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Higgs boson mass
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An unknown of the Standard Model...

Why do we want to measure my?

® my not predicted by theory!

¢ Intimately related to Higgs potential
v’ Higgs coupling defined by my, value

v" Knowledge of my; also have impact on
precision of indirect measurements!

V(®) = 12 0Td + \(DTD)?
How do we want to measure my?

V((I)) — VO + lm%{H2 + )\VH?’ 4 1)\]‘[4 ® my measured with H—>yy and H—>4|

2 4 ® Precision dominated by statistics and
experimental systematics
_ / . . .
myg = \/5 L Precise calibration of photons, muons and

electron energy and momentum scale crucial!
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The Higgs boson mass at the end of Run |

ATLAS+CMS Run!| Combination

ATLAS and CMS

Marco Delmastro

uncertainty = 240 MeV (0.19%)
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—e— Total Stat. 1 Syst.
LHC Run 1 Total Stat. Syst.
ATLAS H—yy F——e—— 126.02 = 0.51 (= 0.43 = 0.27) GeV
CMS H—yy —e— 124.70 = 0.34 ( + 0.31+ 0.15) GeV
ATLAS H—ZZ 4l | - : 124.51= 0.52 ( = 0.52 = 0.04) GeV
CMS H—ZZ -4l ——e— 125.59 + 0.45 (= 0.42 = 0.17) GeV
ATLAS+CMS yy I-—EI—-I 125.07 = 0.29 ( = 0.25 + 0.14) GeV
ATLAS+CMS 4i —==— 125.15 + 0.40 ( = 0.37 = 0.15) GeV
1
ATLAS+CMS yy+4l = 125.09 + 0.24 ( = 0.21 = 0.11) GeV
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
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m,, [GeV]


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.191803

H—2>4l| mass: latest ATLAS result
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https://arxiv.org/abs/2207.00320

H—>4l mass: latest ATLAS result
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——&—1 12533 £ 0.50 (£ 0.49 Stat

——

——

—e— Total
Stat. Only
[ Sys. Only

124,51+ 0.73 (= 0.73 Stat

125.01+0.29 (* 0.29 Stat

124.93 +0.29 (+ 0.28 Stat

)
)
)
)
124.99 £0.19 (£0.18 Stat.;

Run 2

124.94 £0.18 (+0.17Stat)] Ry | + 2
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m,[GeV]

uncertainty = 180 MeV (0.14%)
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https://arxiv.org/abs/2207.00320

H-2>vyy mass: latest CMS measurement

Source Contribution (GeV)
°* Ph | d luti lib . ial! Electron energy scale and resolution corrections 0.10
oton energy scale and resolution calibration crucial: Residual pt dependence of the photon energy scale 0.11
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https://www.sciencedirect.com/science/article/pii/S037026932030229X

Higgs mass: best precision to date (and more to come)

Precision driven by
statistics, but photon,
electron and muon
scale and resolution
systematics will soon
become limiting!

Some measurements
still based on partial
Run 2 datasets: more
improvements to
come, and
ATLAS+CMS mass

combination

Marco Delmastro

CMS Phys. Lett. B 805 (2020) 135425

2016: 35.9 fo' (13 TeV)

Run 1 H—yy

Run 1 H— ZZ— 4l

Run 1:5.1 fb™ (7 TeV) + 19.7 o' (8 TeV)

—

———— 125.59 + 0.46 ( = 0.42) GeV

— Total |:| Stat. Only

Total (Stat. Only)
124.70 + 0.34 ( = 0.31) GeV

Run 1 Combined  —— | 125.07 = 0.28 ( = 0.26) GeV
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uncertainty
140 MeV
(0.11%)



Higgs boson width
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Higgs width: a problem difficult to tackle directly!

Total Higgs natural width in SM is small! Direct measurement severely limited by
v" Too small to be accessed experimentally at detector resolution! One (old) example:
LHC from resonance line-shape in analysis 10 19.7 o' (8 TeV) + 5.1 fb™! (7 TeV)

where peak can be reconstructed... = [ CMS
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http://dx.doi.org/10.1140/epjc/s10052-014-3076-z

The Higgs boson as propagator: width from off-shell Higgs

g Z g A
ggf as an H
example
1
2 2 )2 2 2
g (m* —my)? +Tgmy 7 g 7
CMS simulation 13 TeV
¢ Interference impacts both total cross section and m(VV) line-shape 10: gg—212v (=6, 1) E
¢ Assuming on-shell and off-shell couplings are equal: 1823 — SM H signal (IHP) 3
S ok SM contin. (ICP) 3
T S i —— SMtotal (H+CP) ]
Hoff-shell € on | [T IHP+ICP
— = &, of e
~ 107
S F |
,LLOIl-SheH FSM O 107
L 107k
10°
— 2 2 -6
v =99 on-shell ggluongV off-shell 10_7 E
vo=WW,2Z,Zy,vy  Opp—H—4¢ X T vo— H—s40 X ggluongV 107"k L
H 500 1000
My, (GeV) T
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https://arxiv.org/abs/2202.06923

Measurements of the Higgs width from off-shell production
Measurements in 4/ and 2I2v final states and for different production modes (CMS: ttH,VH,VBF, ggH)
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https://arxiv.org/abs/2202.06923

Higgs spin &
CP properties

aaaaaaaaaaaaaa



SM Higgs spin and CP properties

® SM Higgs has spin 0 and positive (even) parity
(F = 0++)

