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Introduction _ v————

e Current STXS Stage 1.2 binning is not -
sensitive to the Charge-Parity (CP) = F ]-' n, o)
properties of the Higgs boson

e Plans for STXS Stage 1.3 binning include
CP-sensitive bins

I

o Most recent discussion in LHCHWG found here
e In this talk, we discuss a similar

implementation in measurements of
vector-boson fusion (VBF) and gluon-gluon
fusion (ggF) in H-WW* decays
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CP sensitive observable

2.0

e [ndependent of the Higgs decay mode, CP = e Chreven ;> 350 Gev

/ sm

properties of HVV couplings can be investigated
by additionally splitting the 2-jet phase space by
the signed azimuthal separation between the
two leading jets that characterize the VBF

1/0 do/d(Ady/m) (fb)

process.
A¢;—? ;= remainder(gbif)rward — (/)'J?aCkwa‘rd +2m)/2m,
091.0 —6.5 OjO 0?5 1.0
o (p_forward and (p_backward chosen such that r]jforward > r]jbackward Ady/n
© Maps to [0, 27] ] o Acpjj observable for pure CP-even, pure
e Same observable considered for splitting EW CP-odd, and SM couplings (source) at
qqH in Stage 1.3 STXS parton level

N.B. when we write Acpjj in this talk, we are always referring to the signed quantity
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Overall strategy

e Explore both VBF and ggF production modes to /
investigate CP-odd anomalous couplings q :E W

e CP-odd effect characterized by Standard Model Effective “i H{
Field Theory (SMEFT) operators in the Warsaw basis q

e C(Constraints on CP-odd SMEFT operators can reveal

potential CP violation for the Higgs boson’s effective
couplings to vector bosons and gluons

Resolved as effective
vertex in SMEFT
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Describing VBF+ggF, H-WW* events

Based on the most recent 139 fb™"
measurement from ATLAS: Phys. Rev. D
108 (2023) 032005

H—-WW*—{viv decay characterized by 2
(different-flavour) charged leptons and 2
undetected neutrinos in the final state
Jets can be present, either from the quarks
participating in VBF or from initial-state
radiation in ggF

Events divided by number of jets: 0, 1, 22
0- and 1-jet regions still contribute to
CP-even constraints

Howw —»evuv  ATLAS  s=13TeV, 139 fo!

Production Particle-Level STXS Reduced Reconstructed Signal Region
Mode Production Bins Stage 1.2 Category
pribead 20 Gev
SC el ] sublead
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pritbead - o0 Gey ;' <200 GeV
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ggH 1j, very low p* p"<60GeV | ——————————
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ggH 1j, med p,"” E1 20 < p," <200 GeV
P
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A@.. in different
STkS bins

CP-even
Normalized distributions of
Acpjj for various amounts of
mixing between anomalous
CP couplings and the SM at
parton level
T (q1, 92) =|a1(q1, 22) 9 CP-odd
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Binning strategy [ S [ * :

e Binning strategy based on STXS Stage 1.2
o VBF production split at Higgs p; of 200 GeV as the

EFT effects on the Acpjj shape differ significantly

m;; [350, 700] ] [ m;; [700, 00| ] [ pa [2‘0;,001 ]

—

between the low and high p," regions 3 iggg& T ATLAS Preliminary

o VBF production also split at m, of 700 GeV due to & a000; PR
. . . : £ 3500F VBF-enriched N, >2SR

high top-quark contamination in the lower energy § 3000 +Dan 1\ Unosrainy ]
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Binning strategy ] (x]) ()

e Binning strategy based

on STXS Stage 1.2 (romm ) (rmmar )
o ggF 2-jet production split

. . . ggH-0j , low p¢ EW qgH-2j, low mj;-low p;’
at nggs P of 200 GeV to ATLAS Simulation Preliminary ogH-1, very low p EW qg2j, med myow ¥
f T F H— WW* = Iviv B ggH-1j, low pt EW qqH-2j, high m;;-low p!!
nt r _ 4 B oo--1j, med p;‘ I Ew ggH-2j, very high my-low p_’r"
accou or gg Vs=13TeV, 139 b B 2ot/ o o W i g, g

: H
I 9+, high p?

