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The plan for the talk

@ Search for CPV in =, — pK~ K~

© Lineshape analysis for N0 — Nt
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Three-body problem in HEP > 9
M = M(Oé, /87 Y5 S, My, m23)

p1
- 03 @ s is a total invariant mass. 3b dynamics
2 P2 § e 03 = m?, x 01 = mp3. Dalitz plot
o . .
8 » ! o (a,f,7) decay plane orientation. Euler
3

Yrt
Reference Frame
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Amplitude analysis of =" — pK~ K™

[LHCb-PAPER-2020-017 (NEW! in preparation)]



CP violation in hadronic decays

CPV is well seen in B — hhh:
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[PRD 90, 112004 (2014)]
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Appearance of CPV effects:
B—f: A=) |A]lelrto)

B—f: A=Y |Alemo),
i

e Strong phase (0) does not
change under CP,

o Weak phase (¢) flip the
sign.

_ AP AP
A2+ |AP2
= > Al A sin(8i—0;) sin(¢i— ;)

Acp

Three-body decays

NOTHING
in baryonic decays
In /\g decay:
e pK—, pn—,
K2pr=, AK=KT
o p7r_7r_7r+,
pr K—KT,
pK—ntnt,
pK~KTK™
In =, decay:
o pK—mhnT,
pK T K™

? I pKTK™
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Observation of =, — pK~ K~ decay [LHCb-PAPER-2020-017]
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e Runl + a part of Run Il = 5fb1.
@ 460 signal candidates,

-+ combinatorial background,
+ Z, — pK~ K™ misidentification.

@ K~ K~ symmetry makes Dalitz plot
(double entry) symmetric

@ Only half is analysed (single entry)
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Observation of =, — pK~ K~ decay [LHCb-PAPER-2020-017]
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e Runl + a part of Run Il = 5fb1.
@ 460 signal candidates,

-+ combinatorial background,
+ Z, — pK~ K™ misidentification.

@ K~ K~ symmetry makes Dalitz plot
(double entry) symmetric

@ Only half is analysed (single entry)
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=, decay amplitude

// "
A s [1/2,)
L)\s\

K-
@ Baryon decay (half-integer spin)

= 4n-fold azimuthal symmetry of the decay amplitude

5177 |1/2a >‘0>

@ Two identical kaons in the final state
= Symmetry of the decay amplitude.

o Intermediate X, A states decaying to pK~
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Conventional helicity approach
Complicated cases: particles with spin in isobar model [Hansen (1974)], [Herndon(1975)]

Mexy = MP () + M2 (g + M3y

Misy = HiD(1,01,0) D(d23, 623, 0)WA(. .. ) + H3D(653, 03, 0) D(12, 612, 0) Ws(...)
- A P A1 p1, A1
po, A — @ 2 P2, A2 D2y Az D2, A2
o s, As 3 As
+ HaD(¢2,02,0) D(31,031,0)Wa(...)

@ A special set of angles for P M

every decay chain RS V——y

o Consistently of quantization

. . . . D3, A3
direction — Wigner rotations

Wi(...) = D(91,61,0) D=(8}, 63,0) D (4, 63, 0)
o Fails for non-integer spin

r‘_>l<‘
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The Dalitz-Plot decomposition [MM et al.(JPAC), PRD 101, 034033 (2020)]

Reformulation of the helicity approach

/\// P1, )‘1 }
g3
1 _ NES v
po, A —{MA e py. Ay = DRi(61,61,¢23) x  Opy({o})
—_—
k)\g\ g1 Decay-plane orientation  Djjitz-plot function
ps, )‘3

Model-independent factorization of the overall rotation:
@ Exploits properties of the Lorentz group (orientation — just three Euler angles)
e Dalitz-plot function depends entirely on 2 variables, {o} = {01,02,03}
@ No azimuthal phase factors in O{”)\}.

Gives significant benefits to

@ Pentaquark analysis, Ap/Ac polarionation measurements, Baryonic decay chains,. . .
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Dalitz-Plot function
Master formula 0 — 123 decay with arbitrary spins

(if)—isj

Oy ({o}) =

(iNk s T {>\’

[MM et al.(JPAC), arXiv:1910.04566]

> Y TS mnedl, o Gi)X o) 0 (69)

TG )

Three decay chains, (ij)k € {(12)3,(23)1, (31)2}.

e 0;j =0;j({o}) is an isobar decay angle
o 0, K1) = Hk )({o}) is the particle-0 Wigner angle
° Ck(o) = Ck(o)({a}) is the particle-i Wigner angle
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Applied in LHCb
o Pcin A — J/9ppK~
o Pein = — J/NOK-
o Nf/=F = pK— 7t

@ Some analyses in progress
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Symmetrization: (K p) K~ + K~ (pK™) [LHCb-PAPER-2020-017]

