YaTLAS 125

EXPERIMENT './
"W

The Higgs boson

Couplings and properties
measurements

Hannah Al‘n0|d ( *m Stony Brook University )
~ On behalf of the
ATLAS and CMS collaborations

35t Recontres des Blois on “Particle Physics and Cosmology”
October 21, 2024



\
At the heart of the Standard Model (SM) smngl\i\mk
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= 15 out of the 19 free parameters of the SM are connected to the Higgs boson
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Predicted properties of the Higgs boson smngl\imok

University

...that can be (more or less well) tested
Quarks )
Higgs boson

CP-even scalar

= elementary
electrically neutral
spin 0
parity even

Couples to all massive bosons and fermions
with a strength related to the particles” mass
= production cross-section

branching ratios

total decay width

Forrces

LR N n i i
once m,, is known self-coupling A

HH production

T
s

= 15 out of the 19 free parameters of the SM are connected to the Higgs boson
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Rich phenomenology at the LHC

Run 2: 2015-2018

= ~8 million Higgs bosons

Run 3: 2022-2026 (?)
= ~10 million Higgs bosons and counting...
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= Booster

Large Hadron Collider (LHC)
Colliding proton bunches (p-p)
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A variety of production modes
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https://alexgude.com/blog/my-phd-thesis/

Rich phenomenology at the LHC

A variety of decay modes
g9
8.2% -

~——2.5%}

Branching fractions at m,, = 125 GeV;
total width ~4 MeV

LINAC 4
Source

Large Hadron Collider (LHC)
Colliding proton bunches (p-p)

signatures
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= General purpose experiments
sensitive to many experimental

H. Arnold Higgs boson properties & coupling measurements 35™ Recontres des Blois

21/10/2024


https://alexgude.com/blog/my-phd-thesis/

Higgs-boson mass [state-of-the art, 2023]

Measured in clean final states where the Higgs boson can be fully
reconstructed with excellent precision.

Full Run-2 dataset using most refined techniques + combination with Run 1.

CMS - H—-ZZ*— 4 leptons (e/p) [HIG-21-019]

m,, = 125.08 + 0.10 (stat.) £ 0.05 (syst.) GeV

ATLAS - combination [Phys. Rev. Lett. 131 (2023) 251802]
) H—)YY
e H—-ZZ*— 4 leptons (e/p)

m, = 125.11 + 0.09 (stat.) £ 0.06 (syst.) GeV

= Most precise (single) measurements to date; in very good
agreement with each other

= Mass resolution: < 1%o0
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Categories with the best mass resolution
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-019
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.251802

Main production and decay modes [status 2022]
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Not (yet) observed

[ATLAS: Nature 607 52 (2022),

CMS: Nature 607 60 (2022)]

Dominant production modes and > 88% of potential SM decays observed and measured with < 10-20%o precision.

No bbH, upper per limit on tH production, observation of H—py,...
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https://www.nature.com/articles/s41586-022-04893-w
https://www.nature.com/

[Nature 607 60 (2022)] ‘\\\w

(Reduced) K

Particle mass

K

C I = cms 138 fb~1 (13 TeV)
Oup Ings [Status 2022] Stony Brook
® Observed [] +1s.d. (stat) University
= +1 s.d. (Stat ® syst) +1 s.d. (syst)
[Nature 607 52 (2022)] —oldnees W
$r=k, , Sint B Coupling-strength
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Good agreement with the SM prediction within up to < 10% uncertainty; but still many missing pieces...
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https://www.nature.com/
https://cds.cern.ch/record/1559921
https://www.nature.com/articles/s41586-022-04893-w
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Are we done yet? ‘\\

Stony Brook
University

We've come a long way since the Higgs boson discovery in 2012. It looks like the SM Higgs boson, it couples like the SM
Higgs boson,...? ] ) )
The Higgs boson might be key to answering

many open questions

Why is the electroweak interaction
so much stronger than gravity?
® Are there new particles close to

the mass of the Higgs boson?

¢ |s the Higgs boson elementary
or made of other particles?

¢ Are there anomalies in the interactions of
the Higgs boson with the W and Z bosons?

Couplings
to known particles

What is the origin of the vast range of quark
and lepton masses in the Standard Model?

* Are there modified interactions to the
Higgs boson and known particles?

* Does the Higgs boson decay into pairs of
quarks or leptons with distinct flavours
(for example, H — u* 7)?

+much more
+ direct searches for new physics

What is dark matter?

¢ Can the Higgs boson provide a portal
to dark matter or a dark sector?

¢ |s the Higgs lifetime consistent
with the Standard Model?

¢ Are there new decay modes
of the Higgs boson?

Total decay width,

Why is there more matter than Ilfetl me
antimatter in the Universe?

l ® Are there charge-parity l
violating Higgs decays? - -
?
 Are there anomalies in the Higgs self-coupling CP VIOIatlon -

that would imply a strong first-order
early-Universe electroweak phase transition?

Self-coupling

* Are there multiple Higgs sectors?

What is the origin of the early
Universe inflation?

