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AMHe CP Violation in the Higgs Sector? e

* CP violating processes are necessary requirement to explain matter-/antimatter (baryon)
asymmetry in the universe (Sakharov conditions)

* Direct and indirect CP violation is experimentally well established in the SM:

e Complex phases in CKM-matrix (quark mixing) and possibly in PNMS-matrix (neutrino mixing)

* Not sufficient to explain observed baryon asymmetry in the universe

* Could Higgs boson interactions be another source of CP violation”

o Pure CP-odd Higgs boson at my =~ 1235 GeV has been ruled out during Run 1

* Mixing of scalar (CP-even) and pseudo-scalar (CP-odd) Higgs bosons in extended Higgs
sector models (2HDM, ...)

« BSM particles contributing to loops (e.g. ggF production)
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ATLAS Overview

 Higgs CP analyses covered in this talk using Run 2 data:

o ItH( — yy) [Phys. Rev. Lett. 125 (2020) 061802], &£, . = 139 fo~!, probing #tH

. 1tH( — bb) [ATLAS-CONF-2022-016], &, . = 139 fb™! probing 1tH

.« pp — jiWW( = evuv) [arxivi2109.13808], &, . = 36.1 fo™!, probing ggH

* Previous results by ATLAS (not covered here)

» H — 77in VBF production [Phys. Lett. B 805 (2020) 135426], £ ;.. = 36.1 fo~ 1 \/E = 13 TeV, probing VVH

« H — 77 in VBF production [Eur. Phys. J. C 76 (2016) 658], &£, = 20 fo~ !, \/E = 8 TeV, probing VVH

e H—> WW — evuv, H - ZZ — 4¢, (H — yy) [Eur_Phys. J. C 75 (2015) 476], &, . = 25fb~ 1,
\/E = 7and 8 TeV, probing VVH
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https://www.sciencedirect.com/science/article/pii/S0370269320302306
https://link.springer.com/article/10.1140/epjc/s10052-016-4499-5
https://link.springer.com/article/10.1140/epjc/s10052-015-3685-1
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using remaining |ets %180333%3”””3&53”:,Zﬁm‘3 3 F T T
T -DDDD.D DFDDDDDDDDDDDB 3505 .+. (5=13TeV, 139 fo' -
« Lep category: no f-quark reconstruction 160%55353,]5%5" i EEE'E'E'&E S-S ++ it + SIE) Weighted Sum->
in case of 2¢. For 1£ build W-candidate  woffi? »030HER38 2288 =202 5 ot + :
from £ + EZ"'5°, combine with jet that 120%.?.;']?3;?['3;[.:"[,"7“".::_1 ‘?’?Z: . +, _5
forms highest top BDT, find second RN R L N P R LA L A OE+.+. . + ++++ oo
nadronic t-quark decay with BDT from o " [GeV] 100 ooy o e e [Ge3?°
remaining jets

Selection and tf reconstruction follows closely ftH( — yy) measurement (Phys. Lett. B 784 (2018) 173)
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athiet Higgs CP in ttH( — yy)

- Phys. Rev. Lett. 125 (2020) 061802 |

‘

 Dedicated Lep and Had BDTs

to reject background from £ S mo‘: ATLAS
: — . S g 8 \s =13 TeV, 13910’
vy + jets and ttyy (uswg 4- - % 10 5 oo .
vectors of ¥'s, £’’s, jets and b-tag S °*% 1 5 Sors —— SMttH +tH :
. . 5 _F 1 8 o -=== 0=90° Kk =1ttH + tH '
information) 5 07F A !
06 0-005 o2 2.20000206% 000000
* Used BDT score to define 20 E . 0 010203 04 05 06 07 08 09
. . . L adronic BKg. Rej. Discriminan
signal regions (12 in Had and 8 : S
. 0.4 )
in Lep category) ; 5 02 ATLAS
C ©0.18 - ]
0.35— 28;22 Vs =13 TeV, 139 fb
 CP BDT to separate CP-even 0.2F go.ﬁ
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T
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othiet Higgs CP in ttH( — yy)

e Simultaneous maximum likelihood fit in all  Phys

signal regions to constrain CP-mixing angle @ - »

