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Is the Higgs boson the Standard Model (SM) Higgs boson?

Need to test Higgs boson properties!

« Mass -2 Input parameter in SM - Determines productlon Cross section > Currently (PDG):

my = (125.20 + 0.11) GeV
m, = (172.57 + 0.29) GeV

and branching ratio
* Width - SM: ~4 MeV for m, = 125 GeV
« Charge-conjugation-Parity (CP) - SM: 0*

- Why are these relevant? - — ”'Zw"“@ | j~-__\_?_/;;grrenf[y’
 Mass - Stable electro-weak (EW) vacuum? l,o_ij;;:ig:;gg; _—
« Width - Coupling of Higgs boson also to other, invisible particles? Absolute etability
« CP - Another source of CP-violation to explain abundance of tes]
matter vs. anti-matter? 122 124 126 128

Modified from Andreassen, Frost,

Schwartz,
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.97.056006

Measurement of the Higgs boson mass

Best suited: High resolution channels H - yy and H - ZZ* — 47¢

« Provide reconstructed Higgs mass peak, good mass resolution
» Good control of the lepton and photon energy scales by calibration via Z - #¢ and J/p and Y signals

_lIIIlIIIT]IIIIIITTI]IIIIITTIIIIIIIITIII'IIT]'IIIIIITII
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https://www.sciencedirect.com/science/article/pii/S0370269323002149?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269323006494?via=ihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.251802

Measurement of the Higgs boson mass

Combination of H - yy and H —» ZZ* — 4¢ with Run 2 data

« Correlations between uncertainties of H - yy and H - ZZ* — 4 accounted for in profile likelihood

* Also combine with Run 1 data

T ] T T T T | T T T I T T

ATLAS e Total

Run1:,/s=7-8TeV,25fb~ !, Run2: \/s=13 TeV, 140 fb!

Stat.

| Syst. | Combination

Total Stat.  Syst.

Run1 H — v
Runi1 H — 4/ I

Run2 H — v
Run2 H — 4/

Run 142 H — vy

Run 142 [ — 4¢
Run 1 Combined
Run 2 Combined

|  126.02 + 0.51 (+ 0.43 + 0.27) GeV
124.51 + 0.52 (+ 0.52 + 0.04) GeV

125.17 £ 0.14 (+ 0.11 + 0.09) GeV E
124.99 + 0.19 (£ 0.18 + 0.04) GeV -

125.22 + 0.14 (+ 0.11 + 0.09) GeV
124.94 + 0.18 (+ 0.17 + 0.03) GeV
125.38 + 0.41 (+ 0.37 + 0.18) GeV
125.10 + 0.11 (+ 0.09 + 0.07) GeV

- In the long term:
H - ZZ* - 44 likely
dominant, due to smaller
systematic uncertainty

- However: Impressive that
H — yy still most precise
- Major effort to reduce
systematic uncertainties

Run 1+2 Combined

125.11 £ 0.11 (+ 0.09 + 0.06) GeV

—> Precision of 0.09% on m,,!

| |

| l |
123

| l |
128

mu [GeV]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.251802

Determination of the Higgs boson width

Very small Higgs boson width I' expected in SM
« Atmy=125GeV: T = 4.1 MeV

S 103§ T 33
3 F &R
10; ..... ;
: - Experimental mass
101 resolution in H - yy and
H—-Z7" - 4¢:~1-2 GeV
w2 | /| Only upper limits possible
10'3 1 I 1 1 1 L 1 1 1 L |
80 100 200 300 1000
M, [GeV]
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Determination of the Higgs boson width

Very small Higgs boson width I' expected in SM
« Atmy=125GeV: T = 4.1 MeV

Indirect constraint from “off-shell* to “on-shell”

