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Introduction T
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* Conference on Higgs physics: % JGGS 2024

S

* Plenary sessions and parallel sessions split between: y

Uppsala, Sweden

* Precision measurements & calculations e 4-8 November 2024
* Higgs boson pairs and Higgs potential

« BSM Higgs physics
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| " All the details have been discussed on |
| Oct, 11th by Wouter: link

ATLAS

EXPERIMENT

Higgs results

Measurement of off-shell Higgs boson production H—>ZZ using NSBI

0.001 — ——— ————r— « Link to talk
gg - H—7Z7Z — 111 S

0.0008 H=125Ge\/ g 2 IIII]I]IIIIIIIIII[I rrrr[rrrr [ rrrr [ rrrr]
. LHC, /5 = 13 TeV m _— i —
% 00006 | i oot = 20-aTLAS CbeSut.only
%00004 . 13 Y 185 — Obs-Sys -
oo - “H* - ZZ — 4kllivy — - Exp-Stat.only
S ' 16513 TeV, 139 fb” — Exp-Sys -
"'3 —4
0 ! - Obs-Stat. only: 11" Exp-Stat. only: 1.0° 7 :

= +0.7 +09 '
-0.0002 . 14—Obs-Sys 1.1 Exp-Sys: 1.0 .
— gg bkg - -0.6 -09 N
-0.0004 L Whatwe — —— S4] i 1 2- .
aim to — S -
-0.0006 measure :
0 100 200 300 400 500 600 700 800 900 1000 10 _:
Mzz [GeV] 8 .
Off-shell Higgs signal (S) strongly interferes 6 .
(S+l) with background (9g bkg.) andthus | W S/ .
cannot be measured independently. 7. 1 Ty —:
ps(x) Pg(x) 2r N =
& 8g gV{zz & z Obnl 1 AR T P T N .

= 2-R iy X
px) = 2-Re fﬁﬁ@ , m: 0 05 1 15 2 25 3 35 4
F Signal F Background

— — K o fr-shell

Interfering background
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https://indico.cern.ch/event/1391236/contributions/5945055/attachments/2959923/5206886/ATL-COM-PHYS-2024-930-2.pdf
https://indico.nikhef.nl/event/5953/contributions/23049/attachments/8893/13084/atlas-weekly-hzznsbi-v1.pdf

Higgs results

YAILAS

EXPERIMENT

Measurement of off-shell Higgs boson production H—ZZ using NSBI

1 L 1 l T 1 T L} I Ll T 1 L} l L T T L) l T T 1 Ll

-o..:‘ - -

New Measurement F ATLASPreliminan . :
— Vs=13TeV, 140 b~ - Vb8 ~

N ~~~ Exp NSBI i

Carefully trained parameterized per-event 10— 4r0nly —-= Obs Histogram —

density ratios are now used to build the test - +-—+ Exp Histogram -
statistic: 8

No fixed observable - maximal
optimality throughout i space.

Neyman pearson lemma +/

Huge sensitivity gain in M offshell

interference rich regions

Additional sensitivity from unbinned nature
v VI PO > 1ops®) | b6 talk

(no Poisson fits)

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

A@AS Link y

~/_~
EXPERIMENT
Submitted to: Rep. Prog. Phys. CERN-EP-2024-305
December 3, 2024

An implementation of neural simulation-based
inference for parameter estimation in ATLAS

The ATLAS Collaboration

Neural simulation-based inference is a powerful class o

statistical inference that naturally handles high-dimensi EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)
need to bin data into low-dimensional summary histog)

a range of measurements, including at the Large Hadro) y
may be optimal to scan over the entire theoretical phas

binning data into histograms could result in a loss ¢

|
neural simulation-based inference framework for statis AT LAS L I n k S,

to estimate probability density ratios, which enables t EXPERIMENT

It incorporates a large number of systematic uncertain Submitted to: Rep. Prog. Phys. CERN-EP-2024-298
the finite number of events in training samples, devel/ December 3, 2024
intervals, and demonstrates a series of intermediate di:

to validate the robustness of the method. As an exan

method are assessed on simulated data for a simplifie

couplings measurement in the four-lepton final states. '

