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A@)S 10 years of Higgs property measurements:

EXPERIMENT

04 July 2022: CERN celebrated its 10th

anniversary of the Higgs boson
discovery announcement.

e years

4 HIGGS boson

28 discovery

Peak at my~ 90 GeV

From J. Ellis et. al. 1976 [paper] on the R LA
phenomenological profile of the Higgs boson: i

m, [GeV]

small, For these reasons we do not want to encourage big experimental

searches for the Higgs boson, but we do feel that people performing expe-

riments vulnerable to the Higgs boson should know how it may turn up.

Today: Overview of current Higgs property measurements:
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https://cds.cern.ch/record/874049/files/CM-P00061607.pdf
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A@)S The missing piece of the puzzle:

EXPERIMENT

Does the Higgs behave as expected by the SM?

Why measure the Higgs mass?
Not predicted by the theory!

- Higgs couplings to SM particles are completely defined by the mass.
- Shape of the Higgs potential fully known in the theory, once the vev and
myg have been determined.

1 1
L CV(p)=V,+ EméHz + WH> + Z/IH“ T

How to measure the mass:

- - —
-------

Precision: H — ZZ* — 4¢ and H — yy, ¢ = electron (e) or muon (u) —
Despite low BR for each, profit from clean detector signature. >
Precision greatly impacted by both statistics and experimental systematics.

-> Require extremely good calibration of ¥y energy scale, y energy resolution, e energy scale, 4 momentum scale, etc.
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@) Latest H - yy mass measurement:

ATLAS

EXPERIMENT

yy decay channel: extremely low cross-section, but very clean signature.

Phys. Lett. B 784 (2018) 345

Dominant backgrounds: SM yy production, y+jet, di-jet.
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https://arxiv.org/abs/1806.00242

@) Evolution of mass measurement:

ATLAS

EXPERIMENT

Measurement of the Higgs Boson mass has come a long way since the 2012 Higgs discovery!

Signal
peak!
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v' More statistics (30x)

v Better understanding of the dominant backgrounds.
v Significant reduction in systematic uncertainties.

v Improved analysis techniques.
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https://arxiv.org/pdf/1207.7214.pdf
https://arxiv.org/abs/2207.00320

@) Latest H — Z/Z* — 4 mass result:

ATLAS

EXPERIMENT

In this channel: larger dataset + improved experimental techniques + more precise lepton calibration.
Improvements since 36 fb~! analysis:

= Factor 2 reduction in statistical uncertainty
= ~ 20% reduction on systematic uncertainty relative to previous Run 2 publication
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m,, [GeV]

Size of leading systematics:

arXiv:2207.0032

Systematic Uncertainty

Contribution [MeV]

Analysis improvements:

1.

2.
3.

New deep neural network (DNN) for S/B discrim

Improved p_. calibration.

Per event, o,

Muon momentum scale +28
Electron energy scale +19
Signal-process theory +14
Ination
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https://arxiv.org/abs/2207.00320

@) Latest H — Z/Z* — 4 mass result:

ATLAS

EXPERIMENT

Simultaneous

it for all decay channels.

ATLAS —— Tol

* tat. Only

E =_1) 3ZT§V, 1_3)94;L" B Sye. Only
i 4e : ~e- 124.51+0.73 (£ 0.73 Stat-;
i 2u2e »- 1 125.33 +0.50 (+0.49 Stat-;
i 2e2u 125.01+0.29 (+0.29 Stat-;
i 4 124.93 £ 0.29 (+0.28 Stat.)—
i Combined —e— 124.99 +0.19 (+0.18 Stat.;
mumtiez 124,94 + 018 (017 Stat)

T 7 T TS TS T

m,[GeV]
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arX1v:2207.0032
Strongl{/y itaj ~ 88% improvement
error limite
compared to mg*ZZ’ Runl

H — ZZ* — 4¢ full Run 2 dataset (139 fb~1):

m5* = 124.99 + 0.18 (stat) = 0.04 (sys) GeV

H — Z/*% — 4¢ combination of Run 1 and Run 2 datasets:

m5* = 124.94 £ 0.17 (stat) = 0.03 (sys) GeV

This my result is one of the most precise

measurements of the LHC scientific program!