S 10% - 1 Cross section ratio:
8 i
:: 102 T __’é On-shell N
E 13 1 on 91'2 gjzc
10§ - (s — M%) +@xM) — TisX—f ™ Ty
> Experimental mass —— sstme HIggs o’/
- ion i 9: SRS ° f couplings i>X-f
wib L resolution in H - yy and dentical f gon
H— 77" - 40:~1-2 GeV \ pagvprii el B
b | > Only upper limits possible Ve OIS
E E 1
10'3;"|/./ 1 L 1 I | L i (S o AIX)"" ?.].—‘XJ_[); g Op’fi&_)f ~ gfg;
80100 200 300 1000 J
Off-shell
M, [GeV]
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Determination of the Higgs boson width

Off-shell Higgs production through 4 top-quarks

« Compare to different on-shell production and decay modes

« Extract ', in a profile likelihood fit to multivariate classifiers
and invariant masses

< 6_ T T E T LI || T T T T T 17T II

s f - ATLAS — Observed
4 - (5=13TeV,36.1-1401" ... Expected -
7| S Y S oswcL [ =
ar E

0_4 J :L.l;l.a-"-
I, [MeV]

> Iy = 861119MeV = 2.00 away from SM expectation
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https://arxiv.org/abs/2407.10631

Determination of the Higgs boson width 9

Off-shell Higgs production through 4 top-quarks

« Compare to different on-shell production and decay modes

« Extract ', in a profile likelihood fit to multivariate classifiers

and invariant masses

6' 'E""'|

. ATLAS
:Vs=13TeV, 36.1- 140 fb"

2In A
[6)]
| T TT | T T

N
IIII|IIII|IIII|IIII

— Observed

--- Expected

95% CL

10

Iyl

> Iy = 861119MeV = 2.00 away from SM expectation

<
o
=

- Reason:
Higher measured
tttt cross section
than predicted

- Agreement
slightly improved
with additional
NLL corrections

-2AIn(L)

g

II\I|I\II|\III[IIII

ATLAS

|IIII|IIIILIJ"II|IIII|IIII|III
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1|1|l|1|'11x.-—‘|-

| Scale uncertainty

IIIIIIIII|IIII|IIII|IIII_

\s=13TeV, 140 fb ' =
Observed
Expected 60

SM oy o(ttt) sHEP 02 (2018) 031

SM Gy o AT arxiv-2212.03259 5a.
Scale @ PDF uncertainty :

1N
Q

w
Q

11 l|||II|lIII|IIII|‘I‘III|IIII|IIII|III

Q
i

16 -

lllllllllllllll

o TTTT

5 10 15

20 25 30 35 40 45

o(tttl) [fb]

—> Improve by factor of ~2 if no beyond-SM (BSM)
contributions assumed in loop-induced on-shell
couplings: gluon-gluon-fusion, H -» yy, H -» Zy

universitatfreiburg
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https://link.springer.com/article/10.1140/epjc/s10052-023-11573-0
https://arxiv.org/abs/2407.10631

Determination of the Higgs boson width

Ofi-shell Higgs producti .
> Again assuming NO

couplings: Can also use H = 77 —
egative interference fo

BSM contributions in \oop-induced
A¢ and 2£2v pProcess

r off-shell production

. Compare to differen

[ ] EX . .
ang"f‘Ct My in a profilfes Complication: N
invariant masse A ©
< 6 — < I N L L B
= L - E=13Tev,140|fb-1_5
o 50 ATLAS — Observed 3
E /s =13TeV, 36.1 - EXpected- _;
4= E — SM Syo(tth) swep o2 @o1e) 031 60_5
—_— —/| Scale uncertainty 3
N — SM O +NLL‘(ﬁﬁ) arXiv: E
3:— g Scale (‘;PDF unce‘::;?t;a%zsg 59£
2: S ‘
> Signal for off-shell production: Less events than with back-
L { ground only - Evidence for off-shell production seen
C e . Uoff- r
0 _ > Fitting signal strengths 1 Pogf-shell — 2
10 Uon—shell 'y
_ _ o i
> T, = 86719°MeV > 2l Ty = 45432 MeV! 2 In good agreement with SM! C bevond (tEtD) [fo]
""" Sieapeciation conuioulions assumed in loop i?llduc:jM o
) on-shell

) ] y
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https://link.springer.com/article/10.1140/epjc/s10052-023-11573-0
https://arxiv.org/abs/2407.10631
https://authors.elsevier.com/sd/article/S0370269323005579
https://authors.elsevier.com/sd/article/S0370269323005579

What about CP-violation?