{0 the standard statistical methodology used by tne e V1€@SUTEMeENt of off-shell Higgs boson production in
and can benefit many physics analyses. the H* —» ZZ — 4¢ decay channel using a neural

ATLAS Nikhef weekly

simulation-based inference technique in 13 TeV pp
collisions with the ATLAS detector

The ATLAS Collaboration

A measurement of off-shell Higgs boson production in the H* — ZZ — 4¢ decay channel
is presented. The measurement uses 140 fb~! of proton—proton collisions at /s = 13 TeV
collected by the ATLAS detector at the Large Hadron Collider and supersedes the previous
result in this decay channel using the same dataset. The data analysis is performed using
a neural simulation-based inference method, which builds per-event likelihood ratios using
neural networks. The observed (expected) off-shell Higgs boson production signal strength in
the ZZ — 4£ decay channel at 68% CL is 0.87*0:3 (1.00*1%%). The evidence for off-shell
Higgs boson production using the ZZ — 4f decay channel has an observed (expected)
significance of 2.5¢0" (1.3¢7). The expected result represents a significant improvement relative
to that of the previous analysis of the same dataset, which obtained an expected significance
of 0.5¢0. When combined with the most recent ATLAS measurement in the ZZ — 2£2y
decay channel, the evidence for off-shell Higgs boson production has an observed (expected)
significance of 3.70 (2.40°). The off-shell measurements are combined with the measurement
of on-shell Higgs boson production to obtain constraints on the Higgs boson total width. The
observed (expected) value of the Higgs boson width at 68% CL is 4.3121'_79 (4. lg'_i) MeV.



https://indico.cern.ch/event/1391236/contributions/5945055/attachments/2959923/5206886/ATL-COM-PHYS-2024-930-2.pdf
https://arxiv.org/pdf/2412.01600
https://arxiv.org/pdf/2412.01548

Higgs results

ttH(multileptons) analysis

« Target H—>WW (leptonic/semi-leptonic) and H— 77 (hadronic/leptonic)

Focus on the most sensitive channels 2lss + 07/17, 31 + 17
Main backgrounds

* [rreducible ttW/ttZ - shape estimate from MC, norm from CR
 Reducible tt and W+jets - data-driven methods

DNN multi classifier to distinguish ttH from bkg

INEW] DNN regression to reconstruct Higgs pt (low and high)

Maximum likelihood fit in SRs, 3| CR and 4| CR

W |
q
Link to talk 5

ATLAS Nikhef weekly



https://indico.cern.ch/event/1391236/contributions/5945056/attachments/2962720/5211445/Joker_talk_Uppsala_Taliercio.pdf
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Higgs results

ttH(multileptons) analysis

« Target H—>WW (leptonic/semi-leptonic) and H— 77 (hadronic/leptonic)

* Focus on the most sensitive channels 2lss+ 0z/17, 3l + 17

CMS Simulation Preliminary

 Main backgrounds 1.0 -
* [rreducible ttW/ttZ - shape estimate from MC, norm from CR 0.8 -
* Reducible tt and W+jets - data-driven methods g 0.6 -
 DNN multi classifier to distinguish ttH from bkg %; 0.4 -
 [NEW] DNN regression to reconstruct Higgs pr (low and high) ’ 024 — S e 0 e
* Maximum likelihood fit in SRs, 3| CR and 4| CR 0o —enon

0.0 0.2 0.4 0.6 0.8 1.0
Background efficiency

ATLAS Nikhef weekly Nik|[hef
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Higgs results

