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Looking Backin Time

~1071% s:
Weak and EM forces separate

Now:

13.77 billion years
after the start

~10738 s:
Grand Unification? ~107° -

Confinement




The Large Hadron Collider

A tool to see back in time!

Collides beams of protons at high
energies (currently: 13.6 TeV).

LHC




The Large Hadron Collider

(Time flows this way)

Protons consist of quarks and gluons.

Interactions of quarks and gluons
produce other particles.

Now:
13.77 billion years
after the start

Recreates
conditions in the
universe shortly
after the Big Bang!

~107 1 §:
Collider energies




The ATLAS Detector

ATLAS

EXPERIMENT

ATLAS detector registers
signals from the particles
produced.

Opportunity to study
conditions that existed a
fraction of a second after
the Big Bang.




The Large Hadron Collider

What can we do with these energies?
One example: study the Higgs boson.

In the Standard Model, the shape of Higgs potential
leads to electroweak symmetry breaking.
- masses for the W and Z bosons, EM/weak forces split

q Wiz /b

/b
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The Higgs Boson: Discovery

Discovery of the
Higgs Boson at
the Large
Hadron Collider
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The Higgs Boson: Since 2012
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/

What Now?

Have we exhausted all we can currently learn from
the Higgs boson?




What Now?

Have we exhausted all we can currently learn from
the Higgs boson?

No way!

AN
] \/ Will look at how we are going
— [/ further with LHC data:
"_[l v Improved precision

v' New interpretations

@) C
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Recently at the LHC



Cross-Section Measurements

Bread and butter of the Higgs physics programme: cross-section measurements.

Main production modes at the LHC: " How often is the Higgs
boson produced?

/b

Gluon fusion (ggF) Vector boson Vector boson Top- and bottom-associated
(87%) fusion (VBF) (7%) associated production, single-top production
production (VH) (2%)

(4%)
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Cross-Section Measurements

Bread and butter of the Higgs physics programme: cross-section measurements.

Main production modes at the LHC: " How often is the Higgs
boson produced?

Gluon fusion (ggF) Vector boson
(87%) fusion (VBF) (7%)
Probes H Probes H

coupling to heavy  coupling to
quarks and gluons  vector bosons




Cross-Section Measurements

Can be measured inclusively or differentially:

Inclusive measurements Fiducial Differential measurements

* One number covering the total phase space .
* More extrapolation = more uncertainty .

Measure
here

Split total phase space into kinematic “bins”
Less extrapolation = less uncertainty

Measure

here
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Cross-Section Measurements: STXS

Common framework for differential (fiducial) cross-section measurements at
the LHC: Simplified Template Cross-Section (STXS)

Current STXS binning scheme for ggF

Stage 1.2 _

P 1,200 pr 2001 | * Split total production mode
T
[ [ | _ . .
— — — 200 cross-section (eg. a44F) into
H . .
e ' 300 various bins
mjj | O 350] mjj [350 o]

. it ms; 450 * |solates BSM-sensitive regions
o 350 650 e Reduces theory uncertainties
60 0o
0.15
120 1000 p;lj/p,_,q
1500
200

Hj
o0 pTJJO
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Cross-Section Measurements: Where We Stand

Recently: consistent with the Standard Model (SM), but not all measured precisely.

eg. CMS [Nature, 2022]: eg. ATLAS [Nature, 2022]:
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https://www.nature.com/articles/s41586-022-04892-x
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/

The H - WIW™* Channel

Why H = WW*?

 2nd-largest Higgs boson
branching ratio: probe rarer
production modes/phase spaces.

e Clean leptonic decay channel. W

Recent ATLAS publication (HIGP-2024-07):

 Target ggF and VBF total and STXS /
cross-section measurements, using W q W
LHC full Run 2 dataset (2015-2018). 9 1% H

* Second measurement on the same 1%
dataset = aiming for improvement g s q y |14
from analysis strategy. -



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-07/

ggF and VBF H N WW* HIGP-2024-07
. x10°
Cha”enge' *g + Pre—slelectionl ATLAS
L%) 4.0 T Vs = 13TeV, 140 foT

Many processes other

than H - WIWW ™|

Processes with top quarks

Continuum WW production
Drell-Yan (Z/y™ = tt/ee/uu)

Jets faking leptons

3.5

3.0

2.5

2.0

1.5

H - WW* - vl
Pre-fit

N
l -

0 1 2 3 4 25
Number of jets

Data

Stat. unc.
ggF H

VBF H

Other H

tt/ Wt

WW (QCD)
WW (EW)
Zly* > 1T
Zly* > eeluu
Misidentified lepton
Other VV(V)
70 x ggF H
700 x VBF H
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-07/

ggFand VBFH - WW*™

HIGP-2024-07/

Strategy:

Use clean leptonic decay,
H->WW?* - fvév

o Characteristic features from

spin correlations

Different-flavour (DF, evuv) and
same-flavour (SF evev/uvuv) final
states
Suppress backgrounds with cuts
on leptons and jets, and machine
learning (deep neural networks).

Spin correlations:
leptons and MET
back-to-back.

One offshell W = \ J
boson: asymmetric
lepton pr cuts. / /

\» We+——H —WwW*

/ /

- o+

/‘

Leptons for
triggering and to
reduce
backgrounds.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-07/

ggF O-jet Muon track
H-WW*

event

AI I AS . Missing energy from neutrinos

& EXPERIMENT

Run: 363738 Event: 1559786692 2018-10-17 12:58:35 CEST



VBF 2-jet »
H - WW* event

Electron energy
deposit

Missing energy from neutrinos
Two forward jets

ATLAS

EXPERIMENT

Run: 351969 Event: 3097459390 2018-06-05 12:57:24 CEST



ggFand VBFH - WW*™

HIGP-2024-07

Strategy:

» Categorize events by production mode, SF/DF, p{!,mjj,NjetS —> 22 signal regions.

