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CP symmetry tests

CandPand Tand T

— transformations on state with spin/momentum  (review: vatencial

Clo(p,s)) = |¢"(p,s)) Plo(p,s)) =14 |$(—p, )
— transformation of complex scalar
Co(t, X)C™" = ned™(t, %) Ph(t, X)P™" = npo(t, —X)
— CPT symmetry generally assumed, T proxy for CP

— naive time reversal T avoiding inital +> final state

T1o(p,s)) = |¢(—p, —9))

Té(p, 8)) = (#(—p, —3)|

To(t, )T = ¢(—t, %)
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CP symmetry tests

CandPand Tand T

— transformations on state with spin/momentum [review: valencial

Clop,s)) = |¢"(p,s)) Plo(p,s)) =nglo(—p.s)) TIs(p,s)) = (d(—p, —s)|
transformation of complex scalar
Co(t, N)C" =ned™(,X) POt D)P' =npe(t,=X)  To(t, )T~ = ¢(~t,%)
CPT symmetry generally assumed, T proxy for CP

naive time reversal T avoiding inital « final state
T1¢(p, s)) = |¢(—p, —5))
genuine U-odd is what we want [u = ¢, P, T, Awood, Bar-Shalom, Eilam]
(O)

c-ucu-1 =0

U-odd is what we usually use
oWy = Ul L —o(liy ~1f)) "EEN 0y, 1 =0,

finite genuine T-odd measurement means CP-violating theory, provided

1- phase space ?—symmetric R
2- initial state distribution invariant under T
3- no re-scattering

= use T as proxy to CP
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Naive time reversal at LHC

Processes with same vertex/information

q q

q g

— four 4-momenta defining 10 observables  [Han, Li...]
four scalar products giving external masses
four C-even, P-even, and T-even scalar products
two C-odd, P-even, and T-even scalar products
plus C-even, P-odd, and T-odd observable from Levi-Civita-tensor
1- CP-odd and T-odd .
for qg — ZH also genuine CP-odd and genuine T-odd
non-zero expectation value means CP violation
2— CP-odd and T-even
for qg — ZH also genuine CP-odd
if theory CP-violating, CP-expectation value should be non-zero
without re-scattering, T-expectation value zero
with re-scattering or complex phase (O) matches symmetry

= focus on one CP-odd and T-odd observable



CP in SMEFT Lagrangian
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CPvs T Dimension-6 Lagrangian
SMEFT X . .
‘ — for EFT fit choose symmetries first
nformation . X
. — CP-conserving couplings  [defining Higgs properties]
4 Os =12 (D"0)(D"9) B Ow =13 (D")! 0" (D ) W,
Deca 2 2
i 12 2
Comparison Opg = 7gT (¢T¢) B;,w BHY Oww = 7% (¢T¢) Wffu Wuuk

1 ; .
Op2 = 3 " (9" 9) 0u(9" #)

— CP-violating couplings  (defining cP-violation]
12

g

Oz =~

2
(¢'¢) By B Owiy = =% (&1 Wy, W ¥
— dimension six means non-SM momentum dependence
— link to loop-induced coupling: Tr(vuYuYpYo5) = €pvpo
— complex phases [re-scattering]

typical from absorptive diagrams with light particles
not forseen in EFT approach
mimick with complex CP-conserving Wilson coefficients, lacking better idea

= all estabished and known



Information geometry
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cPvs T Quantify what is there to learn
SMEFT . .

— covariance matrix [measurement error in model space g
Information
WBF Ci(9) = E [(& — a)(g — gj)}g]
ZH — Fisher information [sensitivity in model space]
TR Q) = _E {82 log f(x|g) 9
Comparison i = — _—

ag; 0g;

phase space distribution [phase space x, additive]

L 2 log (1)
b= L o0goog — Lo E {M
g

ag; 0g;

— Cramér-Rao bound defining lowest possible covariance
Ci(g) > (I )j(9)

- model—space distance [probability to measure gy, with true ga]

d(9b: 9a) = /(92 — 96); 15(9a) (92 — 9b);



Information geometry
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cPvs T Quantify what is there to learn

S — covariance matrix [measurement error in model space g]

Information c = E(5 —\/a -

o 3(9) = E [(& — 8)(& — §)la]

ZH — Fisher information [sensitivity in model space]

Decays 82 log f(x|g)
mparison I,I(g) = 7E e

Compariso ag; 0g;

phase space distribution [phase space x, additive]

L 82 log
lj = = d0g;dog — Lo E [M
(e

0g; 0g;

Crameér-Rao bound defining lowest possible covariance
Ci(@) > (I");(9)

model—space distance [probability to measure gp, with true ga]

d(9vi 9a) = \/(ga — 9p)i lj(92) (92 — 9b);
1— parametrization-invariant elipses of constant distance/reach in model space
2— diagonalize [, define model-space eigenvectors
3— compute information in distributions or phase space regions
= best tool to understand modern analyses



_ WBF production
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CPvs T Testing CP in WBF

SMEFT

‘ — four external 4-momenta — 10 scalar products
nformation

T four external masses [zero]

four C-even, P-even, T-even [notinteresting]

ZH

e two C-odd, P-even, T-even ot possile]
one C-even, P-odd, T-odd ([yean

Comparison

€pvpo kw” kzv q1p QS - 0= €pvpo k1M kzy Qf QS Sign [(k1 - k2) : (Q1 - QZ)]



WBF production
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cPvs T Testing CP in WBF
SMEFT
— four external 4-momenta — 10 scalar products

