_the_LHC_with_NLO_and_parton-shower_effects/figures?lo=1

HH production at LHC
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https://indico.cern.ch/event/1001391/contributions/4818269/attachments/2452313/4202984/sjones_dubrovnik22v3.pdf

HHiggs self coupling at LHC
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HH — bbtt event and objects
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-40/

HH — bbtt event and objects
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-40/

HH — bbtt at ATLAS: event categorisation
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https://indico.cern.ch/event/1001391/contributions/4818269/attachments/2452313/4202984/sjones_dubrovnik22v3.pdf

HH — bbrt background
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HH — bbrt background
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HH — bbtt Mulitivariate Analysis
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HH — bbtrt fit to data
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HH — bbtrt
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HH — bbtrt
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HH — bbrtt future
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HH — bbrt something is wrong: Z+HF norm is off.
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HH — bbtt event and objects
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HH — bbtt MVA analysis
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HH — bbtt MVA analysis
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Massive Z particles? Add Higgs ;)

Bodornd, Interact with Higgd Higgs polential
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Shape of Higgs

Standard Model: simplest shape that works.
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Shape of Higgs

Standard Model: simplest shape that works.
Many reasons to believe there’'s more:
e Need new massive particles to explain Dark Matter
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https://academic.oup.com/mnras/article/468/3/2605/3059154

Shape of Higgs

Standard Model: simplest shape that works.

Many reasons to believe there’'s more:

e Need new massive particles to explain Dark Matter
 Matter-antimatter asymmetry

baryon # .q| e—71,

baryon conserved

violation
by sphalerons

Vert(; T)

Standard Model

i No bubbles
3 No matter
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Why look for 2 Higgs particles

.
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Why look for 2 Higgs particles

V(¢)

(I) S

et
(0, v+ H)

Coi=

N ’—_-/

>
Im(¢)

Re(¢)

1 1
V(H) — §m%_IH2 + /\HHH'UHB + Z/\HHHHH4
.- H H
€ -7 H o
\\\H g
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Why look for 2 Higgs particles

ATLAS

EXPERIMENT

Run: 339535
Event: 996385095
2017-10-31 00:02:20 CEST
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LHC and ATLAS

Muon
Spectrometer

Hadronic
Calorimeter

The dashed tracks
are invisible to
the detector

Proton

NeUtron

1

_ 1

| E|ecfromognefic .
y Calorimeter

Solenoid magnet

Transition
Radiation

Trqcking Tracker

Run: 427394 Pixel/SCT detector

Event: 3038977
2022-07-05 17:02:31 CEST
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https://atlas.cern/Updates/Press-Statement/Run3-first-collisions

2 Higgs in ATLAS

Large branching ratio

proton ‘ ’
anti-b quark

v P Clean final state

g TETTO - H b quark
t,b3>::// \V bb YY
e 9w T T
A tau
anti-tau\ WW S % -

proton T 39,
.0 27
YY

| A
\lO)

~

1% [ 1.1 %

anti-muon

}
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2 Higgs at Nikhef

/
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2 Higgs in ATLAS

How we treat events: (examples)
1. Trigger: high-energy muon -> save the data!

proton

g "00000)

t.ba

g "00000"

proton

Nik|hef

anti-b w A

1 <y quark
L \\\\\\ggér

anti-tau

anti-muon

}

Probing the Higgs sector: H(bb)H(t7) at ATLAS

Osama Karkout

03/11/2023

ATLAS

EXPERIMENT

Run: 351223
Event: 1338580001
2018-05-26 17:36:20 CEST
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2 Higgs in ATLAS

How we treat events: (examples)

> — | | 1 I 1 1 1 | | | | | | 1 | 1 1 1 I 1 | | | | | 1 I 1 —
1. Trigger: high-energy muon -> save the data! S 10° — ATLAS ° [S’:‘;‘LH 100 =
. . . — e X -
2. Event selection: 2 b-jets of combined mass < 150 GeV 2 108 - (s =13 TeV, 139 fo' Top-quark ]
"g . = TiepThad SLT Jet — 1, _, fakes =
> 10 g Signal Region Z -1t + (bbbe,cc) S
L 6 E_ ] Other _i
10 = SM Higgs =
10° = Uncertainty _
oroton = e Pre-fit background =
- 04 =
anti-b quark —
' _— 10°
g "00000) - H —
o ) Wark 102 =
b i - =
t, « \ ' 10E
g TTTTT TN H : —
t tau | | | | | |
anti-tau -O' = | | I‘l | | | | | | | | | | | | | | | | | | | I | | | | | =
proton o 1 .2:— =
al 1;— \ \*\‘\&‘\.\.\‘\Q\.\Q\.\.\.\.\.\.\.\.\Q\Q\.\.\ \.\‘\Q\..;
% O-8;_I | | | | | | | | | | | | | | | | | | | | | | | | | | | I_;
anti-muon s 0 20 40 60 80 100 120 140
| m,, [GeV]
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2 Higgs in ATLAS

