Study of CP violating EFT ATLAS

EXPERIMENT

bosonic operators withthe - xpp
ATLAS detector = - AP




SMEFT for CPV

CP violation (CPV) is one of Sakharov's conditions

— The CKM phase in SM allows CP breaking, but
its effects are not large enough

— new CPV must occur beyond explored energy
range

do /dE

— SMEFT offers an indirect way to look for BSM
CPV effects
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Standard Model EFT Lagrangian

Cdi| ~ oy Wi .
Lsverr = Lsy + Z Z Ad—ZzL Qd.i Wilson coefficient
d>4 . » Ascale of new
_ physics, typically
Lsm + Z La around TeV

d>4
= Lsm +Ls + Le + L7+ Lg +

Violate B and L conservation

.
.................

— Odd dimensions operators
generally not considered

Dominant remaining term
~ A-Z
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CP violation from bosonic operators

Bosonic sector

Processes involving couplings between bosons
operators

abundantly produced at LHC
CP conservation often assumed in most analyses

Specific CP-odd operators challenges,
e.g. almost no modification of the cross section

CP-odd operators

Léo Boudet (LAPP) MBI 2024 - Toulouse



Standard Model EFT: dim 6 in Warsaw basis

£ - x3 £ -v*xXH £g" - (RR)(RR)
In the Warsaw basis [1] there are Qe | fGyayay Q| Goesrny, O T
3 f d. b . . Ry |fGrorey Qs | (Go™e)HB, Quu | (Eypur) (@ m)
types of dim 6 bosonic operators: N 0w |@eerwics | au | @
Qi E"J"‘ﬁd’;”W,f‘“Wgﬂ Quw (Gpo™ uy o' H W Qea | (Epruer )@ ue)
(2) Y T - T
* -~ : ( 3 6) Lg - H Qup | (Gp0" u)H B Qer | (Epuer)(dndy) -
Boson self-coupling (X* or H T v | aorame | a8 | Gamyaran I
Quw | (God o HW, QF | (@ Tou, )  Tody) %
. - | (HTH)o(HTH Q ovd, ) H B
* nggs propagator (H4D2) Quo | (HTH)O(HTH) un (g ) o
Qup | (D*HH) (H'D,H) =
£ - x?5? £ —y?HD £~ (LL)(RR) RJ\
1 s ) i L pH i E. e,
* Higgs-gauge (X2H?) o [ncs.c ai [wBamirn | e Jenera | S
s | HUHGs Gow Q@ (Hfa(BFH)(f_ inel,) Q| Gl (@) N
) - . —
Quw | HUHW Wi Que | (HTD H)(en0e,) Qu | (G )dndy) |
Quiy | HIHW: Ww Q| wD g Qe | (@) (Ermen) o
. Fi : Qus | HIH B, B Q¥ | WiBim@eiva) | o | @ruan @) ~
)I-(l N f_ll?ld SS l;:ll-g[l dggl]irﬁ‘\e I:II)SOI' (dlm 2) Quy | HIHB. B Q:u (HYD  H) i, QF | (@ g (wA"Tou,) W
D: C 995 t derivative (dim 1) Quwp | Hio HW,, B Qua | (D H) Q| @) (drd)
: Covariant derivative (dim J PN B 0® | Grreayarma)
£§ - ?u? £f -~ (LL)(LL) £87 — (ER)(RL), (LR)(LR)
- 5 + 2 + 8 — 15 operators Qen | (HTH)(T,e, H) Qn (Ll )Tyl Quedg | (e )(dogy)
Quu | (H'H)(g,u,H) Qi (@) (37" 00) QUL | (@ )z (g )
Qun | (HTH)(gud, H) Qb (G700 ) (270 ) QUL | (@ T )z (g T2 )
Q| Gl )@ate) QUL | Eenengun
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https://arxiv.org/pdf/2012.11343
http://arxiv.org/abs/1008.4884

Standard Model EFT: dim 6 in Warsaw basis

£ x3

Among those, 6 CP odd operators that include dual tensors P Pre—
~ Qa fﬂbcé;vGEﬂG;ﬁ

X,LL 4 — 5 uV po X pe Qw | FWirwirwhe

- igk i ae Ty ke
Qp | s Wiwzewt

*

In the electroweak sector, 4 remain: o | iy

ﬁ?) _ gip?