Information
WBF four external masses  [zero]

four C-even, P-even, T-even [notinteresting]
ZH ~

two C-odd, P-even, T-even [notpossie]
Decays one C-even, P-odd, T-odd (yean]
Comparison

€uvpo k1“ ky q1p @ — O=cupo k1“ ky qf q; sign[(ki — ko) - (g1 — q2)]
— azimuthal angle difference [iab frame]

O=2E (G- xd.) K. — sinAg;

— CP asymmetry T
do(Agj) — do(—Ad))
do(Agjy) + do(—Agj)

— separating dimension-6 effects

— check with imaginary Wilson coefficients
= testing CP, but assuming no re-scattering

aM,/./ =

A8l
-0.10 i

-0.10  -0.05 0.00 0.05 0.10
Fuiw V2N



WBF production
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cPvs T Testing CP in WBF
SMEFT
— four external 4-momenta — 10 scalar products

Information
WBF four external masses  [zero]

four C-even, P-even, T-even [notinteresting]
ZH ~

two C-odd, P-even, T-even [notpossie]
Decays one C-even, P-odd, T-odd (yean]
Comparison

€uvpo Ki' Ky Q) @5 — O = euvpo ki k3 G a5 sign[(ki — k2) - (a1 — @2)]
— azimuthal angle difference [iab frame]

O=2E (G- xd.) K. — sinAg;

— CP asymmetry

do(Agj) — do(—Ad))
do(Agy) + do(—Agy)
— separating dimension-6 effects

— check with imaginary Wilson coefficients

aM,/./ =
0.051

Im fuw V2IN?
o
°
8

= testing CP, but assuming no re-scattering

—0.05 1

A¢//

—0.101

[

-0.10 —-0.05 0.00
i V2IN?



ZH production
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cPvs T Testing CP in ZH production
SMEFT
. — same 10 scalar products as for WBF
weF — CP-odd and T-odd angle as for WBF
ZH O1 = €pvpo k{‘kz”qz’Jr q;— sign((ki — ko) - (a1 — q2)) —  sinAgye
Di
ecays, — CP asymmetry as for WBF
Comparison
a _ do(A¢ee) — do(—Adyr) T T
DNbgg = dU(A(lsZE)JFdO'(*A(bI{E) 0.75 1 |
— separating dimension-6 effects 0501

= teSting CP without assumtions o leading order] 0.25 ] ! :

—0254 | :
| |
-0501 £
!
—0754 ! i
!v T T T T T vI
-0.75 —0.50 —0.25 0.00 0.25 0.50 0.75

i V2IN?



ZH production
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cPvs T Testing CP in ZH production
SMEFT
. — same 10 scalar products as for WBF
weF — CP-odd and T-odd angle as for WBF
2 O1 = euvpo ki'k3' G} q7— sign((ki — k2) - (g1 — G2))  —  sinlgy
Di
ecays, — CP asymmetry as for WBF
Comparison
any, = do(Adye) — do(—Adye) I i
20 = do(Ddee) + do(—Aer) S :
2 !
— separating dimension-6 effects osoq | < :
= teSting CP without assumtions [t leading order] 0.25 ] i E :
3 : i
2 0.00 [
3 |
Eoas] | Tuy) L
0.25 i I 3?
~0.50 L
-0.754 | i
i i

-0.75 -0.50 —0.25 0.00 0.25 0.50 0.75
Fuiw VAN
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ZH production

Testing CP in ZH production

same 10 scalar products as for WBF
CP-o0dd and T-odd angle as for WBF

O1 = euvpo Ki'ks q), q;— sign((ki — k2) - (g1 — a2))

CP asymmetry as for WBF

a _ do(Ader) — do(—Adee)
490 = Go(Ddee) + do(— D)

— separating dimension-6 effects
= testing CP without assumtions o leading order]

— CP-odd and T-even, requiring second phase
0, — AEy, O3 — Apr e

= interesting subsequent test

0.6

0.2

0.0

do/dAgy [fb/bin]

—0.4

—0.6

—

sin Agyy

3 sm
3 fuw VN =1
T faw VN =i
2w viINE = 1

fum VIN? =i




ZH production
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CcPvs T Testing CP in ZH production

e — same 10 scalar products as for WBF

Information N

WEE — CP-odd and T-odd angle as for WBF

2 O = cuvpe k'K Q0. G7 sign((ki — ko) - (1 — @2))  —  sin A
— — CP asymmetry as for WBF

Comparison

a _ do(Ader) — do(—Adee)
490 = Go(Ddee) + do(— D)

— separating dimension-6 effects
= testing CP without assumtions o leading order]

PaS - —sm
— CP-odd and T-even, requiring second phase o 3 fowvin =1
faw V3N =i
0> — AEy, Os — Apr,ee 04l do e
= interesting subsequent test . fo I = 4
g o
& 0.0
3
S
—02]
—04]
061

—200 —-150 -100 -50 0 50 100 150 200
AEy



Higgs decays
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CPvs T Testing CP in H — 4¢ decays

SMEFT X

‘ — again same 10 scalar products

nformation

WBF — momentum flow limited by my

ZH — reach for CP-even operators shit (1612.05261]
Decays — even making slide is waste of time

Comparison

= what’s the point...



Comparison

I eigenvalues

L=100 fb~t

Eigenvector composition: Op,2 Ow Oww Owiw Im Oy Im Oy others

Other operators set to zero
Profiling over CP-even operators
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