‘

e —————— e —— —

S - RS
and coupling strength k T . +Bestfit  X(sM -
% -
1 f_ """"" 3(5 ",'-" "-~.\~’ -
* Best fit result: : o ’ :
_ +0.33 +0.17 o= =
(assuming SM BRy_,..) 051 E
. —1 f_ [ S SUN _f
 Pure CP-odd coupling excluded at 3.9¢ - ATLAS :
(2.50 expected) ~IOF s =13 TeV, 130 " E
R I S S R R KN
. |a| < 43°(56° expected) K,coS()
m ~

< = t {‘Ptlct [cos((x) + isin((x)ys] ‘Pt} H

* The result is limited by statistical uncertainties Y

C. Grefe, Higgs CP @ ATLAS, Pheno22, Pittsburgh, 10.05.2022


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802

AR Higgs CP in ttH( — bb)

PSR = preliminary signal region Y
(before BDT selection)

Region | Di.lepton | | | | {+ jets |
PSR4 CRTY" CRIYP CRY” PSR=Y-2#% CRY** CRY*™ PSRpoosed

Nies > 4 =3 > 6 =5 > 4 \QQQQQ

@85% - > 4 ‘ o
Ny @77% - - > 2 iH gy

@70% > 4 =3 > 4 _

@60% - =3 <3 =3 - > 4 <4 -
Nboosted cand. - 0 > 1

« Complex final state with 4 b-quarks and additional jets and leptons

« +jets channel: 1 isolated lepton, at least 5 jets and 4 b-tagged jets

. Boosted H production covered in dedicated category: require an R = 1.0 anti-k jet with My > 50 GeV and

pr > 200 GeV

et

. Di-lepton channel: 2 (oppositely charged) leptons, at least 3 jets and 3 b-tagged jets

. Define various signal and control regions depending on the number of jets and number of b-tagged jets
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ATEAS Higgs CP in t7TH( — bb) I
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' ATLAS-CONF-2022-016

= — — ——

e Dedicated BDTs trained for each

category to assign the jetsto ., Qe Sngelepin :

: ¢ ATLASPreliminary BN ff+>1b 3 Other MMM Bkgd+fiH+tH (xj=0.83,a=11°) -

and f-quark candidates Gl Vs=13TeV 1301 S e e e .

(permutation with highest score) | 5 Fnomalised o tal dtayils -
 Additional BDT is used to

separate signal (SM rtH) and
backgrounds

10’

» In the boosted category a Neural £ = mm aguss-osma-11
Network is used to identify e I SN T
H — bb candidates from the 2f T T

- Em tH (k;=1,a=0°) e tH (ki =1, =0
e fH (k)=1,00=90°) WM tH (k;=1,0a=90

large R jets ® 01}

3 2 4f 2 4f 24j,24b CR 24 24b > 4f, 2 4b >4f, 24b | 5/ 5j > 6], > 4b 26, 24b SR 26240 GR
CRsbni  CRaplo  CRapm  CRno’reco SR, SR; | CRY a0 CRYup i CRy CR; boosted

e S/B> 8% (5%) in all SRs for
CP-even (CP-odd) signal
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ATEAS Higgs CP in t7TH( — bb) I