H—WW
I
4
ggH VBF
|
A 2 L 2 L 4 A 7 L 4
=0 jet =1 jet > 2jet = 1jet > 2jet
v ! 7
m; [350, oo]
|
A\ 7
l l A:pf[0,200]
|
A 7 L 4
pH [0,200] P 200, 00] m;; [350, 700] m;; (700, 0o] P 200, 00
! v v v !
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-07/

ggF and VBFH » WW* 1168202407

DF SRs cy/irin highest-p¥ VBF bins

>2jets DF | >2-ets DF | >2ets DF ‘jILAS p
VBF-enriched 1 VBF-enriched | VBF-enriched s=13TeV, 140fb

103 _smiss ! 22, miss H - WW* - ¢vlv
pr
e €[200,) Post-fit

* Deep Neural Networks in all SRs ' (350, 1000)
* Multiple improvements since previous =

analysis address these:
o Use of SF channel in stats-limited high-p%
regions
o Machine learning applied more widely
o Better lepton isolation = smaller misID
lepton background.

Strategy:

Events

sssssss

1 GeV
1 my

| Gov

€[1500, )
¢ Data
7777 Une.
mm goF H
VBF H
Other H
Wt
Hm WW (QCD)
. WWw (EW)
Hl Zy-T1T
]
|

Zly* - eeluu
Misidentified lepton
Other VV(V)

1.0

%%%/7/ /}/Eld misID
f &% & lepton

bkg

\ Total - bkg.  Data / pred.

¢ Data - bkg.
10 22z Une.
mm goF H
= VBF H
— ggF+VBF H (pre-fit expected)
S S S S S S S
s & & 8 8 8 ¢
. o o - o -t o -
binsof DNNscore & 3 &8 &8 5 & 8
DNN output
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-07/

ggF and VBFH —» WW” H1GP-2024:07
Results: S 2F amiae T
a - ATLAS — 68%CL ]

* Measure g4 and oy gy, '8 [ Vs =13TeV 14010 * :;;L E
and STXS cross-sections 11 MWW —bvtw sy 7

« Compared to first 13 TeV o f palue=28% :
paper: u 1.4 1~ B

o 11% more precise for b>1 ) - B
Og4gF and OypF. B i

1 — ]

08 | * -

0'4 __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__

9 10 11 12 13 14 15 16

OggF X BH_sww+[pb]

Robin Hayes


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-07/

ggF and VBF H - WW* 116202407

ReSUItS: rrr++vr ey ey T e e e T T ey re Ty T

ATLAS o4 Total
3 Statistical unc
71 .
s=13TeV, 140 fb :
* Measure g4 and oy gy, fs =13 TeV, 14 == Systematic unc.
. p-value = 39% 1 SM prediction
and STXS cross-sections
Total ( Stat. Syst.) SM unc.
. .
CO m pa red tO fl rSt 13 Tev ggH 0-jet, p!’ < 200 GeV H 1.07 31 (1309, 010 | +0.07
aper: ggH 1-jet, p! <60 GeV e 149 5% (9%, ) L +014
paper: ggh 1-jet, 60 <p"' <120 GeV ==y 166 L (93 9%) 1 o
o . H 1_- t, 120 < H 200 G V K +0.59 +0.50 +0.31 +0.
o 11% more precise for ggH Tjet, 120 <p <200 Ge = 168 %% (%E.%5) ) s
ggH 2-jet, p:’ <200 GeV I'E'I 0.80 985 (55, %) ! +0.21
O-ggF and OyBF- ggH, 200 <p" <300 GeV == 235 3% (9%, 0n) ' iozs
) ggH. p¥ 2300 GeV [——] 0.08 0% (9%, 0% ) L s026
o 15 STXS categories EW qqh et I-';'-I! 007 U0, ) L oo
1
. EW qqH 2-jet, p" <200 GeV, 350 <m_ <700 GeV 0.78 0% (046 4029 ' +0.06
T Al 0.50 0.43 0.25 |
reso IVed ( 11 la st tim e) . EW ggH 2-jet, p* <200 GeV, 700 <m;, < 1000 GeV = 030 ‘0u (9%, 5% ) ! +0.06
EW qgH 2-jet, p:’ <200 GeV, 1000 <m; <1500 GeV 117 5 (thas, oAy | +0.06
EW gqH 2-jet, p" < 200 GeV, m, >1500 GeV 123 9% (9%, %) L 007
EW qqH 2-jet, pT” >200 GeV, 350 =m < 1000 GeV 1.76 32 (087 4080 | +0.03
1
EW qqH 2-jet, p:’ >200 GeV, 1000 =m < 1500 GeV 1.57 0% (0%, 02y ! +0.04
EW qqH 2-jet, p’T" >200 GeV, m, >1500 GeV 0.80 ‘052 (048 s018 ! +0.05
1 1 l 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 l 1 1