(HtH)O(HH)
(DEHTH) (HTD,H)

QW? QHW? QHB? QHWB

£g4) _ X2H2

€70 (1202) YOdIHT

H1H G2, G

Sources of anomalous triple gauge coupling (aTGC)

HYHGS, G

| HTEW Wi

HHW Wi

Differential XS of CP-odd observables sensitive to the
interference

IMP? = [Mgnr|? +2R(ME5 3, Me) - IM | o

Hio'HW;,B" E

HYH B, B
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https://arxiv.org/pdf/2012.11343

Constraints on Wilson coefficients

Perform maximal likelihood fit on relevant observable

Example: Gaussian likelihood (typically for diboson)

o) = 1 B = W = RPN Pl s B o= O (0,
['(Cz|9) — (27T)k|0| eXp( 9 Ldata xprecl(czw» C Ldata xpred(czw))) X H fz(ez)

/ 1
/ \A MC prediction

Covariance matrix

Floating Wilson Xpred = Xsm + Xint(Ci) + Xquad(ciz)
coefficient Measurement
j : o o ‘ I ‘ . I +0‘.14I o ‘ o ‘ j
Nuisance parameters Bz Bost i 0-o15 ]
. L 95% CL: [-0.31,0.26] i
(systematics, theory § oF ]

uncertainties, etc.)

1 95%Cl

L C; 4_ ]
—2Alog L(¢;) = —210g<£gé_§) T ~—— | 68%Cl
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*\/jj (V=W,Z) : TGC

*H jj: HVV coupling
-H-YY
-H-> 1t
-H->WW
(-H - 22)

VBF processes



VBF Wjj @ Vs = 8 TeV (First in ATLAS)

Challenging analysis in a pp collider:

- Neutrino of W-lv decay only reconstructed as missing Er

- Complicated reconstruction of pw

- Handling QCD produced Wjj (expected fraction of 78% QCD
production in EW enhanced signal region)

§ 108 L b ssrev,20emt

= B nterference uncertain 3 . R R R o o

£ | 55 rowra.vimma o +* Fit on azimuthal angle difference between jets Ad(ji,j>)

? | == SHERPA EW-only == ] . .
=k - AD(j1,72) = [Pj1 — Pjo|
o ¥ 5
o : ] Parameter Expected [TeV™2] Observed [TeV 2]
N~ i
N~ 107F E ‘w -39.37 —-33.30 (NB: coefficients
O - l : A [ ] [ ] expressed in HISZ basis
- - ATLAS ] % [-200, 190] [-170, 160] here, not Warsaw)
U'; Wjj signal region (M”>1 .0TeV) 7 P—
= ::::,::i:.:::.:::::: A2 [-16,13] [-13,9]
SEE-IE i ‘w [-720,720] [—580, 580]
S | o ci (14, 14] [-11,11]

L L L L L 2 £ £
LL] o0z 04 08 0!8. ' i A E
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http://arxiv.org/abs/1703.04362

VBF Zjj (Vs = 13 TeV)

q

- Increased Vs (8—13 TeV) )
- Full Run 2 statistics (20 = 139 fb™) o

Two leptons final state, well reconstructed .