t normalised to data yield T normalised to data yield
Channel (PSR) Final SRs and CRs | Classification BDT selection Fitted observable <~ 6000 ———F——————————————— - < - . . : 2
>4j.>4b © - ATLASPreliminary BB fiH+tH 7/ Unc.(Total) - O - ATLASPreliminary BB fiH+tH 227/ Unc. (Total)  _
CRo-reco - Anee = [ V/5=13TeV,139fb-! M ff+21b == fiH+tHT (0°) _ = 000 Vs=13TeV, 139 fo-! R fi+ ilb —= fiH+tH (0°) -
CR>4J >4b BDTe [—1. -0.086 b e 5000 — Single Lepton 1 tt+ 21c fiH + tH' (90°) ] = _ Dilepton 1 tt+21c ttH + tH' (90°) ]
Dilepton (PSRZ4j’ 24b ) 4i >4p €[-1,-0. ) 4 o) SRpoosted g (t;:h/ e Data _ o) | gR24 24 g g:hler e Data i
SR> BDTe [-0.086,0.186) ba P B i - o I -
! ’ £ 4000 _ [ i ’
SRZ4 24 BDTe [0.186, 1] by S - [o=—— - o 190 ]
S - I | s > i i
B 7 L
CR-%=% BDTe [-1,-0.128) b " 3000 L = i
[+ jets (PSR=-=47) CRZ%=4 BDTe [—0.128,0.249) by | : 00— S
SR =0/:=4b BDTe [0.249, 1] b, 2000 | — o S
{+ jets (PSRpoosted ) SRioosted BDTe [-0.05, 1] Classification BDT score 000 . _j 50
: |

UseAn%,boostedBDTscoreorCPsensitive grg 1B F T gy 15— -
b bl d . . b . . h . f h 8 a 1.0 ?WHW*HW*WH%H/%H%%A//%WA//%; 8 a 1.0 =eded )66‘/*’/966’7‘/9‘/6’#7‘/9‘#*/#7‘###7‘/9‘/‘/;;’7‘/9‘#/‘/76/7‘/909’*7‘ ﬁ?
O Serya e. IStrioutions INn eacn region Tor the 05E g S 0.5 F e
combined fit: Boosted BDT score by
t normalised to data yield T normalised to data yield
— — = - - - " Uno. (Total) ] S " ATLAS Prelimi tH + 2/ Unc. (Total) |
(P X 1) - (py X 1) § oL TS S i E R O
—_— (- - Single Lepton — tf+21c ftH + tHt (90°) - E B DiIepton — t!+21c ttH + tHT (90°) h
bZ — — — S 2000f SR = o © P 2 s = oner -
‘plupZ‘ % - - %150__ _
2 1500 ;T — o E E
272 | 1. SR, 7
Pj_Pz 1000 | 00[ ______

b, = , o

4 B — \ | T

Pl P2l 500 >

— — — '8 |
e panac p,are the 3-momenta of the reconstructed gz g B Y1

Al 1.0 g‘ﬁ"*‘Hﬁ’%‘ﬁw"/"/’Ww‘/"ﬁﬁ"/"ﬁm‘/"/’%"/"#ﬁﬁ"/’Wﬁﬁg Al 1.0 %ﬂﬁ/ﬁﬂi{fﬂ/fﬂfﬂﬂﬂ#@ﬁﬂfyﬂﬂ L oc6/5554605/, //9%7
f-quarks, n is the direction of the beam axis 0505 00 05 10 05 005 1o
b- b4
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ATERR Higgs CP in 1tH( — bb)

-2AInL E

» Simultaneous maximum likelihood fit in all S [ATLAS Preiminary TS oo anzzon 1l 1,
signal and control regions to constrain CP- o ™™ { E
mixing angle a and coupling strength K - 1[=3%0

L -
- L +0.30 1 (1+0.25 ; || s
expected) - assuming SI\A BRH_)bb 0| | =20

» Pure CP-odd coupling disfavoured at 1.20 e 413"

- 1110
+55 0 /(y+49 o i -

¢ O = 11—77 (0—5() expeCted) 217 % Bestfit =11, k/=0.83 s

- % SM CP-even: a=0,k;=1 -

» Dominant uncertainties from modelling of I AT A 1,

tt + > 1b (NLO matching, PS and i 3 ) 1 , i
Ki COS Of

hadronisation, flavour scheme), m, (.- .
experimental effects are sub-dominant L = y {‘Pr’% cos(a) + i sin(a)ys| Tr}H
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u

ATLAS nggs CP in pp — JWW( — eu,uy)

ggl + 2 jets

gglk + 2 jets VBF
Two isolated, different-flavour leptons (¢ = e, u) with opposite charge
plcad ~ 929 G V Sublcad > 15 GGV