Invariance of Higgs couplings to vector bosons/fermions under CP-transformation?

« Higgs boson spin (J), parity (P) and charge-conjugation (C) measured as: J°¢ = 0**
- Based on assumption of C- and CP-parity conservation in Higgs boson interactions

- Are these assumptions correct? - Search for CP-violation (CPV) in production or decay of the Higgs boson
* CPV = admixture of CP-odd (pseudoscalar) terms in addition CP-even (scalar) SM Higgs boson

* Probe different couplings:

VVH coupling
“VBF”
q
30/ v H
Y
] q

- Accessible in vector-boson-
fusion (VBF) production

ttH coupling
“ttH” t
000000 t
. H
g 000000 t
1% t

—> Accessible in ttH production

universitatfreiburg
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What about CP-violation? @ ttH vertex

Consider ttH and tH production with H — bb

« Add CP-odd admixture to top-quark Yukawa coupling
Higgs field Top-quark spinor

/

Loy = ;Kt, Y, Py, (cosa + iys sinfa)u/t

Coupling modifier X CP-mixing angle

Yukawa coupling
« SM: a =0,k = 1 (at tree level)
-> Higher order corrections push x; below 1
« Extract a and k; from a simultaneous fit to several regions

» Defined based on jet multiplicity, b-tagging, and 1 or 2 light
leptons (e, u) — signal and control regions

» Using multivariant analysis techniques (MVAS) for signal
enhancement, and yields or CP-sensitive observables in fit

K; sina

---------------- — 40
~ ATLAS 1l -
- Vs =13 TeV, 139 fb™" Al -
2— ] —
B 1| —{30
1 |-
Bl 0] —
— h | =
0— 11720 G
= o | Al
B | |
|- .
: 110
5e | % Bestfitt a=11",=0.84 ]
- % SMCP-even: a=0",k =1 N
B CP-odd: or=90", ;= 1 ]
85— '—11 — 0 - 1l - P 0
K; COs o

- Compatible with SM - In line with
earlier measurement using H - yy

universitatfreiburg
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https://www.sciencedirect.com/science/article/pii/S0370269324000285/pdf
https://www.sciencedirect.com/science/article/pii/S0370269324000285/pdf

What about CP-violation? @ VVH vertex

Use SM-Effective Field Theory (SMEFT)

Build higher-dimensional Lagrangian terms from SM fields

. Wilson coefficient

NCNSNT . .
Lsnerr = Lsv + Y FO’E ) «— Dimension-6 operator
i

¥ EFT energy cutoff scale

« Warsaw basis: Use fields of unbroken gauge symmetry
For VBF H - ZZ* - 4,€ Operator Structure Coupling

