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Motivation

Observed baryon asymmetry in our universe

One of the Sakharov conditions to explain this asymmetry: CP violation

CP violation in SM (via CKM matrix) not sufficienct

— Additional sources in Higgs boson production and/or decay?

SM prediction: CP-even Higgs boson

Look for small CP odd contribution to SM-like interactions:

— CP violation, physics beyond the SM

Testing CP invariance in H+2jets via:
Vector-Boson Fusion: Higgs-strahlung: Gluon-Gluon Fusion:
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Probing HVV coupling Probing (effective) Hgg coupling
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— Additional sources in Higgs boson production and/or decay?
@ SM prediction: CP-even Higgs boson
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Effective Lagrangian

2
@ Ansatz: effective SU(2) x U(1)y invariant Lagrangian with additional CP-odd =™
operators V.Hankele et al.; Phys. Rev. D74(2006)
£©)

5
Letr = Lsm+ > ; #055) +3 ke O,@ + 0 (%) + ...
fi : Wilson coefficients, O; : operators, A : energy scale
@ Model-independent approach
@ Only consider CP-odd dimension 6 operators:
Lefr = Lsm + f"XTW(’)WW + %BOEB + %Og
constrained by measurements of CP-violating
triple gauge-boson couplings at LEP
Phys. Lett. B614 (2005), Eur. Phys. J. C54 (2008), Eur. Phys. J. C19 (2001)

@ After electroweak symmetry breaking:
Ler = Lo + BraaHALL A + Buaz HAL ZMY + BrzzHZ,W ZM + EHWWHWJV wv
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Coupling constants

@ SU(2) x U(1)y invariance: coupling constants can be expressed with two
dimensionless parameters d & dg P.Achard et al.; Phys. Lett. B589 (2004):

Bran = 5E—(dsin® Ow + dp cos” ) Braz = 55— sin20w(d — ds)
8Hzz = ﬁ(gcos2 Ow + dg sin Ow) Erww = ﬁ&

@ Experiment: no distinction of these couplings in Vector-Boson Fusion possible
— with d = dg:

I
‘w
Q.

BHaa = EHzz = 3EHww
8raz =0
@ CP violation parametrised by single parameter d

@ Connection to Higgs characterisation model:
P. Artoisenet, P. de Aquino, F. Demartin, R. Frederix, S. Fixion et al.; JHEP 11 (2013) 043

ﬁevff = Lsy — Razz -tan(a)Zm,Z‘“’ — % - Raww + tan(a) W:l, w—rv

- Parametrization used by H — WW /ZZ: E42z .tan(qa), Ea% . tan(a)

Ksm Ksm
- Assumption: Razz = Raww = Ravv = d=dp
- d=—-5% .tana
Ksm
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Optimal Observable

Matrix element for process with CP-odd contribution:
M = Msw+d- Mcpodd
| M P=| Msm |*+d - 2Re (M %y M cpodd) + d*- | Mcpoda |?
———

CP-even CP-odd (source of CP violation) CP-even (increase of cross section)

. . — 2Re(M 5 M cpodd)
@ Optimal Observable: | OO0 = [Mswm?

- CP-odd observable

- Contains full phase-space information in 1-dim. observable for small d
D. Atwood & A.Soni; Phys Lett. D45 (1992)
M. Davier et al.; Phys. Lett B306 (1993)
M. Diehl & O. Nachtmann; Z. Phys. C62 (1994)

- (00) # 0 — CP violation

@ Matrix elements (LO) from HAWK
A.Denner, S.Dittmaier, S.Kallweit & A.Méck; Comput. Phys. Commun. 195(2015)
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Optimal Observable

zl-ll
@ Input for ME calculation (reconstruction level): ok
@ Lorentzvector of reconstruced Higgs boson (MMC A. Elagin et al.; Nul.Instrum.Meth. A654 (2011))
@ Lorentzvector of two leading jets
@ Higgs-boson decay products not directly used
— method independent of decay channel
@ Flavour of incoming and outgoing partons not known in experiment:
— summation over all possible flavour configurations ij — kIH
weighted by parton distribution functions fi(x12):
| Msu P= 32, 4 i) () | Msm |7 (i — KIH)
2Re (M5 Mcpodd) = 32, 4, fi(x1)fi(x2)2Re (Msy M cpoaa) (ij — kIH)