* Any imprint in cosmological observations?

Adapted from G. Salam et. al,
Nature 607, 41 (2022)
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https://www.nature.com/articles/s41586-022-04899-4
https://www.nature.com/articles/s41586-022-04899-4
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A re We d O n e yet? StonS]\Srook

University
We've come a long way since the Higgs boson discovery in 2012. It looks like the SM Higgs boson, it couples like the SM

Higgs boson,...? ) ) .
The Higgs boson might be key to answering

many open questions

What is dark matter?

e Can the Higgs boson provide a portal
to dark matter or a dark sector?

® Are there new particles close to boson

the mass of the Higgs boson? e |s the Higgs lifetime consistent
« Is the Higgs boson elementary / \ \ with the Standard Model?

or made of other particles? e Are there new decav madea

Not even close! width,

fetime

Why is the electroweak interaction
so much stronger than gravity?

= Keep investigating with better precision and granularity, probing rarer processes,

more extreme phase-spaces, etc. rion?
lin

= In the following, trying to give an overview over current best knowledge and most ping

recent results - strong & personal selection!

ATy TR T CUSIT S VarTorTSTY
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Recent news on Higgs-fermion interactions
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ttH(—>bb): ATLAS final Run-2 pce2020241 StonS]\\:rook

University
. . . A"lLAS l HToLaI Unc. -ISyst. only ‘ Stat. on[ly SM L Theory

ttH: ~1% of all Higgs events; most sensitive, direct VS = 13TeV, 1401, my = 12509Gev Total  (Stat. Syst.)
. . H 0,60 GeV | |———| 1.25 4:0.69 _+0.52 _+0.46 a

probe of Higgs-top quark coupling Prelo.e0) Ge ; e e om
1/2 leptons (e/p) pi [60,120) GeV |- H—— * 077 g% ow Tom
pH e [120,200) GeV - p— 088 ‘0w 0% 0% s
. . pt €[200,300) GeV |- p— 077 84 0% 105 s
H—bb: dominant decay . i voss soss s0m |

) pt €[300,450) GeV — 027 "ok - 042 - 033

= ideal for rare/extreme phase space , 1089 1076 +047
pil €[450,0) GeV [ H—==e=——r 063 Tos  Co71 - 043 N

r=———===- :

1 Inclusive |- el 081 0% 1oN 10 T

\ e e o o o o | | | | | | |

0 1 2 3 4 5 6
Extremely difficult final state: oin/ oM

e reco/ID of 4 b-jets and Higgs candidate

e suppression and modelling of di-top + b-jets background Best single n?easurement to date!
(and others) Obs. (exp.) sign. 4.6 (5.4)c

= Improved in re-analysis of JHEP 06 (2022) 97 Uncertainty ~halved ; increased granularity.

W

= Consistent with SM prediction - up to high energy! (Does not confirm the ~2¢ lower-than-expected
previous ATLAS & CMS results (HIG-19-011))
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-24
https://link.springer.com/article/10.1007/JHEP06(2022)097
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-011/index.html

bbH: first SM search by CMS [HIG-23-003]

U

Stony Brook
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bbH cross-section ~ ttH cross-section H—leptons
Pp — ttH (NLO QCD + NLO EW) aNS it D ST
—e— Observed ~ ----- Median expected
pp — bbH (NNLO QCD in 5FS, NLO QCD in 4FS) —— Theory prediction ----- 68% expected
----- 95% expected
but experimentally even more challenging; Tty i \ )
Expected: 8.5 f
large backgrounds from Z+jets, tt, jet —t, , mis-ID Observed: 75 B P N
ut :
Exr?ected: 12 ‘
Q_Q_Q_Q_Q_Q b Observed: 8.6 | E : a
g €T,
' ek |
’cb‘ ...................... . | H E -
g _ " ;
000000 b B B *
t(b) .
Combined
Expected: 6.1
Ot’seNEd:SJ|.:.|....|....|....|....|...
i i -N- 0 10 20 30 40 50
S.enS|t|Ve tO nggs b qyark and 95% CL upper limit on o(pp ebe(yb,yt))/oThemy
Higgs-top-quark coupling
(quark Ic_)op_dominates XS + First upper limit
destructive interference) - combined with Eur. Phys. J. C 83 (2023) 562 (ggF-+VBF

H—t, ,7,.4) a@nd interpreted in terms of k,-x,
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-23-003/index.html
https://link.springer.com/article/10.1140/epjc/s10052-023-11452-8
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Higgs-fermion couplings beyond the 3™ generation Sony Bk
niversl
Fermion generations
Status 2022 lst 2nd 3rd 1st 2nd
iKC'=’three arameter !
100% §’;CNIISpT'e diCtii')Jn Z@M U w VObsel‘VGd
. 107{? T b Leptons uarks \‘
i ~ m
e GEEELE Vi m,
= orce carriers Iggs boson

[ [
vl MR | L

- free parameters of the SM (9 out of 19)