—— ——
high low
e y B 3\ 1 2 2
@ Kl A)\O,A - Z D)\({,, a ﬁ v O)\(mhlgh’ mlow)
/\P
I a > The helicity amplitude with explicit permutation symmetry:
2 2 VA 2 2
. OX = T (Mighs Miow) (1) T (Migys Mign)
K5y pus . . _
L 2 M=) T} is the resonance decay amplitude =, — RO(— K= p)K~.
(—1)”"": permutation of kaons K; <> K3 flips the x-z plane = R,(r) J
+mp; +Miow
Clearly in covatiant: A = d(p, \) pRémﬁig:gh IéR;mﬁ,wl u(pp, V) = check! J
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Fit to =, — pK~K~. CP test!
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Fractions:

¥(1385) — 0.26(11)(17)
A(1405) — 0.19(6)(7)
A(1520) — 0.76(9)(8)
A(1670) — 0.45(7)(13)
¥ (1775) — 0.22(8)(9)
¥(1915) — 0.26(9)(21)
errors: (stat.)(syst.)
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Entries/ (0.11 GeV)

Asymmetries Acp x 1072
¥(1385) — —27(34)(73)
A(1405) — —1(24)(32)
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O

Three-body dynamics in decays of A

(LHCb, JHEP 06 (2020) 136]



Excited A, resonances
Spectroscopy of the good diquark

' ud

A\b

Ab(5920) 3/2- | 8 MeV

>
o
o | "good" diquark
&
1D [LHCb, PRL 122 (2019) 012001]
[LHCb, JHEP 06 (2020) 136] Nb(6152) 5/2+ |6 MeV
Ab 1/2+ Ab(6146) 3/2+ T
2 S ~450 MeV

~230 MeV

Ab(5912) 1/2— 1 P i

[LHCb, PRL 109 (2012) 172003]

Ab(5619) 1/2+

~300 MeV

1S

Diquark picture, Q@(qq) with (gq) having J© = 0%, works very well for observed-so-far states.
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N0 7T 7T spectrum [LHCb, JHEP 06 (2020) 136]

Low-mass part of the spectrum High-mass part of the spectrum
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The broad structure:
@ An elastic resonance in a system /\27r+7r_
@ Three coupled quasi-stable channels: /\%ﬁ), wa? and Zziﬂ:F

= an excellent opportunity to explore the three-body unitarity
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Three-body unitarity constraint

Unitairity equation for the reduced amplitude Three-main aspects:

T(o',8,0) ~ TH(0",5,0) = @ Two-body rescattering effects
(o.5) .
1/2 /a o AT 50) 5@ influence of subchannel
e iy . resonances to each-other
*3 / (05,0 U ") (7o) T (", 5, 7) @sana @ lineshape
doldol
2 2 3 T /1 , " t 1" t 'II 7— !/1 , . . .
* 2//¢<”;f.d;',s>>o ams (SO ORHARNT (G 5,0) Ol @ Genuine three-to-three dinamics,
2% 1 ot (0,s) ,
+§in“(0> /() Aoy TH(o", 5,021 (02) 1@rws generated states (the ladder)
. 27s , .
+6¢m9(¢(o,v,s)). T o Lineshape of the regular states

decaying to three particles
Related works:

@ [Mai et al., EPJA 53 (2017) 9, 177]
@ [Jackura et al.(JPAC), EPJC 79 (2019) 1, 56]

@ [MM et al.(JPAC), JHEP 08 (2019) 080]
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Unitairy resonance kernel [MM et al.(JPAC), JHEP 08 (2019) 080]
@ A two-body resonance amplitude
2 2

R(s) = m2 —s—iml(s) m2—s— ig2dy(s)/2

side
reminder

®y(s) is a two-body phase-space

A resonance in three-body system

An approximate-three-body unitarity The quasi-two-body approximation
)= = ‘ R(s) = g
m? —s —ig2/2 [®+M®] m? —s — ig2/2 [@]

contains effect of the subchannel-resonances interference naively accounts for the subchannel-resonance decay

+ dispersion integral to ensure analytic structure (important close to threshold)

vy
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Appliction to /\b7r o

p(s) =

t
g/\gfb
gff’tﬂ';

By taF

Quasi-two-body phase space

QTB phase-space factor

my, + mx
my, + mny

. Self-energy function
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with x(m?) = —0.014 + 0.004i
z(m?) = —0.05 — 0.12i,
z,(m?) = —0.01 — 0.07/,
y(m?) = 0.003, and
ve(m?) = —0.02
= rescattering effects are negligible
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Fit to the data
[LHCb, JHEP 06 (2020) 136]

Parameters of the new A9(6072):

m=160723+29+0.6+0.2MeV
=72+£11+2MeV

Advance parametrization impacts the
width measurement with respect to the
naive BW

Framework works = move to complex
examples X — DD ()
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Summary

Amplitude analysis is a critical tool for the further progress

Three parts of the three-body problem:
@ 3b dynamics — 3b unitarity

@ Angular analysis of the decay — Dalitz-Plot decomposition

@ Two-body dynamics on the Dalitz — rescattering corrections (not covered in this talk)

Wide range of applications of the advanced amplitudes in LHCb. Just two examples:
@ Search for CP violation in baryonic decays

@ Lineshape analysis for /\g spectroscopy
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