ttH(multileptons) analysis

L — ||
X\

i\

o CMS Preliminary 138 fb~' (13 TeV) . CMS Preliminary 138 fb~! (13 TeV)
— . _l LI I LI l I b0 ) l Vv T 0 I 1 1 ¥ 1 l K S Lot | I I~ V. ¥ 1 I | jhed R | l- — . T T T T I T T T T I T T T T I T T T T I - T T T I T T T T
> | - |
& * ttH POWHEG_v2.0+Pythia8 Syst. only - > _ ttH POWHEG_v2.0+Pythia8 Syst. only
S 0.25( ¢ Data(total unc.) W Stat.only - % - ¢ Data (total unc.) B Stat. only
2 : I ol 0-4_— o
£ 0201 . T
E | | T 03| :
2 — - o
3 015 ] e
3 0.2 4
0.10} ki
3 0.1 pi
0.05}- —
0.00f---------rmm el - . ™ E """""""""" yi
-0.05}- . 0.1} .
'0-10;....1..H|.1.1|1...|....|...l|....|....‘ ool == v 1 ]
0 250 500 750 1000 1250 1500 1750 2000 “0 100 200 300 400 500 600
My [GeV] pY [GeV]

ATLAS ttH(ML) Run 2 analysis is on-going [under unblinding approval]

ATLAS Nikhef weekly
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CMS-PAS-HIG-23-016 [CMS,
Link to talk =

Higgs results
VH(bb) SMEFT analysis

* New Run2 analysis designed to target SMEFT effects

Beam Axis

. 3 1 77 77
« Constraints on ¢ , Crg> CHu» CHa» 82> 84

* Analysis targeting V(lep)H(bb) events

@® InVhCoM
OPlaneof V-l @ 1nllcoMm

* Both boosted and resolved regimes (pt split 250 GeV)
1 - (;MS Simulation Preliminary 138 fb~* (13 TeV)
v V H Iy V H £ | Background  ---- Cha - Chg |
[/ >/VV\/\ ------ % [/v >,VVV\ % - —— SMsignal  ____ cl3) === gF% |
Z b 5, [ — Total EFT o . g7
 Boosted Information Tree (BIT) to separate EFT effects £ |
from SM signal and background “
10°F
. . . | ’_H_,—'—r -
 Using angular observables sensitive to interference | »
effects 107 ey
[ ---4::::-;;:'_‘=3'L"‘_" i
] N
101, . ; ) L
0 5 10 15 20

ATLAS Nikhef weekly Regression score


https://indico.cern.ch/event/1391236/timetable/#61-eft-interpretations-in-the
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-016/index.html

CMS-PAS-HIG-23-016 | CMS.
[ . _\\\ X
Higgs results Link totalk |22
AT
138 fb™' (13 TeV
o Vs =13 TeV, 138 fb~! """""""""""'("")_8:T
CMS Prellmlnary VH, H = bb,A = 1 TeV " CMS ’ =
) o -
e Best profiled fit =—— q < 1 (profiled) --=-- @ < 4 (profiled) 1l Preliminary A A7 z
e Best frozen fit ~— q < 1 (frozen) ---- q < 4 (frozen) i : ~
s g <1 q <4 : 1|
c,‘_}(; [X5] — —— (-0.068,-0.028]U[0.008,0.074]  [-0.093,0.095] 0.5 -
) o I 1
' 5
' - - W
(3) —— 0.059- - ' ‘
C [X5] e _ [-0.059,-0.007] [-0.08,0.02) ) )
i T %'7 or 1854
CHu [x5] _::'+,"_'_ [-0.05,0.036] [-0.091,0.073] - )
. I 183
Chg | [x5] ==m————————— - [-0.101,0.105] [-0.146,0.153] -0.51 -
| ' 18 2
’ - ¢ SM -
2Z | 1x1] = -~---- e = = = [-0.259,0.409] [-0.573,0.614) I | )
92~ | [x1] 70T —— - _4- # Best Fit - -
g% | [x1] -=== —— [-0.366,0.352) (-0.601,0.615) Q<23 i
; N - —q<5.99 .
i | /| 1 1 1 1 1 i 1 1 1 1 L L L L ’ ’ ’ : ’ — ! l X ’ : ’ l ’ l ’ : : l ’ l ’ l ’ l 0
-0.8 -0.4 0 0.4 0.8 -1 -0.5 (Z)Z 0.5 1
Wilson coefficient value 92
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https://indico.cern.ch/event/1391236/timetable/#61-eft-interpretations-in-the
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-016/index.html