-1 0 1 2 3 4 5 6 7 8

o/ Og
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-07/

ggF and VBF H - WW* 116202407

ReSUItS: rrr++vr ey ey T e e e T T ey re Ty T

ATLAS +e+ Total
_ 3 Statistical unc.
o Vs=13TeV, 140 b .
[ |
Measure 0,4F and gy, 15=13 Tev, 14 Systematic unc.
. p-value = 39% I SM prediction
and STXS cross-sections
Total ( Stat. Syst.) SM unc.
. .
Compared to first 13 TeV goH 0t p <200 Gev sl o7 (82, 88) 1 oo
aper: ggH 1-jet, p! <60 GeV e 149 0% (0%, ) L +014
paper. ggH 1-jet, 60 <p <120 GeV = 166 R (3L 0%) 0 sois
O 11% more precise for ggH 1-jet, 120 Sp:<200 GeV I'T‘I 1.68 tggg ( tgig ) tgg} ) E +0.19
ggH 2-jet, p¥ <200 GeV [——=o—] 080 ‘0o (93, 0% ) ! +0.21
O'ggp and OyBF- ggH, 200 <p" <300 GeV == 235 3% (9%, 0n) ' iozs
ggH, p" =300 GeV I'I#L 0.08 *0% ( +0.84  +0.42 ) : +0.26
. T —0.89 -0.79 *  -0.40
o 15 STXS categories EW gaH 16t 007 T os o E———
0.99 ( 0.81 0.57 ) ,
. EW gqH 2-jet, p’T* <200 GeV, 350 <m; <700 GeV 0.78 33 ( v0ds ) 029 ! +0.06
reso |Ved ( 1 1 la sttim e) EW ggH 2-jet, p! <200 GeV, 700 <m, <1000 GeV = 0.30 082 (040 024 E +0.06
EW gqH 2-jet, p" < 200 GeV, m, >1500 GeV 123 9% (9%, %) L 007
VBF STXS Catego ries. EW qqH 2-jet, p! =200 GeV, 350 <m <1000 GeV 176 ‘osm (om 0w ) L o
EW qgH 2-jet, p:’ >200 GeV, 1000 sm/_j <1500 GeV 1.57 *0% (108 4020 | 4004
EW qqH 2-jet, p’T" >200 GeV, m, >1500 GeV 0.80 0% (048 4018 | +0.05
1 1 l 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 l 1 1

-1 0 1 2 3 4 5 6 7 8

o/ Og
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-07/

ggFand VBFH - WW*™

HIGP-2024-07/

Results:

* Measure g,4F and gypr,
and STXS cross-sections
e Compared to first 13 TeV

paper:

O

11% more precise for
Og4gF and OypF.

15 STXS categories
resolved (11 last time)
10-20% more precise for
VBF STXS categories.

up to 35% improvement
for ggF STXS categories.

T

ATLAS

——
&4 Total
{5 =13 TeV. 140 fo-' 3 Statistical unc.
H o> W > (ol == Systematic unc.
p-value = 39% I SM prediction
Total ( Stat. Syst.) SM unc.
ggH O-jet, p* < 200 GeV . 1.07 014 (+00 o0 ' soo7
ggH 1et, p* <60 GeV e 149 050 (9%, 0w L 014
ggH 1-jet, 60 <p’’ < 120 GeV et 166 02 (0%, 0m ) £0.15
ggH 14et, 120 <p'’ <200 GeV e 1.68 0% ( +0%  +031 ) ! +0.19
ggH 2-jet, p¥ <200 GeV || 080 ‘0o (93, 0% ) ! +0.21
ggH, 200 <p" <300 GeV =] 235 0% (9E, 04 | +0.23
9ggH, p! =300 GeV ——— 0.08 ‘53 (5% . ‘04 ) | o2
EW ggH 1-jet F_—Fi'-l —0.07 ‘ga (0a. %% ) 005
EW qgH 24et, p <200 GeV, 350 <m;, <700 GeV 078 0% (i, %) ! +£0.06
EW gqH 2et, p! < 200 GeV, 700 <m; <1000 GeV e 030 0 ( 0k, 0% ) ' 4006
EW qgH 2-jet, p:’ <200 GeV, 1000 <m; <1500 GeV 117 5 (thas, oAy | +0.06
EW gqH 2-jet, p" < 200 GeV, m, >1500 GeV 123 9% (9%, %) L 007
EW qqH 2-jet, pT” >200 GeV, 350 =m < 1000 GeV 1.76 32 (087 4080 E +0.03
EW qqH 2-jet, p:’ >200 GeV, 1000 =m < 1500 GeV 1.57 0% (0%, 02y ! +0.04
EW qqH 2-jet, p’T" >200 GeV, m, >1500 GeV 0.80 ‘052 (048 s018 ! +0.05
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-07/

ggFand VBFH - WW*™

HIGP-2024-07/

Results:

L L L B B B B B L B T T
ATLAS e+ Tota
~ A 3 Statistical unc.
° Measure O-ggF and O-VBF, Xlg_)— JV%VTiVéV‘Igj‘O fb B Systematic unc.
and STXS cross-sections priae=a "+ SMprediction
Total ( Stat. Syst.) SM unc.
o Compa red to fIrSt 13 TeV ggH Oet, p'' <200 GeV (O] 1.07 018 (<009 010y L o007
. ggH 14et, p¥ <60 GeV e 1.49 '35 (9%, Tou ) | +0.14
paper' ggH 1-jet, 60 <p’’ <120 GeV e 166 0% (9%, 0% ) E £0.15
11% mor reci f r ggH 1-jet, 120 <p"' <200 GeV e 1.68 2% ( r0%0 w031 ! +0.19
© /O Ode p eciSe 10 ggH 2-jet, p™ <200 GeV f=——+] 0.80 ‘0o (9%, 0% ) ! +0.21
o anda o . ggH, 200 <p"' <300 GeV == 235 08 (0, u) : +0.23
99F VBF ) ggH. p¥ 2300 GeV e 0.08 0% ( v08 s0a2 | +o26
o 15 STXS categories EW qqH 1et p—_ﬂq 007 % (Gn. 9% 1 som
. EW qqH 2-jet, p" <200 GeV, 350 <m_ <700 GeV 0.78 0% (046 4029 ' +0.06
resolved (11 last time) o oo oo o ! |
qqH 2-jet, p! <200 GeV, 700 <m, <1000 GeV = 030 02 (i w02 ' 006
_ 0 1 EW ggH 2-jet, p" <200 GeV, 1000 <m_ < 1500 GeV 117 %% 1045 - +024 ! +0.06
o 10-20% more precise for : s o (98 95)
EW qqH 24et, p/' <200 GeV, m, >1500 GeV 123 92 (9%, 9% L 007
VBF STXS categories. U i 210,57 2200 G, 350 =, <1000 GV A
o/ EW gqH 2-jet,p:’ 2200 GeV, 1000 <m_ <1500 GeV 1.57 0% (0%, 02y : +0.04
o up to 35% |mprovement EW qgH 2-jet, p'* =200 GeV, m_>1500 GeV 0.80 0% (0d w01 ) E 005
forggFSTXScategories. ' ' — : e e L L L
— 0 1 2 3 4 5 6 7 8
o/ Og
Going still further: what does this say about physics beyond our current energy reach?
28
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Physics at Higher Energies: Effective Field Theory

Effective Field Theory: extend the SM Lagrangian with BSM physics operators:

/W/'/son coefficients
E (6) Higher-dimensional
LSMEFT o [’SM T 19 operators neglected

Operators 19i(6) = new heavy physics.

