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Why measure the Higgs
boson properties?



The right question to ask is ...

Did we find “THE” Higgs boson?
i.e. the Standard Model (SM) Higgs Boson



Why megsure the Higgs
boson-properties?

The right question to ask is ...

Did we find “THE” Higgs boson?
i.e. the Standard Model (SM) Higgs Boson




The Higgs boson mass



The Higgs mass is a free parameter of the SM

... has to be measured empirically
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— Given the Higgs boson mass, the SM can
1 make precise predictions of the Higgs
4 properties
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=> Precise measurement of m, important
for testing the SM predictions!
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https://pdg.lbl.gov/2013/reviews/rpp2013-rev-higgs-boson.pdf

Fully reconstructed Higgs boson decay channels
using the ATLAS detector

In ATLAS, photons, electrons and muons reconstructed and identified
with high efficiency, as well as measured with high precision
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m = invariant mass of the decay products € = electron or muon



Higgs mass measurement in H = yy and H =277 =4[+

Very good invariant mass High signal over background
resolution ratio
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https://arxiv.org/pdf/2207.00320.pdf
https://doi.org/10.1016/j.physletb.2018.07.050

The latest ATLAS Higgs mass measurements

H —yy H —7ZZ -4l
Latest measurement using fraction of Latest measurement using full Run 2
Run 2 data (36 fb) data (139 fb)
my, = 124.93 £ 0.21 (stat) + 0.34 (syst) GeV my; = 124.99 + 0.18 (stat) + 0.04 (syst) GeV
(systematics dominated, lead by calibration uncertainty) (dominated by statistical uncertainty)
my, = 12493 + 0.40 GeV my; = 12499 4+ 0.19 GeV
Combined with Run 1 measurement Combined with Run 1 measurement
m,, =125.32 + 0.35 GeV my; =124.94 = 0.18 GeV

(Full Run 2 measurement coming soon!) (Best measurement so far!)



The Higgs boson natural width



The Higgs boson natural width I,

Higgs natural width

SN - The width of the Higgs boson
/\ 1 depends on its couplings to SM
particles ...
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https://atlas.cern/Updates/Briefing/Higgs-Total-Width

Events / 1.25 GeV

The Higgs boson natural width I,
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Typical experimental resolution of
the order O(GeV) ...

= Direct measurement from
invariant mass peak not possible!
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https://arxiv.org/pdf/2207.00320.pdf

Indirect measurement of I'\, using the off-shell

H/ggs product/on

< T
= F bb WW ;§ g Z
C I
- AL 1T 2 H
=~ 10 3
) ' ---------------------
; 1
. QQQQJ
T ol 2 22 2 02
P g (m? —m%)? + Tymy 7
>
S

10°% On- shell region Off shell region

~ mH mz > mH
u \

10% 56" 200 ||300 400 1000

LHC HIGGS XS WG 2013 M, [GeV]

HVV oroducti h 4inth Cross sectlon with Cross section

proguction ennanced in the dependence on I', independent of I'
off-shell high mass region 13



https://pdg.lbl.gov/2013/reviews/rpp2013-rev-higgs-boson.pdf

Assuming a negligible on- and off-shell
coupling difference, evolving SM like ...

i.e. assuming no contribution from new physics!
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.98.015023
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Higgs width measurement in 4/ and 2/2v finale states

Observable: neural network discriminant
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-068/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-068/

Higgs width measurement in 4/ and 2/2v finale states
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-068/

Indirect measurement of I',, from off-shell Higgs

Hoff-shell Iy
Hon-shell T%HM

Combined with the previous on-shell
result (Eur.Phys.J.C 80(2020)10, 957)

I'y=4.675C MeV

Upper limit on I' , of
9.7 MeV at 95% CL
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-068/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-33/

The Higgs boson spin
and CP properties
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The Higgs boson spin-parity

The SM Higgs boson has spin O and positive parity (CP even)
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ATLAS Collaboration, Eur. Phys. J. C 75 (2015] 476

Using measurements of H —yy,
H—2Zand H— WW in Run 1

=> Spin 1 and spin 2
hypotheses have been excluded
with a confidence level larger
than 99.9%
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https://cds.cern.ch/record/2026126/files/EPJC-2015-75-476.pdf

The Higgs boson CP properties

Higgs purely CP-even? possible CP-violation in the Higgs sector?

coupling to EWV vector bosons
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The Higgs boson CP properties

coupling to EWV vector bosons

CP-odd components in HVV couplings forbidden in SM at tree level ...

Typically described in higher order terms in an effective field expansion
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The Higgs boson CP properties

CP-odd components of Higgs-fermion couplings at tree level allowed!

Important to constrain CP-odd Higgs-fermion couplings

coupling to fermions

22



CP properties of Higgs-top coupling using t(t)H
Effective Yukawa interaction between Higgs boson and top quark

Liig = —K,y: Y (Cos @ + iys sin @)y,

y.=SM top Yukawa coupling I I

K,” = coupling modifier —
' ping J CP-even CP-odd

a = CP-mixing angle
(SM-like) (BSM-like)

23



CP properties of Higgs-top coupling using t(t)H
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CP properties of Higgs-top coupling using t(t)H
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CP properties of Higgs-top coupling using ttH
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CP properties of Higgs-z coupling using in H =Tt

Effective Yukawa interaction between Higgs boson and t-lepton

™m -
Lirr = ——ky; (€08 @77 +sin ¢, TiysT) H
1%
m_ = T-lepton mass I I
K, = reduced Yukawa coupling
v = vacuum expectation value CP-even CP-odd

of the Higgs field

b = CP-mixing angle (SM-like) (BSM-like)
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CP properties of Higgs-z coupling using in H = 7z

The t-lepton is reconstructed from its decay products ...

*
Yop

An effective angle is extracted
from the decay products to build

a CP sensitive variable



CP properties of Higgs-t coupling using in H =1t
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https://arxiv.org/pdf/2212.05833.pdf
https://arxiv.org/pdf/2212.05833.pdf

After ten years since the discovery ...

Great progress in measuring the Higgs boson properties

The Higgs boson mass known to 0.11% with the full Run 2 H—yy mass
measurement to come, and more combined results

The Higgs boson natural width measured at MeV level + evidence of off-shell
Higgs boson production (more measurements and combined results to come)

CP structure of different Higgs couplings probed: pure CP-odd coupling
excluded at > 30 in several measurements (with more results to come)

Stay tuned for more Run 2, combined and Run 3 results!
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CP properties of HVV coupling with VBF Higgs
to diphoton
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arXiv:2208.02338

CP-odd component can be described by
adding dimension-6 operators to the SM
Lagrangian (EFT approach)

M * =|Msm|* +2 - ¢; - Re( Mgy AMcp-oda)

+ 7+ | AMcp-odd|*.

The optimal observable:

00 =2 -Re( M, - Mcp-odd) || Msm)?
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https://arxiv.org/abs/2208.02338

CP properties of HVV coupling with VBF Higgs
to diphoton
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https://arxiv.org/abs/2208.02338

CP properties of Higgs-gluon
coupling with ggF+VBF

Measured in the H = WW — lvlv

Found consistent with the CP-even SM hypothesis
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