Preselection
» gé » My > 10 GeV
q q Njct 2 2
Nb—jct,pT>20 GeV — 0
g - g m,. < 66 GeV
Background rejection Al > 1.0 .
pr.ee > 20 GeV central jet veto
At ---H mee < 90 GeV outside lepton veto
mr < 150 GeV
- BDT input variables Mygg, T, PT,005 ANOYY m;;, ijja Mg, M, Adgy
! ! min AR({y, j;), min AR({y, j;) 220Ce D g My pr
 Depending on the Higgs production mode the
JJH can be used to probe CP violation in ggH
th ttH 38'\/' t | : th | ) Control region gogl + 2 jets VBF
(el er C.)r par cles In S OOp Or Top CR Nb-jct,(pT>30 Gev) = 1 Nb-jct,(pT>20 Gev) = 1
VVH couplings o en M —my| < 25 GeV
pr.e¢ Tequirement is omitted mye | 80 GeV
: . . mye > 90 GeV
 VBF channel is used to probe V-polarisation WW CR | equirement is omitted —

and will not be discussed here
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ATLAS  Higgs CPinpp — JTWW( — evur) o

10° —e— Observed

ATLAS

* Use BDIs n poth channels to AT i < Toalurc.
separate signal and g 10t Ho W o ey T 2 ggF + 0/t jets
e L1} - At -| I VBF
baCkg round (ﬂO CP SeﬂSItIVIty) L 0610 P [1020) P 2030 so~ | [l Other Higgs
: . . =S W + jets
using m,,, my, A etc. : S -7+ et
g Mypp, M, ¢ff’ L _:=Dibcj>2c?n
= tt, Wit
: : . , £ —— ggF + 2 jetsx 50
o« Split ggF + 2jets in 4x5 bins = L = — VBFx50
. S 1.4F —
depending on | An..| and S 1ok
p g | }/]]] | C\QU' 1;_.-A‘v*ﬁ/*é//};-.r-r-’-»n*s/i/éé/‘ﬁﬂ¢v-1ﬁ/}//*/fﬁ/éfﬁ////
BDT score sk v
* Define highest 3 BDT score E 35 2325 35 2825 35 2255 35 2828
regions in all | An;;| bins as °c2535235353233535233535

signal regions (12 total)
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ATLAS Higgs CPinpp — jiWW( = evur) o.cn

* '

C B | | | I | | E
o . : o - ATLAS | —e— QObserved
-48 . ATLAS Simulation _ 5 15 vz _1a7ey 361 15! — '~/ Total unc.
. © - {s=13TeV, ggF H > WW*> evuv - S [ . “| I g9F + 2 jets
ggF + ZJGtS = - 1 o - Ho W= evuy _ F + 0/1 jets
% 0_15— —CPeven --CPodd ---CP mixed - z ~  goF +2jets SR :-S\J/%F J
3 I |A1”| | > 3.0 ] 10— —| Il Other Higgs
I | B I W + jets
i 1 | Z + jets
0.1— — [ Diboson
i | 5 ft, Wt
0.05¢, = . 1_4:;ﬁf,ffﬁf,ffff.fﬁfﬁ.fff.ffi,ﬁﬁii.fﬁfﬁ,ffi.iffi.ifﬁf.ffﬁf.ffff.fﬁf;:
i o s 12F =
i | % 1 :1/7+/ /;*Y/éf/(//*//////////(#///yi///ié//y%/*//yi‘/ 7+9:‘
- - O 0.8F =
| | | | | | | | | | | | - =
O 2 4 6 060— .............................. J:C......ETc
ACIDJ-J- A(I)jj
SHgg a (a,uv : a Fa,uv
Lloop = — 7 Kes cos(a)G,, G + sin(a)G,, G | H