The presence of any 19i(6) operators cause measurements of observables like the rate
and distribution of Higgs boson production to differ from the SM prediction.

_ What do these deviations from the SM say
= Interpret cross-section / about the possibility of new heavy physics?

measurements in EFT framework. ] ]
ggH, 200 sp:<300 GeV
ggH, p! =300 GeV '
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ggF and VBF H - WW™: EFT Interpretation

Strategy: Results:
Py Re_ arameterize measured STXS ....... L B B R B R
. P . . ATLAS —-—- SM prediction
signal strengths = constrain dim-6 Vs =13TeV, 140fb™"! HH  Observed
H—- WW* - ¢vlv lei Expected
EFT operators. A=1TeV
. . % conf level
e Focus on linear combinations of 95% confidence leve
operators to which analysis has co [x10*]] ; ' ! 0005339 0.000:052
e e |
sensitivity. o [x10*1] P — 0498 0.0%0
1
co L oy 0473% 00743
Most contributing operators: o
C3 M -1.2:35  0.033
1
Cy ¢l Otg Oig
g CHG W CHW . ._|5. ——— 6 —— é ——— .1|0. — .1|5. — .2|O. — .25
A " Value of Wilson coefficient

Simultaneous constraints on 5 linear combinations of
EFT operators.
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Closer Look at EFT

Effective Field Theory: extend the SM Lagrangian with BSM physics operators:

/W/'/son coefficients

C; : : .
_ L (6) Higher-dimensional
LSMEFT o ['SM + 2 AZ 191' T o operators neglected
[

Operators 19i(6) = new heavy physics.

31



Closer Look at EFT

Effective Field Theory: extend the SM Lagrangian with BSM physics operators:

/Wilson coefficients
s — I + 19 (6) Higher-dimensional
SMEFT SM operators neglected

Operators 19i(6) = new heavy physics.

Stage 1.2

* (Can be characterized by their behaviour
under charge-parity (CP) | |
transformations: even or odd. Lokt | [ et |

/ =

STXS measurement

is only sensitive to Variables (njets, pr, my;)

CP-even operators! are all CP-even.

Py

200

300

450

650
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Why Does CP Matter?

There is an imbalance in the universe!

Following the Big Bang: for every 108 matter particles,
there were 108 — 1 anti-matter particles.

This imbalance requires three ingredients:

The Sakharov Conditions:

1. Baryon number violation
2. Charge (C) and charge parity (CP) violation

3. Reactions out of thermal equilibrium

33



Why Does CP Matter?

There is an imbalance in the universe!

Following the Big Bang: for every 108 matter particles,

there were 108 — 1 anti-matter particles.

This imbalance requires three ingredients:

The Sakharov Conditions:

1. Baryon number violation

2. Charge (C) and|charge parity (CP) violation

— What we can investigate

3. Reactions out of thermal equilibrium

34



What is CP Violation?

Consider a CP transformation: /1 CP mirror
Invert charge and parity (spatial coordinates). . .

Creates anti-particle from particle.

- = D —
(% (%

CP violation: the charge-inverted mirror
image does not follow the same laws of nature!

|
CP mirror

e[[019S e|[21qeD



https://physics.mit.edu/wp-content/uploads/2021/01/physicsatmit_06_sciollafeature.pdf

CP Violation in the Standard Model

In the Standard Model of = P g |

particle physics, CP (B“ W | :W_ > yé“>
I I

violation is present in d U S I % )

weak interactions.

.e.l

eg. B-meson decay

But it is several orders of magnitude short of what is needed to explain the
universe’s observed matter-antimatter asymmetry.

- There must be other sources.

Where to look?
Good candidate: the Higgs boson.




Closer Look at EFT

Effective Field Theory: extend the SM Lagrangian with BSM physics operators:

/Wilson coefficients

C; : : .
_ l (6) Higher-dimensional
LSMEFT o LSM T 2 AZ 19l' T o operators neglected
[

Operators 19l-(6) = new heavy physics.

* (Can be characterized by their behaviour
under charge-parity (CP)
transformations: even or odd.

o CP-even operators =2 no CP violation
o CP-odd operators = can cause CP violation.

We would like sensitivity to CP-odd physics = need a suitable observable.
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Adding Sensitivity to CP Violation

collimated cones

Such an observable: Ad;; / of particles

* Defined for Higgs boson production with two accompanying jets:

)

vector boson fusion (VBF) gluon fusion (ggF)
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Creating ACD]]

* Order the jets by their angle wrt the beamline, n
* Take the difference of the azimuthal angle ® between the jet of higher and lower 7.

H SM and CP-even symmetric
Rl Pure CP-odd terms symmetric w/phase shift
7 Mixed SM-CP-odd terms asymmetric
.’ R hep-ph/0703202
. =510
‘g - pp—ijH —— CP-even
E 401_ m,, = 160 GeV
beamline e £ T e
(ij \/ ijl 355_
30
25;
This variable is: 20f-
- symmetric around O for SM and CP-even operators sf
- asymmetric around O for SM/CP-odd interference ol L

PRI R R B PR BT E R B
-150 -100 -50 0 50 100 150

- We can use this to distinguish CP-violating from non-CP-violating effects! ”
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https://arxiv.org/pdf/hep-ph/0703202

Using A®;; inthe H - WW™ Measurement

Strategy:
e Attempt to measure four dim-6 EFT operators corresponding to four coefficients:

* CP-even: cyg, Cgw > symmetric AD;;
* CP-odd:cyg, Cgw - asymmetric Ad;;

