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The LHC will take us to the energy frontier
to search for new CP violation sources.

In search for CP violation (non-ambiguously),

one needs to construct CP-odd observables,

which vanish in absence of CP violation.

Typically, they are some form of asymmetries ACP .

• Generally, consider an interaction to lead to a transition i → f :

ACP ∝ Γ(i → f) − Γ(̄i → f̄),

e.g. : Γ(B− → K0
Sπ−) − Γ(B+ → K0

Sπ+).

• Conveniently, consider an (approximate) CP eigenstate i0:

ACP ∝ Γ(i0 → f) − Γ(i0 → f̄),

e.g. : Γ(B0 → K−π+) − Γ(B0 → K+π−).

• Or, differential w.r.t. a definitive CP observable PS → PS′:
dACP ∝ dPSΓ(i0 → f) − dPS′Γ(i0 → f̄),

e.g. : (p+ × p−) · p0 ...
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under CP:

M−−(~p1, ~p2; ~q1, ~q2) ⇒ M++(~p1, ~p2; −~q2,−~q1), (1)

M−+(~p1, ~p2; ~q1, ~q2) ⇒ M−+(~p1, ~p2; −~q2,−~q1). (2)

Eq. (1), Non-CP eigenstate: construct a (conjugate) LR asymmetry:

Ahel = σ−− − σ++

Eq. (2), CP eigenstate: construct angular FB asymmetries:

dAFB = dσF
−+ − dσB

−+.
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• pp is NOT a CP eigenstate (comparing with p̄p̄ ? )

⇒ Most of the subprocesses are NOT from CP eigen-states, W±...

• Even qq̄, gg only CP eigenstate in (random) c.m. frame

• Directions of q and q̄ randomly symmetrized.

⇒ a naive triplet product: (~pf × ~pf̄) · ~q
NOT a genuine CP-odd observable (in a general process).

(a). Stay in T̂ -odd observables: ‡
(wish the absence of a CP-conserving phase δ ≈ 0:)

t : ~σ(t) · (~pb × ~pℓ); W±Z : ~pe+ × ~pe− · ~pℓ±; t̃ decay.

(b). Or start from a well-defined i0: §
H0(or X0) → ZZ → ℓ+ℓ− ℓ+ℓ−.

‡Kane, Ladinsky, Yuan (1991); Dawson, Valencia (1997); Langacker, Paz, Wang, Yavin
(2007); Kumar, Rajaraman, Wells (2008).

§Chang, Keung (1993); Low, Lykken (2010); Lykken et al. (2010).



(c). Or genuine CP-odd variables suitable for the LHC!



(c). Or genuine CP-odd variables suitable for the LHC!

• Transverse variables:

O1 ≡ p+
T − p−T or E+

T − E−
T ,

pT =
√

p2
x + p2

y , ET =

√

p2
T + m2

f .

CP-odd, T̂ -even.

needs a non-zero CP-conserving phase.¶

¶Schmidt and Peskin (1992).



(c). Or genuine CP-odd variables suitable for the LHC!

• Transverse variables:

O1 ≡ p+
T − p−T or E+

T − E−
T ,

pT =
√

p2
x + p2

y , ET =

√

p2
T + m2

f .

CP-odd, T̂ -even.

needs a non-zero CP-conserving phase.¶

• Modified triple-product variables:‖
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• Modified triple-product variables:‖

O2 ≡ (~pf × ~pf̄) · ẑ sgn((~pf − ~pf̄) · ẑ),

CP-odd, T̂ -odd.

no need for a CP-conserving phase.

or its variations like:

((~pf × ~pf̄) · ẑ)
2m+1 · (~pfT · ~pf̄T )n sgn((~pf − ~pf̄) · ẑ),

¶Schmidt and Peskin (1992).
‖Atwood, Eilam, Soni (1995).
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Most general vertex function for ZZh

Z 
µ( p1)

Z 
ν( p2)

h

Γµν( p1, p2)

Γµν(p1, p2) = i
2

v
h[a M2

Zgµν+b (p
µ
1pν

2 − p1 · p2gµν)+b̃ ǫµνρσp1ρp2σ]

a = 1, b = b̃ = 0 for SM; a, b terms: CP-even; b̃ term: CP-odd.

In general, a, b, b̃ complex “form factors”, from loops.

In an “effective field theory”, operators g2

Λ2HHWµνWµν, g2

Λ2HHWµνW̃µν,

natural size: a, b, b̃ ∼ O( 1
16π2 ∼ 1).

∗∗Yukawa tt̄H: Gunion and He (1996); Godbole (2009).
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pp → ℓ− ℓ+ H X,

or qq̄ → ZH → ℓ− ℓ+ H(b̄b).

q

q

Z
Z

H

l

l

b

b

• Appropriate channel for MH < 140 GeV, below ZZ.

• Recent studies improve the observability of this channel.††

• Vector-boson-fusion was exploited for ZZH, WWH:‡‡

qq′ → qq′H,

with distinctive distributions for a, b and b̃ terms,

but no charge info, no q versus q̄,

thus not a test of CP violation (actually only P).

††Butterworth, Davison, Rubin, Salam (2008).
‡‡Plehn, Rainwater, Zeppenfeld (2002).



Angular asymmetries at the LHC: Re(̃b), Im(̃b)

φll ≡ sgn((~ℓ+ − ~ℓ−) · ẑ) sin−1(ℓ̂+ × ℓ̂− · ẑ),

Aφll
≡

σφll<0 − σφll>0

σφll<0 + σφll>0

|̃b| = 0.25.



Energy asymmetries at the LHC: Re(̃b), Im(̃b)

∆ET ≡ E+
T − E−

T

A∆ET
≡

σ∆ET <0 − σ∆ET >0

σ∆ET <0 + σ∆ET >0

.

|̃b| = 0.25.



Possible size of asymmetries: Re(̃b), Im(̃b)
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Around |̃b| = 0.25, linear approximation becomes a concern.



ℓ+ℓ− b̄b backgrounds:

Jet tagging/mistagging rates (CMS TDR Figure 12.30):
b-quark jet 0.4
c-quark jet 0.03
Gluon jet 0.006
light jet 0.001
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Including the backgrounds:
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Integrated luminosity needed for 1, 3, 5σ

pp → ZH → ℓ+ℓ− b̄b
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• Genuine CP-odd observables can be constructed for LHC experiments.

• Need C-conjugate-even systems to work with (ff̄ X0).

• As an example, pp → ZH → ℓ+ℓ− b̄b has sensitivity to ZZH coupling.

• Many possible application ...

LHC to open up new physics era,
and find “most wanted” new CP violation sources.


