Probing CP-violation in the Higgs Sector
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CP-violation

T — —

@ At LHC CPV HVV interaction is already extensively tested (clean target H—4leptons)

41: Gritsan, Melnikov, Schulze, et al '12
WBF: Englert, DG, Mawatari, Plehn ’12

Lo = g§0) HV, V¥ — A

@ While CP-odd HVV is loop suppressed, CP-odd Hff can manifest at tree-level:

T f

== Mixture possible in some models,e.g,2HDM " prp Feogq 4 ivys sina) f

1)

== Not excluded from Higgs measurements
ttH: Buckley, DG (PRL ’15)

—) TOP quark is an obvious candidate GF: Dolan, Harris, Jankowiak, Spannowsky 14’
taus: Harnik, Martin, Okui, Primulando, Yu 13’
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Indirect EDM constraints

g
@ Indirect constraints from eEDM very strong
LD—%(nfff—l-z’l%ff%f)h 7 t g
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© =3 @y V2CEme [l i) + ekl falan)]
Ku,d,e—l
""""" Higgs prod. @\
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Brod, Haisch, Zupan (2013); Engel, Ramsey-Musolf, Kolck (2013); Cirigliano, Dekens, Vries, Mereghetti (2016)
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Indirect collider constraints

@ Complementary top-Higgs CP measurement at LHC:

| | | | | | |
m 10 | — A/225,tanB =1
[,Q——th(cosa+ify5sina)tH - H ,
v mA/H=1 20 GeV, ICphl
— 8 -
S 0 LN E
=) = 0O
<
&S|
""" @)
s L ©
: ’
2 - -
@ Loop-induced: indirect constraints
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@ Bottom line: N
Il
Analogously to direct yt signal strength measurement —

Plehn, Rainwater, Zeppenfeld (2001)
Zeppenfeld, Kubocz, Campanario (2010)

its most natural path Englert, DG, Mawatari, Plehn (2012)
Dolan, Harris, Jankowiak, Spannowsky (2014)

the direct top-Higgs CP structure has in the ttH channel
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Direct CP measurement of Higgs-top coupling

@ ttH channel observation (2018):

@ Expected HL-LHC precisions:

s =14 TeV, 3000 fb™' per experiment

ATLAS and CMS
HL-LHC Projection

Uncertainty [%]
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Expected uncertainty

@ Opportunity: direct measure Higgs-top CP structure at the LHC

LD —%Kf(cosa+ifyssina)t H
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Submitted to the Proceedings of the US Community Study
on the Future of Particle Physics (Snowmass 2021)

Directly Probing the CP-structure of the Higgs-Top Yukawa at HL-LHC and
Future Colliders

Rahool Kumar Barman,! Morgan E. Cassidy,? Zhongtian Dong,?
Dorival Gongalves,! Jeong Han Kim,? Felix Kling,* Kyoungchul Kong,?
[an M. Lewis,? Yongcheng Wu,! Yanzhe Zhang,? and Ya-Juan Zheng?

Bounds on a at 95% CL (k¢ = 1) Channel Collider Luminosity
o] < 36° [1] dileptonic t£(h — bb) HL-LHC 3 ab™!
o] < 25° [2] tt(h — y7y) combination HL-LHC 3 ab~!
o < 3° [1] dileptonic tt(h — bb) 100 TeV FCC 30 ab~1
al < 9° [3] semileptonic t£(h — bb) 10 TeV ptp~ 10 ab—!
ol < 3° [3] semileptonic tt(h — bb) 30 TeV ptp~ 10 ab™1

arXiv:2203.08127
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Snowmass White Paper: Prospects of CP-violation measurements

with the Higgs boson at future experiments

TABLE I: List of expected precision (at 68% C.L.) of C P-sensitive measurements of the parameters fg,i( defined in
Eq. . Numerical values are given where reliable estimates are provided, v/ mark indicates that feasibility of such a
] measurement could be considered.