Affect Higgs production via ggF: cyg, Cyé
Affect Higgs production via VBF: ¢y
Affect Higgs production via VBF and decay via WW: cgw
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Using A®;; inthe H - WW™ Measurement

Strategy:

e 2-jet STXS categories split into four Agb;—rj bins = target ¢, Ce

* 0-and 1-jet STXS categories split as usual = target cy¢, Cyw -

ggH

=0 jet

H—-WW

\ 2 2 L 4
=1jet > 2jet
7 [0,200] P [200, o0]
v {

VBF

= 1jet > 2jet

mjj [350, OO]
A : pH [0,200]

mjj [350, 700] mjj [700, OO]

Py [200,00]
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Ad;; Measurements (VBF H - WW™)

0/0Osm

A : pH [0,200]
= 1jet m; [350, 700] m;; 700, 00| Pt (200, o0]
L EW | EW ggH 2 2-jets ' EW ggH 2 2-jets ' EW qqH 3 2-jets -
" 9qH | pH ¢ 200GeV | pH < 200 GeV | pl'>200GeV i
| 1-Jetl 350 < m; < 700 GeV ' m;>700GeV ' m;>350GeV ]
C I I i
| | |
I~ | | | n
— | | | _|
B I I I ]
| | |
— | | | ] —
| : : | _
I | o —
i i _

A¢j [rad]

ATLAS

Vs =13TeV, 140fb~!
H - WW* — ¢fvlv

® Observed (p-value = 91%)
——=SM prediction
CHw = -2 (/\ =1 TeV)
cuw=-1(A=1TeV)
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ggF and VBF H - WW™: CP-Sensitive EFT Interpretation

Results:

Chg [x10%2]

CHG|

CHw

CHW

ATLAS

Vs =13TeV, 140fb™"
H - WW* — ¢vév
N=1TeV

95% confidence level

—-—=- SM prediction
M Observed
le1 Expected

L 4

! 0.005:318 0.000°5355

0.02:335  0.0157

-0.755 0.0

Value of Wilson coefficient

Advantages of this result: multi-POlI fit, ~no correlation

with CP-even effects, Aqb;—rj is decay-agnostic.

This result:
Ciy = [-1.0, 0.6] obs. at 95% C.L.

Compare to world-leading limits on
Cyyy from other ATLAS analyses: :

e VBF H = TT [HIGG-2022-07):
[-0.31, +0.88] obs at 95% C.L.

e WH H — bb [ATL-PHYS-PUB-2025-022]:
[-0.62, +0.85] obs at 95% C.L.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-07/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-022/

ggF and VBF H - WW™: CP-Sensitive EFT Interpretation

—_
o
>

ATLAS
v's =13TeV, 140fbT
H - WW* - ¢vbv

. Cj=(4’IT)2 I Cj=1 I Cj=0.01

Results:

What does this mean?

—> Translate to limit on energy
scale of new physics.

—
o
\)

A at 95% CL [TeV]
=

—h
<

10°

107"
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Implications and
Looking Ahead



Cross-Sections =2 Couplings

* Cross-section can be translated into Higgs boson
couplings modifiers, k.

2 Oi>H
i = s
iI->H

Current precision:

* Couplings to gauge bosons (Z, W, y) and 3™
generation fermions (¢, 7): ~10%

e Coupling to b-quark: ~17%

« Large uncertainty on couplings to 2" generation
fermions, eg. L

Latest CMS Combination [HIG-21-018]

Binv

Bundet

CMS Preliminary 138 fb~' (13 TeV)
O Observed B Bgsy =0
— 68% CL (stat & syst) Binv, Bunget float., [ky| <1

— 95% CL (stat @ syst) Bl B, Bundet float., offshell inc.

my = 125.38 GeV
psm = 0.18

| SM expected

psu = 0.20

—Ho—t—

KN
fo———
ot —
J—o——
_‘7
I

o+

Hﬁ\\\\l\\\\

0.00 0.25 0.50

0.75 1.00 125 150 1.75 2.00
Parameter value
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-018/index.html

Is This Enough?

Couplings:

» Several models predict deviations smaller

than our current precision.

Model Ky Kb Koy
Singlet Mixing ~ 6% ~ 6% ~6%
2HDM ~1% ~ 10% ~1% |2
Decoupling MSSM  ~ —0.0013% ~ 1.6% ~ —.4% g
Composite ~ —3% ~—-B8-9% ~-9% %
Top Partner ~ —2% ~ —2% ~ +1%
~10% now  ~17% now ~10% now

* Analysis techniques can refine results = proven earlier in this talk!

EFT:

» New physics could be anywhere
up to the Planck scale (101® TeV).

—
o
~

102

/\j at 95% CL [TeV]
)

—
e

100

10~

1072

ATLAS
Vs =13TeV, 140fb"
H - WW* - ¢vév

I (:j-=(41'r)2 H c-1 EE c;=0.01

CHG CHG CHw CHW

e But many results are limited by statistical uncertainty = just need more data.
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https://arxiv.org/pdf/1310.8361

The LHC in the Coming Years

2025: Run 3 2026-2030: 2030-2041: High-
ongoing Long Shutdown  Luminosity LHC

LHC / HL-LHC Plan HiLuM|

LARGE HADRON COLLIDER

LHC HL-LHC

EYETS 13.6 TS Ls3 186-14Tev

13 TeV
Dlodes Consolidation

splice consollidation cryolimit LIU Installation \ . HL-LHC
7 TeV 8 TeV  putton collimators interaction ) ifmer triplet : ;
— R2E project regions Civll Eng. P1-P5 pilot beam radiation limit installation

2012 2014 2016 2018 | 2019 | 2020 2022 | 2029 2025 | 2026 2028 2000 |||||||w
ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS . nominglklj_xzrhsi

beam pipes 2 x nominal Lumi ALICE - LHCb . 2 x nominal Lumi HEIEEEEE
I

nominal Lumi

75% nominal Lumi | /_' upgrade
-1 Ceace] 3000 fb
m D0n m Iurﬁi%\osity 4000 b

HL-LHC TECHNICAL EQUIPMENT: _

DESIGN STUDY g PROTOTYPES / CONSTRUCTION | INSTALLATION & COMM. | PHYSICS

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS CORES
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High-Luminosity LHC

Luminosity: Simulated tt event with pileup = 140 [ATLAS]

* Higher luminosity = more ATLAS

collisions per time interval EXPERIMENT

HL-LHC tt event in ATLAS ITK
at <p>=200

e Challenging: more collisions =
more unwanted information every
time protons collide.