:(a)gl ‘12
VA q g

Main challenge: extract EW component S“"““f"}q XM ‘
(c) @ 9 (d) 1

— VBF topology related variables

(0202) 18D T SAUd 1n3

— binned maximum-likelihood fit in SR gap ,.q
yjl —|_ yj2 jets Strong Zjj Strong Zjj
A o Il — o D) enhanced enhanced
§ ly 9 |/|3/.7 Yy | >1| Cra CRb
9780 events 3286 events
-j1(j2) = (sub)leading jet enhaned | ontared
. : . . =0 SR CRc
- gap jets = jets with rapidity y such as 1037 events | 1992 events
min(yj,Yi2) <y < max(yi,yi)

0.5 L0 &,
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http://arxiv.org/abs/2006.15458

VBF Zjj (Vs = 13 TeV)

...... | Mgs|? —_— ZRE(M;MMds) — | Mgs|? + ZRG(M;MMds)

Full Ad(j,,j2) range : [-n,n] : _ e
03 [Ew /N> =02Tev?| |
. 1 ]
. . . i i L
Angular variable —» negligeable impact 06 ; ; _,_r ‘]
. N 1 ]
of quadratic term ; ; — L‘J
-0.3 | i =
: :
Wilson  Includes 95% confidence interval [TeV~2] p-value (SM) 03 |Cuws / N> =1.8 TeV—2 i
coefficient | Mgyg|? Expected Observed ’ ! !
cw /A2 no  [-0.30, 0.30] [-0.19, 0.41] 45.9% i i &
yes  [-0.31,029] [-0.19, 0.41] 43.2% 0.0 — ; = e
éw [N no [-0.12, 0.12]  [-0.11, 0.14] 82.0% i i “_I—LIJ T
yes  [-0.12, 0.12]  [-0.11, 0.14] 81.8% | i T T
caws/AT no  [-245, 245 [-3.78. 1.13] 29.0% -0.3 : !
yes  [=3.11,2.10] [-6.31, 1.01] 250% 00— — _—
cuws/A® no  [-1.06, 1.06]  [0.23,234] 1.7% Sl donntsnoat s ~SF3R8888R3BRSREBES =
yes  [-1.06, 1.06]  [0.23, 2.35] 1.6% dulgidtsaalfoctBigs9grS s wuerNogngsy
e Bl P R R R i Y
Most competitive limits to this day mj [TeV]  |Ayjl pr. [GeV] Ag;;

Eur. Phys. J. C 81 (2020)
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http://arxiv.org/abs/2006.15458

VBF H - ttand YY

Sensitive to Qus- and Quw- complementarily to Vjj
H - tT: AD(jy,j>) H — yy: Optimal observable
— _ 2R(Ma, M)

i<} 3E o ae . ]
g - ATLAS —— SM (Powheg+Pythia8) @ Data, total unc. OO prm— 5
Kel C Ve 4 =w=C x =+0.7 (lin.+quad.) Data stat. unc. 7
-8'_' 2.5 __\/§_13TeV, 1407 cm=—0.7 (lin.+quad.) — |MSM|
_%_ E E o = L e e T 3 mv)
X - - = =
3 - i ; - — 70 ATLAS 4 =
5 : | i . £ E {s=13TeV, 1390’ 1 5
R I EES e e pite, TResneers FERVerees I E Q60 m,c[118,132] GeV =5
C . w = OTL 31 [
1 Y I 5 CRR—— | I 50:_ -4 Data = 2
C ] 40F— 7 VBF (SM) = .
0.5 - = [ Total bkg. 2
C | | | | | . 303_ 2 Syst. Uncer. _f S‘DI'
S 15F ' ' ' E = 3 [T
® e [ l ......... ] 20— =
o T — i : = g
3 _--l ......... Leimm s | A + ----------------- | E 10E= - W
L 4 —
2 05K . t . . g —
i -3 =2 -1 0 1 2 3 o _F o versw 1 O
AGF9e [rad] S 20 VBF (@-006) 1 ©
J o 1o i""iVBF (d=-0.06) __| -1 1 N
http://arxiv.org/abs/2407.16320 I [l s ] &
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http://arxiv.org/abs/2407.16320
http://arxiv.org/abs/2208.02338

VBFH - ttand YY

H- Tt
Observed 95 % Cl best to date

L | L I 1T T | T T T l 1T T I L . R .
ATLAS ~ .
(s—13TeV,140f’  Exp.Lin. | Exp. Lin+Quad. on Cuw- With A®(y,j2)

Hott, 46" vsp - Obs. Lin. - Obs. Lin-+Quad. [-0.31, 0.88]
| 95% CL interval . B
VBF H -YY : [-0.55, 1.07] TeV?