Collider pp pp ete” efe” ete” ete” gy ptp ptp
E (GeV) 14,000 14,000 250 350 500 1,000 125 125 > 500
L (fb™1) 300 3,000 250 350 500 1,000 250
HZZ/HWW |2-10~* 0.5-10* 7.107* 1.1-10~* 4-107° 8-10°° v V/ v
H~~y - 0.50 - - - - 0.06 - -
HZ~ — ~1 — — — — — — —
Hgg 0.20 0.06 — — — - — - —
Htt 0.24 0.05 - - 0.29 0.08 - — v
Hrt 0.07  0.008 0.01 0.01 0.02 0.06 VvV v v
Hpup - - - - - - - v -

arxiv:2205.07715
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https://arxiv.org/abs/2205.07715

Top Quark is Unique

¥ Decays before it hadronizes or its spin flips
Ttop = O X 107 %°s wt
Thad &~ 2 X 107245 L
Ttlip N 10~ 2t

b

Bottom quark is several orders of magnitude behind:

¥ Top polarization directly observable via angular distributions of its decay products

1 dl'y 1 |l+ b |y U
= —(1 6
I'r dcosf; 2( +wy cos ) Wy

gSpln analyzing power: maximum for charged leptons
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Top quark polarization

@ Spin correlations of top and anti-top affected by nature of interaction
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Top quark polarization

L2 —%Kt_(cosa—i—i% sina)t H

Buckley, DG (PRL ’15)

Normalised cross-section

@ Spin correlations of top and anti-top affected by nature of interaction
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Top quark polarization

@ Spin correlations of top and anti-top affected by nature of interaction

LD —T%Kt_(cosoﬁ-z"ys sina)t H
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Buckley, DG (PRL ’15)
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Top quark polarization

@ Spin correlations of top and anti-top affected by nature of interaction

L2 —%Kf(cosa%—ifys sina)t H

0.61

0.5¢

0.4f

0.1F p_,>200 GeV —
| |

-------------

Buckley, DG (PRL ’15)

@ Boosted Higgs study nicely match with Higgs-top CP-measurement
h — bb
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CP sensitive observables

@ CPV observables best defined at the top pair rest frame:

do(gg — t(m)t(ng) H) = sin® af1 (p;.p;) + cos® afa(p;.pj) + sina cos a Z 9(pi.pj)e
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DG, Kong, Kim 18 & ’21, Barman, DG, Kling ‘21
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CP sensitive observables

@ CPV observables best defined at the top pair rest frame:

do(gg — t(n)t(ng) H) = sin® af1 (p;.p;) + cos® afa(p;.pj) + sina cos Z 9(pi-p;)er
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Information | in CP-sensitive observables

hadronic channel
semi-leptonic channel
di-leptonic channel

T
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Barman, DG, Kling '21
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Top Reconstruction

@ Full reconstruction of the top pair system is required to maximize CP-sensitivity
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Combinatorial ambiguities and presence of up to two neutrinos makes reconstruction challenging

DG, Kong, Kim 18 & ’21, Barman, DG, Kling ‘21
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Top Reconstruction

‘ To obtain top momenta M2 method: based on mass minimization, being more flexible for BSM studies

===) Reconstruction of the Higgs: BDRS

===) Reconstruction of top momenta: Optimass

a) guess neutrino momenta
b) solve combinatorial problem

Generalization of MT2 with mass constraints:

vV (b2) s - o~ - o~
Requiring a boost Pz_fﬂz\A 0 Msyow = 3111}5.21 {max [My, (q1, ™), M, (g2, m)]}
pT(h) = 200 Gev illustration Han Kim ilT + §2T — F)T

M;, = M,

Debnath, Kim, Kong, Matchev ’17
Mw, = Mw, = mw

DG, Kong, Kim ‘18

— S
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Top Reconstruction

. To obtain top momenta M2 method: based on mass minimization, being more flexible for BSM studies

===) Reconstruction of the Higgs: BDRS

===) Reconstruction of top momenta: Optimass

a) guess neutrino momenta
b) solve combinatorial problem

Mgorrect - pX'(correct)  px?(correct)
7 Mycw® - Py (wrong)  py?(wrong)
X2

Requiring a boost

‘;)
pr(h) > 200 GeV :

illustration Han Kim

[ Correct partition ||
] Wrong partition

Debnath, Kim, Kong, Matchev ’17
DG, Kong, Kim ‘18

= 002
Q

0.015 -

Macw

(1/0) do/dMy

0.010 |-

0.005 |-

0.000 - .
0 100 200 300 400 500 600

Mocw [GeV]

—

@ The wrong partition often violates the end-points: Optimass uses it to pick up correct one
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Top Reconstruction

T —

R

@ Reconstruction method is purely based on mass minimization:
It is less sensitive to BSM modifications

0.014

0.012}

0.010 |

0.008 |-

0.006 |-

(1/0) do/dmuy

0.004

0.002 |

0.000
0

50 100 150 200 250
oy [GCV]

0.025

0.020 +

.....