contamination in VBF
categories

9gF 0j, low p!
ggF 1, very low pf
ggF 1/, low p?’

ggF 1j, med pf
ggF 2/, low p?’
9gF 1/, high p
ggF 2j, high p*
VBF 2/, low m;
VBF 2/, med m;
VBF 2/, high m,
VBF 2/, very high m;
VBF 2j, high p’T"

Reconstructed Signal Region

0 ; : ; 0.4 0.5 0.6 0.7 0.8 0.9 1

Expected Composition
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Z_ATLAS ® Data B Powheg+Pythia8

- - = T T El
B t t = ATLAS H—syy, V=13 TeV, 139 fb" < 09
In n I ng S ra egy <5 = E {s=13TeV, 139 f" [l DataStat Unc. A Powheg+Herwig7 ]
§ al -¢- Data, tot. unc. = Syst. unc. s O.SZ—VBF Hos WW* S svpy Data Total Unc. ¥ VBFNLO@LO+Pythia8 J
= B gg—H default MC + XH 2 E ¢ VBENLO@NLO E
‘8 ¥ gg—H Sherpa+MCFM+OpenLoops + XH % ¥ MGS5+Herwig7 3
. . 3r - XH = VBF+VH+ttH+bbH+tH
e Each 2-jet region ‘
. . . i M::Weevzz
further divided into ® :
| v
v V'l
4 equal A(pjj i 1 i
categories: ; ,
-4 | —
o (0, .777/2) S 15 M 8 st
el == ]
o (72, x) g | | — 5 1 ;
O ('77:’3‘7-[/2) 0.5 i0.5—|..‘A.v.|¥...\..,.|..‘.|‘..,|‘...l—
. . . 3 2 - 0 1 2 3
(@) (3]1’/ 2, 2.7'1,' ) - /2 0 a2 A¢n A¢, [rad]
i
H—yy differential measurement VBF differential measurement

e The CP sensitivity of the 0 to 27 scheme is equivalent to a -z to +x
measurement
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Operators of interest

e As mentioned, interested in anomalous
effects modifying the Higgs boson’s

couplings to vector bosons and gluons — Wilson coefficient Operator
leads to the following set of Wilson CHG H'HG,, G
" Creé HTHGA GAHY
coefficients and operators HG e
Wh iderina th t CHW HTHW], W
o en considering these operators, we e HHW winv
only consider the CP-even/odd SM-BSM £

interference terms, not the CP-even
BSM-BSM terms
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STXSIA(pjj binning and operators of interest

l > 2jet l

Each of the purple (orange)
square boxes representing
the ggF (VBF) bins is
labeled with the Wilson
coefficients whose

A Y Y

Corresponding Operators [0,200] ] [ p¥ [200, ] ] [ mj; [350, 700] ] [ my; [700, 0o] ] [ p¥ [200, 0] ]
affect the production bin 'a I N | Y ] Y 5
through the production o e’ e [em] [
Ve rtex CHC:’H(; | | CHG»VCH@ |7r I CHW,*CHW | I CHWv*CHW | I CHW,*CHW |1r
L2 Y 37/2 Y L2 L2 37/2

22l B [ow] [(ow] (==l

Ag Ag,
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Deriving a parameterization

e Procedure closely follows that of the recent ATLAS SMEFT interpretation
e Impact of each operator on Higgs production, partial width, and total
width in STXS and/or A(pjj bins estimated using MadGraph with the

SMEFTsim UFQO with a new physics scale A =1 TeV

o Except for ggF+0/1j, where the impact on production is estimated using the SMEFT@NLO
UFEQO (only includes CP-even operators, so cannot be used for A(pjj parameterization)

e Events are showered using Pythia 8
e Impact for each operator is parameterized as a function of the corresponding

Wilson coefficient
o CP-odd operators only affect production, not partial or total widths
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Applying a parameterization

FH WW|

Example for ggH, 1+ ZN (AO ol +|A; ) X ¢;

p "< 200 GeV region |(0" X B)0-200,a = (0 X B)0-200,a|X|H0-200 Nar?
1+2; ->< o

e Nominal measurement has a signal strength (oxB) scaling the yield for each
STXS and Acpjj bin (labelled a =1, 2, 3, 4) measured

e For each operator, the parameterization of its impact on each of production,
partial width, and total width is applied to each signal strength — shifts free
parameters from signal strengths to Wilson coefficients

e Including , Shared among the A(p bins of

a given pTH/m region, can remove normallzatlon effects
o This allows us to isolate pure CP violating effects and avoid introducing bias into the results