;0. T T T T T T T T

5 Q 5F 3
© ATLAS work in progress o ATLAS work in progress . H
025h. ot 1oV, 30 1" 1§ 4 Grarev.aen’ E - symmetric for SM coupling
VBF Hot,.1,,, VBF selection = gb VBF Hotyr,, VBF selection E| . -
02 — 3 H+ 1 - shifted to 00 > (<)0 for d > (<)0
—d=0.1
0.15p —dos 4 13 - {00) as function of d:
o E
o ER E - linear for small d, _
0050 3 2 HH+ E - (00) — 0 for large d
o e VBF Hore
=15 -10 7‘5 6 5‘ 10 15 0.6 —d.4 —0‘.2 6 012 0.‘4 0.6
00 d
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Signal reweighting

zlll
o
@ Signal predictions for d # 0 obtained by

reweighting SM prediction: T
o 016 Madgraphs_aMC@NLO ATLAS Simulation |
- |M-\2 % 0_14; d=0.1,NLO * é
w(d) = T d E H o.‘2§+gsnemlsd .. E
sm 04F —}— reweighted (HAWK) e E
0,08 £ =
@ Reweighting depends on : iy T . E
004/~ - =+ =
. 0.02f— - o =
@ Process: gqg — qqH E R e

A T T

99 — qqgH & qq — qqqH :JSE i—I&L1l'+TV e St j0 I8 T il

@ Flavour of incoming and outgoing partons “zﬁgg i ST L

0.85| [ 1
[~} BjOrkEn XL2 = Mfinal stateeiyﬁ"a‘ state -10 8 6 -4 2 0 2 4 6 8 0

Q
o

@ Color information neglected for reweighting

— Good agreement between LO reweighted and directly generated NLO events
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Run-1 results

Publication with OO method in Run-1 ATLAS Collaboration; Eur. Phys. J. C76 (2016)
TlepTleps Tlep Thad included
Maximume-Likelihood-Fit in OO

4 T T ™3 2 T T T @ T T T
3 22F ATLAS —e— Combined (Obs,) El S TiggTrag High BDT ATLAS Internal S 3 5E Testes High BDT ATLAS Internal
< oF G-8Tev,2031" . ‘-v‘m::::: 3 & F(5-8TeV,20.3 10" . ‘{"‘VE;)H - 55)’ @ (§=8Tev, 203" . ;’;;F)H iz
imal S E| — =1. =g -1.55)]
1.gF. FittoOptmalObsenable ~ 77 b OR)  3 a0k gaH £ 30 oK 1
E| -2 o
E o5 = Otrers E 25| = Otrers
3 Fake © Fake ©
20F Uncert. E 20/ Uncert. E
E|
3 15/ E
3 10F E
3 5E E
04 02 0 02 04 0==70 0 10 20

@ Confidence intervals at 68% CL: [-0.11,0.05] ([-0.08,0.08]) observed(expected)

with Hbestfit(d - O) = 155t%%%

@ Comparison to limits from H — V'V ATLAS Collaboration; Eur. Phys. J. C75(2015):
68% CL factor 10 better, but no 95% CL reached
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VBF CP analysis in H — 77 in Run2

@ Aim of analysis: use OO to improve limits on d-parameter
@ At the moment: mainly follow Run1 approach
@ CP analysis is based on H — 77 coupling analysis in terms of

Background estimation
Systematic uncertainties
Event selection

MVA analysis

@ Use complete 201542016 dataset: 36.1fb~!
@ No official ATLAS results so far

@ in this talk: preliminary results of studies by Dirk Sammel and A.L.,
focus on analysis in TiepTiep and TiepThad channels
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Event selection