Warsaw Basis

« 3 CP-odd operators contribute Om GO, Wi

to production and decay — oy, ool Be oo
O s 10 B, B o -

For VBF H - yy e
« 3 CP-odd operators, keeping only cyy hon-zero

Newest: For VBF H - 11
« 3 CP-odd operators, contribute only via production

“Hw

UniverSitét'freiburg Valerie Lang - Higgs Hunting 2024 23/09/2024
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A TL A S . cE));pectedd‘.. Ssllat:ssys
- - H— 27" -4l y [m] Ob::::d; 81::0:;
What about CP-violation? @ VVH vertex |Saese.
CHé - : -0.078 [-0.61,0.54 ]
. . Only Sma” CHWB . -0.017  [-0.97,0.98]
Use SM'EﬁeC“VG F|e|d Theory (SM EFT) sensitivity to ¢, ' } 06 080 154]
. . . . . . —4 3 : %10 -0.003 [-0.026, 0.025
+ Build higher-dimensional Lagrangian terms from SM fields ~ ¢(A™") terms & " B
C., a3 0.78 [-1.2,1.75]
C'T Wilson coefficient — ooss 108408
) “T )] . . Cyy E .I — ‘]‘ » ‘ -(i_oc‘}sa .[70,?9,‘0.93.] .
LsmerT = LsM + Z 220i +— Dimension-6 operator <50 e TR s
‘T EFT energy cutoff scale S | arameterualle
ATLAS _ _
« Warsaw basis: Use fields of unbroken gauge symmetry 5 =13Te:;i;:ffb" =p.tn - B LnQued
—>tT, A¢ "~ vsp! -e-QObs. Lin. -* Obs. Lin.+Quad. .
 ForVBFH - ZZ* - 4¢ | 9% CLinterval 031 2 gﬁnstralnts
: 5% (obs. . -V, ) CHW
- 3 CP-odd operators contribute 5% (0bs) o, .
to production and decay cpw (inter. only) [—0.53,1.02] - +0.88] strongest o
B A date from any
« For VBF H - yy % - channel
. 3 CP-o0dd operators, keeping only C;W NON-zero . | 1| > No significant
) c . |_._| CP'Odd
* NeWGSt FOI’ VBF H - TT | | | | I '_i._:CPVSMEFTmodeI Component
« 3 CP-odd operators, contribute only via production -5 -0 5 0 5 10 15 observed
Parameter Value
Valerie Lang - Higgs Hunting 2024 23/09/2024 13
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https://arxiv.org/abs/2407.16320
https://link.springer.com/article/10.1007/JHEP05(2024)105
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.061802

Summary

Is the Higgs boson the Standard Model (SM) Higgs boson?

« Looks very much like it!
« Mass measurements - Now reached 0.09% precision!

« Width determinations - Rely on off-shell to on-shell cross section ratios
- Now even use 4-top cross section fits
- Narrow in on MeV range! - Beware of model sensitivity though

« CP-violation = Currently no signs in Higgs boson interactions

- Should we give up?

université.t‘freiburg Valerie Lang - Higgs Hunting 2024 23/09/2024 14



Summary

Is the Higgs boson the Standard Model (SM) Higgs boson?

« Looks very much like it!
« Mass measurements - Now reached 0.09% precision!

« Width determinations - Rely on off-shell to on-shell cross section ratios
- Now even use 4-top cross section fits
- Narrow in on MeV range! - Beware of model sensitivity though

« CP-violation = Currently no signs in Higgs boson interactions

- Should we give up? - NO!

 More data from LHC and future machines: HL-LHC and e*e- needed

» Fully map the Higgs potential > Understand stability
of the electroweak vacuum

» Model independent determination of Higgs boson width
« CP-violation? - Let's not leave any stone unturned

- Nature is holding onto her
secrets and building up the
suspense

- More human ingenuity
needed to access them ©

université.t‘freiburg Valerie Lang - Higgs Hunting 2024 23/09/2024
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Thank you for your attention

Backup
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Measurement of the Higgs boson mass

Systematic uncertainties for H - yy and H - ZZ* — 4 Run 2 measurements

H - yy H—-ZZ* - 4¢f
Largest contributing uncertainties:
Source Impact [MeV]
Photon eneray scale 33 Systematic Uncertainty | Contribution [MeV]
Z — eTe” calibration 59 Muon momentum scale +28
FEr-dependent electron energy scale 44
et = ~v extrapolation 30 ]Si}‘lecgion sz:;‘sg{;ecoale ii?l . .
Conversion modelling 24 1gna-pr Ly Run 2 Comb|nat|0n
Signal-background interference 26
Resolution 15 Source Systematic uncertainty on mg [MeV ]
Background model 14 e/y Et-independent Z — ee calibration 44
Selection of the diphoton production vertex 5] ¢y E1-dependent electron energy scale 28
Signal model 1 H ) ]
— vy interference bias 17
"Total 90 e /v photon lateral shower shape 16
e /y photon conversion reconstruction 15
e[y energy resolution 11
H — yy background modelling 10
Muon momentum scale 8
All other systematic uncertainties 7

université.t‘freiburg Valerie Lang - Higgs Hunting 2024 23/09/2024 17


https://www.sciencedirect.com/science/article/pii/S0370269323002149?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269323002149?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269323006494?via=ihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.251802