If we can surmount the challenge:

e HL-LHC will increase the size of our
dataset by nearly a factor of 10!
 Can look at expected impact on

our measurements. "
cyan tracks = what we want to detect
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/UpgradeEventDisplays

Higgs at HL-LHC

HL-LHC Projections:

* Prepared by ATLAS and CMS as input to the ESPP.

* Assume:
o 3 ab?HL-LHC dataset
o No impact from different running conditions
o Systematic uncertainties reduced

Results:

* Observationof H - uu, H - Zy

e Limitof |k.| < 1.5at95% C.L.

* QOther couplings measured with 1.6-3.6% unc.
* Higgs width measured with 17% unc.

(s =14 TeV, S2, 3 ab' per experiment

= . 1.6 0.7 06 1.3

| | 2.4 08 07 22

| Total ATLAS+CMS
— Statistical Projections ESPPU 2026
—— Experimental

_— Theory Uncertainty [%]
Tot Stat Exp Th

1.8 0.7 09 1.3

1.6 0.7 05 13

— \ 3.4 08 09 32

= | 3.6 12 1.2 32

= 1.9 08 0.7 15

| 3.0 27 09 1.0

0 0.02 0.04 0.06 0.08 0.1 0.12

Expected uncertainty

810-520¢-9Nd-SAHd-11V
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-018/

Conclusions

* Presented recent progress from ATLAS 2016-03-26 16:39:41 casr

the LHC. | EXPERIMENT

 Some big improvement over
existing Run 2 results, with same
dataset =2 shows power of
innovative analysis techniques.

* The next years of the (HL-) LHC
bring more promise for
discovery.
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Why HVV Couplings? arXiv:1608.06619

Real Scalar Singlet Model
Simple model: a new singlet scalar . L
particle exists and interacts with the i | current
Higgs boson. %@@ 0.100f 14e
§001o
Effect on Higgs interactions: o g A—
HWW and HZZ interaction N 0.001 %] FeC-ee
strengths suppressed (1-30%). S § §
10—4 i S 7 e dashed = SppC / FCC-hh / ILC-1000
“The most model independent effect of 05 1.0 15 50 55
such new physics is the induced hhh coupling: Ag/As s
deviation in the Higgs couplings.” ’
Modification to HVV blue, , green points:
interaction strength different versions of EWSB

Consequences for early universe:
e Changes electroweak symmetry breaking: potential energy barrier = first-order phase transition.

* Provides a mechanism for the matter-antimatter asymmetry we observe today. .



The H - WIW™* Channel

74
v’ Second-largest Higgs
boson branching (AN —— H ====-
ratio: can investigate -
rarer production
modes.
v , Spin correlations:
Clean leptonic H = One offshell W leptons and MET
WW?* — fvfv decay, with boson: asymmetric back-to-back.

characteristic features lepton pr cuts.

\»W'q— H —WwW*

Leptons for

X Many background processes triggering and to / /
reduce 4 oF
backgrounds.
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ggF+VBFH - WIW*

Event class

. — A — ]Vjets 2 2 Njets 2 2
Purpose Njets =0 Njers =1 ggF-enriched VBF-enriched
Two isolated, different-flavour (same-flavour) leptons with opposite charge
p >22GeV and pl! > 15GeV
Preselection mee > 10GeV (12 GeV)

(Smiss > 4 and p4 > 40 GeV)
Different- or same-flavour leptons

Different-flavour leptons

Npjets [pT > 20GeV] =0

EMS >20GeV | Mer < mz —25GeV
Background suppression Aper < 2.0rad Aper < 1.8rad —
mee < 55 GeV mer < 55 GeV mee < 70 GeV
ARgg > 0.6 ‘
: ' V H orthogonality mj; > 350GeV
Signal topology Adeemiss > 1.57rad - Fail CJV or Fail OLV | Pass CJV and Pass OLV
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ggF+VBFH - WIW*

45719

Pre-selection
4.0

——

Events

3.5

3.0

2.5

2.0

1.5

1.0

0.5

Pre-selection + b-jet veto

29

>5 0 1 2 3 4
Number of jets

ATLAS

v's =13TeV, 140fb~!
H- WW* - fvbv
Pre-fit

Data

Stat. unc.
goF H

VBF H

Other H

tt/ Wi

WWw (QCD)
WWw (EW)
Zly* - 17
Zly* > eeluu
Misidentified lepton
Other VV(V)
70 x ggF H
700 x VBF H

\
I\-
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ggF+VBFH - WIW*

Purpose Variable(s)

n-centralities of the leading and subleading leptons, ng,smrahty and n;‘:’ntrahty

Transverse momenta of the leading, subleading, and (if present; otherwise 0 GeV) third jets
VBF topology Dijet invariant mass, m; ;

Dijet rapidity separation, Ay ;
Lepton-jet invariant mass combinations, my, j,, Mg, j, » Me, j,» and me, j,
Lepton-jet angular separation combinations, ARy, j,, AR, ;,, ARp, j,, and ARy, ;,

H — WW* — {v{v decay

Dilepton invariant mass, meg
Dilepton aziumuthal separation, A¢,,
Transverse mass, mr

Top quark suppression

Magnitude of the vectorial sum of the pt of all leptons, jets, and E%ﬁss, pff’t

Object-based ETT‘rliss significance, Spiss
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ggF+VBFH - WW~

100

Ao, [og,, (%)

80

60

40

20

99ty 77.6;79/5’ 27. 99ty

ATLAS

Vs=13TeV, 140 fb
H—- WW* - lviv

&y &y _ &y

(S)4 /OW

o
TEW
V4

y 9‘/'@1
% "9h 5 4

07, or "W bk
Medyp,

e P by
Y Mgy igh'r
Uy %,

Statistical unc.
B Background theory unc.
B Signal theory unc.
B Experimental unc.