S

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

.....

0.005

.........

0.000

K . :
=57 — l
& 0.020 - —_— [ =37
_1i_ | 1
a=0 3 a=0
=1 i ponnns oy = — 1
a=—3 g 0.015 gy Q= — 4
N 1
1 —_1
@= =7 = 3 a=—37
—_ . ~~ | s pr— : — .
tt + jets S D T+ jetS
= oow0f 0000000
—
b
~
—
g
0.005 |
llllllll 0.000 1 1 1 1 I 1
0 20 40 60 80 100 120 140

80 100 120 140 160

4
My [GeV]

180 200 220 240 26

¢
M. 2((,2t (GeV]

DG, Kong, Kim (2018)

160

Dorival Goncalves

Texas A&M - 05.26.2022



Machine Learning the Higgs-Top CP Phase

. Sensitivity on nonlinear BSM terms can be quantified through modified Fisher information:
Brehmer, Dawson, Homiller, Kling, Plehn ‘19

g*{ Information I' in CP-even observables
' = | 0 log p(x|x?,a?) O log p(x|xZ,a?) relative to full information
o do? da?

p(x|k¢, @) is the event likelihood, E[.] is
the expectation value at SM.

Mgk T
Mth -
ANt

Aq)tf 7

Myy  Pr,h Mign  bs  AQg  Ang My Mip 0"

Barman, DG, Kling ‘21

Information increases with successive addition of observables == Multivariate analysis problem
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Machine Learning the Higgs-Top CP Phase

@ Recent h — v study:

L 4| Searchesinpp - tth @ HL-LHC (68% CL) Combined searches in pp - tth 110°
" L mmmm——“e, - @ HL-LHC
P el e e N
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\\ / // \\ \\ // ?
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-60°  —30° 0 +30°  +60° -30° -15° 0  +15° +30°
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M R

== Higgs-top CP phase could be probed up to a < 13°

Barman, DG, Kling ‘21
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HL-LHC & FCC-hh Projections

@ Recent h — bb study:

1.75 L 1 I L 1 L} I

mgprs € [:JU, 1:)[)1 GeV
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ra=

1.2 T T T
1.1F /.\ -
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0.8 1 1 |
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FCC-hh: o < 1°

DG, Kong, Kim, Wu ’21
Mangano, Plehn, Reimitz, Schell, Shao ‘15
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Summary

— T

—

' The search for new sources of CPV is a cornerstones for the LHC program and forthcomlng
V experiments, such as FCC, muon collider, .

@ Higgs-top coupling can naturally display larger CP-phases than HVV
==) Direct probe: ttH channel

@ Boosted Higgs analysis nicely match with CP-measurement

@ “Machine learning problem”

@ t-quark polarization uplifts analysis from raw rate to polarization study
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Work in collaboration with

Felix Kling (DESY) Kim Jeoghan (CBNU-Korea)

Rahool K. Barman (OSU) Yongcheng Wu (OSU -> Faculty Nanjing)

Dorival Goncgalves Texas A&M - 05.26.2022



Backup
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Backup

I ———

ttX, and t-channel tX, atthe LHC13
NLO inclusive cross section t_XO
3 gluon fusion @ SM rate (k =1, K 4,,=2/3) ttX,
100 B ~
‘CF’_%%H/JF( Coloyy T 15, K’Attc’y5:') "pt“XO
)
= E
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Demartin, Maltoni, Mawatari, Zaro (2015)
Englert, Re (2014)
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Extended Scalar Sectors

@ Seeking for light pseudoscalars: ttA(bb) can direct access the Yukawa and explore low ma

|||||||||||I|||I|||I|||I||||| T |||||||||||||||||||||||||||||||—
0.1— - - z - based on (An ,Ad )
i M ttA _ T
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0.08]- Bl itz B y
i m,=50 GeV | 3 I
(o))
0.06 _ o
L ] C
i | o
0.04+ —
80 100 120 140 160 017750 100 150 200 250 300 350 400
mSPRS [GeV] m, [GeV]
L — — T — T

Lopez-val, DG (2016)
Azevedo, Capucha, Gouveia, Onofre, Santos (2020)

==)> WVe can probe the CP structure in a similar fashion to the 125 GeV particle
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