3
II|E|'|T|'|]

S o 1 . i
e t !
e e = ALL Yukawa couplings need to be probed
- the frontier lies at the charm quark
I First time!
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Many routes for probing x Stony Brook
C University
Some approaches can be used/adapted to probing light-quark couplings* (+ HH production [HEP11(2019)088])
Via the decay Via the production
ﬁnclusive H—cc \ Exclusive H—Qy* /H+c [arXiv:2407.15550] \ Higgs p; spectrum*
[idea: Phys. Rev. D 88, 053003] [idea: Phys. Rev. Lett. 115 (2015) 211801] [idea: Phys. Rev. Lett. 118 (2017) 121801]
¢ c e— G- H g
>m ”@< ” ;
o~ Ak, . . ..
¢ C Kc
\ & THiye—— ¢ / g ‘
\or VBEF.... production/
W=*H charge asymmetry* [idea: JHEP 02 (2017) 083]
u,c @ ________ h ds__ h
And more... K,
Assumptions and sensitivity to x are . o -
& AAVAVAVAVAVAVILS LY Y VAV VW L

very different.
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https://link.springer.com/content/pdf/10.1007/JHEP11(2019)088.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.211801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.121801
https://link.springer.com/article/10.1007/JHEP02(2017)083
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.053003
https://arxiv.org/abs/2407.15550

VH(—>CC): ATLAS final Run-2 (aras-conr-204-010;

U
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H—cc: 2.9% - largest BR to 2" gen. fermions; 2" largest BR not yet observed

£ c
>w\‘ H (Z< = most direct & sensitive probe of Higgs-charm coupling
%4
e C

V(—leptons)H: golden channel for H—bb/cc
Significant XS + effective multi-jet background suppression

V=W/Z
Z—eefup/w Main challenges: c-jet identification (c-tagging);
W—ev/uv/t, v suppression and modelling of overwhelming V+jets

(and top) backgrounds

= Improved in re-analysis of Eur. Phys. J. C 82 (2022) 717:

= Best upper limit on VH(—cc): < 11.3 (10.4) X SM (exp.) @95% CL
= Most stringent direct constraint on x_: < 4.2 (4.1 exp.) @95% CL
= Higgs-charm coupling is weaker than Higgs-bottom coupling @99.7% CL

= X2-3 improvements over previous result on the same dataset!

25%
c-efficiency

45%
c-efficiency

c-tag score

c-tight (Ct)
b-jet: 4.8%

Untagged (N)
b-jet: 15%
c-jet: 48%

light-jet: 92%

70% 60% b-tag score
b-efficiency b-efficiency

New pseudo-continuous b-/c-tagger

= simultaneous analysis of
VH, H—bb and H—cc!

Similar result obtained by CMS
[PRL 131 (2023) 061801 ]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-010
https://link.springer.com/article/10.1140/epjc/s10052-022-10588-3
http://dx.doi.org/10.1103/PhysRevLett.131.061801

\
H+c: first search by ATLAS & CMS " (e %) Stonsl\\:mk

g & g h University
/ 7

First proposed in PRL 115 (2015) 211801.

dominant
SM XS: ~2.9 pb X contribution
- \\
Pros: exploit clean decay, e.g. H—yy c “h c c
Cons: c-tagging, dominant diagram not sensitive to K. (N990/0) CMS Preliminary 138 1" (13TeV)
H—)YY m, —125 38 GeV I All Categories
2500_ h, = =:186 112? S/(S+B) weighted:
ATLAS [HIGG-2021-06] g M :
2000 0 e Continuous background—

—— S fit compoment

1.70 (1.00) obs. (exp.) H+c over B-only hypothesis
= Upper limit on incl. H+c cross-section @95% CL: < 10.4 pb
*[< 3.6 X SM %, k_- sensitive: < 366 X SM]

— B- component

A0 mm tlo B
5 C+20 ]

1000~

S/(S+B) Weighted Events / GeV

500 -

CMS [HIG-23-010]
Upper limit on x_- sensitive H+c cross-section:

< 243 (355 exp.) X SM @95% CL
Constraint on x_: < 38.1 (72.5 exp.) @95% CL + T T TN |

I~ \\

*HA's “interpretation”
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.211801
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-06/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-010/

\
CMS: Probing the light-quark Yukawa (ue-23-0113 Stons]\imk

University

First time. q .
In inclusive H—ZZ* —4l production. T
q

q g .
Higgs-quark coupling Kq affects the production and Sensitive production modes
total decay width (but not the BR)
= Total cross-section monotonically decreases with is i — k. fffl;la(;?;gee:{
increasing (x,)? (until it becomes incompatible with the data) 5 - 72z ]