How we treat events: (examples)

prOtOﬂ ‘ 1 04 - .:- L LLTET TErpp g - _:. o Pre-fit background
ti- K o .
| ani-> Q/A o
g 00000 X ////Hwark 102 L

g BT TN

_ . _'9 9% T I T T I T T I I T I T T I é

1. Trigger: high-energy muon -> save the data! § 10 = ATLAS o g:ntzla_m | . =
. . . 8 i — al exp. iimi

2. Event selection: 2 b-jets of combined mass < 150 GeV ~ W1 10° £ Vs=13TeV, 13915’ Top-quark P =

3. Use machine learning to separate signal from background 107 B Tiep®haa ST Jet -1, fakes

= Signal Region Z — 1t + (bb,bc,cc) 3

10°E I Other —

: — SM Higgs =

10 = Uncertainty =

1
A tau

anti-tau - 1.5F | | | | | | | | | | | | =

proton D : i\ -
% 1;_‘\\\.H\.\H.\\\‘\H.\\\‘\\\.\\\\.\\\\.\\\\Q\\\\*\\\\\\ \\’%:

© 05:— | | | | | | | | | | | | | | =

anti-muon ' a 1 2 3 4 5 6 7 8 9 10 1112 13 14 15
| NN score bin
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2 Higgs in ATLAS

How we treat events: (examples)

_ﬂ 9_; | 1 | | 1 I | 1 1 | | 1 | 1 4_

1. Trigger: high-energy muon -> save the data! S 10 = ATLAS e Data 3
. : : = 8 _ p — SM HH at exp. limit __]

2. Event selection: 2 b-jets of combined mass < 150 GeV W 10" =" \s=13TeV, 1391 Top-quark ;
3. Use machine learning to separate signal from background 107 B Tiep®haa ST Jet -1, fakes
C o = Signal Region Z — 1t + (bb,bc,cc) =

4. Statistical fit signal strength to data 105 B Other -
: — SM Higgs =

107 Uncertainty =

10f — e, g, Ut Pre-fit background  —

0]
OHH .
//lHH o SM < 2’4 10
OnnH 1

0.5

Data/Pred.

1 2 3 456 7 8 9 101112 13 14 15
NN score bin
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2 Higgs in ATLAS

E ATLAS = QObserved limit (95% CL)
Expected limit (95% CL)
- Vs =13 TeV, 126—139 fbo- - (UpH = 0 hypothesis)

HH-bbt* T~ +bbyy+bbbb  E= Expected limit +10
Expected limit +20
B Theory prediction

SM prediction

, _
HHH : — bbT* T
—1<1</1=/15 <6 i —— bbbb
- — Combined
01—+ 11| T R T N AN N R M
10 -5 0 5 10 15
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We will discover Double-Higgs production!
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We do more at Nikhef

e Algorithms for object reconstruction (and more) at ATLAS:

What is this Large jet?
A. Higgs to 2 b-quarks

B. Top quark decay
C. QCD process

We use modern Al tools:

e Graph Neural Networks
e Transformers

e Multi-headed attention

EXPERIMENT

Run: 338349 -
Event: 616525246 ;
2017-10-16 20:24:46 CEST v <

Nik|hef Probing the Higgs sector: H(bb)H(t7) at ATLAS Osama Karkout 03/11/2023 46


https://twiki.cern.ch/twiki/bin/view/AtlasPublic/EventDisplayRun2Physics

We do more at Nikhef

e Algorithms for object reconstruction (and more) at ATLAS
 First look at Triple-Higgs production

V¢)

»
Im(¢)

Re(¢)

1 1
V(H) — §m%H2 + )‘HHH'UHB + _/\HHHHH4

.
.
-
.
-
-
-
.
-
\ H 4
o
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We do more at Nikhef

e Algorithms for object reconstruction (and more) at ATLAS

 First look at Triple-Higgs production
e (Connecting to big questions: matter antimatter asymmetry?

Dark Energy
Accelerated Expansion
Afterglow Light

Verr (93 T)

Pattern Dark Ages Development of
375,000 yrs. Galaxies, Planets, etc.

Inflation

f i T(

Quantum W
Fluctuations

Ve (¢; T)

1st Stars

about 400 million yrs.

Big Bang Expansion

13.77 billion years

Nik|hef Probing the Higgs sector: H(bb)H(t7) at ATLAS Osama Karkout

baryon # g/ e—17,

baryon
violation conserved R
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+ new inlteracliond?