0.14% uncertainty

on my!


https://arxiv.org/abs/2207.00320
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@) The Higgs width: a difficult measurement! 10
ATLAS

EXPERIMENT

Contains information about the interactions of the Higgs with all other fundamental particles.
Since width value depends on Higgs couplings to SM particles-> very important to measure it precisely!

If theory # measurement = new particles that also couple to the Higgs? New physics?

The SM predicts the total Higgs width to be:

M =4.07 MeV

ATLAS-CONF-2020-026

> 0.16 I I | 1 I 1 | 1 I I I | I I I I 1 I | | I I | 1 B

Direct measurement: o " H—yy, m =125 GeV ATLAS Simulation -
. . . . . o 0.14[ s =13 TeV —
Technique: Scan over invariant mass profile of the Higgs decay S - -
products, in peak on-shell region. Ei 0'12:_ B
LS 0 1— ggH 0J Cen (o,,=1.59 GeV) -

A : : : : Z I o MC -
Feasibility: Possible for other particles with larger width - the Z o - —— Signal Model -
< 0.08— -

boson (F%M = 2.09 GeV). ” N 9gH 0J Pwd (05=2.10 GeV) -
i . .

0.06[— Signal Model -

Limitation: Restricted by experimental resolution 0.0 43_ -
I, <1—2GeV. : -
0.02 -
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https://cds.cern.ch/record/2725727/files/ATLAS-CONF-2020-026.pdf

@ Indirect determination of the Higgs width:

ATLAS

EXPERIMENT

Across myy invariant mass distribution can define two regions of interest.

On-shell: region close to Higgs resonant peak, defined by s ~

Off-shell: region far from peak of distribution, defined as s >>

Interference occurs between processes with the same initial and final state particles.
Interference impacts both the total cross-section, and the invariant mass line-shape.

Ashley McDougall - 30.08.22
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@) Indirect determination of the Higgs width:
ATLAS

EXPERIMENT

[Phys. Rev. D 90, 053003],
larXiv:1307.4935v3], [Phys. Rev. D 89, 053011]: ,
Off-shell region

Combine on-shell and off-shell information. _—
- Particularly interesting in HVV (V = W or Z) decays - £

N

| Illlllll

strongly enhanced at high energies => far from resonant

mH peak.
- Off-shell Higgs production enhanced at ~ 350 GeV
because of top-quark loops in ggF.

LHC HIGGS XS WG 2013

- ~15% of Higgs cross-section is for masses >2 X m, due

—_—
<
N

I Illlllll

to increased phase space of on-shell Z production.

Higgs BR + Total Uncert
o

Cross-section given the Higgs propagator:

-

-
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H limit s >> mH: 10-4 L : 1 | 1 L L
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.053003
https://arxiv.org/pdf/1307.4935.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.053011

@) Indirect determination of the Higgs width:

ATLAS
EXPERIMENT
on i Determination of Higgs width, I'; :
<hell : Off-shell region take ratio between off-shell and on-shell event yields:
OoOOl 1 | I | 1 | I _l_ o
. eg 5 H > ZZ 1 |3
0.0008 + My = 125 GeV 12
_ LHC, /s=13TeV |z Hoff-shell 1y
z 00006+ min. cuts |a —
L@'? : 3 FSM
= 0.0004 ; Hon-shell 7
=
Y 0.0002 h
N
:
> 0
= _0.0002 L : i WARNING: Method relies on the couplings cancellation.
; —— gg bkg. - Assumes: on-shell and off-shell couplings are the same,
-0.0004 " — S+1 | despite very different energies.
-0.0006 | 1 S - - Theoretical model dependance not present in on-shell
- 1 - , , - . | only methods.
0 100 200 300 400 500 600 700 800 900 1000 - Several BSM effects could de-correlate on- and off-shell
Mzz [GeV] couplings, e.g. additional Higgs states

[PhysRevD.92.075038].

Interference effects = sizeable and destructive.
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.075038

@) Measurements of the Higgs width from off-shell production:

ATLAS

EXPERIMENT

14

| atest results use 36 fb
Measurements use H —» ZZ* — 4¢ and H —» Z/* — 2£2v decays.

~1 of data.

