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Motivation

> The only ~1 Yukawa in the SM, can be precisely probed at the LHC

~Yab Qu(im2H*Juy, — —~=ith _ V2m,

\/§ Yt N

2> Cross section measurements agree with the SM prediction

= 0,841‘8:2‘11 pp —> tfh’ h — bb @36.1 fb_l [ATLAS, PRD 97 (2018) 072016]

> Can we distinguish between CP-even and hypothetial CP-odd terms?
—ﬂf(/{ + 1RkYs5)th

V2
2

> Note: CP-even quantities are sensitive to K- e.g.

o(tth) ~ Ax* + BR*

> Can we achieve linear sensitivity to x ?



Indirect probes of CP-odd K

[Brod, Haisch, Zupan, JHEP 1311 (2013) 180]

2 Electric dipole moments (EDMSs): —%df fo'vs fF

de : Barr-Zee diagram, depends on top and electron couplings

t de| < 8.7 x 10~2° e cmn [ACME, Science 343 (2014) 269-272]

ke =1,Rc =0 = |R&] < 0.01

dn : Weinberg operator

w ~ ~ ~ ~
—§GGG ~ RtR¢ dn ~ #/ﬁjq/ﬁ}t + #/ﬁlt/{t
[Baker et al, PRLO7 (2006) 131801]  |d,y| < 2.9 x 107%*% ecm |Re| < 0.1

Caveat: additional assumptions on Yukawas needed to extract Kt



Direct probes: th and tth production
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Partonic cross sections:

O'bW_>th =C -+ Alli -+ A2H2 -+ BQ:‘ZL2

O_gg—)tth _ 0@/432 + 621%2

Total cross section is P-even: devise P-odd quantities



Wb — th

b t (b) O'bW_>th — C - Allﬁl -+ AQFL2 -+ 32%2

2 polarized cross section (polarization vector s)

1
IM|? = a+b,s" & M= STr[p(1+58-0)]
p%Térization

2 polarization obs. of top quark along arbitrary vector “a”
L .
O = 50 @ <Od> ~ Tr [IOO&] — "é‘?az’

polarization axis



Wb — th

1 do 1
= — (1 + (Og) cos bl
odcosfy 2 ( (Oa) )
. _|_ [Atwood et al, Phys. Rep. 347]
4 LeptOﬂ as a top—quark SpIn analyzer t — bé Uy [Bernreuther et al, NPB690 (2004) 81]
top CMS

{

» Accessible in angular distribution (Og) = B;a; = (cos 6)

th CMS k, = (sin#,0, cos 0) B2 ~ KR

W Vi "
e / CAl:éy”\’plel




Wb — th

Optimization
——— ~ _
Pseudoscalar <(’)&> — <p1 X kl -p€> ~ KK
N—_——
a

However, top polarization along the y-axis, B2, depends on angle 6
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Maximize sensitivity
Where B flips the sign, flip the sign of quantization axis a
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| — s =400 GeV
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Wb — th

Optimization

_ Optimal sign switch
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Where to flip the sign of @ |
(depends also on x) 0.05
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;‘@t—»blv,h—'Bb

pp — thj

2 cut based analysis: |pp + ps| = mnh £ 25 GeV
2 reconstruction of the top momentum

PRELIMINARY
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Obstacles MC level MC+showering+Delphes reconstruction

2 small cross section: 10fb @ 13 TeV (3.104 @ 3000 fb-1)

47fb @ HE-LHC (700 k @ 15000 fb-1)

2 large background: tt = (b jj) (b | nu), 70 pb @ LHC
2 background study underway



tth channel

gg—tth (gq — tt subleading)

EN g K =+ 1K
%, f S t
K+ ZIZZ’}/5 ““““ h h
éé@g t g f
S
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O_gg—)tth _ CL2/£2 + bg/%2

Requirements
> t — bly for both tops
2> h—bb: 4b + 2| channel, other Higgs decays possible

> tt - 2b 2| not a background anymore
> dominant backgrounds: ttbb, ttjj
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tth channel

Spin correlations
Carry over spin analysis

1 _
MP = ST p(t 48, 0) © (1+8 o) MPP = a+bl,s" + bsf + cus'sy

Polarizations of individual top quarks are vanishing, correlations are
measurable D

