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Multibody hadronic decays

Large statistics

Bg — o — KTK-KTK~ 3950 + 67 candidates [1407.2222]
DY - KtK—ntn~ 171300 + 600 [1408.1299]
Ay — pn o™ 6646 £ 105 [1609.05216]
Ap = Np — pr~ KTK™ 89413 [1603.02870]
Ap — pK=Jpp — pK— T~ 28834 +204 [1603.06961]

Multidimensional phase space
eg. 5din D° - KtK-mtn~
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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 modelling challenges!


http://arxiv.org/abs/1201.5716

Probing CP in differential distributions

CP violation in differential distributions
With or without strong phases
With untagged samples / self-conjugate states

Multibody decays of mesons and baryons
Spinless case: systematic modelling-independent analysis
Spinful case: resolving ambiguities with modellisation

Other applications



A

Motion reversal T (often called naive time reversal)

T flips B and 3.

T-oddity arises from ¢,,,, p*q”rfs’ contractions ...

¢ from the Lagrangian: iF* = L

po
= 5€uvpo F
e from chiral fermions: 7% = n€uwpo VY VPV

. of four independent momenta or spin vectors.
— minimal multiplicity
e.g. spinless four-body decays
In the p restframe,
€uvpe PHGUrPs” o G- (F x5)

is a scalar triple product.



Differential CP violation

Compare the CP-conjugate amplitudes (squared)
M({ﬁfvaf}) and M({_ﬁ’w }) Bi=pi,01=0i

phase-space point by phase-space point.

Contributions of definite - strong 0 and weak ¢ phases
- T transformation properties

M({pi,0i}) = M{~pr, —01}) =

+a({p;, 0;}) e0atva) +a({—p;, —a:}) ei(6a—a)
+b({p;, 0;}) e/(Os+ee) +b({—B;, —0;}) e0o=¢s)

+c ({P:,U }) eCctlectn/2]) +c({—B;, —0i}) el0e—loctm/2)

with  a({-p;, —0:})= +a({p:, o:i}) ':F—even
b({—pi, —oi})= +b({pi,oi}) T-even
c({=pi, —0i})= —c({pi,0i}) T-odd



Differential CP violation

Compare the CP-conjugate amplitudes (squared)

M({p;,0i}) and

M({~Pr. —o1})|

Pi=pi,07=0;

phase-space point by phase-space point.

Contributions of definite - strong 0 and weak ¢ phases
- T transformation properties

M({,B,,O’,}) =
+a({pj, 0,}) eCtee)
+b({pi,0i}) e i(dp+b)

({70} 0teer=l

_'_
with a({—ﬁ,-,—o,-})
b({-pi, —0i})=
c({-pi,—oi})=

M({-Bi, —

0i}) =
+a({5i7 UI}) ei((sa_@a)
+b({Bj, 0;}) "%
—C({ﬁ;, o;}) eCe—leetn/2])
+
+a({pi,oi})
+b({Bi, 0i})
—c({pi,oi})

'Ar—even
'f'—even
T-odd



Differential CP violation

Compare the CP-conjugate amplitudes (squared)
M({ﬁfvaf}) and M({_ﬁ’w }) Bi=pi,01=0i

phase-space point by phase-space point.

Contributions of definite - strong 0 and weak ¢ phases
- T transformation properties

M({pi,0i}) = M{—pi, —0i}) =
+a({p;, 0:}) e/ +a({p;, 0:}) e/~
+b({pi, 0;}) €T en) +b({p;, 07}) e/®s=%s)
Fel{Boi}) 0D (B o)) et

with  a({-p;, —o:})= +a({p:, o:i}) ':F—even
b({-pi, —0i})= +b({pi,0i}) T-even
({ pi,—oi})= —c({pi,oi}) T-odd

— The ¢ phases are defined to contain all ‘CP-oddity’.



CP violation and strong phases

Distributions of definite CP and T transformation properties

dr |75 _nxfaecedr
e 2 2 dO

dr -i—-even
* x aa+bb+cc
CP-even 152 b cos(8, — 65) cos(pa — ©b)
dl— —i—-Odd
* % o 2ac sin(d; — 0c) cos(pa — ©c)
CP-even 15 p ¢ sin(Sp — 8c) cos(iop — pc)
dr 'i'-even
o — x —2ab sin(6a — bp) sin(pa —
6o (6 = 8) sin(is = 1)
dl— —i—-Odd
— x 2ac cos(da 6 ) sin(pa — @c)

d®lCP-odd 45 p cos(8p — 6¢) sin(pp — @c)

— Four different sensitivities to strong and weak phases.