Expected to have
> small effect

™ === ~ Notasconstraining as
o l o IC.PY?V.IEIFTTO.de.I VBF With EW bOSOI’\S
-15 -10 -5 0 5 10 15
Parameter Value VBFH->ZZ: ['097, 098] TeV
with OO
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VBF H-WW*

- VBF process with two bosons in final states
— Two HVV vertices (both production and decay)

{\:: - H to WW* has second largest BR

Experimental challenges:

- Two Final state neutrinos
- Important top and VV backgrounds
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VBF H-WW*

||D|D|
_ et ATLAS Exp.lin. | |Exp. lin.+quad.
g 1arLas . ou ] Increased sensitivity to the o aTer 139
£:= : Vs =13 TeV, 139 fb" Data Total Unc. : quadratic term - ’ —=-0bs. lin. —= Obs. lin.+quad.
§ 0.8 VBF Ho W 5 eviy B SM(Powheg+Pythia8) |
_3_3\0 O — — ¢,;="0.63(lin.+quad.) ] Cow j
° - — — Cyg="1-17(iin.+quad) . . . ; ;
= s - Expected limits g [X107] ==
B 1 (lin>lin+quad) : Cwe [ X107] T
0.4_——.———I_____I . ] ch1[><10-1] _*
i P —
0'2_;___-"—_—.—_—LE__—__—__—_="_——_——_——_——=—_-' CHB"’ [-28;28] - [-0-62,0.62] C’an _'_?_
: 1 Cowes [15,15] = [-1.2,1.1]  cwlxo" =
0 1 o b b by by by | CHd[x.‘O‘I] o
© 2 ™ T T L B :
T 150 I[__.__]I 3 Ciab T —
= 1 = . - . . .. 5 [x101]| —E—————
L t====————J (competitive with VBF Zjj ~ ° o :
o e s IS U S U S R s X *
== e e s and H-ZZ results) 3

-3 -2 -1 0 1 2 3

PhyS ReV D 108. 072003 (2023) Parameter value
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.072003

VBF summary

- Single angular observable A®d(j,,j:) gives stringent constraints for CP-odd c;

- Optimal observable not as widely used as angular ones

- Qw-ww and Quw-s Well constrained by EW bosons VBF

- Quw- and Qus-better constrained by Higgs VBF

- Impact of quadratic term negligeable when using angular variables except
in VBF H—-> WW channel
— exploit additional variables sensitive to quadratic term
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CP violating aNTGC

Searches for CPV e.q. 77 —4l, 77Z—=vvll, ZY—-vvY

Investigate CP-odd anomalous Neutral Triple Gauge Coupling (aNTGC)
(& A H

Lyzz D —— v (0, VFP) Z4(0%Z5) L,
Z I

| Z, rest frame
l /Z/I ?

(V=A 2 y

ZZ—4l analysis : CP-odd observable built
from polar and azimuthal angles

Or,_.T,., = (sinpy X cosf) X (sin3z X cos 03)

) Interference only Full /
aNTGC parameter Expected Observed Expected Observed J
f [0.16,0.16] [-0.12,0.20] [-0.013,0.012] [-0.012,0.012] ¢
fi [-0.30,0.30] [-0.34,0.28] [-0.015,0.015] [-0.015,0.015] Includlng quadratlc term Improves

limits by a Factor 10
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http://arxiv.org/abs/2310.04350
https://arxiv.org/pdf/1905.07163
http://arxiv.org/abs/1810.04995
http://arxiv.org/abs/2310.04350

What about VBS ?

