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CP-violation and how to look for it

* CP-violation needed to explain matter-anti-matter asymmetry

* Plethora of searches in the flavour sector and through EDMs

* High-pT efforts at the LHC also relevant and complementary
* Higgs and top sectors particularly promising

» Effects can be parametrised in terms of the Wilson coefficients of the SMEFT

* Sensitivity to the CP-odd interactions through both CP-even and CP-odd observables

2
X Cogq & Codd
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Effective Field Theory

=nergy UV physics (heavy particles) Lyp(0,Z2',X,Q,S ...
W_/

new

A

Effective Field Theory Lsa(®) [+ Laimes(d)H - ..

Standard Model Lsu (o)

Effective Field Theory reveals high energy physics through precise
measurements at low energy.
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CP-violation in the top-Higgs sector

Bosonic operators

0,5 (w*w) B* B,
O i (90 </>) W B,,,

Yukawa operator Dipole operators
OtG — Js (QU“VTAt) ‘pGuua OtW — 1 (QJMVTIt) SOW;fw
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Example 1: Top-Higgs associated production

LHC 13 TeV PP — tiXo NLO
t t q t Inclusive cross sections PP — tXO NLO
%&/ gluon fusion @ SM rate gg — 7ZX, LO
_ A o . N ]03 . (".’Httz 1, K’ittz"?/}) gg — xOXO LO -
Z- t H t ‘ - h ) h ) h E L= -‘;‘f 'l.‘l"! ( Calipe T i‘ga Kaus ) 'l.*'"t “X’O ,..,,.........,.4—“ ........................... .;
M t t q t — | RN 2 |
é .##‘.’ . ,.
o ]02 - == “ _. | ]
ol — — —_—
2, =T T AT s, 1
’ TS
b t b t =
P— &
tHj 4 h -~ h L . 0' f {
J Sensitivity to the sign of y, : 1 &
: SM Yt= —Yism 18
7 d 7 d NN
Z ;L Xo— vy decay width EFT myw—00
- E Ratio to SM Exact :
Higgs Characterisation Studies: Demartin et al. arXiv:1504.00611,1407.5089,1306.6464 &= > E E
[_'>< 1 e ] — 1 - ] — [ . L. -
Important to consider both to probe the top Yukawa coupling oo yw 1200 150°  180°
oL
CP-odd Yukawa

Demartin, Mawatari, EV, Zaro 1505.07081
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https://arxiv.org/abs/1505.07081

CP-odd top level observables: 1t H
% v !

t -~ h

Lt

OtG — s (QJNVTA )()OG,U,V

Oty = (so 90) Qtp

I
B C;, Quad. (568.91)

W Cf Lin. (-8.23)
2.C CR Quad. (256.58) EEE SM
W C, Lin. (3638.61)
L5
X
© 1.0
=
O
= 0.5
X
§ 0.0
—0.5
-1.0
-2 0 2
(ni)
AP
A¢n¢ —
tt

E.Vryonidou

(P(t1) — @(t2) :

do/dx (fb/[dx])

2.0

1.5

1.0

0.5]

0.0

—0.5

[
mm CZ Lin. (0.81) BN C/; Quad. (1.02)

CR Quad. (0.99) EEE SM
BEm C/; Lin. (10.91)

]  —
-2 0
(ni)
Ad’tf

n(t1) > n(t2))

Moriond QCD

CP-odd interference gives
an odd distribution

Odd distributions for both
the top Yukawa and
chromoelectric dipole
operators

Even distributions for the
SM and CP-even operators

Miralles, Peters, EV, Winter 2412.10309



Decay observables: ttH

I- Cg, Lin. (-8.23) BN C/, Quad. (568.12-)1) € I- Cf, Lin. (-8.23) BN C/, Quad. (568.]91) 2'CI- CE, Lin. (-8.23) mm C/, Quad. (568.191)
: Cf, Quad. (256.58) EEE SM Cf, Quad. (256.58) EEE SM CR Quad. (256.58) EEE SM
m Cl, Lin. (257.79) mem |, Lin. (452.81) 1.2 e !, Lin. (478.94)
44
< 4 ™ x 1.0
S, S, O
~ ~ 2 =
e 2 = 2 0.5
5 3 0 5
5 0 S 5 %0
© © ©
-2 -2 —0.5
—1.0-
—41 | , | i —41 | | !
-1.0 -=0.5 0.0 0.5 1.0 -1.0 -=0.5 0.0 0.5 1.0 ! 0 2
Pt (Pe- X Pe+) SIgN[Pt - (Pe- X Pe+)IPe- *Pe+ A(pé’lle)_
Require top reconstruction No top reconstruction, lab frame