C_JyH(c,oxB=1f)
tPrE :yH(Cn,GXlefb) —

e Observed
¢

=
w
o

= Simultaneous constraints on Kq forg=u,d, s, c

—
=
by,
0
€ 100 r+‘
(O]
>
L

e

= Assuming SM couplings for b and t, exclude light-quark
couplings of at least as strong @95% CL

wu
o

0

0 0.2 0.4 0.6 0.8 b

Dbkg

ME-based discriminant using kinematic decay information

H. Arnold Higgs boson properties & coupling measurements 35™ Recontres des Blois 21/10/2024

18


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-011/

: - W
Higgs-boson total width Stony Brook

University
) g z" g z
Assuming SM: T', = 4.1 MeV for m_ ~ 125 GeV
A A
= Constrain unmeasured/able decays?
= Moadified through beyond-the-SM Higgs-boson decays? Z g z
E.g. decays to dark-matter particles
ON ~SHer |
= N FEAL |
At the LHC, SM T, inaccessible via direct measurements 8 7 OFF-suL
of the Higgs-boson line shape or flight distance, due to limited detector Euj J |
resolution. & |
()]
< 1
= Constrain via I', o< o(off-shell) / a(on-shell) < }
Assumption: involved couplings are the same off-shell and on-shell 7§ |
© t t + ?
ggF H—2Z2"_4l V5w, B e
Froqc STATE
ATLAS: T, = 4.5753 MeV [[PLB 846 (2023) 138223] [(exp.) upper limit: < 10.5 (10.9) MeV @95% CL] Lew]

CMS: T\, = 3.0772MeV |[HIG-21-01]
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https://authors.elsevier.com/sd/article/S0370269323005579
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-019/

Higgs-boson total width - ttH & tttt (ATLAS) roro-2023-221

g

On-shell ~ 1/T', Off-shell

gy

From global Higgs From tttt

combination

(- ttH multilepton).
All other « are profiled

gy

cross-section

measurement
[Eur. Phys. J. C 83

—degeneracy with I, (2023) 496]

[Nature 607 52 (2022)]

ttt is observed with
6.10 (4.3 exp.)

¥ o5

1:5

0.5

T
[ —— 68% CL
[ e 95% CL

____________ {5 =13TeV, 36.1 - 140 fb* _
......... + Best fit X SM
ol | L L Ll =
1 10 107
SM
Ty

U

Stony Brook
University

Assumption: tree-level Higgs-top coupling, «,, is the same
[Pro: no loops w/ potential BSM couplings]

=T, <110 (18 exp.) X SM
and < 39 (13.4 exp.) X SM if resolving ggF
loops in terms of «,

H. Arnold
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2023-22/
https://www.nature.com/articles/s41586-022-04893-w
https://link.springer.com/article/10.1140/epjc/s10052-023-11573-0
https://link.springer.com/article/10.1140/epjc/s10052-023-11573-0

U

Higgs-boson self-coupling & HH production Sony Bk
~ A\ H
H___>*_\/\// myg =+v2 v = A=~0.13 inthe SM An alternative
A potential

Standard Model
potential

= Direct access via HH production (~ 1/1000 X o(H))*:
Vo) | —u?(o7¢) — MoTo)?

Higgs field value

g b 7/ H g 00000) b in our Universe
’ H g / Current
t,b - — @K, t,b experimental
o A knowledge
tb \ tb 0 1
9 “H g o5000" 4

Dominant HH production diagram is not sensitive to x, = Probing the shape of the Higgs potential

+ destructive interference

[ggF dominant mode (90%), followed by VBF (5%)] [*And to quartic coupling via HHH]

21
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Adapted from G. Salam et. al, Nature 607, 41 (2022)


https://www.nature.com/articles/s41586-022-04899-4

U

ATLAS full Run-2 HH combination [PRL 133 (2024) 101801] Stony Broak

Small cross-section = prioritise final states with high BR:
H—bb/VV (58%/24%)

“Cleanliness” also matters for the sensitivity

Hierarchy of channels depends on many things
= not the same in ATLAS/CMS

Best (exp.) upper limit on o(ggF HH):
< 2.9 (2.4) X SM @95% CL

= Most stringent constraint on self-coupling:
-1.2 <k, < 7.2(-1.6 < k, < 7.2 exp.) @95% CL

Similar result obtained by CMS [Nature 607 (2022) 60].

University

ATLAS _ Expected limit (95% CL)
Vs =13TeV, 126—140 fo-! (MHH =0 hypothesis)
oSM(HH)=31.1 b [ Expected limit +10

—e— Observed limit (95% CL)

[ Expected limit 20
Obs. Exp. BR

bbig + EMiss
Multilepton
bbbb
bbyy
bbttT-

s
! Combined

* yé 10 14 25%

+ 17 12

5.4 8.2 34%

- - —

e

1| I Ll L | I | | I | | I | | I | I | I ) |
— 30 15 20 ~ 25 30 3 40 45 T T 7
95% CL upper limit on ggF HH signal strength tggr

bbll+ETmiss = WW/ZZ/xx
Multilepton = 4t/2t2y/2t2V/4V

H. Arnold Higgs boson properties & coupling measurements
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-18/
https://www.nature.com/articles/s41586-022-04892-x

HHVV couplings - from HH

HH is also sensitive to other couplings, notably HHVV (., )

q

In SM (k,,, = 1): cancellation; new physics: potential
enhancement of VBF HH (esp. at high m, )

Current best constraint by CMS [Nature 607 (2022) 60]:
0.67 < x,,, < 1.38 @95% CL

x,,=0 excluded with > 60

From VBF HH combination; dominated by boosted 4b channel.