=
o
2012-11-05 09:48:46 UTC TlepTlep ‘ TlepThad
Preselection:
2 isolated leptons 1 isolated lepton, 1 74,y candidate
30 < mmuis < 75(100) GeV for ee/puju(ept) mr(l, EF™) <70 GeV
ET™ > 55(20) GeV for ee/pj(ep)
b-jet veto b-jet veto
Common VBF selection:
Njets > 2
ATLAS mj > 300 GeV
EXPERIMENT | Any >3
TlepTlep TlepThad
§ ATLAS work n pragre;s ﬁ;‘;!f:“ g:;‘“ § 3500 ATLAS intarnal ""’"““?f‘““‘ Eilf;“ TlepTlep TlepThad
[ 5= 13TeV, 3.1 15 o i G-13TeV, 36,115 EoBoen DIz
Hoteten =] 3000 Hotuytus B oot g ver VBF H — 77 27.8+0.1 56.7 + 0.35
VBF H - WW 15.0+0.3 -
Non-VBF H — 77, WW 26.3+0.6 35.9+0.8
Sum of bkgs 2598.7 £90.6 | 5160.8 +67.9
S/B 0.02 0.01
Y5 -0 5o 5 10 15
00
@ TiepTiep: VBF H — WW — 2/2v considered as signal
@ Non-VBF production treated as background (assuming SM coupling)
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Checks on VBF H — WW

Contribution from anomlous HVV
couplings in H — WW decay:

@ OO shape with anomalous coupling in

decay vertex only for SM and d = 0.5:

20.5F T A T -
5 [ 4
2 | CI(VBRH- Ww (SM) . ]
5 [ —+ (VBFJH-> WW (Re-weighted d=0.5) |
20.4f- m3stats. unc. ]
S| |
2 b
0.3 1
0.2
0.1
o
-15 -10 -5 0 5 10 15

(0]¢)

@ Only small differences — Effect is
considered to be negligible

Alena Losle

Comparison of OO shape for VBF
H— 77 and H— WW:

CP H+2jets

zlu
o

@ Check if VBF H — WW events
introduce artificial distortion in OO:

5 0BT IR S .
© ATLAS work in progress

0.5 Vs=13 TeV, 36 fb'
| VBF H->1,1,,, high BDT region,

1T SM
0.4 < HOWWSM
r i —H-o1rt d=0.1
P - HoWW d=0.1
. = How de04 |
03 : HoWW d=-0.4]
§ 1
02 2 .
0.1~

i i W A T O A
—015 -10 -5 0 5 10 15
(e]0)]

@ Good agreement between H— 11
and H — WW for various d-models

11.01.2018 1/

/




Signal and background samples

Process Generator PDF set Tune Order

ME PS ME PS
H — 7, WW
ggF Powheg Pythia8 PDF4LHC15 CTEQ6L1 AZNLO NNLO+NNLL
VBF Powheg Pythia8 PDF4LHC15 CTEQ6L1 AZNLO (N)NLO
VH Powheg Pythia8 PDF4LHC15 CTEQ6L1 AZNLO NNLO
ttH Powheg Pythia8 PDF4LHC15 CTEQ6L1 AZNLO NLO
Background
V+jets Sherpa 2.2.1 NNPDF30 Sherpa NNLO
tt Powheg  Pythia6 CT10 CTEQ6L1  Perugia2012 NNLO+NNLL
Single top Powheg  Pythiab CT10 CTEQ6L1  Perugia2012 NNLO
Di-Boson Sherpa 2.2.1 NNPDF30 Sherpa NNLO

@ in Runl: used 7-embedded Z — uu data to model Z — 77 processes
ATLAS Collaboration, JINST 10(2015) no.09

@ Not available in Run2 (yet)
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Signal region definition