Measurement of the Higgs boson mass

Systematic uncertainties for H — yy in comparison to previous measurement

H - yy Full Run 2 H — yy Partial Run 2
Source Impact [MeV] Source Systematic uncertainty on mj; [MeV]
Photon energy scale ]3 EM calorimeter cell non-linearity +180 .
7 s ete calibration 59 ~ EM calorimete:r layer calibration +170 Detalls on
Er-dependent electron energy scale 44 IN[())n—I]? H,lalt erial iﬁg |mproved electron
e = 7 extrapolation 3 Latrellerlesr];zwer shape +110
Conversion modelling 24\ 7 — ee calibration £80 and phOton
Signal-background interference 26 Conversion reconstruction £50 I i
Resolution 15 Bocksrond model = energy calibration
Background model 14&36160&01} of the diphoton production vertex +40 |n Run 2
Selection of the diphoton production vertex 5 Resolution £20 |
Signal model 1 «—— Signal model +20
Total 90
‘;‘ - New auxiliary measurement (linearity fit) of the data-to-MC electron scale correction as function
T of electron E; using the larger Z — e*e™ sample from full Run 2
= - More accurate description of material upstream of the EM calorimeter in the simulation, lower
= sensitivity of new clustering algorithm to effects of interactions with detector material
L = More precise study of et — y extrapolation in larger dataset

universitat-freiburg Valerie Lang - Higgs Hunting 2024 23/09/2024 18


https://www.sciencedirect.com/science/article/pii/S0370269323006494?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269318305884
https://iopscience.iop.org/article/10.1088/1748-0221/19/02/P02009
https://iopscience.iop.org/article/10.1088/1748-0221/19/02/P02009

Determination of the Higgs boson width

Off-shell Higgs production through 4 top-quarks

« Used off- and on-shell analyses

Target processes Reference
Oft-shell measurement
pp — titt [26]
On-shell measurement
Production Decay
eoF, VBE. WH, ZH, rtH, tH H — yy [31]
ttH + tH H — bb [32]
WH.ZH H— bb  [33,34]
VBF H — bb [35]
oocF. VBE.WH + ZH.ttH+tH H — ZZ [36]
ogoF, VBF H— WW [37]
WH.,ZH H— WW [38]
ooF. VBFE. WH + ZH.1tH + tH H— 11 [39]
geF+1ttH +tH, VBF+ WH + ZH H — upu [40]
Inclusive H— Zvy [41]

universitatfreiburg
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https://arxiv.org/abs/2407.10631

Determination of the Higgs boson width

4-top production at the HL-LHC

« Extrapolation based on previous Run 2 4-top analysis — obtained evidence:

SM Uncertainty
JHEP 02 (2018) 031

S ards T AT T
‘6' sl s =14 TeV, Projection from Run 2 data - i - Vs =14 TeV, Projection from Run 2 data

8 r Run 2 ]

g - Run 2 Improved - 50

:.Cén T E Run 2

8 - . —— Run

@ = Observed — 40 —— Run 2 Improved

Significances in Run
5 .
Expectéd / 2 observation paper

FExpeeted T oo —

—> Extrapolations
already
exceeded with

updated Run 2

1 | | | I | | 1 1 1 | | I | | 1 1 1 | | I | | 11 anaIySiS
500 1000 1500 2000 2500 3000
Integrated Luminosity (fb™)

-t N
o o
IIII|IIII|I\I\|\I\I‘I\\I‘III

OO

171 1 | | | I I ‘ | I ‘ | I I ‘ | I I ‘ | I I | ‘ ||
20 500 1000 1500 2000 2500 3000
Integrated Luminosity (fb™)

Expected Experimental Uncertainty on o(tttt) (%)
w
o
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https://link.springer.com/article/10.1140/epjc/s10052-020-08509-3
https://cds.cern.ch/record/2801400
https://link.springer.com/article/10.1140/epjc/s10052-023-11573-0
https://link.springer.com/article/10.1140/epjc/s10052-023-11573-0

Determination of the Higgs boson width

UsingH - ZZ* - 4¢/2f2v

IIIIIII\IlIIII\IIIIIII‘IIWIIII\I'III

S;« QO}ATLAS — - Obs-Stat.only
N C —— Obs-Sys N
T 180 Hr 5 77 5 aklivy — - ExpStat only
1613 TeV, 139fb1 — Exp-Sys .