CP-even and CP-odd mixing affects the signed Aq)]j distribution

Combined ML fit using A(Djj distribution in all signal regions
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ATHAS nggs CPinpp — JWW( — evuv) e

ggF + 2 jets
3 [rag T :
Z1.2F V5=13 TeV, 36.1 b _EXPGCted - . — —- +0.7
ST Hegrrajers = 0-5 £ 0.4(stat) 2 e(sys.)
. 8:_Shape only _f
F - tana = 0 £ 0.4 (stat.) £ 0.3 (sys.)
o4t >< 2‘1 138C " 1
o2f- axvziacen] | eading uncertainties from statistics, t quark background
o modelling and b- taggmg
tan(o) o | 0,
S [ amas | % SM prediction - -
. SRR altesit SR I
o T P A L B B BN B I L N D N *_)e — 68% i
i 6:_?T_L1@,STGV 36.1 fb’ — Expected _f 2 L ) Y,U—v C e - 99%CL ) 8 o
o H— WW*— evuv — Observed - Z L -~ "~ . 7
5:_uVBF fixed to SM, 1y, =1 = 1_— - ;
L M  th 4 2 1 =5
3F - O =4
o Shape + rate = E E 3
15_ ____________________________________________________________________ _E 1o —1__ - N 2
- : - Shape +raté-~.. il
0 —|8 —|6—|4—12 0 2I éll (li 8I :. | L | | | L
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ATLAS Conclusion and Outlook

UNIVERSITAT

. Continue to probe CP-properties of the Higgs boson: presented new results in ttH( — yy), ttH( — bb),
pp — JJH( = WW#); first ATLAS results to probe Higgs CP-properties in Yukawa couplings

. 1tH( — yy) and ttH( — bb) both probe the ttH coupling directly (exploiting rate and shape

information) while pp — jJH( — WW?¥*) exploits the ggF + 2 jets signature to indirectly probe ttH or
BSM contributions in the loop using shape-only or rate + shape information

 Anomalous couplings that include a CP-odd component will (usually) modity differential cross-sections
as well as coupling strength — in order to prove CP-violation in the Higgs sector need to measure CP-

sensitive quantities directly (shape-only) as coupling strength can be moditied by many BSM extensions

e Stronger exclusion limits on pure CP-odd Higgs and so tar no sign of significant CP-odd component
in VVH or ffH couplings

* Expect results on more final states probing CP in different Higgs couplings in the future

* Looking forward to restart of the LHC ~next month and more than doubling of data in Run 3!
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YATLAS CP Properties in Vector Boson Couplings ..

o. B | 1T | R | N | R | ] 1 L S I B B B T T T T T T T
: e Data ] —1 3__ o Combined N - _ . _
> 12 Civerw  ATLAS - Z J ATLAS TUSE arX|v 1905 03764 J
"E B u=0.73, d =-0.01 \E—'ISTeV, 36.1fb ~ B \/g _ 1 3 T V 36 1 fb_‘] L Tlepflep DF - | — -,,4
o 1 O— I Z->rr Tiep Thad SR — o 5‘_ - ev, - - TlepTIep B . '7
3 " Misidentified - e} e zphadd i Future collider prospects
I Other bk - - had “ha -
8 - Unceerrtalr?ty i i N
5 _ o e S e S . Name Ot Czz
. 11 5 } : HL-LHC | 8 | 0.45(0.13)
4= h B 1.5 - HE-LHC | - 0.18
2F — : - : CEPC | - 0.11
- - 1 ~ FCC-eepq | 10° —
_GO)' 1 .5__| T 1 R .l 1 LT N LI | | |__ E { E ILCZSO 40 0.0l4
5_ 1:__ ............................ + .-...-...--+ ..... 7 12 A, 77 2 05:“ ) y ]
< 0.5 — - -
© O_I 1 NI I WU IR SN NN A AN SR AR A S A A A A A I : i Pl o g L
o A5 -10 -5 0 S 10 15 -06 04 02 O 02 04 0.6

Q.

