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CP violation in SM
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Introduction to quantum field theory

UBB)° ¢ =Udlg u' = U, d - Ud 1" - UPV, e — Uldel

Lvukawa = Y;J(Cjz H)d] —+ YJJ (Cjz ﬁ)u] —+ }/Bij (l_z H)ej + h.c..

- R.S. Chivukula, H.G .
Spurions Y, — U, Y, Ul | Y;— U, Yy UC}L . Y. U Y. U], PLB 188, 99 (1967)

J.Ellis, M.Madigan, K. Mimasu,
V. Sanz, T. You, 2012.02779

ij _ (‘//Tyu)ij - (VT)ikmﬁj

u"’L — (VT)"“kulz CKM matrix

Yoy =y ocml, (Vo) =y oc m¥ | (V)

CKM matrix originates from Yukawa couplings,
so as weak CP violation.



CP violation in SM

g’ -
L 1%
Ly = 93%2 FM Eo .
Lvtass = @irMijq,1 + h.c. below 1 GeV
Chiral rotation qr — e s/ 26]]‘

R. D. Peccei, hep-ph/0607269

O =0+ Arg detM

Stong CP phase relates to Yukawa coupling.



CP violation in beyond SM

* In new physics beyond SM, a CP-violating Higgs is common.

e.g. Two-Higgs-Doublet Model, MSSM Model
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Baryogenesis

 Matter-antimatter asymmetry.
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e Sakharov’s conditions:

1. Baryon number violation. _ CP n
2. C and CP violation. e, < ? €p
3. Interactions out of thermal equilibrium.
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Model independent ways

e Standard Model Effective Field Theory (SMEFT).

L(Wiights Yheavy) <“"""’”
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* On-shell scattering amplitude. !

No fields, Lagrangian, Feynman rules.
Basic block is particle state.

This talk focus on analytical structures of BSM amplitudes,
more relative research about CP-violating Higgs phenomenology
see 1705.00267, 1712.00267, 1902.04756
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LHC golden channels 0~ (p2, ha)
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BSM amplitudes |
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BSM amplitudes Il
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CP-odd observables could be constructed when four external particles.
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Analytical structures
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What is the principle?
What is the relations?
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Decomposition relations |
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Decomposition relations ||
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Decomposition relations llI
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Summary of decomposition relations

e The HVV vertex are bilinear to the momenta of vector
bosons. (SMEFT dimension-6 operators)

| eptons are assumed to be massless. The propagators
are gauge-independent.
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On-shell scattering amplitudes

Fields Drawbacks
* Field definition
Lagrangian * Gauge redundancy

Feynman diagrams

How about constructing
amplitude directly?

Cross sections
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On-shell scattering amplitudes

Cross sections

17

How about constructing
amplitude directly?




On-shell scattering amplitudes
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Massless three-particle amplitude
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H =y

One massive two massless three-particle amplitude
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BCFW recursion relation |
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BCFW recursion relation |l

Ly A 2)- Ly A 2,-
Cod 4= e IR L ) 1y
M5(1H72g—73g+74g/—75g/+) — ™ _|_ + 7/ ™
S 3 5 3.
A 4
A B
3%, ) 3, )
2 A "~ 2 . -
+ e o + e o
+ - -+
1y Sy gy Sy
C D
A P7(523)M(1H721g_/—75Z+7jfy_)~/\/l(f;—7§g_—73;—) C P’V(S45)M(1H’22_’32_4"];_)/\/1(]’;746_’_’527"‘)
205 L3P 25, a2 L (14)7
=—"e¢ SP,(523) Py (s535)[45](41)* 53] = %6 “ Py (545) Py (555)(23)[31]° 5)
= %e—iﬁp (593) P, (545)[45][23](24)? 25 i€ 2
v LA A ’ =— ¢ P, (s45) Py (523)(23)(45)[35]
B
P7(823>M<1H74g_/—752:+7I;|/_)M(Iy_72g_—732_+) =0 * P7(345)M(1H725—732_—1—7[;)'/\/1([;_745_/—752;—%) =0
_ _ NN ) | i )
M 304, 50) = Fy (sas) iy (s45) x =L (€€(23)(45)[35]2 + e [23][45](24)?

22




Summary of on-shell recursion relations

* No assumption for vertex, especially vertex bilinear to
momenta of vector bosons.

 Only massless propagator is considered. Massless
propagator, massless leptons.

* Do not consider boundary conditions.
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Summary

CP violation in new physics is needed, they have close
relation with Higgs.

BSM amplitudes of H — vy, H — ~20, H — 4¢ are
given in SMEFT.

Decomposition relations are derived, which explains the
behavior of CP violation phase.

Recursion relations are derived through on-shell scattering
amplitude approach, consistent results are obtained.
Probably it is a first time using on-shell approach to
calculate a realistic massive process.
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