> 100 S N R S S L R ==
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o 10° =3 B q0—-ZZ =
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LI>J 0 %— NN Uncertainty _§
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10~ |
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s % ‘ | e :
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Discriminating variables:
4¢ channel: my, and Dwve

272v channel: m%4

On-shell rates from 36 fb~!

analysis:

_ 0.21
Hon-shell = 1.28370

[arXiv:1712.02304]

Observed results for the Higgs boson total width:

-2In(\)

Physics Letters B 786 (2018) 223244
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https://www.sciencedirect.com/science/article/pii/S0370269318307494?via=ihub
https://arxiv.org/abs/1712.02304

@) Indirect determination of the Higgs width:

ATLAS

EXPERIMENT

[Phys. Rev. Lett. 111, 111802], [Phys. Rev. Lett. 119, 181801], [Phys. Rev. D 86, 073016]
1. Apparent shift in mass distribution (due to antisymmetric shape effects)

2. Overall reduction in the total yield ©(2%).

- Measured mass shift is proportional to the Higgs boson width: Am; \/FH/FISLIM
- No constraints made on the couplings. arXiv:1208.1533

gg—h(125 GeV)-»yy L I LI L L
6 I I I I | I I I : -
(T Bw - 3.0 E
~ 4 | Ry I S
> COE
8 - - Full.Int i- A -
s Ny j 2 2.0r -
B 5| — 12 x10 ! \ 002 001 0 001 002 :
S i \ J / \ _ < i
E?‘\ ] /// \\\ ] % - :
| ol h - B 1.0 Shift G(70 MeV) :
S 0 = 1.0: | | :
i @ NLO in SM ;
_2 _l | | | I | | | | | | I | | | I O-O: | | | | l : | .
~0.02 ~0.01 0 0.01 0.02 122 123 124 125 126 127 128
myy—my, (GeV) M _ [GeV]
Phys. Rev. Lett. 119, 181801 (2017) YY

With the HL-LHC dataset, and subsequent theoretical improvements,
expect bounds on the order of I';; ~ O(10) X FISLIM [CERN-LPCC-2018-04].
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.111.111802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.181801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.86.073016
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.181801
https://cds.cern.ch/record/2650162/files/fermilab-pub-19-074-ppd-t.pdf




@) The Higgs boson spin and CP quantum numbers:

17
ATLAS e S
EXPERIMENT O ppl- ° Data ATLAS =
? " [ Background ZZ* Hs77% Al i
;E. 20: I Background Z+jets, fi
The SM predicts the Higgs to be spin O (only SM particle), and - _":=°+ (s=7 TeV [Ldt=4.610" -
N | CP iy Y a J = (s=8 TeV JLdt=20.7 fo-
have positive parity (CP even): J*" =0 Spin-0, _ -
Measuring the spin: oo nEnmRmERE ¢ 100 nE -
. . . . Spin-0, : ]
Run I: Evidence for spin O nature of the Higgs. ' CP-odd -
Spin 1 and 2 hypotheses excluded at > 99.9% CL using H — ¥y, CEEEETRREEY -
H—- WW* H — Z/* 1 0.5 0 0.5 1
BDT output
N AL B LI
Higgs purely CP-even? Possibility of CP-violation in Higgs %30:—-BZ§QWM . :T"Z‘; )
sector? %25:_-Background Z+jets, tt oeeT B
Presence of a CP-odd (pseudo-scalar) admixture has not yet - ': ijpf (s=7 TeV |Ldt=4.6 fb-1_1g
uded 20 (s=8 TeV [Ldt=20.7 o
Deen exc .
Measured CP-odd contribution = new physics CP-even ,.‘f'5;— ]
= contribute to the observed baryon asymmetry of the PCTTITIIT . g e ]
universe. : Spin-1, o
: CP-even - 5
O: =
£ 0.5 0 0.5 1
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https://reader.elsevier.com/reader/sd/pii/S0370269313006527?token=4C8911265C293C210FE66996CEA57EBE1AD0D3433D0BF804FC4FD3B224BADA717B379826E3363C36992C82CE2A438DFE&originRegion=eu-west-1&originCreation=20220818134746

A@)S Probing CP properties of the top-Higgs Yukawa coupling:

EXPERIMENT

CP properties of the top-Higgs Yukawa coupling studied directly using Higgs Boson production in
association with top quarks, e.g. top quark pair, ttH or single top tH processes.