SM unc.

90ty .. S0kt ;. Gt . 0ty ; . Qoty o SOt

0~ .
/et et

Jet
’Tled/- ioh
#
r “m L rH ©

hlgh
hig P17 b

] /777' gheS[
/OW /’7//“ n

v
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Rotated-basis Wilson coefficient

ggF+VBFH - WIW*

Co (Texp 0.004)
C1 (Oexp 0.213)
C2 (Texp 0.767)
C3 (Texp 1.467)

ATLAS

Vs =13TeV, 140fb~!
H - WW* - ¢vlv

N=1TeV

+0.003

-0.001 jgeRekelel +0.002(-0.001

+0.108

-0.008

-0.002

-0.002

-0.002|-0.002| 0.000

0.000 |-0.001

+0.076|+0.047

-0.041

-0.148|-0.148|-0.012

0.000

0.000

-0.003

-0.035

+0.002

+0.078

-0.317

+0.042

+0.003

-0.228+0.574

+0.149

+0.429|+0.428|+0.035

-0.046

+0.008

+0.001

+0.004

+0.098

+0.103|-0.186

-0.001

-0.012

+0.002

-0.023

-0.021

-0.017

-0.032

-0.0271-0.320

+0.245

-0.037

-0.015

-0.029

+0.142]+0.142|+0.006

-0.008|-0.075

-0.001

+0.002

-0.129

+O.214. -0.107

CHm CHDpD CHG CHB CHW CHWB ¢

-0.244|-0.243|-0.032

-0.029|+0.176

+0.006

0.000

-0.071

-0.365

-0.283

-0.073

+0.173

(3) (3) (3)
HI. 11 CHI 22 CHi 33

(1) (3)
Chg  Chag

CHu

CHa

CiH

Cic Cii, 1221

Warsaw-basis Wilson coefficient

-
+
—h
o

|
+
©
(6)]

10100AU86I19 JO Jusuodw o
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ggF+VBFH - WW*

> | ATLAS -
E 10° N c=(4m)? EEE c=1 BN c-0.01 Vs =13TeV, 140fb~! =
&) H - WW* - ¢vbv =
<2 i
O
o 10’ _
° -
< -

10°

10"

10-2

CHm Ci,1221 o)

CHu C ¥ ¢
HI, 11 CHI 22 g ~Hu “HDD ¢ Hd

HI, 33

CHG Cig C/(‘:/BC; CHB CHwW CiH CHWwWB 0(3) (3l)




ggF+VBFH - WW~

-1.25 -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75

I
E ATLAS —— Expected, shape-only :l, ATLAS —— Expected, shape-only
D 7F Vs=13TeV, 140fo~1 - Expected, shape and rate > 7 Vs=13TeV, 140fb~1 - Expected, shape and rate
% H - WW* — ¢vbv —— Observed, shape-only 3 H - WW* - ¢vlv —— Observed, shape-only
N 6 /\ - 1 TeV ...... Observed, Shape and rate Al 6 /\ = 1 Tev """ Observed, Shape and rate
I —== 95% CL (-2Alog(LH) = 3.92) I -== 95% CL (-2Alog(LH) =3.92)

5

L N R

3

2

1

1.00

CHW
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VHH - WW* HIGG-2023-09

Strategy:

e Target inclusive measurement (previously published) and VH STXS Stage 1.2 bins (new!)

* Channels for leptonic and hadronic V decays: same-sign (SS) 2¢, opposite-sign (OS) 2¢€, 3¢ and 4¢
final states.

* Multivariate discriminants used in every channel.

g 10° A%LAS“‘.‘D“\\‘UH‘t eg. 3£ channel:

ata 2\ Uncertainty .
a>) Vs=13TeV, 140 fb™' B wH \.ZH ANNS V\/Ith nOdeS fOI’ — o
w o qe VH, H > WW* wz Mis-id. q 1%

3¢ Z-dominated SR Bz B www

Post-fit Other VWV i1%7474
3

10 [l other H

signal and main bkgs
for 2¢ (OS) and 3¢

102

10E

RNN for 2¢ (SS) due to
varying jet multiplicities

1E

147
120
et 8

0.8f t
0.6-

Data / Pred.

L BDT for 4¢ (mainly ZZ bkg)
15.0.15015, 1928 03 037, 055  l0ag , 07z, [z

) 03g) 0y 055) > 063> 0.7/ 085y > 1] q

AN NZdom
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-067/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2023-09/

VHH - WW* HIGG-2023-09

Results (Inclusive):

 Measurements of WH and ZH cross-sections compatible with SM within 95% C.L:

R L D e DL 3! 1 T T I I I
ATLAS led Total Qo .
Vs=13TeV, 140 fb™' [ Statistical Unc. L 0.9 — ATLAS 68% CL —
VH, H - Ww* ] Systematic Unc. S 0.8 \{E =13 TeV, 140 fb—1 — 95% CL
p-value = 13% (2-POlI) | SM Prediction T . Best fit
p-value = 73% (1-POI) T 0.7+ VH, H—-> WW s Io
Total (Stat., Syst.) SM Unc. Q — SM68% CL
XI 0.6 — + SM —
WH e 0.48 “o3 (0%, o1s ) = 0.03 05 - B
i 0.4 - -
2H I 160 (705, (0 ) | -o0s 03
VH 'LEI:L' 0.92 +0.24 (+o.21 +0.13 ) i +0.02 02 B * ]
" -0.23 -020° -0.11 . =Y
| 0.1 .
P T S [N T T T S [N T S T S N S T [N T T T [N S T S N S Y [N T T S [ SN SN ST S Y ST S S 0 | | | | | | | | |
0 o5 1 15 2 25 3 35 4 45 5 ~0.1-0.05 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
oxB /(o x B .
( o ww) /( H o wwlgy Oy X By S ww- [PD)]