- Obs-Stat.only: 1. 10 Exp-Stat. only: 1. 008 :

14 Obs-sys: 1.1 ° Exp-Sys: 1.0 =

12 E

10 3

8l =

S N/ 20 _j

/Y =

28N P o

O_ ----------- Ll 11 | [ ‘ L1 | L1l | L1l

0O 05 1 15 2 25 3 35 4
uoff-shell

-2In(A)

20F

181
161
14

III\III\IlIIII\IIIIII\|||1I||I\I|III

T — - Obs-Stat. onl -

ATLAS —— Obs-Sys ’ N
= On + Off-shell combined — - Exp-Stat. only E
- 13 TeV, 139fb1 — Exp-Sys ]
- Obs-Stat. only: 1. 10 Exp-Stat. only: 1 0°%% ]
[ Obs-Sys: 1. 1 Exp-Sys: 1 0 ]
- —
- E
i .
- s

1 \III|III\|IIJI|II\I|IIII

15 2 25 3 35 4
/"
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What about CP-violation?

CP-violation tested with t£tH and tH production with H — bb

 Fit of signal regions (SRs) and

control regions (CRs) with binned
profile likelihood method

Channel (TR)

| Final SRs and CRs | Classification BDT selection | Fitted observable

CRy sy o Anee

. =4j,=4b >4j,> 1

Dilepton (TR=*/+=4") CR>4‘ =4b BD-L' z4b © [, ~0.086) ba
SRH= BDT=%:=%" € [-0.086,0.186) by
SR BDT>¥>* € [0.186, 1] by

- CR]EEI]:.E‘”J BDTZ20/.24b ¢ [*1,*0.128) bs

£+ jets (TR=0/:240 ) CRZZW!Z‘”’ BDT=5-2% ¢ [-0,128,0.249) by
SR =6/.24b BDT2%24 ¢ [0.249, 1] by

+jets (TRpoostea ) | SRpoosted |  BDT™™ e [-0051] | BDTY™™

Events

Ratio to Bkgd.

S/B

108

104

102

102

10"

1.2

1.0

0.2

0.1

0.0

Dilepton /+jets
; ATLAS 1 Other BN fi+>1b W Bkgd+[fiH+tH] (/=0.84,a=11°) |
vs=13TeV, 139 fb-! 1 fi+light 777 Unc. — == [fiH+tH]T(or=0)
E 1 fi+ 2 1c ¢ Data ... [fH + tH] (o = 90°)

TTTIT

T

WllHll

T normalised to total data yield

\_IJIL Ll Lol

W fH (K =1,a=0°
T mem fH (K =1, a=90°)

e tH (ki =1, a=0°)
. H (K =1,a=90°)

37,3b
CR;;

CR,;A!j,Sb Chal_ei,i,Sb Canﬁ,rggab CR 24 24b SR1z4j,24b SRqu,Mb

C.F.‘,ff‘“b CH,?{'Z‘"’ CR1zsf,z4b Cﬁzzsf',zew SR6.24 SRy octed
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What about CP-violation?