My = 125 GeV

III || | ] lll[[l
Vs= 13 TeV

I‘ F 1T

S

AL L

ml‘ — . 1
A off = T 7{1/419 [cos(a) + zsm(a)yS] VAYs |

K, (> 0) is the top Yukawa Pure CP-odd

| Illlllll | llllllll | llllllll | llllllll | llllllll | llllllll [ LI

coupling parameter (=1) for SM a = +£90° 10-3
a is the CP mixing angle

SM: Pure CP-even, a=0"

—
<
—
Illlllll llllllll| IIIIIIIIl IIIIIIII| IIIIIIIII

lllllll
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| | | I

1000 2000
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—L

Any other ar value — new source of CP violation in SM!

Latest ATLAS results, using 139 fb~! collected at 13 TeV consider H — vy and H — bb.
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A@)s Probing CP properties of the top-Higgs Yukawa in i — yy:

EXPERIMENT

Phys. Rev. Lett. 125 (2020) 061802

Measured rates:

1 X By, = 1647938 (stat) 017 (sys) 2T T

| ’ - T Best fit SM .

Assuming a CP-even coupling and constraining all 1.5 ... 2% -

non-ttH Higgs processes to SM predictions. N S 3o e

Measured rate for ttH : = 0.5t E

+0.33 +0.21 c  ob -

1437537 (stat) 175 (sys) X SMexpectation @ F =

Y. - .

—0.5F .

Pure CP-odd coupling excluded at 3.90 —15— ATLAS T e _E

) - .

— Severely constrained! -1.5F [5=13TeV, 139 fb™ —

o o _2:|....|....|....|....|....|....|....|:

Limit set on CP mixing angle: 15 -1 -05 0 0.5 1 1.5 2
|| > 43° excluded @ 95% CL K,COS(at)

All measurements are consistent with SM expectations.
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.125.061802

@) Pr

ATLAS

obing CP properties of the top-Higgs Yukawa in H — bb:

EXPERIMENT

Channel: H — bb produced in association with top quarks (tH or tH).
Target final states where > 1 top decays semi-leptonically to e or u.

Analysis optimised for tfH( — bb), not the tH signal -> small yield, due to

destructive interference.

Higgs pT sensitive to CP -> exploited by considering boosted region (tH

enhanced).

200

150

Events / bin width

100

50|

G|
)

15
SIE 1.0

0.5

10

CP sensitive observable: b4

T normalised to data yield

| Dilepton
| gR24 24
2

_ ATLAS Preliminary
- Vs=13TeV, 139 fb™!

ttH + tH
tt+ 21b
tt+ >1c
tt+1
Other

exploits enhanced ¢ production
close to beam pipe and in
opposite directions, for CP-odd

ttH production.
pip;
izez

7777, Unc. (Total)
— {tH + tHT (0°)
ttH + tH (90°)

IIII|IIII|III

AL

i a = 00, i
1 CP-even 1
a = = m

?Hﬁ/fﬂﬂf/ﬂﬂﬂ/ﬂﬁ/ﬁ%@&(ﬁ%f%ﬂﬂﬂiﬂﬂﬂﬁ////é/fi//ﬂﬁ;

a = 90°,
CP-odd
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ATLAS-CONF-2022-01

s [ T T T .
[ | ATLAS Preliminary 2 . =
@ | /5 =13 TeV, 139 fo~! 11— ﬁ
X 2 1 - |
A 41 —30
1 -
! 1l 25
0 |20
: 1115
1= =
- =110
2 | Y% Bestfit a=11", k/=0.83 N -
- % SMCP-even: a=0,k; =1 |
i CP-odd: o =90, K] = 1 -

I
| OO
o

K; COS O
Values of @ and k, determined simultaneously
using a binned profile likelihood fit.