YAI L AS

EXPERIMENT

Higgs results

Relative sign of ky, and &,

 First VBF WH analysis — Unique sensitivity to the relative sign e

OVBF,WH & K% M 4 *+ _2KZKW£R[/%;/%W] Y —
= K2 | M, |+ — 215 Ay RIM, M )
Interference

» EXclusion of opposite sign for Ky, and K, with significance >50

g T T T I T T T T I T T T T
R
1— A
0.5\ Z »
: 2L SM pred. A 4(11, 1) :
B VBF WH Higgs comb.
0 I ® Best Fit OBestFit |
= BM1cobs. --1oexp. --1oobs. -
. 2c0bs. - 20exp. --200bs. ]
_05 "~ 5oobs. 5oexp. - 500bs. _|
u >
-1 A -
3 TeV, 140 fb”
 TeV, 36.1-139 fb
1 -l““‘ 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1
-1 -0.5 0 0.5 1
Kz

ATLAS Nikhef weekly



(1

N A N\

AY

LNV L%

ACATRODER? ' DA AT m

xmvam4q

By
EERENENY

., =

M

N

Nik[hef

ATLAS Nikhef weekly

14






Link to talk

Di-Higgs results

CMS - HH combination | P o

—- e e

CMS Preliminary __138fb" (13 TeV)

 New results added for this combination: Ky = Ky = Ky = Koy = 1
—e— Observed = 68% expected

------ Median expected :----- 95% expected |
W*W'yy n
Obs. (Exp.): 95 (54)

bbzz, 4l
Obs. (Exp.): 33 (41)

YYTT
Obs. (Exp.): 31 (26)

Multilepton
Obs. (Exp.): 22 (20)

bbW*W

Obs. (Exp.): 16 (18)

bbyy

Obs. (Exp.): 8.4 (5.6)

bbt*t
Obs. (Exp.): 3.4 (5.3)

bbbb

Obs. (Exp.): 7.5 (4. 3)

i Combmed
| Obs. (Exp.): 3.5 (2.5)

b gl ! PR S S B S|
1 10 100
95% CL limit on o(pp — HH)/csT neory

ATLAS Nikhef weekly Nik|[hef


https://indico.cern.ch/event/1391236/timetable/#62-di-higgs-searches-at-cms

Di-Higgs results

CMS - HH combination
9',"'3 Preliminary __ __1381b’] (13 TeV)

 New results added for this combination: bbVV Ky = Ky = Ky = Kpy =1
—e— Observed = 68% expected

------ Median expected ------ 95% expected

|

. New since Higgs2023 | W'Wyy

Obs. (Exp.): 95 (54)

bbzz, 4l
Obs. (Exp.): 33 (41)

YYTT
Obs. (Exp.): 31 (26)

bbVV:

Multilepton
Obs. (Exp.): 22 (20)

. bBW*W
* Jets ID with deep neural network Obs. (Exp.): 16 (18)

bby
« BDT to separate signal (ggF/VBF) from obs. (E5p:8.4 69
backgrounds bbrt

Obs. (Exp.): 3.4 (5.3)

e Fit my,, bbbb

Obs. (Exp.): 7.5 (4.3)

. Combined
| Obs. (Exp.): 3.5 (2.5)