@ Enhance signal-to-background ratio: select events with high BDTscore

TlepTlep TlepThad
o T T T T T T T T « 3000 T T T T T T T T T
S o baa | % ewg o) S -#- Data % BKg (stat)
w 10001 ATLAS work in progress EI Fakes [ Diboson 7] > ATLAS Internal [ Fakes Wz
2 ] Oz £ = T [ Di-B 1
g 15=13TeV, 361 " = e O Hurowex30 5 25000 f5=1aTeV, 361 b O 2 m aghRH
o 800F Hotyty, O e W0 Hree 7 i H T Thag [ VBFH (x30)
Z 2000 1
1500
1000
500
0 8 RIS I LIS USRS B S 0
2 15 2 15
o o
= 1 () = 1 hd
s s . e e FR— o .
a 2 45
0.5 0 0 i i i I 1 i 1 0 | | | | | L | | |
-1 08 -06-04-02 0 02 04 06 08 1 -1 -08-06-04-02 0 02 04 06 08 1
BDT,g¢ score BDTepre
high BDT signal region:
BDTscore > 0.70 BDTscore > 0.64
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High BDT signal region

Tlep 7'/ep TlepThad

@ T T @ T T T
§ ATLAS work in progress : gfoi":‘) E :3;“ § ATLAS Internal é o E:’f‘
w Vs=13TeV,36.1fb" Oz Wz w \s=13TeV,36.11b" [ oisosen Oz
HoTgTip DM O HariW Ho T
45 H0 5 0 510 15 Y 0 5 o 5 10 15
oot O0geco
TlepTlep Tlep Thad
VBF H — 77 11.6 £0.1 | 23.8+0.2
VBF H — WW 4.0+0.2 -
Non-VBF H — 77, WW | 2.5+0.2 46=£03
Sum of bkgs 41.8+£5.1 | 56.7+4.2
S/B 0.37 0.42

@ signal-to-background ratio improved

Alena Ldsle CP H+2jets 11.01.2018
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TlepTlep

High BDT Signal Region
BDT score >0.70
Optimal Observable

Low BDT Control Region
BDT score <0.0
BDT classifier

Zll Control Region Top Control Region
80 < mll <100 GeV at least one b-jet
Single Bin Single Bin

TlepThad

High BDT Signal Region
BDT score > 0.64
Optimal Observable

Low BDT Control Region
BDT score < 0.34
BDT classifier

Top Control Region
at least one b-jet, mT > 40 GeV
Single Bin

@ For each d-model: Maximum Likelihood Fit — ANLL-curve

@ No rate information used
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ANLL

@ ANLL = 0.5: expected confidence intervals at 68% CL

@ Asimov data (SM signal+bkgs) in signal region, data in control regions

@ Only statistical uncertainties included here

F T T T T
LATLAS work in progress

;ATLAS work in progress

ubestﬂl

a: Ol

TlepTlep+TlepThad COMbination:
@ (10) exclusion for d outside [-0.038,0.035]
@ (20) exclusion for d outside [-0.108,0.098]

5 ] B )

[ 5=13Tev, 361" ~* Teper ] 1 41513 TeV, 36 10" 1 Parameter ‘ Postfit@SM
4;\/BF high BDT region :::9p::va¢+1l . 7 : [ VBF high BDT region Ibestit 1.1149%

F T aeee ] 120 E NF(ZIl) 0.92 +0.03
3 E R — ] NF(Top, TiepTiep) | 1.09 % 0.03

f ] r ] NF(Top, TiepThad) | 1.09 £ 0.03
o 1 0.8- E

E ] L ] NF(Z77, TiepTiep) | 0.82 £ 0.06

[ b 0.6 . NF(Z77, TiepThaa) | 1.09 +0.03
1 E r ]

P R ] 0.4 ]

L L N S SN R I A
%.6 6 -06 -04 -02 0.6

d
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Comparison to Acbjs-jg” (TiepTiep ONly)