Optimal Observable

DR(M byl i, 1)
‘ﬂ‘ ‘%SM‘ +d29{(% %CP 0dd)+d2‘%CP Oddl = @0]%: |'Z4 ‘C2P dd
SM

. Calculate O, o vent- by-event in HAWK using reconstructed jets and H — 77 system

o Captures full phase space information and can be used in any Higgs decay mode
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ATLAS

EXPERIMENT

Higgs CP in tfH( — bb)

| ATLAS-CONF-2022-016 |

L = —

Uncertainty source Aa[°]
Process modelling
Signal modelling +7.9 -13
tt + >1b modelling
tt+ >1b4V5 FS +26  -40
tt + >1b NLO matching +24  -36
tt + >1b fractions +15  -23
tt + >1b FSR +5.2 -99
tt + >1b PS & hadronisation +17  -27
tt+>1b p’T’b shape +5.7 -5.3
tt + >1b ISR +15  -26
tt + >1c¢ modelling +7.4 -12
tt + light modelling +2.7 -4.8
b-tagging efficiency and mis-tag rates
b-tagging efficiency +9.7  -17
c-mis-tag rates +7.4 -12
[-mis-tag rates +2.5 -3
Jet energy scale and resolution
b-jet energy scale +1.9 -42
Jet energy scale (flavour) +8.8 -13
Jet energy scale (pileup) +5.9 -9.2
Jet energy scale (remaining) +9 -15
Jet energy resolution +6.2 -10
Luminosity < %l
Other sources +5.4 -8.8
Total systematic uncertainty +43  -58
tt + >1b normalisation +8.9 -15
K; +18  -35
Total statistical uncertainty +34  -51
Total uncertainty +55 -77

Uncertainty source Ak;
Process modelling
Signal modelling +0.09 -0.09
tt + >1b modelling
tt + >1b 4VS5 FS +0.08 -0.24
tt + >1b NLO matching +0.15 -0.30
tt + >1b fractions +0.09 -0.22
tt + >1b FSR +0.02 -0.02
tt + >1b PS & hadronisation +0.08 -0.20
tt+>1b p?b shape +0.07 -0.11
tt + >1b ISR +0.06 -0.17
tt + >1c¢ modelling +0.04 -0.10
tt + light modelling +0.01 -0.01
b-tagging efficiency and mis-tag rates
b-tagging efficiency +0.06 -0.12
c-mis-tag rates +0.03  -0.07
[-mis-tag rates +0.01 -0.03
Jet energy scale and resolution
b-jet energy scale +0.02  -0.02
Jet energy scale (flavour) +0.01  -0.05
Jet energy scale (pileup) +0.02  -0.05
Jet energy scale (remaining) +0.04 -0.08
Jet energy resolution +0.03 -0.09
Luminosity < +0.01
Other sources +0.03 -0.07
Total systematic uncertainty +0.29 -0.45
tt + >1b normalisation +0.05 -0.15
« +0.09 -0.07
Total statistical uncertainty +0.09 -0.10
Total uncertainty +0.30 -0.46
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ATLAS  Higgs CPinpp — JTWW( — evur) o

Process Matrix element UEPS PDEF set Perturbative accuracy
(alternative model) of total cross section
ool MG5_aMC@NLO 2.4.2  PyThia 8212  NNPDF3.0 NLO NNNLO QCD
(MG5_aMCQNLO 2.4.2 4+ HERWIG 7.0.1)
VBF ¥ MG5.aMC@NLO 2.4.2  PyTHiA 8.212  NNPDF3.0 NLO NNLO QCD + NLO EW
VBF %) POWHEG-Box v?2 PyTHIA 8.212  PDF4LHC15 NLO NNLO QCD + NLO EW

(MG5_.aMCQNLO 2.3.3 + PyTHIA 8.212)
(POwHEG-Box v2 + HERWIG 7.0.1)
VH POWHEG-Box v2 PyTHIA 8.186 PDFALHC15 NLO NNLO QCD + NLO EW
tt POWHEG-Box v2 PyTHIiA 8.210 NNPDF3.0 NLO NNLO+NNLL QCD
(SHERPA 2.2.1)
(POWHEG-Box v2 + HERWIG 7.0.1)
Wt POWHEG-Box v2 PYTHIA 6.428 CT10 NLO QCD
(MG5_aMC@NLO 2.2.2 + HERWIGH++)
(POWHEG-Box v2 + HERWIG++)