Top pair rest frame
See also Azevedo et al 2208.04271, Bahl et al 2406.03950

Even distributions for the SM and CP-even operators but odd for the CP-odd

Miralles, Peters, EV, Winter 2412.10309
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Single top Higgs associated production

Top polarisation angles

b \/ t b - Oty = (SOTSO) Qtp
q q q q’

1 do 1

— (14 a;P cos6?)
m— CE L. (3812)  mEm Cl, Quad. (289.23) mem Cf,Lin.(2.65)  mmm Cl, Quad.(1.11) o d cos 67 T2
CR Quad. (90.44) W SM 6 Ciw Quad. (1.11) == SM A AN 5. % B
6_ o i, (222.19) mm C!, Lin. (5.01) ] _ ﬁj, ﬁ _ 12] — 5 — 12] ZZh |
= 4 —~ 4 | ij X Zl |pj X ph‘
l; 1 >< N N "
S S Odd distributions for the
o 21 O ' .
€ = interference of the CP-odd
X x
T 0] - 0 |
2 2 operators
© ©
—2 _2 [ ] [ ] [ ]
Similar to single top
—4- -4 | de Beurs, Laenen, Vreeswijk, EV arXiv:1807.03576
-1.0 -05 00 05 1.0 -1.0 -05 00 05 1.0
cos(6Y) cos(6%)

| | Miralles, Peters, EV, Winter 2412.10309
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Asymmetries for CP-violation

A(X. z, c) o(X >z,c)—o(X <z,c) A(X,z,c ;
x,C) = .
) )
o(X >zx,¢)+0(X < z,c) o(c)
0.04
1 A(AQDZ}) — A(pt - Pe- Xﬁe.-*l“_) 0.04- — Alpn - (Pt X pj))
— A(A¢E) A([Sgnlpe- - pe+|") — Acos(67))
0.02; —— Acos(6?))
% . 0.02 /
= 0.00 = 0.00-
7 72
< <
~0.02-
~0.02;
—0.04-
P00 —75 50 -25 00 25 50 75 100 100 —75 —50 —25 00 25 50 75
Cl Ciy
1t H Miralles, Peters, EV, Winter 2412.10309 tH]

Only linear contributions in the numerator: CP-odd observables
Asymmetry is O for the SM and CP-even contributions

Asymmetries suffer less from systematic uncertainties: can they help to probe CPV?

E.Vryonidou
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Analysis

10°
tth obs. binning N
n =
ou
CP-odd | A¢66A _ Asymmetry 3
Pt - Po— X Dot ]| about 0 T &S
[Senlpe— - Pe+|" £
M(htt) [GeV] | [450, 655,860, 1270,2500] | ° I
CP-even e - , &t
bl [—1,-0.5,0, 0.5, 1] : 1
thj obs. binning
2Pt X Dj|n [—1,—0.1,0,0.1, 1]

&

CP-odd | Ph Pt XD;

7H A t . ..
— RS Assume statistical uncertainties based on current
cos 62 measurements and same systematics
CP-even AR(ht) 0, 7, 8]

M (ht) [GeV] | [200, 340, 424, 620, 1600]

Rescale systematics based on £ and reduce

systematics by a factor of 2 at HL-LHC
Miralles, Peters, EV, Winter 2412.10309

Consider all relevant CP-even and CP-odd operators
E.Vryonidou Moriond QCD 10



Constraints on Wilson coefficients

| = LHC Lin.
| = HL-LHC Lin.
102{ M LHC Quad.
| MM HL-LHC Quad.
§\ 101;
% ]
=
5 Shaded: marginalised
& 100- Solid: individual
5
1071
10—2_

o& O & O R G® O O™ Ons o) S

Marginalised and individual fit results different. need to add more observables e.g. top pair production,
Higgs production in gluon fusion, VH production

Quadratic effects large: constraints dominated by CP-even observables

| | Miralles, Peters, EV, Winter 2412.10309
E.Vryonidou Moriond QCD 11



CP violation in the top Yukawa coupling

[ LHC Only tth xsec. 95% [ LHC No Asym. 95% [ HL-LHC Only tth xsec. 95% [ HL-LHC No Asym. 95%
[ LHC Only xsec. 95% [ LHC All Obs. 95% [ HL-LHC Only xsec. 95% [ HL-LHC All Obs. 95%

Adding tH) removes the degeneracy
Sensitive to the sign of the Yukawa
coupling

Small effect of the asymmetries
(constraints on CP-odd component
» coming from CP-even observables)

K COS ¥ K COS &

My —
Ly = tt(h; cos a + ysk sina)th,
v
K COSQL = . Ksina = .
\/imt A? ﬁmt A2

Miralles, Peters, EV, Winter 2412.10309
E.Vryonidou Moriond QCD 12



CP violation in VH

Bosonic operators

O, €5 (@0 — g) B* B, Typically vanishing interference in inclusive observables

Oow  Cow (‘PT‘P - v?) W™ Wi Need to look at angular distributions of gauge boson decay products