Standard Model
No bubbles
No matter
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WARNING: unreadable slides ahead
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We do more at Nikhef

First look at Triple-Higgs production

H)
Challenges:
e Too few events (according to Standard Model)
* How to match decay products to Higgs particles! Im($)
1 o 09 3, 1 4
V(H) = §mHH + AgugvH® + ZAHHHHH
?
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We do more at Nikhef

Connecting to big questions: matter antimatter asymmetry?

Recipe for matter:
1. Baryon number violation »

2. C and CP violation 2
3. Out of thermal equilibrium

(H) =0

baryon
violation

V. &
| | 1 | | ] 1 1 |
h-}
V
a
Dﬂ
Il
%
o
l<
L]
'O
(o
W
o
Ry
0]

e QOut of equilibrium we get from a first order phase transition in the
Higgs field (like water boiling)
e Bubbles expand,

Standard Model
No bubbles
No matter

Vea(; T)
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What gives the Z bosons mass?

* |n nature we observe massive particles (fields)
e Massive Z bosons? Add Higgs field!

symmetric

M,=M,=M,=0 g
< V(0)

electrowea
se
transitio
2 Iges
------------- 0S 4
| =il Im ()
‘‘‘‘‘ A =
e asymmetric
Re (¢) extra W, Zpolarisation M., =0
M., M,

e [L

>@< m, =91 GeV

e 1L

1
L = — ZFWF/“”’+ (D,®)"(D'®) — V(D)
Godond Interact Higgs polential

V(®) = — u?’®@'® + (P D)?
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https://cerncourier.com/a/one-higgs-three-discoveries/

Why Higgs”? Mass without the mess .

e |n nature we observe massive particles (fields VA —
| P (fields) m, =91 GeV
 Gauge fields cannot have fundamental mass!

e [

1 7" 1
L = — ZF/AI/FﬂU_l_ EmzAﬂAﬂ F,ul/ — a,1//41/ - a1/4,11

A, = A, +0,, = L Pimess

1
P = ——F, FW49
4 M
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Higgs Self-Coupling: HH production
‘ —T7 2o ”m““> . .- Large branching ratio

(a) t,b A Y t, b4 ' '

¢ — g — q ;Vzé — -8 Clean final state
_____ H ) //
(b) W,Z ---- &
7 h b
q - - q q > > q \H YY

~. b WW TT ZZ
q v e o _bb I N
| YY

t,bdk b ----- H t,b i

Combination +Single H

9 > t g > ¢ - H . . .
d) oo LA (and complementarity) of various final
______ H A TN - .
; ) — i g states fundamental for observation!

g mmr? -
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Higgs Self-Coupling: Single-H production

g 14
ATLAS Internal ; 1
\s=13TeV, 36.1-139 fb" ,' ]
HH, H vs HH+H observed : -
' ] Example of EW correction to single-H
1 2 4+ SM e {
& BestFi { 000000} ~—
1 1 |——68%HH sadgag ¥ ]
::j:“ : 1 | AHHH@ - - - H
; ; . |
1 -==95%H ,' —‘:' |
— 68% HH+H o’ ] 000000} 2 ,
0.9 [~~~ 95%HH+H ]
L

08 ERAFEF TANREE AN RPREE TSP F TS

-20 -1 -10 =5 0 o 10 195

>,7§ N
o

\ iEE\ et Probing the Higgs sector: H(bb)H(77) at ATLAS Osama Karkout 03/11/2023




bb1tt H(—Dbb good stat.), H(—T1T clean channel)

Challenges

HH low xsec: 1000 times less that H production.
e Reconstruction of b-jets and T with neutrino final states.
e Backgrounds: single-H, ttbar, Z+heavy flavour, 1 fakes.
e Large modelling uncertainties for H and ttbar bg.
e Recent ~2x improvement: reconstruction, MVA, T fakes.
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Higgs inflation via non-minimal Higgs-gravity coupling

Higgs Inflation? 1807.02376

2 2 . .

V ((I)T (I)) — — (I)T O+ A ((:[)]L (I)) Non-minimal coupling is ruled out at 46 for the SM potential:
1805.02160

/ V(gb) baumann.pdf (wintherscoming.no)

V(¢)

)

Re(¢)

Im(¢)

1 1 —— . > O
V(H) = §m%_lH2 + /\HHH'UHg —a Z)‘HHHHH4 inflation erild reheating
“\",H S = /d4£13\/ —( [Agl%R-l- EH'HR + Ly
W, £ ~ 47200v/X.
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https://cmb.wintherscoming.no/pdfs/baumann.pdf#page=33
https://arxiv.org/abs/1807.02376
https://arxiv.org/abs/1807.02376

Shape of Higgs

Standard Model: simplest shape that works.
Some problems:

e Hierarchy problem: Higgs mass could have been much higher!

e New massive particles to explain Dark Matter
e Matter-antimatter asymmetry

Mg = 1.2 10'° GeV|

* dlning theo'y?
+ WW&%?