CP-violation tested with ttH and tH production with H — bb

« Examples for CP-sensitive observables

T normalised to data yield

T normalised to data y

ield

E r- -~ r» . . .~ . . —+— r+— 1 ‘T T T T r r _°r T —] - B - T T r T - T - r ]
T - ATLAS 3 Other 777 Unc. (Total) ] T 2500 ATLAS ] Other /7 Une. (Total) —] o R . R
2 60001 5-13Tev, 13910 [ fislight  —= fiH+iH' (@) s [ Vs=13TeV,139fo" [ fi+light —= fH+tH' (09 ] (py XZ2) (pyXZ)
< - I+jets E §+§12 ftH + tH' (90°) ] c L J+jets 3 fi+21c ftH+ tH (90°) ] b2 = —
= 5000 SFlooses =i 9 D og00f SR — O 1llp]
m | ] — —
2 — ] o - T i . i | —
3 : 1 7 1500 pmssisie 1 Withp; withi=1,2
3000 -+ O 1 = momentum three-
. 1000 - ,
2000 E. 1  vector S of two top
. | . quarks in the events
1000 —————————= 5001 __
ok | i———————
0
SgE ] e 15E :
ola 1.0 ?WHW/AMW/M/ WW 8|§ 1.0 Brssmsssssssssssssssssssu sy sy s B sy sssssssy
05l - o R E |
0.0 01 02 03 04 0.57% 05 0.0 05 1.0
Boosted BDT score bo
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https://www.sciencedirect.com/science/article/pii/S0370269324000285/pdf
https://www.sciencedirect.com/science/article/pii/S0370269324000285/pdf

What about CP-violation?

: ra : : LS L L B B BB
S “F
Consider ttH and tH production with H » yy £ e | Besti em
0 .o ... =
« Add CP-odd admixture to top-quark Yukawa coupling ¥k g" ]
/ - ) . R s S e E
Ly =—k,y; P, (cosa + iys sina)y, Lo 1
» Impacts both, production and decay, through top-quark 0.5 E
loop in H — yy decay ok =
 Train BDT to separate CP-even and CP-odd couplings 0 5:_ E
» Simultaneous maximume-likelihood fit to m,,, in all regions 15_ S E
« Need to input coup- S©E N eoma - F ATLAS -
. 2 35 — Signal + Background = —1.5F 1 ]
I|ngS to photons 3 3 - = Total background = - V\s=13TeV, 139 b -
. . S - - = Continuum background : — .
for branching ratio 225 = oble bl e b b b 10
( J =2 I 45 405 0 05 1 15 2
of H —» yy) and Eisf + + E K,cos(at)
gluons (to subtract P10 3 Tev. 139 o+ 5 _
luon-gluon-fusion O In(1 + S/B) Weighted Sum ™ |
gOntl’ibgution) 0= '110' = '120' - '130' '140' '150r;]'[ée'§]30 9 |af| > 430 eXC|Uded at 95% CL
- From Run 2 coupling com-bination (without ttH and tH)
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What about CP-violation?

Higher order corrections for top-quark Yukawa coupling (from theory)

o= M; Yt
LO 10.99425
NLO ]0.94953
NNLO [0.93849
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https://link.springer.com/article/10.1007/JHEP12(2013)089

2
What about CP-violation?  MF=Ms+ 3 gpMesw,
= [Msul” +23° %ER (MEuMpsmi) + > @ER (JM*BSI\-'IJ-'M BSM,;;')
i i

A
* 7 ~
For VBF H — ZZ" - 4¢ Linear term - CP-odd Quadratic term - CP-even

« Extract constraints with optimal observables (OQOs)

g 0.9
¢ © - ATLAS Simulati
OO = 2§R (ME'NIMBSNI) § 0.85_ H—>ZZ*—>I4Tualon === VBF+VH, ¢,, = 5.0
I-/“/ISI“;Il2 g ®7E \s=13Tev —— VBF+VH S"M
o _ _ 8 06F  115GeV <m, <130 Gev 7 VBFHVH.c=50
* Intrinsically CP-odd > Symmetric = CP-even Higgs, § osE N, 22,m >120GeV
asymmetric = CP-odd admixture 2 o
ook y
0.22— -;"

—> If restricting to single BSM CP-odd Higgs coupling: d 01f- B I v "
(assuming that different CP-violating contributions pps=smzsiil L mmmteaas
could not be distinguished experimentally) <

1 ey =

° In Warsaw baSIS Set CHW — CHE 9 CHWB — O % 20 _i"l.l-__ll_ ...... Bl b

» Alternative basis: O e
] . . ] -0 8 6 4 -2 0 2 4 6 8 C~10

» Higgs basis: Use fields after EW symmetry breaking, 00°"

i.e. physical states of SM gauge bosons: W+, W~, Z, y - Only shape-information (CP-odd) used in fit
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https://link.springer.com/article/10.1007/JHEP05(2024)105

What about CP-violation?