Similar result obtained by ATLAS [PRL 133 (2024) 101801].

U

Stony Brook
University

CMS - new final state: all-hadronic bbVvVv

boosted topology + new VW—4q tagging
[HIG-23-012]

%
7
4

7

Credit: N. Berger

-0.04 < x,,, < 2.05 @95% CL
(0.05 < k,,,<1.98 exp.)
x,,=0 excluded with 1.1(0.9)o

H. Arnold Higgs boson properties & coupling measurements

23

35% Recontres des Blois 21/10/2024


https://www.nature.com/articles/s41586-022-04892-x
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-18/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-012/

\
HHVV couplings - from VBS H (CMS) (uc24.001] smnsl\imk

University

First analysis probing the HHVV ~ HHWW (k) coupling in W*W*H events produced in vector boson
scattering (VBS)

G 0
Wi
Ky WE- boosted H—bb
=M —~@l’ + 2 jets with mjj > 100 GeV
/'/f,\fzu wt - =g + 2 same-sign leptons
© %

= Obs. (exp.) constraint on «,,,: [-3.3,5.4] ([-2.4,4.4])

= Can be applied to other modes!
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-001/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-31/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-31/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-31/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-31/

Studying the Higgs-boson’s kinematics

The large Run-2 dataset allows differential measurements of the
Higgs-boson cross-section as function of one or more kinematic

variables to

Reveal subtle deviations from the SM prediction
Probe certain properties with enhanced sensitivity
Improve MC simulations

Two types of differential measurements:

e Unfolded fiducial differential measurements
Simplified Template Cross-Sections (STXS)

“unfolding” only the production, designed for combinations across different Higgs-boson decay modes (harmonised
across ATLAS and CMS within LHC Higgs WG)

O

BSM contributions [ATL-PHYS-PUB-2023-033]

o [events/30 GeV]

de

BSM/SM

U

Stony Brook
University

10*E
10°E

10%E

5_ qq — WH — Ivbb
100
E 4 K, uv
E O - D& TD@W ®

e
simulation
13 TeV, 140 fb™

10

et
Bl )
Wsv+o,, =

Cppy = 0.003

1.5E
1.0

o b bt

N

05F
00°

0

100 200 300

460 500 600
Higgs p, [GeV]

First study of a simplified fiducial decay selection for H—4£ to reduce acceptance corrections for potential
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-033/
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ATLAS V(—> le pton S) H (—> b b) STXS (anas-conr-2024-010] StonS]\irook

University
Most granular and precise STXS E 10° ATLAS Preliminary VH, H— bb, V — leptons cross-sections
. ® Observed ==Tot.unc. = Stat. unc.
measurement of VH 8 100 E=18TeN, 1400 oo DT:;O_ oo
« x 10 V=W V=2
hae :EQ% 102 BB i 210004 2107 0 21J;(_T_
H—bb 8 = ! | L
reconstruction - _boost, | x 10 = . T??I . P
- 5 — HR s a Y
| . X |
R=0.4 @~ 107 I W _I_ ! ! | .
“small-R” = ' ; : —T3
(_% 21 = e g T T = ¥ 1. T 1 1
“"Resolved” “Boosted” o oL+ - : L1= i ; ! L R g & ']
o il A | : SR E
T e Is 2 , e 7. 2 % 2
B il e e, Ty Ul
o\ L : - Eob L 2% 4 4
ﬁ 6 new (split) bins and increased precision 26, :’SOG@ZOOGJO%;» %G, Vg, o, Pat
through re-analysis of ATLAS-CONF-2021-051 with . .
many, targeted analysis improvements . _ y y dent hi
Bonus: first WH(—bb) observation with 5.30 (5.50 nCreasing pT( )~ pT( ) - unprecedent reach!

exp.)
= Excellent agreement with SM up to highest energy (Overall SM compatibility: 90%.)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-010
http://cds.cern.ch/record/2782535

ATLAS (VBF) H—zr STXS measurement

[HIGG-2022-07]

gg—H, 1-et, 120 € p'T‘ <200 GeV

gg—H, = 14jet, 60 < p’T‘ <120 GeV

JHEP 08 (2022) 175 most precise inclusive VBF S SR R
measu rement gg—H, = 2-jet, m 2 350 GeV, p: <200 GeV
= Re-analysis for differential measurement 09-H, 200 </ < 300 GeV

gg—H, p’T‘ =300 GeV

qq'—Haqq', = 2-jet, 60 < m" <120 GeV

p;(H) < 200 GeV |1
|
A I 9g->Haq, > 2jet, 700 <m <1000 GeV, P! < 200 Gev
|
|
|

Increasing m,;

