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The paradox of richness and complexity

Multidimensional phase space
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Large statistics

B - KTK-K*rn¥ 1700 candidates [1403.2888]
BY - K*K—=K*tK~ 4000 [1407.2222]
D - K*K—wtx— 170000 [1408.1299]
BY - Ktm=K—r™ 700 [1503.05362]


http://arxiv.org/abs/1408.1299
http://arxiv.org/abs/1403.2888
http://arxiv.org/abs/1407.2222
http://arxiv.org/abs/1408.1299
http://arxiv.org/abs/1503.05362

The paradox of richness and complexity

Rich variety of interfering contributions

Intermediate states in D° — KTK ™ xtz~ Br/107*

(#%)s, ¢ > K'K™, = ata™ 93412
< p) 0.83£0.23
K*OK*%)s, KO o KEgF 1.48 4 0.30
(
< d(rtr)s, ¢ — KTK™ 2.50 + 0.33
_é (K=n")p(K 77 )s 2.6+0.5

KIK™ K — Ko 1.8+0.5
K KT, K S K5 0.22 £ 0.12

KfK™, K —p K+ 1.14 £ 0.26
K K* K — p°K™ 1.46 +0.25

K* (1410)+Kj K*(1410)" — K*0*  1.02:+0.26
K*(1410)~ K*, K*(1410)~ — K'7#~ 1.14+0.25

[CLEO '12]
—> Opportunities for CP violation searches
but also modeling challenges!


http://arxiv.org/abs/1201.5716

Modeling-independent searches
for CP violation in differential distributions

The virtues of 'T'—oddity
When higher-order corrections are mild.
In untagged samples / With self-conjugate states

Modeling-independent analyses
A spinless example and the impact of spin
In the scalar sector



A

Motion reversal T

T flips p and &.

(often called naive time reversal)

T-oddity arises from €,,,,,p"q"r’s® contractions ...
¢ from the Lagrangian: iFH” = %GWWF/"’
e from chiral fermions: 7% = T €uvpa YV VP

. of four independent momenta or spin vectors.
— minimal multiplicity
e.g. spinless four-body decays



Differential CP violation

Compare the CP-conjugate amplitudes (squared)
M({BY) and M)

phase-space point by phase-space point (spinless case).

Contributions of definite - strong and weak phases
- T transformation properties

M({pi}) = M{=p}) =
—l—a({p,}) i(62+a) +a({—p;}) eltamva)
+b({pi}) eCrter) +h({—p;}) edoee)

+c ({p 1 e i(6c+[pctm/2]) +c({-5}) i (Oc—[pc+m/2])
+- +...
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Differential CP violation

Compare the CP-conjugate amplitudes (squared)
M({BY) and M)

phase-space point by phase-space point (spinless case).

Contributions of definite - strong and weak phases
- T transformation properties

M({pi}) = M({=pi}) =
+a({p,}) e +a({+pi}) e
+b({p}) et +b({+p ) o)

+c ({p 1) € 5+[ch+7r/2]) +c({+p5;}) e'Cemectm/2)
+. +...



CP violation and strong phases

Distributions of definite CP and T transformation properties

-i—_even A
dr |  pxforLcp dr
d{ﬁ,} Cp_e\ézn 2 2 d{ﬁl}
'i'—even
di x aat+bb+cc
{p’} CP-even
+2ab cos(d, — dp) cos(wa — ©b)
T-odd
e o 2ac sin(d, — dc) cos(ws — @c)
'/ 1CP-even +2b ¢ sin(dp — 0c) cos(p — pc)
dl_ -i—-even
— x —2ab sin(d. — dp) sin(vs — pb)
d{Ai} | cp-odd
T-odd
- x 2ac cos(d; —dc) sin(pa — ©c)
d{Bi} | cp-odd

+2b ¢ cos(dp — 0c) sin(wp — @c)



CP-violating distributions
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CP-violating distributions
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Modeling-independent searches
for CP violation in differential distributions

The virtues of 'T'—oddity

In untagged samples / With self-conjugate states



Untagged samples / self-conjugate states

— Tagging CP-conjugate processes may cost efficiency, and
is N/A with self-conjugate initial and final states.