1 10 100

95% CL limit on o(pp = HH) /o

ATLAS Nikhef weekly Nik|[hef



Di-Higgs results
CMS - HH combination

CMs Preliminary 138 fb' (13 TeV)
' ' oo
: : : . K =K =Ky = Ky = 1 |
* New results added for this combination: bbVV, WWyy o Obsowed . mEm 68% expecied
------ Median expected ------ 95% expected |
W*W'yy n
WWZ}/: Obs. (Exp.): 95 (54)
bbzZz, 4l N
 BDT to separate signal from background Obs. (Exp.): 33 (41)
YYTT -
Eit Obs. (Exp.): 31 (26)
° T m ]
44 Multilepton
Obs. (Exp.): 22 (20)
_ CMS Preliminary 138 fb™ (13 TeV) bBW*W ~
& sof HH=WWyy All Categories E Obs. (Exp.): 16 (18)
~ [ m,=125.0GeV S/(S+B) weighted 3 B
2 704 ¢ Data E bbyy
% 60% — :I-If-ll-BHco+m?3c]c>I:1e —; Obs. (Exp.): 8.4 (5.6)
S 50~ e B component _ —
=g Bl =10 - bbt*t
2 A0F =20 E Obs. (Exp.): 3.4 (5.3)
2wt - )
e " b : bbb
Q T - Obs. (Exp.): 7.5 (4.3)
n 10:— o 4] .
0:....|....|....|....|....|...|..... o . Combined
,,,,, R B o N o o T | Obs. (Exp.): 3.5 (2.5)
2O£ _; o L gl 1 1 Lo gl
ol Hous F 1 10 100
o S 2" LI TG LTS T TY TS ol e ToTTY T 7o 95% CL limit on o(pp = HH) / ©
10 = Theory

ATLAS Nikhef weekly Nik|[hef




Di-Higgs results
CMS - HH combination

 New results added for this combination: bbW, WWyy
and 7Tyy

77yy: BR = 0.03%

« 7 ID with deep neural network and good

m,, resolution

 BDT to separate signal from background

e Fitm CMS Prellm/nary 138 b (13 TeV)
yy > 7 - LI | T T T | |||||||| | LI | T T T | T T T | LI ]
8 ~ Non-resonant HH — yytt * Data ----B model
S 6Z_Cat0 ===B+H - B +H+HH _Z
"UE) 5H- . 68% expectedD 95% expected —
e i ]
Do 3
318 -
2 H- —

| “v“vvv'_wwv_—v WOW W ww e L

110 120 130 140 150 160 170

m,, [GeV] hef weekly

|

W*Wyy
Obs. (Exp.): 95 (54)

bbzz, 4l
Obs. (Exp.): 33 (41)

YYTT
Obs. (Exp.): 31 (26)

Multilepton
Obs. (Exp.): 22 (20)

bbW*W
Obs. (Exp.): 16 (18)

bbyy

Obs. (Exp.): 8.4 (5.6)

bbr*t
Obs. (Exp.): 3.4 (5.3)

bbbb

Obs. (Exp.): 7.5 (4.3)

- Combined

Obs. (Exp.): 3.5 (2.5)

CMS Preliminary

K —Kt—KV—K2V—1

-e= Observed

------ Median expected ------ 95% expected

138 fb”! (13 TeV)

B 68% expected

|

ol ! Lol
10 100
95% CL limiton o(pp = HH) / ©

Theory

Nik|hef



Di-Higgs results
CMS - HH combination

 New results added for this combination: bbVV, WWyy
and 7Tyy

* Results slightly higher for this round due to the new
signal recommendation from LHC WG and new overlap
removal procedure

e Results for Combined are almost identical than the
previously— Obs. (Exp.): 3.4 (2.5)

o ATLAS results = Obs. (Exp.): 2.9 (2.4)

ATLAS Nikhef weekly

Obs. (Exp.): 7.5 (4.3)

. Combined
| Obs. (Exp.): 3.5 (2.5)

W*W'yy
Obs. (Exp.): 95 (54)

bbzz, 4l
Obs. (Exp.): 33 (41)

YYTT
Obs. (Exp.): 31 (26)

Multilepton
Obs. (Exp.): 22 (20)

bbW*W
Obs. (Exp.): 16 (18)

bbyy

Obs. (Exp.): 8.4 (5.6)

bbr*t
Obs. (Exp.): 3.4 (5.3)

bbbb

QMS P(elir'nipq(yl _

138167 (13 TeV)

—e— Observed
------ Median expected

B 68% expected
...... 95% expected

|

I
1 10

95% CL limit on o(pp — HH) / o_

iyl
100

eory

Nik|hef


https://www.nature.com/articles/s41586-022-04892-x
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.101801

Di-Higgs results
CMS - HH combination

* Updated numbers for Higgs self-coupling and VVHH coupling

2

Excluded

k=1
[ Ky, =K — 1 NN
v 2v N

. Excluded

10

._5.

PR N 1 ] 1

.5.