CP violation and strong phases
Distributions of definite CP and T transformation properties

dr|™#@  p+T 1+cCP dr
A 0P| per 2 2 4O
T-even

. dr x aa+bb+cc
d®iCP-even 5, cos(d, — dp) cos(a — ¥b)

dl— —i—-Odd
x 2ac sin(d, — dc) cos(pa — pc)

° —
d® [CP-even WA 2 £ ( \

dr T-even Sensitivity to small differences of CP-odd
— o ‘sindsing’  phases between decay amplitudes of
d®fcp_oud different CP-even phases.

dr T-odd Sensitivity to small differences of CP-odd
— o ‘cosdsing’  phases between decay amplitudes of

4% [cp-odd identical —or vanishing— CP-even phases.

— Four different sensitivities to strong and weak phases.



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 is: [as in 1503.05362]
& [ Bl — K'(+p1) 7 (+P) K (+P3) 7 (+Ps)
B} = K (=p) 77(=p2) K*(=P3) 7 (—pa)

[+ CP dl'
2 do



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 is: [as in 1503.05362]
€& Bg—) K+(+51) 7T_(—|—52) K_(+[_53) 7T+(+54)
Bl = K™ (+p1) 7 (+p2) KT(+p3) 7 (+Pa)
I+ CPT dr
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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 is: [as in 1503.05362]
€& Bg — K+(+51) 7T_(—|—52) K_(+[_53) 7T+(+54)
By = K (+p3) 7 (+ps) K'(+p1) 7 (+52)

I+ CPTE* dr
2 do
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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 is: [as in 1503.05362]
€& Bg — K+(+51) 7T_(—|—52) K_(+[_53) 7T+(+54)
B = K™ (+p3) 7 (+ps) KT (+p) 7 (+52)

I+ CPTE* dr
2 do

It has two CP-odd distributions, T-odd or E*-odd:

1+ IfE (I+CPTE* dr\ _ I+T IfE I-CP dI
2 do) T 2 2 2 do


http://arxiv.org/abs/1503.05362

Probing CP in differential distributions

Multibody decays of mesons and baryons
Spinless case: systematic modelling-independent analysis
Spinful case: resolving ambiguities with modellisation



Spinless case: 'f'—folding of the phase space

dr
—(D° - KTK—nt7n™) [1408.1299]
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Spinless case: 'f'—folding of the phase space
dr

—(D° - KTK—nt7n™) [1408.1299]
do &~ 10000gr T T T o 2000 T T T
L comof (c): 8 1800F . po(c >0 (e)
> ° i (C>0)
©  8000f . & 1600F 3
s . D(C>0) S 0
= 7000F T € 1400f ° D(C,<0) E
o 6000F* ° D%(C_<0) g 1200F E
< so00f T ® 1000F %:%%W%%%;
8 ° A dhis
s One can experimentally fold the phase space
§ to form distributions of definite T (and CP) properties:
T_even A
& di| ed  T£T I£CP dI
N
o
o ol
= 5000F- ® 1000 °°o°°°° % w
é 4000F % 800F i m‘” o",# Y
%% E ih ]
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Spinless case: f—folding of the phase space
dr

50" = KtK-mtn)
?" T ; T-even o 1288 : T-even o -
§ 400~ . -.~..CPfeven /10 % 288 t‘_@-ff.‘.‘
g " o ’“’“ﬁld § 203 B .mgg)—((i‘,(xlv(m
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I I I —200 I L e
80 - . 601 +
% Teven . T-even +
= 40 o & CP-odd
g 0 | ﬁ L * L t fﬂ; +++ ;T # ,%‘“,‘% %g 23 # \.+ + ++++ ++%+l+\++,++\HJ + | lHl |H+|J+
o B e
T —sof | + | | —6or | | |
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Spinless case: systematic modelling-independent analysis

Define CP-odd asymmetries (or moments) systematically
exploiting the full angular distributions
Aﬁi, = /dQ <|1':jj§r2 - ;:g) sign {fk(cosf)a) fi(cos 0p) sin (mi)a + nop + og)}
with 0 = 0 : T-odd
o=1:T-even

Given a phase-space parametrisation
a set of angles and invariant masses (biasing the analysis sensitivity)

4 3 1

b 3 0, / ((?;57:'7‘ ®b) 0,




Probing CP in differential distributions

Multibody decays of mesons and baryons
Spinless case: systematic modelling-independent analysis
Spinful case: resolving ambiguities with modellisation



The richness of polarization

f-oddity with lower multiplicity
in the three-body decay of a polarized particle
(epwpop'q”rPs® with 3 momenta + 1 spin)
eg. N\p = Ny = pKy

z
Tp

N — N*K — prK
A/gyb T Tq

[
Zp
More angles
One polarization component breaks two rotation symmetries.