O,ws Cown (p'Tip) BW,,

With v reconstruction ambiguity

|
Vi=A=1TeV
c =0.1 4

Example: WH

Azatov et al 1707.08060, Panico et al 1708.07823, | NE . \/g My

Azatov et al 1901.04821, Banerjee et al 1905.02728 Uznt ~
& 1912.07628, Bishara et al [2004.06122] O@W A2

See also R. Barrué, P. Conde-Muino, V. Dao, R. Santos 2308.02882 for ML study

E.Vryonidou Moriond QCD 13



CP-violation in VH@NLO in QCD

R o e
=) |
o | = O
= | S -
= 0 3_ B SM
-0.3|" C ~/A2
2 Cow -
_0 6 (C¢W)2/A4

E.Vryonidou

e —— e
\ 0.2 e T
______________ 9 B S AT Nsssrosss S N oo T L
. _____ . 0.15-_ ‘ “““““ ‘‘‘‘‘‘ ------ ﬁ—

— | ] ]
pil € [200,400] = 010" T
- N | _ NLO
S _
< 0.05!
=S S - T R S B LO
O
_ A2 \2 /A4 ]
—NLO ....LO 0.05! \msSM me /0 m(c7)*/A ot € [200,400]
2 3 -3 -2 -1 0 1 2 3
Rossia, EV 2409.00168 Gz
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CP-violation and constraints

WH(— bb) HL-LHC, 95% C.L.

.......... pewsncy e
- | 0% Syst. —4 angular bins | -
— NLO .CL,QW/AQ — 0.5 Te\/'_2 4 1% Syst. | L No angular bins | -
g P B ‘ [ (5% Syst. '
4C§ 600 _____ LLO DC@’H‘;/AQ = —(0.5 TeV 2 05_ m10% Syst. .
g ] T
3 | E _
O 400 — 0L _
an R p _
— | st R \E
, | -
_ S
E 200 | S o5l _
o eed e, - . |
< me s T |
0 et e ettt ~1.0k . [ [ -
-3 - —1 0 ] 2 3 —1.0 —0.5 0 0.5 1.0
¢W C v/ A? [TeV~?]
Boosted analysis with angular bins O w Pl W, Wi

Rossia, EV 2409.00168 Och (SOTSO v2) wi wlnv

E.Vryonidou Moriond QCD
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Loop Induced diboson production

gg —*hh
Top EW gg—» hz
Top chromo
Top Yukawa 99 => wW
Higgs Gluon
gg = ZZ

Connection to top physics

E.Vryonidou Moriond QCD
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CP-violationin gg — VV

[ ] [ [ ] [ X, \
How can we probe CP-violation in the loop induced VV processes? & e
—
In
_ y _ 9*{& Centre-of-mass frame of ZZ pair
g 7 g / Ow caw (Qa“‘ Tr t) D Wlf,, + h.c. PE—— . .
— Zl Zz
o C\i: 1 Oz ap  (Qo*t) ¢ By, + h.c. \
g 7 g Q00 0—= yA et
¢tz —SinOw cig + cos Ow crw
101 ._, B osy ! !
O B (Ointer, RE(ct2)| ! e
100 _ tZ B Osquare, RE(ct2) 10° ; Bl o 3
B Osquare, IM(ct2) OtZ B (Cinerre(ctz)] |
10—1-f B Osquare,RE(ct2) |
—10-1- qgqg —) 470 — 4[ B (Ointer, m(ctz)] |
__I_" L (?/AZ — ITCV_Z [ Osquare, IM(ct2)

| LHC@13TeV

do/dmzz [fb/GeV]

/
do /dcost™ |
1
!
|
!

— —
"""""
-~ -

—————————————

f 1077 3
_ == e ——— :
s 4-gg — 22 | ' _ —
\ 4 ¢ 2 —2 | Y s i _._F__,_——_F‘_g_'—.
LHC@13TeV c¢/A" =1TeV | ‘
10 A 104 - s
200 400 600 800 1000 1200 1400 :

0.5 1.0

mzz |GeV] -1.0 (.(()):0*
No interference for Z-level observables CP-odd interference contribution is odd

Thomas, EV arXiv: 2411.00959
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https://arxiv.org/abs/2411.00959

Conclusions

* CP-violation searches at the LHC can provide crucial information on
the CP nature of the Higgs couplings

* CP-violating interactions probed through CP-sensitive observables

 Complementarity between single top and top pair associated
production for top Yukawa

* Angular observables crucial for probe of CP-violating Higgs-gauge
Interactions

* Exciting prospects for LHC and HL-LHC
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