aQGC probed in VBS processes — cross section ~ fb — low statistics

Standard Model Production Cross Section Measurements Status: February 2022
Qg fon ATLAS Preliminary 1
— incl - Theory
5 g V5=57813 TeV
10° Ry LHC pp V5 = 13 TeV
o = 1
wE e i - Interference
Z LHC pp V5 = 8 TeV -4
g 10* op BB ae 202-2031 q" ~ /\
7
g 103 s ,,fﬂ?g:EE'; g o LHC pp V5 =7 TeV ]
. Ov wu o Il Daa 25491
I e P
GJ u-b s 10‘5va0 Mowztmwézwu o e LHC pp Vs=5Te
O 1 : i? 5'"62 °?ﬁ§ oo Bl Da 003-03m7
O 10 “w i" m)ﬂ?ifﬂ 8 B O o w ) . .
b0 5 o A an Existing VBS analyses considered
1 i-i - 4 ° | «I VW tot
=6 o O z E fa] .
3 A "mogeetf o0 © so far only dim 8 CP-even
(V) ii n [¢] (0.25) 4w B B &Y K
¢ . g ithin Eboli’s model
N we | g Pl b operators within Eboli's mode
< H Q Hoyr P17}
< 102 i % |
= gl o8,
< 3 LI o ' . . .
10 . . e.g. Wyjior WZjor 2y
PP Jets 7 w Zz tt t vv Y H Hjj VH Vy 1tV ttH _WWV Yy

tty Vij  tiet
ot tot. VBF tot. ot
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https://cds.cern.ch/record/2804061
https://arxiv.org/pdf/2403.02809
https://arxiv.org/pdf/2403.15296
http://arxiv.org/abs/2305.19142

Conclusion & outlook

- Vjj and Hjj analyses complentary to constrain dim 6 CP-odd SMEFT bosonic operators
- Constraints on CPV are also put on aNTGC

inclusive Wy production

- Combine additional observables, including 60- e

angular and energy related observables (ML) . =1 SM20 (Ogs model

1 cemp/N?=1Tev™?

40

- Exploit additional final states:
- inclusive diboson final states (WZ, Wy)
- VBS for dimension 8 operators

OATLAS T

-1.00 -0.75 -0.50 -0.25 0.00 025 050 075 1.00

Own
EXPERIMENT Phys Rev D 107, 016008 (2023)

30 A

20 1

do/dOwy [fb]
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.107.016008

Thank you for your attention



Poisson likelihood

Alternative to the Gaussian likelihood, used for instance in Higgs EFT analyses

Ncat sz'n Nsyst

L(x;p, 0) = H (H Pois(ZNS+ZN nobsk H (0

Data

MC events (sig + bkg) Nuisance
parameters



Operators definitions

41)7X3
S v v auyrst o iikd kY

o | | BV — GUBY _ §¥ B

£ pe
Qu | (HTH) ¢_|_

583)—H4D2 _
Quo | (HUH)O(HH) H - ¢O

Qup | (D*H'H) (H'D,H)
£gl) _ X2

Que | HIHG, G

Qux | HIHG: G
Quw | HiHW Wi
HTH W}, Wirv
Qus | H'HB,,B"
Q.5 | HIHB..B"™

Quwep | Hlo'HW,, B

Quivp | Hio' HW}, B




HISZ and Warsaw basis

HISZ Warsaw

Op = (D, H)B"(D,H)  Quu = ¢/ oW, Wi
Oy = (D, H)'WH(D,H) Q5= 0¢'¢B,, B"
Ovrww = (W WYWPHY  Quypyy = i W WEHPW ok
Qv = ¢ o' oW}, B



Wijj control, validation, signal regions

Inclusive

£ EFT fit region:

_g Forward-lepton

= control region . . .