New T-odd variables

one polarization component
P,: P-even—T-odd (L production plane)
P,y P-odd-T-even

angular variables: cos#@, cos ¢,, cos ¢p



The ambiguity of polarization

From the decay perspective:
- specific values cannot be selected
. 'T'—folding along P, cannot be performed.
- Distributions of definite T properties cannot be defined.

- Linking amplitudes and kinematics through additional modelling:

from helicity formalism [Jacob, Wick 59']
with resonance-+spin structure specified

10
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Spinful case: resolving ambiguities

1 1 1 . No—= N*p— prrre
eg for 3 =351—=(50)(00) like Ao —s N & — prKK

ALA a,
+3 Im{BiB a, sind sinf, sin?0, sin(¢. + 20p)

+3 AL+ A cos? O
+3/2 |B.f + B8] sin? 6,
+3 |AL P — AP a, cosfl, cos?0p
+3/2 |B.|> — |B_|? a, cosf, sin?6,
+3/v2 Re{A1B } —Re{A'B.} «, sinf, sin20,  cos(¢, + dp)
+3 \A+\2 — AP P, cos cos? 6,
-3/2 |B.|> - |B_)? P, cos sin? 6,
+3/v2 Re{A* B+} Re{A* B,} P, sinf sin 26, cos ¢
+3 |AL2+ AP a, P, cosf cosf, cos?b,
-3/2 \BA +|B- \ a, P, cosf cosf, sin?6,
dr +3/V2 ReiA* ithe}A* Bﬁ a, P, cosf sinf, sin26, cos(é,+ dp)
do +3/v2 Re{A B, | +RelA*B a, P, sinf cosf, sin26, cos ¢y
—6 a, P, sinf sinf, cos?f, cos ¢,
+3 } { a, P, sin  sinf, sin?0, cos(¢.+ 2¢s)
-3/v2 Im{AiB.} +Im{AB_ P, sinf sin 20, sin ¢y
+3/v2 Im{AiB_} —Im{A* B} a, P, cosf sinf, sin20, sin(d, + ¢p)
—3/v2 Im{A B+ —Im{A*B_} a, P, sinfl cosf, sin26, sin ¢,
—6 Im ? P, sinf sinf, cos?6, sin ¢,
P,
}

+3/v2 1 {A B_ +Im{A B+} , sinfl, sin20, sin(d, + ¢p)




Spinful case: resolving ambiguities

dr

do

1 1 1 . Ap— N*p— prrr
eg. forz—=z21—=(z0)(00 like
g 2772 (30)(00) Ao— N ¢ — prKK
+3 |ALP + A cos? 0,
+3/2 |B.f + B8] sin? 6,
+3 |AL P — AP a, cosfl, cos?0p
+3/2 B> - |B_|? a, cosf, sin?6,
+3/v2 Re{A1B } —Re{A'B.} «, sinf, sin20,  cos(¢, + dp)
+3 \A+\2 —|A_P P, cosf cos? 0,
-3/2 |B.|> - |B_)? P, cos 6 sin? 0y
+3/v2 Re{A* B+} Re{A* B,} P, sinf sin 20, cos ¢,
+3 |AL2+ AP a, P, cosf cosf, cos?b,
-3/2 \BA +|B- \ a, P, cosf cosf, sin?6,
+3/V2 Re{A:B_} +Re{lA*B.} a, P, cosf sinf, sin20, cos(da+ Pp)
+3/v/2 Re{A: B+ +RelA*B_} a, P, sinf cosf, sin26, cos ¢
-6
+3 ? % Pey =0
_ 1
—3/v2 Im{A1B.} +Im{A* B Ar = M%H%l(i?o)
+3/v2 Im{AB_Y —Im{A" B, By =My, 1,(£5,%1)
—3/vV2 Im{A; B+ —Im{A* B - 1 1
6 Im A ]. :M%%%O(+§7O)+M%A)lo(_§ O
_ 1 1
+3 Im{B: B a2 =Mi10(+35,0) = My 10(—3,0
+3/V2 Im{AB. }+|m{A B} 1 = Mi500(0,0)
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Spinful case: resolving ambiguities