WZ/y", ZZ /v SHERPA 2.2.2 NNPDF3.0 NNLO NLO QCD
(MG5_.aMC@NLO 2.3.3 + PyTHIA 8.212)

W, Z~ SHERPA 2.2.2 NNPDF3.0 NNLO NLO QCD
(MG5_.aMC@NLO 2.3.3 + PyTHIA 8.212)

qq,q99 — WW SHERPA 2.2.2 NNPDF3.0 NNLO NLO QCD
(MG5_.aMCQNLO 2.3.3 + PyTHIA 8.212)

gg — WW SHERPA 2.1.1 CT10 NLO QCD

Z/v" SHERPA 2.2.1 NNPDF3.0 NNLO NNLO QCD

(MG5_.aMC@QNLO 2.2.2 4+ PyTHIA 8.186)
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Ak Higgs CPin pp — JWW( — evuv) e

goF + 2 jets Source A (tan(a))
Total data statistical uncertainty 0.4
SR statistical uncertainty 0.33
CR statistical uncertainty 0.10
MC statistical uncertainty 0.14
Process Top CR WW CR 7 — ++ CR SR Total systematic uncertainty 0.28
goF + 2 jets 20 =+ 20 < 0.1 10 =+ 10 60 + 80 Theoretical uncertainty 0.23
ggF' + 0/1 jets 441 < 0.1 3+1 40 4+ 20 Top-quark bkg. 0.15
VBF 8+ 1 < 0.1 7T+1 70 £+ 10 ggF signa] 0.14
Other Higgs 6+3 2+1 20 £ 10 30 £ 10 WZ, 27, W~, Z~ bkg. 0.06
tt, Wt 17800 £ 200 3100 4 500 390 £+ 60 2300 £ 300 WW bkg. 0.06
WW 180 = 80 1400 4 500 200 £+ 70 1200 £ 400 Z/"y* bkg. 0.016
Z + _].etS 220 = 30 16 = 1960 4= 70 1000 = 100 VBF bke. 0.015
W + jets 600 & 200 140 £ 30 90 £ 20 390 & 80
Non-WW dibosons 40 + 30 100430 120+ 50 240 + 80 tixperimental uncertainty U.51
Observed 18886 4778 2300 5209 b-tagging 0.16
Modelling of pile-up 0.10
Jets 0.07
Misidentified leptons 0.04
Luminosity 0.034
Total 0.5
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¥ATLAS \ Polarisation in pp — JJWW( — evuv) s

VBF 2my, 2m2 Eyy

V 2V

<2HW/;';W‘”” + HZ,, 7" + HAWA””)

* Parametrise model as polarisation dependent coupling modifiers:

- 8HVY, - SHVV; N 0.5
CZL — ; CZT — ; KVV ~ CZL, €VV ~ . ¢ (CZT — CZL)
gHVV gHVV
c — T T 7 T T T [ T T ] £ 8 ATLAS T e Observed
= ATLAS Simulation = - 4,
O 0.2 — 2 | {s5=13TeV,36.1ft' 7777 Totalunc.
© 4 Vs=13TeV, VBF H > WW*= evuv g L oo | mmm VBF
= ‘S H— WW*— evuv
= i ---aL=1.0,aT=0.7 ----aL=1.0,aT=1.3 | E] 61— VBE SR T =%g”|: "
B N er niggs
L(I]>J) - aL=0.7,aT=1.0 a,_=1.3,aT=1.0 . - > i -W+je’[Sgg
- —a =10,a,=10(sM)  |An|>50 . 41— . & S — -g;jets
v - [ Diboson
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?&I&ﬁé V Polarisationin pp — JWW( — evuv) v