 Dominant uncertainties are statistical; 3¢ and 4¢ channels dominate sensitivity.
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VHH - WW*

Strategy (STXS):

* Signal regions split by p‘T’ proxy for STXS measurement:
o 24€,44:sums of lepton & jet pr and missing energy
o 3¢: Regression ANN

Results (STXS):

WH, ZH and EW
qgqH split according
to STXS 1.2 scheme

Lower cut-off: LH
becomes
unphysical
(negative S+B)

HIGG-2023-09
Stage 1.2 = V(— leptons)H
[ | ]
qq —+ ZH | g9 — ZH |
pr

¢vH, 0 < p{ < 75 GeV
¢vH, 75 < py < 150 GeV
¢vH, p{ > 150 GeV
¢¢H, 0 < p{<75GeV

¢¢H, 75 < py < 150 GeV

qqH, 60 < m; < 120 GeV

PTOVIN Trr S SU e I S SR SR B
o O-jet I 1-jet IZ 2-jet 0-jet I 1-jet IZ 2-jet 0-jet I 1-jet IZ 2-jet
T T T L L —
ATLAS Tota 4
Statistical Unc.
{s=13TeV, 140 fb” e g
VH, H N WW* ystematic unc. -
Unp. Likelihood Z
p-value = 15% e
SM Prediction |
Total ( Stat., Syst.) smunc
—— 00157 (07, o5 )izoo4 . .
j 0928 (28 +03 )ligp Excellent pr < 150 GeV
’ 05 27 (108, 04 )00 / sensitivity (competitive
= 26 )] (13, 133 )iso07 with combination!)
——— 1.9 705 (o3, Top )i008
bz -0.2 38 (o5, Tob )i 012
—— 127 (708 8 oo
-2 0 2 4 6 8
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/figaux_15.png
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2023-09/

Above 125 GeV: Offshell Higgs

Moving away from the Higgs mass peak...
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Above 125 GeV: Offshell Higgs

Moving away from the Higgs mass peak...

N\

initial state final state & RODU e 1701

g 7 RaTe Per.
: = MAge MTERVA
t -- [ 44 x&\/j]
t
w

9

Image credits to HWW offshell team

ON -~ Sugy |
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Dominant term Dominant term
for the on-shell region for the off-shell region
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Above 125 GeV: Offshell Higgs

Image credits to HWW offshell team

Moving away from the Higgs mass peak...
ON ~ SHELL

/\ FEAY

initial state final state e RODO e T1or/ > OFF ~Ster 1

|
q \
: w RaTe PEp. / l CONTINVY +7
; 7 MALs r7gpua, |
f -- [ 46 e |
t
w l
9

|

l
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2x m

2.2
. . | |
do-’l;-)H2—)f ~ . 5 gz gf2 R 425—— 2x m, INVARIANT
— Vv [74SS &F T4,
dMz — myly + FMf mi) ]
Dominant term Dominant term [ ée[/]
for the on-shell region for the off-shell region
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Above 125 GeV: Offshell Higgs

Image credits to HWW offshell team

Moving away from the Higgs mass peak...

ON -~ Sugy |
\ PEAL !
initial state final state & RODOL eI/ | > OFF ~Ster)
2 7 RaTe Per. f ] CONTINUVY +T
; . MAage MTERYAL |
: = [ 46 xe] |
t
w I
g |
|
/ o | 2 )
' L]
R5 2mem,  Zmy r’,:’;’;*’f;;‘”ffg
— FtAc STAFE:
Best limits so far from ATLAS Zéel/_? -
H - ZZ* [HIGP-2024-14]
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Above 125 GeV: Offshell Higgs

Image credits to HWW offshell team

Moving away from the Higgs mass peak...
ON ~ SHELL

A FEALK
initial state final state = RODO e T1or/ > OFF >SHEL]L -
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: = MAge MTERVA
: — [ 446 re]
t
w
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'
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_ From new ggF+VBF 25 <A TASE (28 JiE

H - WW* offshell AL STiE

[Ga/]

— — — — p— —

__ From ggF+VBFH » WIW™
onshell (discussed earlier)
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H - WW Offshell

HIGP-2024-05

Strategy:

* Target ggF and VBF.

* DNN for sig. vs bkg. 8 g 2 s 5 i

discrimination. R e D ) F ) D
* My proxy, V34, to

separate signal, interfering ]

background and o

interference. et

Y =03mytmr g

0 ._i--""“‘:;:: ............ - Va1 bin ranges [GeV]

i -

oo

%0'002 | o \ myy Separates S, B and interference effectively; reco complicated by neutrinos!

V31=0.3my+m7+C [GeV]

Highest DNN bin of each SR: events further binned in V34

102f

ATLAS
\/s =13TeV, 140fb™"

H* > WW - fvev
Post-fit High DNN-score
Data

t/Wt

qq -» WW

Zly" > 1t

Zly - e

Other VV(V)

Misidentified Leptons
Other H

qq - (H' = )WWjj
gg - (H =)ww
Uncertainty

¢ Data
Uncertainty

_— Expected(p:0.0,é)
--=- Expected(p=3.4,é)
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H - WW Offshell

HIGP-2024-05

Sensitivity:

Uoftshell: 0.0, 1.2] at 68% C.L.
HZZ SBI: [0.33, 1.62] at 68% C.L.
* [y (with onshell): [0, 4.1] MeV at 68% C.L.
o HZZSBI:[2.4,7.0] MeV at 68% C.L.
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95% C.L. upper limit on the Higgs width: 13.1 (17.3) MeV
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