— An untagged sample [as in 1503.05362]
& [ B = KT (+p1) 7 (+B) K (+Bs) 7 (+Pa)
B = K™ (=p1) 7 (=p) K™ (=p3) 7 (—pa)

I+CP dr
2 dip}



http://arxiv.org/abs/1503.05362

Untagged samples / self-conjugate states

— Tagging CP-conjugate processes may cost efficiency, and
is N/A with self-conjugate initial and final states.

— An untagged sample [as in 1503.05362]
€.8. Bg — K+(+[_51) 7T_(+ﬁz) K_(+ﬁ3) ™ (+[_5 )
B? = K~ (+p1) 7" (+P) K™ (+p3) 7 (+Ps)

I+ CPT dr
2 d{p}
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Untagged samples / self-conjugate states

— Tagging CP-conjugate processes may cost efficiency, and
is N/A with self-conjugate initial and final states.

— An untagged sample [as in 1503.05362]
€& Bg — K+(+[_51) 7T_(+ﬁz) K_(+ﬁ3) 7T+(+[_54)
B = K~ (+Bs) 7' (+Ps) K'(+B) 7 (+52)

I+ CPTE* dr
2 d{p;}
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Untagged samples / self-conjugate states

— Tagging CP-conjugate processes may cost efficiency, and
is N/A with self-conjugate initial and final states.

— An untagged sample [as in 1503.05362]
€& Bg — K+(+[_51) 7T_(+ﬁz) K_(+ﬁ3) 7T+(+[_54)
BY = K™ (+p3) m'(+B) K'(+B1) 7 (+P52)

I+ CPTE* dr
2 d{p;}

has two CP-odd distributions, of opposite T and E* parities

1+T I1¥E* [I+4CPTE* dr  I+T IFE° I-CP dr
2 2 2 d{py) = 2 2 2 d{p}


http://arxiv.org/abs/1503.05362

Modeling-independent searches
for CP violation in differential distributions

Modeling-independent analyses
A spinless example and the impact of spin



A spinless example: four-body decay

1. Fix a phase-space parametrisation

2. ldentify the discrete symmetry properties
of each kinematic variable.

3. Measure asymmetries systematically
/d{ﬁ,—} sign {P/(cos 03) Pm(cos8y) sin ng

2 2 2 2 dr
H(ma = M) J(mi - M-)} G

Jj

T-odd
for {/,m,n} € N°

CP-odd



The impact of spin [1608.03288]

'T'—oddity with lower multiplicity
e.g., in the three-body decay of a polarized particle

Correlation between (strong) production and (weak) decay

+ Caveat: Spins are not quite measurable.
Observables are defined from momenta.

— Qualitatively new observables

(T-even angular distributions) x (T-odd polarization)
have the properties of T-odd observables

— Qualitatively new ambiguities
(T-odd angular distributions) X (T-odd polarization)
have the properties of T-even observables


http://arxiv.org/abs/1608.03288

The impact of spin

Ambiguities are lifted with some modeling

The Jacob—Wick helicity formalism only relies
on angular momentum conservation.

e.g. forspin%—)%l—)%O%%:

+3/2 [ALP + AP sin? 0,

+3/4 1B+ B 1+ cos? 6

+3/2 AP = AP a, cosf, sin? 0,

+3/4 |B. P —|B_? a, cosf, 1+ cos?fy
—3/2v2 Re{A1B_} —Re{A*B.} a, sind,  sin20,  cos(¢a + db)

+3/2 AP — AP P, cosd sin? 0,

—3/4 By 2 —|B_? P, cos 6l 1+ cos? 0,
—3/2\/5 Re{AjB+} — Re{A*,B,} P, sinf sin 26} oS ¢p

+3/2 \A+\2 + \A,\z a, P, cosf cosf, sin? 0,

—3/4 B, > +|B_ a, P, cosf cosfl, 1+ cos®fy
-3/2v2 Re{AtB_}+Re{A*B.} a, P, cosf sinf,  sin26p cos(da + Pb)
—3/2v2 Re{AiB.}+Re{A*B_} a, P; sinf cosf,  sin20, oS ¢p