. Excluded

—
TTT

1ot CMS Preliminary 138 fb” (13 TeV) _ gt CMS Preliminary 138" (13 TeV)
g E — Observed L ]“Aedian ex]pected § g g — ObSGNed """" Medlan eXpeCted
T o Excluded B8 68% expected ! % o o Excluded o SRTTES 68:/0 expected ]
T | === Theory prediction &= 95% expected U gt;:owgr?qlctlon """" 95% expected -
! x SM prediction a [ ¥ prediction -
% | 2102} "
5 S |
E = 10k
—J ®
O N
5 o
o

—10—05 00 05 10 15 20 25 30

10 Koy

7 Observed : Ky € [0.62,1.42]
Expected : k,y, € [0.69,1.35]

VVHH coupling established at ~ 7o significance

Observed : x; € [—1.39, + 7.02]
Expected : x;, € [—1.02, + 7.19]

ATLAS Nikhef weekly
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Di-Higgs results
CMS - HH combination

 Updated numbers also for the HL-LHC extrapolation:

« bbyy and bbtt lead the combination with 0.9 expected at the end of the HL-LHC

 More than 30% improvement compared to previous results

CMS ,P.r?j ectllons Plrellmm Iary Suf) p {eln??qtla',}f — (.1 ,4] TqY) o O 9M22P’°f ec{i?ns Preliminary (14 T?V) ~ 7 CMS E’?JQC”.O,’ZS, P{e'h'mm'a!y """ S (1 4' TQY)
K =K =Ky =Ky =1 S2 scenario = B Ry 2 [ s2scenario
o g 4of — St Only g I 1000’ 2000 6" — 3000 fb"
B 68% expected L - |
-------- Median exp. == 95% expected ‘T” ar oy
138 " | - 35
Expected: 2.6 g
g
1000 fo' | | § 25
Expected: 0.9 = . .
S 2 Evidence of HH as in
2000 fo' | 1 @
Expectsd: 0.6 15| the SM by ! 2000/1b
B | 1f;
3000 fb” :
Expected: 0.5 0.5¢ K=K, =Ky =1
T Y A S A °""500 1000 1500 2000 2500 3000
95% CL limiton o(pp - HH) / & Luminosity [fb™

Theory

Best fit on kA between
[0.5, 1.6] @ 68% CL by the
ATLAS Nikhef weekly end of the HL-LHC run




Link to talk

First HHH results

ATl AS = HHH —> 6b [Greaftalk py Carlo last e i) |
* Sensitivity to trilinear and quartic couplings T
“ I ATLAS o Exp.68% L
XP. %
o IS | . (s=13TeV, 126 fo! ..commmmmmeen — Obs. 68% CL
AnaIySIS In a nUtShe”' 200 HHH — 6b _ —~——_ ‘\\ :::ﬂgﬁﬁaggb CL
"' . *

* 6b in the final states because of the large branching

fraction 0

* Pair jets based on consistency of Higgs candidates -200

--------
-
~
~
~

* DNN to discriminate signal from background _400

Limit on the cross-section at 95% CL: oy, < 99 fo - i

< 750 and COU Iin S: | | ‘I‘"I | | | I | | | | I | | | | | | | | | | | | | |
(//tHHH ) p g -20 -10 0 10 20

— | I | I | | 1 1 | I I [ 1 | I T e

A
W
W o

o -11<hky <17, ky=1

. -230 < k; < 240, ky=1

ATLAS Nikhef weekly


https://indico.nikhef.nl/event/5951/contributions/23032/attachments/9077/13427/HHH_weeklyNIKHEF.pdf
https://indico.cern.ch/event/1391236/timetable/#44-probing-the-nature-of-elect

= 120, CMS Simulation IPlre{/nlv/r?a(y IIIIIII 13.6 TQY
Flavour tagging e DA
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Higgs results
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Di-Higgs results

_ _ CMS Preliminary 138 fb™' (13 TeV)
ATLAS vs CMS - HH combination K, = K = Ky = Kpy = 1
—e— Observed = 68% expected
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Flavour tagging
ATLAS vs CMS

| * All numbers forafixed—t \
| identification efficiency of 70%
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