® At the end of Run | we knew Higgs had spin 0...
v~ Spin | and 2 hypotheses excluded at > 99.9% CL

using H>yy, H>ZZ* and H>WW*

NN

NN
AN

Example:
J=2 model
exclusions

with 03
H>ZZ 02

AR
A

AMhNnik

IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII %

jO-Bestfilzla *('\]E ?\]—(\:I t\? ‘E\i: JE\]—O 4&2 46\;5 .N;: '(\1% \
7/ Excluded at 95% CL

Expected at 95% CL

roduction
[ Expected at 68% CL gep
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Events /0.1

Example:
H->yy spin
analysis

Events /0.1
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https://doi.org/10.1016/j.physletb.2013.08.026
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.012004

Studies of the Higgs CP properties

Spin is property of the particle, CP of the coupling...

coupling to EW vector bosons

& t T q
Htt @----------- H i Hrt
g\QQ.Q.QQ.Q.QQ.Q.Q»_‘_E T q
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CP properties of Higgs-top coupling with ttH

Effective Lagrangian for Yukawa coupling to top quarks parameterized by

CP-Even and CP-odd components

Lt = —K,y:dU; (COs @ +iys sin @)y,

 normalised to data yield

c T T
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ttH+tH

Two recent examples:

H->bb

Analyses use MVA discriminants
and CP-sensitive observables

When possible, multiple decay
channels can be combined...
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ttH+tH
H->MultiLeptons

Events

Data/pred.

CMS Preliminary 138 fo' (13 TeV)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-016/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-006/index.html

CP properties of Higgs-top coupling with ttH

ATLAS ttH H->yy

I S e B R NAE
€ [ —® - Best fit XsMm ]
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ATLAS ttH H—>bb
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CMS ttH H>ML +

CMS Preliminary

H>yy +H>ZZ

138 o' (13 TeV)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-016/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-006/index.html
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CP properties of Higgs-t coupling with H2> 1T

Effective Lagrangian for Yukawa coupling to tau leptons parameterized — ______ Hrr
by CP-Even and CP-odd components

L = —&/@T (cos ¢ TT + sin ¢, TivysT) H 7
v

*
Ycp
CMS Simulation 13 TeV
5' 7\\\\‘\\\\‘\\\\ \\\\‘\\\\‘\\\\7 2 kvvvvTvvvv‘vvvv‘vvvv{vvvv‘vvvv‘vvv".__
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Uses either the impact parameter direction for single-

(o Lkas (CMS) = (br (ATLAS) prong taus (%) or 1 momentum for t — n* 7% p v;

(also for 3-prong decays with p — w*m)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-032/
https://doi.org/10.1007/JHEP06%282022%29012

CP properties of Higgs-t coupling with H2> 1T

CMS 137 b~ ! (13 TeV)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-032/
https://doi.org/10.1007/JHEP06%282022%29012
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CP properties of Higgs-gluon coupling with ggF+VBF

. o . . . e . -« Hee !l A Secccaa H
Study ggF+2 jets events: jet kinematics sensitive to Hgg coupling CP properties Hgs
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https://arxiv.org/abs/2109.13808
https://arxiv.org/abs/2205.05120

CP properties of HVV coupling (mult. prod. + H->4l)

HVV couplings parameterized by tensor structures in scattering amplitude Multiple analyses constraining
HVV couplings with ggH, VBF,

VH, ttH, tH production and

vV KYVL]%"'KXVIJ% y e VV (1) e () VV %(1) 2(2)p H— 17, H—>4l, H— Yy decay
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CP properties of HVV coupling (mult. prod. + H—2>4l; offshell)
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CP properties of HVV coupling with VBF

SM Lagrangian augmented with CP-odd dim-6 operators involving Higgs and EW HVV -
gauge fields in EFT formalism

IMI? = [Mspm|* + d - 2Re(Mp, Mcp-oaa) + d* - IMcp-oaal®
Approach pursued SM
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CP propertles of HVV coupling with VBF |
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Conclusions

Ten years after the Higgs boson discovery, we know its properties with impressive precision!

® Mass known to 0.1 1%

v" Only SM parameter unknown prior to LHC now one of the most precisely measured!
v Was ~0.2% at end of Run | ATLAS+CMS

v' More measurements with full Run 2 dataset and ATLAS+CMS combination to come, precision will increase!

¢ Width measurements closing in on SM values = y=3.2 ”_%:;5 MeV
v" Evidence of Higgs off-shell production!

Spin 0 already measured at Run |
v" Spin | and 2 hypotheses excluded at > 99.9% CL

CP structure of various Higgs couplings probed for fermions (top, 7), gluons, EVV vector bosons, with a
variety of production and decay modes

v" Measurement globally in accord with SM CP-even hypothesis ... some analyses still
v’ Pure CP-odd ttH coupling excluded 3.9 ¢ need to be finalized with full
v' Pure CP-odd Hrt coupling excluded 3.4 o Run 2 dataset, and Run 3 is coming
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Knowing the Higgs mass values...

... allows to make precision predictions
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... but current my precision has little impact
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... questions us on vacuum (meta) stability

V(®) = —p20Td + \(PTP)?
mg =V 2\

Running of the Higgs self coupling,
assuming SM only at high scale
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Vanishing quartic coupling at the Planck scale? Potential not bounded?
... but interpretation more sensitive to precision on top quark mass
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More on
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Higgs width (also with anomalous HVV couplings)

CMS <140 fb™ (13 TeV)
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H-2>7t decay CP

Impact parameter

directional distance of closest
approach of charged particle’s
track to reconstructed PV of the
event

4-vectors boosted to the rest
frame of visible di-t Zero
Momentum Frame (e.g. two
decay charged particles)
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