Metea Marr (SFU) and Matt Basso (TRIUMF/SFU) 18
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Some comments

e Impacts plots inspire the expected sensitivity
o c¢,,/Cqy- OPerators affect VBF cross sections with similar magnitudes but different shapes
— expect similar sensitivity to both operators, with minimal correlation

o ¢, operator has a large normalization effect on 0/1-jet bins and a small shape in Acpjj —
expect sensitivity to be driven by Stage 1.2 0/1-jet bins
o  Sensitivity to c,,_ operator will come entirely from 2-jet bins

e Making the statement stronger: the shapes in STXS/A(pjj for each operator are
distinct, so minimal correlations are expected between all of them

e We expect the correlation between c . _and c ,_to be small because the
ggF contamination is smaller at high pTH and the EFT effect is much more
prominent in this region

Metea Marr (SFU) and Matt Basso (TRIUMF/SFU)
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Summary

e Presented a proposal for measuring CP-violating effects in bins of VBF+ggF

production and the H—-WW?* decay channel
o Proposal is based on an STXS-like splitting of VBF and ggF into bins of Acpjj, which is similar
(but not identical) to that proposed for Stage 1.3

e Proposal has the potential to measure CP-even and odd SMEFT operators
modifying the Higgs-V and Higgs-gluon couplings in a relatively decorrelated
way

Metea Marr (SFU) and Matt Basso (TRIUMF/SFU) 20
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Thank you for your attention! Questions?
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Backup
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STXS
categories

ggF and VBF
production bins at
particle level (left)
and the
corresponding
reconstructed
signal regions

(right)

Phys. Rev. D 108 (2023) 032005 Howw >evuv  ATLAS 5= 13Tev, 139 i

Production
Mode

Particle-Level
Production Bins

STXS Reduced Reconstructed Signal Region

Stage 1.2 Category

stubIead <20 GeV

ggH

57 <200 GeV ggH 0j, low p;’ pr >20 GeV «—— N, =0
prtblead o0 Gay < pi <200 GeV
stubIead 20 GeV <

p:" <60 GeV
IggH 1j, very low p* | P, <60 GeV
=1-jet 60 =< p;" <120 GeV 1 Ny =1
120 < p;" < 200 GeV i 1
s 9gH 1), med p,” | 120 < p," <200 GeV )
=2-jets
P <200 GeV Fail Central Jet Veto Noys 22

p" =200 GeV

— %]

350 < m, < 700 GeV

or Outside Lepton Veto  p;" <200 GeV

Neo =1

ggH, high p.* | p:'= 200 GeV I

|

Fail Central Jet Veto Ny 22

I._

EW gqH, low mlow p." 350 =m; <700 GeV <

EW gqH, med mlow p.* 700 = m;<1000 GeV <

or Outside Lepton Veto  p;" =200 GeV

P <200 GeV

EW gqH, high m-low p" 1000 = m; < 1500 GeV <

m, =1500 GeV

700 = m; <1000 GeV
- Ny, 22 p"<200GeV 1000 = m, < 1500 GeV
m; = 1500 GeV

p:"=200 GeV

m; =350 GeV

EW ggH, high p,* m; =350 GeV

|

N, =2

ets

Pass Central Jet Veto

P = 200 GeV | and Outside Lepton Veto
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Production Particle-Level STXS Reduced Reconstructed Signal Region