qq'—Hqq', = 2-jet, 1000 < mJj < 1500 GeV, p’T‘ < 200 GeV

| OO ] I LN B I | I W: 3 K <)
ATLAS
=Tot. lSyst. :Theory

IR R W
Hott {s=13TeV, 140 b
p-value = 6%

Tot. (Stat. Syst.)
03% 3% €58 28)
0.50 3% (58 2%)
088 #I ¢Ne ;)
508 0% Chn Sx)
008 58 (2 =)
£5 2R (0 521
008 48 (E 12}
DOET o5 16)
DAL (98 98
168 55 (58 55)
DAz I ©50 $a)

pT(H) > 200 GeV :- ag'—Hqq’, 2 27et, 350 <m_ <700 GeV, plf 2200 GeV et AAGEN KOE N8
I qg'>Haq' > 24et, 700 < m, <1000 GeV, pl' > 200 GeV ot oo 4% (05 932)
: qq'—Hqq', > 2-et, 1000 < m, <1500 GeV. p/ =200 GeV b 140 %% s s )
v :- qq'—Hqq', = 2-jet, m 2 1500 GeV, p'T' =200 GeV |§| 1.29 3'33: ( fgg fllg )
- - } +1.8 +15 +0.8
First (most precise) VBF measurement 1, pf < 200 GeV i S 21 s (a3 s )
- <pi< } 2.2 +1.3 +1.1 +0.6
for m,. > 1.5 TeV in p.(H) > 200 GeV (< 200 GeV) RESiene | g e e
b} ] T i 2.9 426 413
ttH, p{" > 300 GeV | \ T 36 I( -21 —0.9I )
i 0 5 10 15 o
= Overall reasonable agreement with the SM (0B)™*/(oxB)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-07
https://link.springer.com/article/10.1007/JHEP08(2022)175

# events

U

Stony Brook

Interpretation: SMEFT Yoy B

Standard Model Effective Field Theory (SMEFT)
— model-independent way to parametrise effects of
appearing at high energy A (> vev) at much lower

LHC £ energy (E € A)
reach 1\
I, \‘
i \ _ pSM D=6 p=6 _ L (6)
— B /,’ ‘\\ Leopp = £ L, Vi =B L i
~— nature? 137 s ‘
Credit: B Moser energy O.: operators built from SM fields and respect SM symmetries

Full theory

c.: Wilson coefficients ~ strength of the effective interaction (SM: 0)

Effective interaction .
= Observables, e.g. cross-section BSM~1/A% ="quadratic”

[same as dim-8!] i

OSTXS = OSM T Tint + OBSM
\

SM-BSM interference ~1/A? =>”Iinea>
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Interpretation of ATLAS STXS measurements uce202-17 Stonsl\imk

University
H—-WV
A ATLAS |

Vs=13TeV, 1
m,=12509C | ATLAS H —)YY

V5=13Te =" e Total Stat.

my=125! | ATLAS

Vs=13TeV, 139 fb™! e Total Stat.
oA my =125.09 GeV, LVN\ <25 w— Syst. SM H b b
—7z/bb/pp

9g—H (WW*)

e

STXS binning: p(H) or p(V) (and mjjfor ggF/VBF)

wn
QO |1
o
g |
= ———w— = Sensitive to O(50) SMEFT operators O.*
o
é 1 Data insufficient to constrain all corresponding Wilson coefficients
O oo ... ¢, simultaneously
a
1 = Principal Component Analysis (PCA) = Linear combinations of
= Wilson coefficients e,

= Constrain a subset of 19 coefficients or linear

R i T e E combinations of coefficients where necessary
MMMMM ) il e 4 E :
1* - 720 N ’ c“:(B norﬁalizedt?SMval:fe *OI’]'Y ConS|der|ng CP'eVen
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-17/

Interpretation of ATLAS STXS measurements puce 202217

U

Stony Brook
University
ATLAS ﬂ/ qL %
1 V5 =13 TeV, 9fb“‘,mH=125.09GeY - SMEFT A = 1TeV lH—)w B ggr
08 . !Z:Z HH- Zy . VBF 0(3)
moowrswe L W H - WWe s ol BWH .M
ER M WH- 2z > al ZH :
5 7l | mn O H - bb BitH = i
i e BH- 7 Ui Mostly
g5 oo om ——THH Binclusive constrained by
s :: l D:;’_IH VH, H—)bb
q Binclusive
10'F Bl Linear (obs.) -10.32 =
3; Linear (exp.) g
s b3 Constraints in the linearised model
' * g - considering quadratic terms generally improves
$ | | ‘ | | ‘ g the constraints on the coefficients
o] : )% (esp. at a scale of 1 TeV).
T ) meey o pmesn |
S I A T =
ISR RN »
TRREEEIALIRIS R EIA IR 1 A0 D SM compatibility: 94.5% (98.2% for +quad.).
g E : y Vo ; . O - —
"5 - , = Good agreement with SM prediction (c.=0)
SETS WY YT YYYY vEY ¥ ¥
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-17/

Interpretation of CMS fid. diff. XS measurements ic2s03

U

Stony Brook
University

Combination of fiducial differential cross-section measurements in H—yy / = / WW / ZZ final states.