Pure CP-odd coupling excluded at 1.2 o

Best fit values: CP-mixing angle, a = llf%
. _ +0.30
Coupling strength k, = 0.837


https://cds.cern.ch/record/2805772/files/ATLAS-CONF-2022-016.pdf

o v Defining a CP sensitive observable in 17 — 77:

EXPERIMENT

ATLAS-CONF-2022-03

Higgs decays to 7 lepton pairs allow for direct probe of the CP properties of the Higgs to T Yukawa coupling.
CP-mixing angle, ¢@_linformation encoded in correlations between transverse spin components of 7 leptons.

CP sensitive observable: acoplanarity angle, q0>c‘<P between the decay planes.

= Constructed based on visible decay products, where method is different for each decay channel.

m R ]
<0.12- ATLAS Simulation Preliminary -
For z* — piv,[ — ﬂiﬂ'OI/TZ - H—etmt—=mmvw % gcala(; | 1
I --m-- Pseudoscalar
decaY plane formed by 0.1 530Gev,p">20GeV ,  CPomix (6 =45
the pion four- i T |
momentum vectors. 0.087—"-'-,,_‘ ..... Ak g ey 2 Shape of g
: - - —é—A . - : CP
- YL . -~ .= i distribution
Y, 0.06 - - . - - under different
I - = DU Higgs CP
0.04[- - B & . - hypotheses.
~o- - AL A o=
0.02- -
X _l L1 1 1 l I I I | I I I | I I I | | I I A | I I I | l—
0 60 120 180 240 300 360
¢ [°]
ATL-PHYS-PUB-2019-008 CP
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https://cds.cern.ch/record/2809728/files/ATLAS-CONF-2022-032.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-008/

@) Determination of the Higgs CP state in H — rz:
ATLAS

EXPERIMENT

ATLAS-CONF-2022-032

ATLAS measurement using 139 fb~! of data, collected at 13 TeV.

ﬁ 2?[ I | L I | I | | I | | l | | | I l_
= - , i
Observed value of ¢_is: 9 + 16° 1.8 ': giﬂSt it _;‘; B
1.6 - -
Total uncertainty dominated by statistical uncertainties. 141 ) -
Leading systematic uncertainties: 1 23_ B
- jets (4.3° impact) 15 ; .
- theory uncertainties on H — 77 (1.5°) . '1‘ ! i
. : o 08_— '\\ ; ]
Uncertainties on the 7 decay reconstruction < 1° on ¢._. - e -
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https://cds.cern.ch/record/2809728/files/ATLAS-CONF-2022-032.pdf

@ CP

properties of HVV couplings in VBF i — yy:

ATLAS

EXPERIMENT

CERN-EP-2022-134

CP-odd component in HVV decays described by adding dim-6 operators to the SM Lagrangian, using an effective field

theory (EFT) approach:

Test CP invariance of the HVV coupling - Optimal Observable (OO) method: OO = 2 - Re(/%;vl  Mp-odd)! | s |2

| M = | Mspg |* +d = 2Re( M, M podd) + @ - | Mcpodg |’

S g — T T . —
— 705 ATLAS g b _ Data 1 =
- @ C —— Sig. + bkg. d

"g ~ Vs=13TeV, 139 fb’ : ' Total bkg. 1 3
— 3 - — Continuum bkg. 1

% 60— m,, €[118, 132] GeV 2 =
5 — TT+TL+LT Z 20 ]
g S0~ 4 Data : 10F —
% 40 :_ '\I{BFI(SII(V') T R B TV N R - .1-60_:
[ ota g. vr+rw m, [GeV]

; 30— 2 Syst. Uncer. [ |: \\ | =
F) E \\\ I \\\ I E
+ 20— —
= 10 —
\\\\\\\\\\\\ — . =

— e ' ! ! | —

2 ob [IVBF(SM) -
e - "I VBF (d=0.06) .
o 5 L..; VBF (d=-0.06) -'"""::: EEE . =
[qV) l L cecegecmcmcmaaa- =
a ' A —— L S——

. — :
o]0,

SM: symmetric, and mean = 0.
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Wilson coefficients multiplying CP-odd operators describe CP-odd couplings.