* new pavelicled within Higga?

my, = 125 GeV
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Di-Higgs in ATLAS

How we treat events: (examples)

. . _ﬂ 9 % | I I | I | | | | T | | I I é
1. Trigger: high-energy muon -> save the data! S 10 = ATLAS e Data 3
: : : = 8 _ 1 —— SM HH at exp. limit __]
2. Event selection: 2 b-jets of combined mass < 150 GeV w 10" {s=13TeV, 139 b Top-quark =
3. Use machine learning to separate signal from background 107 B Tiep®haa ST Jet -1, fakes
o co = Signal Region Z bb,bc, =
4. Statistical fit signal strength to data (b ST - Srer +ibbibece) - =
ATLAS —— Observed limit 105 ; lsjlr\:l H:‘?%it ;
Vs=13TeV, 126—139fb-1 Expected limit = ooy =
oM ) 232710 (i = O hypothesis) 10f - _=--o----o--......__.__:. e Pre-fit background N
goF+VBRE T I Expected limit +10 =
Oy 1 Expected limit +20 10° _
O 2 __
HH 10 =
Obs. Exp =
"""""""""""""""""""""""""""""""""""""""""" 10 _
bByy 4.2 5.7
1
bbt*T" 4.7 3.9
-d 1 5 — I I I I | I I I I I | I I I —
- - () - .
bbbb 5.4 8.1 % 1o o o o © o @ ¢ \\\.\\\\.\\\\Q\\\\*\\\\t\\ \\%
Combined 2.4 2.9 © 05:— I H R N RO S R SR R R BN S MR =
o [N N N T NN N N TN AN AN NN T TN NN N TN MR NN MO NN M A N D 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
0 10 15 20 25 30

95% CL upper limit on HH signal strength Ly NN score bin
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Di-Higgs in ATLAS

How we treat events: (examples)

1. Trigger: high-energy muon -> save the data! % 109? ATLAS e Data N é
2. Event selection: 2 b-jets of combined mass < 150 GeV 10°E" (5= 13TeV, 139 " _ﬂ"p'_"q"l"::ke"p' limit =
3. Use ML to separate background from signal 107 - T ras ST Jet 7, fakes
4. Statistical fit signal strength to data ey Sl epen - 2 e (bbbe,co =
‘E ; IAITIL,Iqé O Cl)bslervled |Iimit| (9;3%ICLI) ; 105; tslrc::?eﬂity _;
T | vs=13TeV, 126—139 b — e et ene ) - Ereeien g e Pre-fit background -
L 104 HH-bbT*T~ +bbyy+bbbb  E=m Expectedimit+ioc - 10 o E
N S 1 ;
L ASM Y¢  SM prediction 102 —é
5 10° f 10 _

:
2 —

10 § -O 15__ I I I I I I I I I I I I I I —

— (i) - .

: % 1:_. ® o P ® o ‘\\\.\\\\.\\\\.\\\\*\\\*\\\\t\\ \\%

Combined ) © 0.5 = | | | | | | | | | | | | | | =

L | T —T = 12 3 45 6 7 8 9 10 1112 13 14 15

K NN score bin
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Di-Higgs in ATLAS ATLAS and CMS 3000 b (14 TeV)

HL-LHC prospects

—e— ATLAS
—e— CMS

—e— (Combination

High Luminosity LHC coming!
X10 more data!
Launch round 2030

_2AIn(L)
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Di-Higgs in ATLAS after run 3: Discover Di-Higgs!!

Shape of Higgs”? ATLAS

o)
T Vs =13 TeV, 126—139 fb~
L 104 HH-bbT* T~ + bbyy+bbbb

QU0 7 |

ATLAS after run-3 « {9
(not official)

Observed limit (95% CL)

Expected limit (95% CL)
(UnH = 0 hypothesis)

Expected limit 10
Expected limit 20
Theory prediction

SM prediction

bbyy
bbt*T™
bbbb
Combined

10" 5 o . :

I I N
10
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Di-Higgs with High Lumi LHC (~2030) (10 x data)

Shape of Higgsl;? = ATLAS — CE)bser:/e: Illim.itt ((s?:;/o CCJ;II__))
P - Xpectea iimi Y%
I AT I Vs =13 :I'eV, 126—1_39 fbo-1 o - (UnH =0 hypothesis)
“““ “ .I./ 104k HH-bbTt*T~ +bbyy+bbbb  mEE Expected limit 10
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