Measured observables: p_(H), Njets, y(H), lead. p;(j), ms, Anjj, rC‘

(fo/GeV)

A /Ap

107"E

1024

Ratio to prediction
-

1020 1
T 10‘;

9 100

n
T

CMS Preliminary

138 fb~' (13 TeV)

H — aMC@NLO, NNLOPS

Combination, Syst. unc.

aMC@NLO

H — Powheg

H § Combination
......

S I S Sy S A

CEPECL L LS

pf (GeV)

SMEFT interpretation

>

31 Wilson coefficients
= PCA = 10 EVs

+2D scans of pairs of
CP-even and CP-odd
Wilson coefficients

CMS Preliminary 138 o' (13 TeY)
== Decreasing
constraining
EV; x1072 = = power
EV, x107" . e
v
EVsx10'| T =ee=== p————
EV4 .
Good
EVs —e——
agreement
EVe kv, il With the SM
(i.e. 0)
EV; x10 =
EVg x10 s~
EVgy x10 e
Linear+quad.
TR T a— s parametrization
Paramet:
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-013/

\
Intermezzo: Higgs CP and CP violation Stonsl\\:mk

University

Explaining the matter-antimatter asymmetry in the universe requires new sources of CP violation
(CP violation in the SM does not suffice)

= CP violating Higgs-boson production or decay?
The SM Higgs boson is a CP-even scalar (0%).

ATLAS and CMS excluded pure spin-parity states 0~ , 17, 17, 2" and 2= @> 99% CL based on the
observed Higgs boson decays (yy, ZZ, WW).

Still possible: Higgs boson is an admixture of CP-even and CP-odd states with CP-odd contributions
to the CP-even dominated couplings resulting in CP violation in Higgs-boson production or decay.

= Keep probing for CP-odd effects in Higgs-boson couplings (e.g. via SMEFT)
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Interpretation of ATLAS VBF H—zr XS measurement smnsl\imk

[HIGG-2022-07] BilEE

Fiducial (double) differential cross-section measurements in p_(H), lead. p.(j), and signed Ad)jj and to
increase the CP sensitivity: signed Aq)jj vs p(H)

= Individual and 2D constraints on 3 CP-even (CP-odd) operators

LA L L I L

ATLAS . )
(s =13TeV, 140 b Exp. Lin. Exp. Lin.+Quad.
€ 22 = T T T T T T T 3 signed " . .
g 5 EATLAS —— SM (Powheg+Pythia8) @ Data, total unc. J Hotr, A¢” VSp_ -#-Obs.Lin. - Obs. Lin.+Quad.
g E V5=13 TeV, 140 fo™ -----cHW=+0.7(Iin.+quad.) Data stat. unc. 3 95% confidence level l% R B L L L L N L B
= 1.8 & =-= ¢ = — 0.7 (lin.+quad.) = . E ATLAS —— Exp.95% CLinterval J
3 E HA E H F p 1
3 16 1 H O 25K \5=13 TeV, 140 fb” —— Obs. 95% CL interval
Hem T E H < 200 GeV H s 200 GeV 3 5 F sgned e Exp. 68% CL interval 3
S 14F Pre © Pr> © - C - tei oF B AT e Obs. 68% CL interval J
k) 12 E E HW ol E Linear SMEFT 7
) L s R = H F ]
® 1E | 3 H 1.5F 4

A o 3T . —

0.4 ; 4 - Cie : osE E
02 T +...._..._........... e 0:— _:
s g s A osf E
g o1 [ Cuiie ——— - E
.§ osb + ........ e } """"""""" L | | l CPV SMEFT model 15 E
g -m/2 0 /2 -n/2 0 /2 _15I - I_10I = I_5I = I0 = I\l-_', = l10‘ = ‘15 S '_|2' — '_|1' — '(I)' S ;' — 'é' e
Agge™ [rad] A¢o"=[rad] Parameter Value Chw

signed A¢D. vs p(H) 1D constraints on CP-odd operators From signed Aq)jj (linear)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-07
https://link.springer.com/article/10.1007/JHEP05(2024)105

\
CMS: SMEFT constraints from V(—leptons)(H—bb) Stonsl\imk

[HIG-23-016] University

Analysis optimised to probing SMEFT effects: overcoming degeneracy in effects of different operators

and adding sensitivity to CP properties (relative to STXS-based interpretation)

Linear combinations of CP-even/odd operators
(through rotation to the mass-eigenstate basis)

Strateg_y. . . . CMS simulation Preliminary 138 fb~! (13 TeV)
e Likelihood-free inference method using boosted L S —— A a
.. . . 9] Hq
decision trees (boosted information tree, BIT) 2 | — SMsignal  ____ @ 9%% |
. . 4= —— Total EFT_~»  °  ____
e Set of EFT-sensitive and S/B-separating observables, > 10 REAT e Chu 7
e.g. p(V), m,,,, angular distributions = resolved regime
3 v
103} G
102} .-.;::F:i-::“i——-
& 4 IO -:‘:'-"‘l,-___f N
>®fc§?2 e et
N 10% . , . LT
plane of o-V} q H 0 5 10 15 20
afmeinkl St - Regression score
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-016/