-3 Re{AtA_} a P, sinf sinf,  sin?f), cos ¢,

-3/2 Re{B1B_} a, P, sin@ sinf,  sin®0,  cos(¢a + 20p)
+3/2v2 Im{A1B.} +Im{A*B_} P, sin 6 sin 20, sin ¢p
-3/2v2 Im{A1B_} —Im{A*B,} a, P, cosf sin0, sin20,  sin(¢,+ 6p)
+3/2\/§ Im{A”jrB+} - Im{A:B,} a, P, sinf cosf, sin 26 sin ¢p

-3 Im{A%A_ a, P, sinf sind, sin? 0 sin ¢,

-3/2 Im{B:B_ a, P, sing sinf,  sin®0p  sin(¢a + 2¢5)

73/2\/5 Im{A’jrB,}JrIm{A’jBJr} a, sind, sin 20 sin(¢, + ¢b)

[Jacob, Wick '59]
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Modeling-independent searches
for CP violation in differential distributions

Modeling-independent analyses

In the scalar sector



H— 40 and eTe™ — HZ

Modeling is non longer an issue.

Distributions of interested can be identified,
e.g., in the SM EFT [Beneke, Boito, Wang '14]

Ju=2rs (g3 +gt) (Hiv P+ [HiaP),
Jo=x (GA+9%) [x (Hiv P+ |Hial?) + ARe (Hiy Hiy + Hia
J3 =32rsgagy Re (Hyv Hf 4),

T(@%01,05,6) = Ji(1 + cos? 0 cos® Oa+ cos® O + cos? fa) Ji=4kVrsAgagy Re (HyvH; 4+ Hi aH3y) s
+ Jysin® 0y sin® 0y + J3 cos 0; cos Oy Js = %x VrsA (g4 + g¥) Re (HyyHiy + Hya H 4)
+ (Jysinfy sin @y + J5 sin 26, sin 26,) sin ¢ Jo =47 5gagy [4xRe (HyyHf 4) +ARe (Hyy Hj 5 + Hy aH3,
+ (Jg sin 6y sin Oy + J7 sin 260, sin 205) cos ¢ Jr = %W(V;Jﬂl\ ) [26 (1His P+ [HyAl2 ) + ARe (Hy v Hi,y +

+ Jysin® 0y sin? 0y sin2¢ + Josin” 0; sin” O cos 2¢.
Js =27 sVA (g4 + gt) Re (Hyy Hiy + HiaH3 1)

Jo=2rs (g3 +gv) (Hiv + | HialP) .

T 9r Uy
dq?dd ~ 32 4 + )y’
1 Js
Ji+ o

1 27
o = IraE /” do sgn(sin o)

. 1 27
AP = Ta7 /” dé sgn(sin(26))

Model-independence potentially remains an issue.
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http://arxiv.org/abs/1406.1361

(pp)‘m| — XJ — (/yf}/)s [Panico, Vecchi, Wulzer '16]

List angular distributions for J =0, 2, 3, etc.
without Lagrangian.

Allow the determination of spin
provide some CP information.

J=o| D=1
[ %(36" - 1) 15
J=2 D‘(sl)l,s = %82(‘2 352(1 + (:2)
I %s‘i %(1-&-602-#04)
[ 202(3 —5¢c%)? %3402
J=3| D) = %52(58 —1)? 3—252(1 —2¢% +9c4)
] L8)5.94(32 %(4 —15¢% +10¢* + 9¢%)

12


http://arxiv.org/abs/1603.04248

VBF scalar production

The phase space and pdf have a non-trivial angular dependence

do(®) = pdf(®) ps(®) |M[*(o)

1do HFF

HF?

0 0.5 1
¢/m

13



VBF scalar production

The phase space and pdf have a non-trivial angular dependence

do(®) = pdf(®) ps(®) [M*(®) | /ps(®)

¢/m

A 5D reweighing almost yields the intrinsic amplitude dependence
.. on which one can perform a model-independent angular analysis.

13



Modeling-independent searches
for CP violation in differential distributions

Differential distributions are rich of opportunities
to search for CP violation.

T-odd distributions allow to probe CP violation:

- when higher-order corrections are mild
- in untagged samples / with self-conjugate states

In spinless decays, systematic search procedures
are free of modeling limitations.

Beyond this simplest case, the Jacob—Wick helicity formalism
yields valuable model-independence.
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