STXS Mode Production Bins Stage 1.2 Category
c ate g o ri e s ;Tjtzoo GeV ggH 0j, low p;"

p]_sublead <20 GeV +—

sublead

=1-jet 60 < p," <120 GeV

| 60 < p;"< 120 GeV

categories are not | ==

I | Pr >20 GeV +— lvje(s =0
stub\ead <20 GeV pi <200 GeV|
stubIead > 20 GeV <

O- and 1—et p:¥<60 GeV
ggH 1j, very low p* P, <60 GeV

120 < p;" < 200 GeV
L_=ely Rt

ggH 1j, med p," | 120 < p," <200 GeV

susceptible to the S i :l]
. P <200 GeV ' Fail Central Jet Veto Nys 22
I n te rfe re n Ce Of | or Outside Lepton Veto  p;" <200 GeV

the SM and pr”zzooeev | | pi= 200 GeV I Nas =1
[ I

Fail Central Jet Veto Ny 22
I‘_ or Outside Lepton Veto  p;" =200 GeV

CP-odd operators

350 < m, < 700 GeV

- 350 = m; <700 GeV <
(from terms linear N :
In the Wilson B 2 o< mocev]  tom<m <150 Gev o= my< 500 Gov ]
t A ass Central Jet Veto
coefiicients)
m, =350 GeV. i =
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STXS
categories
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ATLAS

H— WW* — evuv

Vs=13TeV, 139 fo!

Production
Mode

= 0-jet

Particle-Level
Production Bins

STXS Reduced
Stage 1.2 Category

=1-jet

Pt <200 GeV

ggH 0jf, low p;"

p:" <60 GeV

ggH 1j, very low p*
60 < p," < 120 GeV

ggH

=2-jets

120 < p;" < 200 GeV
L —ew = =

ggH 1j, med p,”

[somosionpr ]
Loor 11 vy tow |
foorshiowar |
oot vimedpr |

P <200 GeV

ggH 2j, low p;"

P =200 GeV
ggH, high p;"

350 < m, < 700 GeV

EW qqH, low m-low p.”

700 = m; < 1000 GeV

EW ggH, med m low p,"

- Ny, 22 p"<200GeV

1000 < m, < 1500 GeV
EW ggH, high m-low p,”

m; = 1500 GeV

p:"=200 GeV

m; =350 GeV

EW qgH, high p;"

Reconstructed Signal Region

p]_sublead <20 GeV

p]_sub\ead > 20 GeV
Pr

sublead <20 GeV

N, =0

lets

P, <200 GeV

stubIead > 20 GeV «——

p;" <60 GeV

jets = 1

| 60 < p;"< 120 GeV

| 120 < p," <200 GeV

N, =2

Fail Central Jet Veto ets
or Outside Leptol

nVeto p;/<200 GeV

N =1
| p" 2200 GeV I s = 1]
: Fail Central Jet Veto Ny 22

I‘_ or Outside Lepto

350 =m; <700 GeV <

700 = m;<1000 GeV < pr¥ < 200 GeV

nVeto p;"=200 GeV

1000 = m; < 1500 GeV <

N, =2

ets

m, =1500 GeV

p:' =200 GeV

Pass Central Jet Veto

m; =350 GeV

|
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STXS
categories
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Production Particle-Level STXS Reduced Reconstructed Signal Region
Mode Production Bins Stage 1.2 Category
p]_sublead <20 GeV
e I ggH0j, low p;"' | prvPead 5 50 Gev «—rH
Pt < 200 GeV d N =0
stub\ead <20 GeV pTH <200 GeV|
stubIead > 20 GeV «——
p:" <60 GeV
IggHU, very low p" | P, <60 GeV
=1-jet 60 = p, < 120 GeV Ng =1
120 < p;" < 200 GeV i 1
s 9gH 1), med p,” | 120 < p," <200 GeV )
po [
, low
P < 200 GeV SH 2 — Fail Central Jet Veto Noys 22
or Outside Lepton Veto  p;" <200 GeV
p;" =200 GeV Ny =1
ggH, high p.* | P, =200 GeV I
|: — :l Fail Central Jet Veto N, 22
| I‘_ or Outside Lepton Veto  p;" =200 GeV
350 < m, < 700 GeV - .
700 < m;< 1000 GeV
EW gqH, med mlow p.* 700 = m;«1000,GeV < pr¥ < 200 GeV
Ny, 22 p"<200GeV 1000 < m, < 1500 GeV
N, 2
m, = 1500 GeV. lots =
_ m,= 1500 GeV Pass Central Jet Veto
p:' =200 GeV " and Outside Lepton Veto
m; =350 GeV
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Reasoning for A(pjj being signed

Phys. Rev. D 74, 095001 (2006)
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0.012 |
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