: e Dedicated high energy SR to increase EFT/SM
Nihon = 0 '

% ratio

—

------------- - m; > 1TeV, leading jet pr > 600 GeV

Central-jet

validation region ! Signal region

Ngm>1 Nig =0
Nicglon =1 Nipion =1 Only accounting for SM-dimé6 interference term

Jet centrality >



Quadratic term impact in VBFH - YY

00 =

_ 2R(MG M)

(Msar|?

By definition only accounting for interference, not
sensitive to quadratic term

¢ gy (Inter. only)

[-0.48, 0.48]

[-0.94, 0.94]

[-0.16, 0.64]

[—0.53, 1.02]

¢ g (Inter.+quad.)

[-0.48, 0.48]

[-0.95, 0.95]

[-0.15, 0.67]

[—0.55, 1.07]




CP even counterparts and constraints

WW/WZ = lvaq’ (Fur. Phys. ). C77 (2017) 563)

Parameter Observed [TeV™>] Expected [TeV™>] Observed [TeV~?] Expected [TeV~?]

WV — €vjj WV — tv]
cwww/ A [ -5.3,5.3] [ -6.4,6.3] [ -3.1,3.1] [ -3.6,3.6]
cp/A? [ -36,43] [ -45,51] [ -19,20] [ -22,23]
cw/A? [ -6.4,11] [ -8.7,13] [-5.1,5.8] [ -6.0,6.7]

In HISZ basis


http://arxiv.org/abs/1706.01702

Higgs —» ZZ* - 4|

Considering VBF enriched signal region, using optimal observable for both
1. H production vertex OO
2. H decay vertex OOy

m4’ [GeV] ATLAS ATL A S Expected: Stat+Sys
ﬁ " —&— Observed: Stat+Sys
160 Vl-l _1)3ZTZV 1_>394f-kl)'1 Cm] Observed: Stat-Only
s= eV,
SMEFT CP-odd couplings
OO0, only BestFit ~ 95% CL
130 = I:—-——:I 0.078  [-0.61,0.54]
Inclusive SR i
- HWEB E o =| -0.017  [-0.97,0.98]
o . :
— Combined g - 3 06  [-0.81,1.54]
S 0Oj and OO0 ;
g [ x10 -0.003 [-0.026,0.025]
N d ;
o C., : F———a—3 078 [-1.2,1.75]
o 1154 . s
LN C,y E = =] 0.083  [-0.84,0.83]
z c,, E » 3 .0.0083 [-0.99,0.93]
N . . . | .. A N B B
= 050 = ; 05 0 05 1 15 2 25
, 1jet(s) or 2 2 jets and Jet P .
. arameter value
o m;< 120 GeV m;2120 GeV ~ Selection 27


http://arxiv.org/abs/2304.09612

Wilson coefFicients from aNTGC

Linear combination of aNTGC parameters gives EFT Wilson coefficients

Mgvz (Gwchw +26m5wcfw +45w20f3)

Z
fi = T
202 (—Cursu W 4+ CBW (0,2 — 5,2 s BE
fi = e (Cewso 52 + 5 (e ) +ewsu et ) arXiv:1308.6323v2
4eSw
Parameter Limit 95% CL From ZY - WY
Measured [TeV™*]  Expected [TeV ]
Caw /A (1.1, 1.1) (-1.3,1.3)
Cpw /A (—0.65, 0.64) (-0.74, 0.74)
Cww /A (-2.3,2.3) (-2.7,2.7)

Cpp/A* (-0.24, 0.24) (-0.28,0.27)



arxiv:1308.6323v2

Optimal Observable in Hjj

2R(ME L, M
00 = ( SM 5 6)
(M|
Inputs:
- Higgs 4-momentum
-Jets 4-momenta HAWK Monte Carlo:
- X1, momentum fraction of
both initial partons > Computes LO matrix
. elements
reco _ VHjj TYH;;
T1o9 = €
’ S

Phys Let B 805 (2020) 135426



https://www.sciencedirect.com/science/article/pii/S0370269320302306?via%3Dihub
https://arxiv.org/pdf/1412.5390
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