- arX|v210913808

= 1.6;—”“;5' . ; =Jpr ) ansases ; 3 Faras  AXIv:2109. 1%
< 4 4F Vs=13TeV, 36.1 b’ ] < | Vs=13TeV, 36.1 fb : < F Vs=13 TeV, 36.1 fb" ;
NEH S WWr— evuy . N 5 H—> WW* — evuv . N g H— WW*— evuv ]
1.2 — Expected ] - — Expected . - — Expected -
j=Observed o\ L\ o af-.——Observed I\ —20 g ——Obseved O\ N ] —20
08 - 3 - 3f =
061 E o[ Shape + rate - oL Shape + rate -
0.4 i, — - N - ]
- Shape-only - e NN o e N J1o
0.2 — - ] - -
S R _ R 152 05 0 0.5 T
aT aT aL
o Kyy = 1.0T008 (5a1 )TDU8 (gyq))
:|| N L L L L :|| L L L L L AL DL L L VV O 10 O 13
= sE ATLAS - = ATLAS 3
a 5=13TeV, 36.1 fo" 1 < Of 5=13 TeV, 36.1 fb" -
N osp Shape + rate H— WW* - evuv - o 51 Shape + rate H—- WW*— evuv A _|_O 22 +O 1 1 \
z —Expected - : —Expected . vy = 0.00 (stat.)™ 1< (sys
| —Observed 1 5 £ —Observed 1, Vv —0.24 0.15 "
3; _f 33_ —E
o E o E o Leading uncertainties from ¢
N L =R A — o -quark and WW background
- 05 | 5 I 050402 0 02 04 06 08 1 T2 modelling, Jet uncertainties and
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¥ATLAS \ Polarisation in pp — JJWW( — evuv) s

Source AKyy, — Source Aeyy
Total data statistical uncertainty  0.11 Total data statistical uncertainty  0.14
Process TopCR ~ Z—77 CR SR SR data statistical uncertainty  0.10 SR data statistical uncertainty  0.14
VBF 3.2+ 2.2 2.6+ 1.8 34 + 22 T : it :
- 20117 10 2%+ 19 CR data statistical uncertainty  0.019 CR data statistical uncertainty  0.011
Other Higes 1.540.7 6.2+ 3.1 6.0+3.0 MO statistical uncertainty 0.035  MC statistical uncertainty 0.036
tt, Wi A0 =100 es=1 12202100 gl systematic uncertainty 0.12 Total systematic uncertainty 0.056
WW 51+ 6 21.8+2.9 360+ 70
7 + jets 54 4 10 370 + 24 320 + 70 Theoretical uncertainty 0.10 Theoretical uncertainty 0.050
W Jets P0=40 - 23.0=24 1o =27 Top-quark bkg. 0.072 Top-quark bkeg. 0.039
Non-WW dibosons  14.3 £1.8 20.8 £3.3 83 £ 11
Observed 7668 501 2164 WW bkg. 0.062 WW bkg. 0.036
ool bkg. 0.033 ook bkg. 0.013
Z/v" bke. 0.017 Z/y" bke. 0.012
VBEF signal 0.019 VBEF signal 0.010
Experimental uncertainty 0.050  Experimental uncertainty 0.024
Jet 0.026 Modelling of pile-up 0.022
b-tagging 0.014 Jet 0.018
Luminosity 0.011 Misidentified leptons 0.010
Misidentified leptons 0.007 b-tagging 0.010
Total 0.17 Total 0.16
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¥a1LAs CP Violation and Global Constraints ....o="

. (_67'7 67_') free  Ay? arX|v 22021175
: I 20 . (¢, ;) free
T — LHC 90% CL 115
15 eEDM 90% CL : : : : i
N
10 :
0.5 F
5 =
- <& 0.0
5 T0 205 00 05 10 L5 :
| ) o —0.5 |
+ Combine Hrz coupling and CP measurements, —_ F = =000 410
with constraints from electron dipole moment T :
(EDM) and Baryon asymmetry in the universe 15]||||- 15
—1.5 —1.0 —-0.5 0.0 0.5 1.0 1.9

Current limits on CP violation in Hzt is sufficient c.
to explain Baryon asymmetry!
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