dr

do

1 1 1 . No— N*p— prrr
eg for 3 =351 —=(50)(00) like Aba/\qfagrrKK
+3 / A2+ A2 \ cos? 0
+3/2 \B+\2+\B,\2 — 24
+3 \AA —|A_P @, T-even angular distrib.
+3/2 B, 2~ |B_J? oSS
+3/v2 Re{A1 ,} Re{A* B+} s sinf, sin20, cos(¢, + b
+3 . . ) (P_Z\ cos cos? 0,
-3/2 P, cos ) sin? 0,
+3/v2 Re{A* B+} Re{A* B,} P, sind sin 20, cos ¢,
+3 AP+ AP as(| P, ~
-3/2 B2+ |B_|? all P, T-odd angular distrib.
+3/v2| R + ReiA* Bt a,l| P cosf sinf, sin20, cos(@,+ Pb)
+3/v2 R }A* B+i+Re}A*Bi a,|| P, sinf cosf, sin26, cos ¢
—6 Req A% a,l| P2 sinf sinf, cos?f, cos ¢,
+3 k Re?Bﬁ;B,% AN sin  sinf, sin?0, cos(¢.+ 2¢s)
—3/V/2 P, sin 20, sin ¢,
+3/V72 P, sind, sin20, sin(¢, + ¢p) /
—3/V/72 P, cosf, sin20, sin ¢p
—6 P, sinf, cos?0, sin ¢,
+3 @ sind, sin?0, sin(¢, + 20,
+3/V2 Im{AjB,}+Im{AiB+} / ( sinf, sin20,  sin(¢, + dp) )/

11



A first hint for CPV?

InAp, =7 77 p

[LHCb '16]

[News and views, Nature Phys.]
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http://www.dx.doi.org/10.1038/nphys4068

Probing CP in differential distributions

Other applications



H— 40 and eTe™ — HZ

Modelling is non longer an issue.

Distributions of interested can be identified, 1
e.g., in the SM EFT [Beneke, Boito, Wang '14]

N=2rs (g3 +60) (Hiv P+ HialP),
Jo =k (Gh+90) [k (Hiv? + [Hial?) + ARe (Hiy Hiy + Hia
Jy =32rsgagv Re (lll,\- lll‘_,,) .

T(@%01,02,6) = Ji(1 + cos? 0 cos® Oa-+ cos? 0 + cos? fa) Jy =4k VrsAgagy Re (Hiy Hi 4+ HyaHy)
+ Josin® 0y sin® 0y + J3 cos 0y cos Oy Js %h‘ Vs (g4 + gb) Re (Hyyv Hyy + Hy A Hj 4)

+ (Jysin0y sinfy + J5 sin 26, sin 26,) sin ¢ Jo =4Vrsgagy [4kRe (Hyy Hi 4) +ARe (Hyy Hj 5 + Hy aH3,
+ (Jgsin 0y sin 0y + J7 sin 2601 sin 205) cos ¢ Jp = %\/ﬁ (93 + 9v) (26 (IHiv|* + |Hial®) + ARe (Hy v H y +
Js =275V (g3 + g¥) Re (Hyv Hy + HyaHj 0)

Jo=2rs (g3 +g%) (Hiv + | Hial).-

+Jg sin? A sin? 0 sin2¢ + Jy sin? 01 sin® B9 cos2¢.

1 /‘”lo n(sin ) T 97 Iy
== sgn(sing) ——— = o — 4
o = arjg Jo O dds T 32 1 + U

Ao 1 / er 2 g
¢~ dr/dg® Jo dg?de — m AT+ o’

do sgn(sin(20))

or, model-independently.

13


http://arxiv.org/abs/1406.1361

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

List angular distributions for J =0, 2, 3, ...
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¢%)

14


http://arxiv.org/abs/1603.04248

VBF (pseudo-)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

15



VBF (pseudo-)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.

15



Probing CP in differential distributions

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

T-odd distributions allow to probe CP violation:

- in the absence of CP-even strong phases
- in untagged samples / with self-conjugate states

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

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