1 do 1
— = —(1 —C'cos¥t 0y
o dcosbydcosby 4( cos B cos O)

Need to reconstruct t and t momenta
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tth channel

P-odd lab-frame observables

pp — tth — (£1bv)(Lbv)(bb) Difficult to reconstruct t and t

Alternative approach
> Use only momenta that are reasonably accessible

in the lab frame: P¢, P7, Ph, Pb, D}

2 Construct observables with P = -1 and CP = -1
(matching the parities of K)
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tth channel

P-odd lab-frame observables

z Combinations with well defined C, P

Ph | Do~ + Do+ | De— — Do+ | Do X Do+ | Do + Dp
C | + + - - +
P | - i . + .
CP | - - -+ - -
O1 = [(pe- — De+) - Dul [(De- X Do+ ) - P

Py + Dp)] [(Pe~ X DPet) - Dnl

( ) -

Oy = [(Pe~ — Pe+) - (Do + Do+ )| [(De— X Det) - D) s
( ) - (P
( - (Pe- X P+ )| [(De- — Do+ ) - Ph]

A

= (Do + D) - (Pe- — Do+ )] [(Pe— X Do+ ) - (P
U7 =10s T Dp) X Dn] - (De- T De+ )

2 Allowing for(pb — pg) we have also
see also

O — — D7) - _ X [Amor dos Santos et al, PRD96 (2017)1,013004]
0 (pb pb) Pﬁ p€+ [Boudjema et al, D92 (2015)1, 015019]
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tth channel

P-odd lab-frame observables

2 106 generated signal events [Madgraphb5]

pp — tth — (£17bv)(Lbv)(bb)

2 No showering or detector effects

Observable

2 Linear in /'%L both observables are
1.5-2% at k = 1 B
2 For Op we have to resolve b and b
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tth channel

P-odd lab-frame observables

2 Showering [Pythia8]

2> Detector effects [Delphes]

2 Require = 4 b-tagged jets

2 opposite-charge leptons,
Higgs mass peak mn £ 25 GeV

> Include dominant background: ttbb
2 HL-LHC: Nsig = 1250, Nsig/Npl/2 = 20
2 HE-LHC: Nsig = 5600 and Nsig/Npl/2 = 17
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tth channel

Constraints

50 = 0.2, Agg € [-0.01, 0.0]

60 = 0.2, Agg €[0.0, 0.01]

~

2 Complementary to cross section measurement, sensitive to sign of K
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VYV

tth channel

Optimization

Check if (Jg is flipping sign over phase space
2D slices of 5D phase space
In all checked cases of 2D-sections cancellations are not harmful

06 asymm
-0.014 -0.022 -0.013
0.8 +-0.004 +-0.006 +-0.006
0.075 0.038 0.033
-0.024 -0.027 -0.018 -0.006
0.2} +-0.003 +-0.005 +-0.006 +-0.004
T 0.14 0.047 0.041 0.082
(@]
()
% —-0.5
o
QL -0.02 -0.03 -0.012 -0.008 06
0.2} +-0.003 +-0.005 +-0.006 +-0.004 '
0.139 0.047 0.04 0.082
—-0.7
0.8
-0.017 -0.015 -0.022 -0.009
0.8 +-0.004 +-0.006 +-0.006 +-0.005
0.075 0.039 0.033 0.045 -0.9
] | | ] _10
0.8 0.2 0.2 0.8
cosdeltaPhill
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Summary and conclusions

2 LHC has probed the combined effect of CP even + CP odd top Yukawa
coupling

> Indirect CP-violating observables probe K under certain assumptions

> th and tth final states are direct probes of K and K

2>We have defined CP-odd observables for th and tth channels
with enhanced sensitivity

2Preliminary conclusions
2 th  larger effect but is swamped by background

2> tth  offers an observable Oy constructed of lepton and b momenta
2 tth  not affected by background

2> Exp. could combine various Higgs decay channels to boost the sensitivity
— Higgs momentum is not important

 HL and HE-LHC are required to resolve the CP structure of yt
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