For VBF H % i | :_1 T T T T | T T T T | T T T T T T T T T |_:
vy z ATLAS E
« Extract constraints with optimal observable (OO) V: 8 Vs =13 TeV, 139 i’ =
. . . A = -
» Use regions of tight (T) or loose (L) requirements 7E VBF H— vy -
on BDTs enhancing VBF over ggF or the continuum =y a
S g — e 65_ E e Exp. stat. + syst. .
% 0 (e~ 13 TeV, 130 = 5;— —— Obs. stat. + syst. _;
8 “Emina E 95% CL 4 e N E
2 50— 4 pata : = - " =
%” sof- _ YBF (SM) B e 3E =
2 T h =¥ : :
@ 0 - = 2-_ .. =
: wE E = E
£ ooz = B | B N =
o ] - I B R > 1 5

5 E E— 0.5 0 0.5 1
ol .............'.'.::'.'.'.::'.:f6 Coii

00 - Only shape-information used in fit
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.061802
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What about CP-violation?

RN S 22F T T T T T

For VBF H [ _‘\3 > - ATLAS —— SM (Powheg+Pythia8) ¢ Data, total unc. J
. Use unfolded differential cross sections 2 g EVE=13Tev, 140" T o=+ 07 E::g:gzzg; Data stat. unc.
3 O F ~=+= Cyy = — 07 (lin+quad. s

* For CP-odd operators 5 16 F =
\ "’?;F 14 E— p? < 200 GeV p? > 200 GeV _E

S 12 . -

3 1E i | 3

0.8 Femrfrme boeeees T ---------

06 ¢ b e o } -----

04 .

o2 + ........................ _;
% 1.5 -_ T T T --------|---------i._..._..._..._..._.._.-
s Ty | } :
5 o + ------------------ SR N +
(@) L ]
= 05 FE . . . -
o -1/2 0 /2 -1t/2 0 /2

Aq)j?igned [rad]

A(I);igned [rad]
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https://arxiv.org/abs/2407.16320

What about CP-violation?

VBF combination

* Priorto latest H —» 1t
measurement

Q.2

Expected: Stat+Sys
A TLAS —— Observed: H4l
E - 13 TeV, 139 fb71 A— Observed: STXS H4l
®— Observed: HWW
SMEFT CP-odd couplings —¥— Observed: Hyy
—— Observed: Hyy + Htt
Best Fit 68% CL
""""""""""""""""" —-— 008 [042031]
; 0.00 [-0.37,0.37]
o 021  [-0.47,0.46]
........................................ TR T
i 0.00 [-0.69, 0.69 ]
PR 0.39 [-0.88,0.83 ]
........................................ 060[007109]
A : A +0.60  [-1.50,1.50]
—_— 026  [-0.15,0.67]
) 0.30 [-1.02,0.52]
_-_xm ............. S T T T
. '.'""" | x 10 001  [-0.01,0.03]

Parameter value
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https://arxiv.org/abs/2404.05498

Higgs potential with HL-LHC and e*e- machine

Possibilities of the Higgs potential

VW'}‘V{ ﬁf’m'n}

le8

. (S
LHC - currently [1] ‘\gu
HL-LHC [2] W
4- HE ILC 500+1000GeV [3]

An alternative
potential
Standard Model 3]
potential
2 -
V(@)
l -
Higgs field value
in our Universe 0
/ / Current
I experimental o 150 200 0o 200
o Knowledge 6 [GeV]
0 , 1 [1] .
[2] , Fig. 11
[3] Tab. 2
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https://www.nature.com/articles/s41586-022-04899-4
https://www.sciencedirect.com/science/article/pii/S0370269323000795?via=ihub
https://cds.cern.ch/record/2805993/files/ATL-PHYS-PUB-2022-018.pdf
https://agenda.linearcollider.org/event/10101/contributions/52862/attachments/39024/61513/Higgs_self-coupling_measurement_at_the_International_Linear_Collider.pdf
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