1. HISZ [Phys. Rev. D 48, 2182]: constrain d

2. Warsaw [arXiv:1008.4884v3]: constrain Cgyy

All CP-even operator coefficients = zero

68% (exp.) 95% (exp.) 68% (obs.) 95% (obs.)
d (inter. only) (—0.027, 0.027] | [-0.055, 0.055] | [-0.011, 0.036] | [—0.032, 0.059]
d (inter.+quad.) (—0.028, 0.028] | [-0.061, 0.060] | [-0.010, 0.040] | [—0.034, 0.071]
d from H — 171 [—0.038, 0.036] — [—0.090, 0.035] -
Combined d (—0.022, 0.021] | [-0.046, 0.045] | [-0.012, 0.030] | [—0.034, 0.057]
cgw (inter. only) [—0.48, 0.48] [—0.94, 0.94] [—0.16, 0.64] [—0.53, 1.02]
cyw (inter.+quad.) | [-0.48, 0.48] [—0.95, 0.95] [—0.15, 0.67] [-0.55, 1.07]

Results all compatible with SM!


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.48.2182
https://arxiv.org/abs/1008.4884
https://arxiv.org/pdf/2208.02338.pdf

@) The future of Higgs measurements: 24

ATLAS

EXPERIMENT

Successful and interesting 10 years of Higgs properties
measurements.

Combined Run I+l Higgs mass measurement in
M ] > 77* — 4¢ with precision of 0.14% !

Higgs width has been constrained to:
'y < 14.4 MeV @ 95% CL

2.

Pure CP odd Higgs excluded at 3.96 (3.40) with H — yy
(H — 77) decays. CP mixing not yet ruled out.

3.

13.6 TeV collisions started in July 2022.
Early Run3 analyses have begun.

Run3 + the HL-LHC will bring very interesting new results.
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Full set of public ATLAS results:
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults

More questions or comments?
ashley.ellen.mcdougall@cern.ch



https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults
mailto:ashley.ellen.mcdougall@cern.ch
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@) Measurements of the Higgs width from off-shell production: 26

Physics Letters B 786 (2018) 223244

ME-based discriminant used in the 4| Observable of interest in 2Z2v channel: transverse mass of

channel is defined as per XXXX: the ZZ system, m%Z:

2 44 _ miss |2
D L 10 PH m%Z — \/[\/mz + + \/mZ + E?lss)2 ] — I)_r>1‘\ T .
ME = 20810 Pygtc Py
To) BARRNRREEE RR. B WL L N B L T > N L L
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; : vg - 13 TeV, 361 fb-1 _____ QQ+VBF—>(H*—>)Zz(uoﬁ_she”=5) : o - Vg — 13 TeV, 361 fb """ 99+VBF—)(H*—))ZZ(uoﬁ_Sr]e"=5) —_
€ 300H* s 77 _ 41 gg+VBF —(H*=)ZZ(SM) — f ~ H* > ZZ —> 2e2v gg9+VBF—(H*—)ZZ(SM) i
> T B oo 22 . s o F B 22 -
LL — _ = 40+ W2 e
250 I Other backgrounds — o - —
N Y Uncertainty _ IJ>J - I Other backgrounds 2
— B - N\ Uncertainty =
200t - 301 i
150 — _ :
_ _ 20— i
1001 o= _ i
u _ 10— —
90— — B i
= - =
7)) 2__ - ] 7))
o 1.5 ® W - *
re 1*\\\\\\\x»\-\\\\Q\\\\AQ\\\%‘\\ﬁ\\\‘&&\\\\&\\\*\\\\ NN \% I=
> 0.5 - 0
L NP TP DR T S S SIS SO P i} LL .
45 4 35 3 25 2 15 1 05 0 0.5 400 600 1000 1200 1400
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https://www.sciencedirect.com/science/article/pii/S0370269318307494?via=ihub

@) The Higgs boson spin and CP quantum

numbers: 21

ATLAS

EXPERIMENT

Spin is a property of the particle, where as Charge-Parity (CP) of
the couplings.

H — yy analysis: sensitive observable, |cos6™| = polar angular
distribution of the photons in the resonance rest frame, defined by:

. | /2
N sinh(An?Y) 2 ’
‘COSH*|:' "| ( ] | pT pTA.

\ 14+ (pf? Jmyy )2

m f, y

Spin information can be extracted from the distribution of the ab-
solute value of the cosine of the polar angle 6* of the photons
with respect to the z-axis of the Collins—Soper frame [ref].