\
CMS: SMEFT constraints from V(—leptons)(H—bb) smsl\imk

[HIG-23-016] University

Analysis optimised to probing SMEFT effects: overcoming degeneracy in effects of different operators
and adding sensitivity to CP properties (relative to STXS-based interpretation)

CMS Preliminary itk R

Strategy: e Best profiled fit =—— g < 1 (profiled) ---- q < 4 (profiled)

e Likelihood-free inference method using boosted * Bestfrozenfit — —— q<1(frozen)  ---- q< 4 (frozen)

- . . qg<1 g<4
decision trees (boosted information tree, BIT) @ | v ST, — (-0.068,-0.0281U00.008,0.074]  [-0.093,0.095]
e Set of EFT-sensitive and S/B-separating observables,
L . Cl(_?q) [x5] or——gie- [-0.059,-0.007] [-0.08,0.02]
e.g. py(V), m,,,, angular distributions
Chu | [x3] ety [-0.05,0.036] [-0.091,0.073]
CHd [x5] i e [-0.101,0.105] [-0.146,0.153]
95% | Ix1] s — [-0.259,0.409] [-0.573,0.614]
9%% | Ix1] =s=m s [-0.366,0.352] (-0.601,0.615]
qr Vil L
08 04 0 04 0.8
(3) Wilson coefficient value
krimz
o - Excellent simultaneous sensitivity.
ane of p In Vh CoM TIT .
Orlaneorvl @ nllcon SM compatibility (profiled): 84%
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-016/
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Run-3 efforts are gaining momentum
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First (differential) cross-section measurements using 2022
data in H—»ZZ*—4l and H—yy by CMS.

5 1 mmsommcamoom
+* oo Comparable results by ATLAS [Eur. Phys. J. C 84 (2024) 78].
2r ) 10
i M"&Tﬁ&fw H -4 °
F pp - (H —>4) +X H H H
O ot = Good agreement with SM prediction

6 7 8 9 10 11 12 13 14 0 110 120 130 140 150 160

Vs (TeV) Mg [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-12
https://cmslumi.web.cern.ch/publicplots/multiYear/int_lumi_allcumulative_pp_run2and3.png
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-013
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-014/
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Run-3 efforts are gaining momentum Stony Brook

University
400 g1 ¢ C dC runoeriods | ParticleNetAKa « RobustParT | | [T
T - e
CMS BB LHC delivered: 355.04 fb-' c & LHC run periods N - =
350 1 CMS recorded: 327.20 fb™' g £ B Run-1 W Run-2 Run-3 " o
N @ GN 5
2 00| 1! i B 10°F Early ParT # DL1d = DeepJet <
2 1 | '49 a DeepJet x JRT N
2 50 Run 2 1 b = B —
E | I o 14 Earl(DeepJet xx Dl N
1 MV2
5 200} : g @c) x DeepCSV 2
g ‘o 2 CMVAV2 < NI IPS 0
S 150/ g 3 Datasets _|
.‘g -{3 ° x CSVv2 *  Run-1 .8
3 100 - o 5 + Run-2 (Phase-0) L
N 3 & 1021 < Riuris 10N
50¢ o = cMVAV2+  + DeepCSV Ll o
> £ *  Run-3 N
. R R o | 2 | B
WO Wl “Wo W Q0 A 9 9D Qb Y4— < CSW2 + Em CMS (BvsAll)
Wt 2 2 T e '8 g Bl CMS (Bvsl)
Date T ({g = L CSV [ ATLAS (D)
1 1 1 I Il 1
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. . e Year of publication
First public results =
But already ~5X more data collect Large progress in techniques in the past years, still

improving quickly

= Stay tuned for more Run-3 results!
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https://cmslumi.web.cern.ch/publicplots/multiYear/int_lumi_allcumulative_pp_run2and3.png
https://link.springer.com/article/10.1140/epjs/s11734-024-01234-y
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Conclusions smns]\smok

University

ATLAS and CMS have been probing the predicted Higgs boson’s properties and couplings to other SM
particles more broadly and precisely than ever.

Highlighted some of the most recent results.

All results are consistent with the SM predictions, but plenty of unprobed areas where deviations are
well-motivated to occur.

Focus is shifting to analysing Run-3 data. The increased dataset and new analysis techniques promise a
new push of the current frontiers: Higgs-boson self-coupling, couplings to the second fermion
generation, high-energy Higgs-boson production,...

We have exciting times ahead of us!
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For more information Stony Brook

University

Parallel session on Tuesday

David Munoz Perez: “"Measurements of Higgs boson properties (mass width and Spin/CP) with the ATLAS
detector”

Lena Maria Herrmann: “"Measurements of Higgs boson production and decay rates with the ATLAS
experiment”

Tahir Javaid: “Higgs differential cross section and STXS measurements at CMS”

Parallel session on Wednesday

Bartlomiej Henryk Zabinski: “Probing the nature of the electroweak symmetry breaking with Higgs boson
pairs in ATLAS”

...and more!
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