@ Other CP odd observable: 3 OFaras vowimposess | ]
0.35F {5=13TeV, 36 b —sm
T E VBFHon, VBF NG BOT o ]
APTE = b — b, ] M oo
. . . o . . 0.2 3
J+ (=) : jet in positive(negative) detector hemispheres orsk ]
. . . 0.1 B
@ Same fitmodel as for OO in high BDT ok E
signal region e R R
AW:Q
o T
S 220 ATLAS workin progress 3
Plot: "CulMVAVBFCat_optiSdphiddreco bind i < 2F 1 E|
o T T T PR V5=13 TeV, 36 fo
5 oo AT g G2 81 s w3 | (10) exclusion (repme)
2 T g ) Ee E|
i - g AN ’,/ioo E 00 [~0.071,0,058]
£ Vo waed AGPE | [-0.116,0.095], [-0.331,0.366]
0.8 \ E
0.6F P T P S
04F oo v A
02 E

@ In comparison to OO: Aq&“gn less sensitive
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Testing CP Invariance in H+2jets

4
Vector-Boson Fusion: Higgs-strahlung: Gluon-Gluon Fusion: o
Probing HVV coupling Probing (effective) Hgg coupling

@ First studies in context of master thesis (A.L. 2015):
Test of CP Invariance in gluon-gluon fusion production
in H = TiepTiep at /s = 8 TeV

@ Dataset corresponding to 20.3fb™?

@ Signal sample for ggF H — 7iep7iep: H+1jet NLO MINLO
J. M. Campbell, R. K. Ellis, R. Frederix, P. Nason, C. Oleari & C. Williams; JHEP 07 (2012)

@ Matrix element calculation for OO and reweighting extracted from MadGraph5
J. Alwall, M. Herquet, F. Maltoni, O. Mattelaer & T. Stelzer; JHEP 06 (2011)
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Higgs-gluon coupling

CP even state:
Higgs-gluon coupling in EFT approach for my,, — oo:

(HiggsCharacterisation framework)

H
1
a a,uv a a vpo
Ler = 326G, G HYH + G, Gpge” .\ g
SM contribution CP odd contribution CP odd state:
G®"¥ : gluon field strength tensor 8
e"”P9 : total asymmetric tensor Y

3> = GHgghHgg COS(Qx), 33 = gagghage Sin() ‘

8Heg s 8Agg: coupling strength, KHgg, Kagg: dimensionless constants
— Mixing between CP even and CP odd coupling driven by cos(c)

— CP violation for kpgg, kagg # 0 and cos(a) # 0, £1
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ggF H-+2jets: Event selection

(1) Basic preselection:

- two isolated leptons

- at least two jets with pr > 40(30) GeV
- Emiss > 20(70) GeV for ep(ee/pu)

- 30 < myis < 100(75) GeV for epu(ee/ )
- b-jet veto

ggF HB+21ets —=74x%103

ggF Hi2jets
VBF H =21

ST 0806 04 02 0 02 04 05 08 1
oo

(2) Enhance signal-to-background ration by using BDTs:
- BDTpug: separate ggF signal from all considered backgrounds

- BDTygr: separate ggF signal from VBF H — 77 background

Events

Signal region:
BD T > 0.6 and
BDTver > —0.3

Data/Model
Data/Model

ST 0 050402 0 027 04 05 08 1
BDT,, output

ST E 050402 0 07 0405 05 1
BDT,5, output
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ggF H+-2jets: Sensitivity at /s = 8 TeV

@ OO in signal region:

Events

Data/Model

_ ggF Hi2jets _ 5.1
s =

ggF H42jets
VBF H

(&)

= =0.07

@ Likelihood fit in OO (same fitmodel as for VBF CP analysis)
@ Full set of systematic uncertainties included here

T
Ldt=2031"]
V5 = 8TeV.