Distributions show are background subtracted.
n this analysis, only J=0 and J=2 hypothesis were considered.
Normalised to fitted number of signal events.
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Phys Lett B 726 (2013) 120-144
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https://reader.elsevier.com/reader/sd/pii/S0370269313006527?token=4C8911265C293C210FE66996CEA57EBE1AD0D3433D0BF804FC4FD3B224BADA717B379826E3363C36992C82CE2A438DFE&originRegion=eu-west-1&originCreation=20220818134746
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.16.2219
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@) Probing CP properties of the top-Higgs Yukawa in i — yy:

Phys. Rev. Lett. 125 (2020) 061802

- tH is sensitive to the sign of the top Yukawa coupling, as opposed to ttH
- Sensitivity comes from interference between possible

diagrams.
- Use process to directly exclude k; in ATLAS.

tH _ t
q _q q_ _q ttH
t
W
K § ______ h. w e e n
ng t K;
) ) . . . 00000000000
b t b t
K -
A t
SM __ o2 . ® 2 M __ ®2
O'tH/O'tH = 2.63Kt 5'25KtKV + 3.58KV O-tfH/O-gH = K;
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.125.061802

@) Defining a CP sensitive observable: 29

ATLAS-CONF-2022-032

¢. information encoded in correlations between transverse spin components of 7 leptons (passed down to 7
decay products as consequence of parity violation in weak interactions).

Define CP sensitive observable: acoplanarity angle, gﬂgp between the decay planes.

= Constructed based on visible decay products, where method is different for each decay channel.

Impact parameter method:

*+ A x4 A K —

* A A K — A K —
Yop ¢* =arccos(fiy" -fi|) and O;p=q - (O] XA]),

* o 0L, 20
()OCP = o x @ *
360° — ¢*  if 0%, <0,

p-decay plane method:

" =arccos(§L-q77) and Ogp =" - (@ x4,

_.I_
Q* if 0%, >0 x @*’ ify’jyf_’ >0
(;0*, — CP = Pcp = %/ o e P.p
360° — ¢* if OZ‘P <0. e* +180° if yLy? < 0.

(@) H-> 1t - natn +2v b) H— 1~ — 1t 2n0vn nVy ) H—- 1t~ > 1t nlvr vy

A %0+

p  Ezt—E o
+  E ++E o

Figure 1: Illustration of the 7 lepton decay planes for constructing the ¢7., observablein (a) H — t¥7~ — nn™ +2v y

decay using the impact parameter method, (b) H — 17~ — 1" n%vn~ 7% using the p-decay plane method, and (c) Combined IP and p m ethod:

H — vt~ — n*n'vna~v using the combined impact parameter and p-decay plane method. The decay planes are

spanned by the spatial momentum vector of the charged decay particle of the T lepton (7*) and either its impact

parameter n** or the spatial momentum vector of the neutral decay particle of the T lepton (7). { @+’ if y? >0
Ycp =

¢ +180° if y? <0,
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https://cds.cern.ch/record/2809728/files/ATLAS-CONF-2022-032.pdf
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Studying CP properties of HVV couplings in VBF H — yy:

ATLAS

EXPERIMENT

68% (exp.)

95% (exp.)

68% (obs.)

95% (obs.)

d (inter. only) —0.027, 0.027] | [-0.055, 0.055] | [-0.011, 0.036] | [-0.032, 0.059]
d (inter.+quad.) —0.028, 0.028] | [-0.061, 0.060] | [-0.010, 0.040] | [-0.034, 0.071]
d from H — 17 [—0.038, 0.036 - [—0.090, 0.035] -

Combined d [—0.022, 0.021] | [-0.046, 0.045] | [-0.012, 0.030] | [-0.034, 0.057]

cyw (inter. only)

[-0.48, 0.48]

[—0.94, 0.94]

[-0.16, 0.64]

[-0.53, 1.02]

cyw (nter.+quad.)

[-0.48, 0.48]

[-0.95, 0.95]

[-0.15, 0.67]

[-0.55, 1.07]
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CERN-EP-2022-134

Results are compatible with the SM
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https://arxiv.org/pdf/2208.02338.pdf