ANLL
o
T

[ Optimal Observable

I L L " L
0 -1 -0.5 0 05 1

cos(@)

@ No sensitivity with Run 1 data yet

Alena Losle

Parameter ‘ Postfit@SM

Postfit@c, = 0.50

[betstit 2.60°3% 2.6775%
NF(Top) 1.00 +0.12 1.00 +£0.12
NF(ZIl) 0.93 +0.42 0.92 +0.41
NF(ZTT) 0.99 +0.11 0.99 £0.11
CP H+2jets 11.01.2018




Summary and outlook

Sensitivity studies for tests of CP invariance in VBF H — 77 with 36 fb~*

Using Optimal Observable

Expected sensitivity (TiepTiep + TlepThad) With stat. uncert, only:

- (10) exclusion for d outside [-0.038,0.035]
- (20) exclusion for d outside [-0.108,0.098]

Test of CP invariance in ggF H + 2jets — TjepTiep With 20.3fb~ 1

- Limited sensitivity with Run 1 dataset
- Still interesting to look into this for Run 2

Outlook:
@ Expected sensitivity with systematic uncertainties
@ Combination of all final states (so far only TiepTiep, TiepThad )
@ Pure CP test by measuring
- Mean of Optimal Observable (OO)
- Asymmetry of Optimal Observable A(OO) = W
@ Include rate information
@ Consider more general EFT Lagrangian
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Thank you for your attention
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BACKUP
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Expected results from full Asimov fit

@ ANLL = 0.5: expected confidence intervals at 68% CL
@ Asimov data (SM signal+bkgs) in signal region and control regions

@ only statistical uncertainties included here

1 4.5 T T T T 3 = F T T T T 3
= £ 1 H
=z E ATLAS work in progress 3 8 [ ATLAS work in progress ] .
< 4E V513 TeV, 36 67— TieoTiep E = 1.2 (513 TeV, 36 1" ] Parameter ‘ Postfit@SM
3.5E-VBF high BDT region ~* ieprag E [ VBF high BDT region 1 Hbestft 100193
E " Tieptiep™ TiepThad 3 1 ]
3 E L§ ] NF(ZIl) 1.00 + 0.01
2.5¢ ’m\\ El o 8: ] NF(Top, 7iepTiep) | 1.00 £ 0.03
2F 6 “t ] NF(Top, TiepThad) | 1.00 % 0.03
1.50 3 o6l 1 NF(Z77, TiepTiep) | 1.00 + 0.06
£ El [ ] NF(Z77, TiepThaa) | 1.00 4 0.04
E .-.,1‘\ /,f.-ﬂ E r ]
0.5; ] 0.4 & - ]
:H‘\H‘\‘V‘mumu: | B BRI PRI B R
% 6 04 02 0 02 04 06 -06 -04 -02 0.6
d d

TlepTlep+TlepThad COMbination:
@ (10) exclusion for d outside [-0.041, 0.040]
@ (20) exclusion for d outside [-0.135, 0.132]
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Postfit plots (TiepTiep + TiepTlep COMbination)

SM signal hypothesis:

2 T T T T 2 2 T T T T ‘
5 %O ArLAs ntemal =l §  ,of ATLAS Intemal =Rt
& F f-1aTeva64n’ =125 GoV i 13 Tev. 30410" RenvBen’ <
Ronver u —, 20w var ce
E signat ragion (Post-i) m,',"?...,k.,;;‘; 4 18[- Signal region (Post-fit)
E el
2 Uncertint 1 5
2 bre i backgrou ey
F 1 2 breih baokaround]
15F !
F 1
.
= <
L e e s s B
< E]
£ o5t | . | ! | 5
- R S S S -1
00,
P T T T T 9 2 T T T )
5 %OF ATLAS Internal ;sbl?uzl“&:?%? H ATLAS Internal =5 azlnt‘iom&‘ssb
& f5-13Tev, 364" D12 GeV i o= 13TeV, 364" Tenveen - el
S VBFCP  vBF P =
Signal region (Post-f) Signal region (Post-fit) = Diboson
Topauark processbs
wEdihed
s
s 2z E
% 19 = 3
[ 7 <
] S
£ os , \ £
S 45 -0 5 o
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Comparison to Acbjs-jg” (TiepTiep ONly)

@ bestfit signal strength pipestsic from hybrid fit:

ubesm!

Alena Losle

-

[ ATLAS work in progress
1.4/ Vs=13 TeV, 36 fb'

L H—)'l:Iep

Tiop? VBF high BDT region
=00,
sign

- A<I>J-j

ww

5

oL

S
'S
)
N

02 04
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