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Heavy baryon polarization

A rest frame

AN Measurements of EDM/MDM
A, require the reconstruction of the
0 : o
3 e $ac spin polarization of the heavy
baryon
(

| discuss the A¥ - p K" 3-body decay

2 Dalitz variables (mg, 65+) : encode resonance dynamics
3

3 Euler angles (¢, 05, @k) : encode information about polarization

J
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The dynamics in the Dalitz is extremely rich
Resonances appear in all subchannels

K*°p
- A++K_
A*0T[+

AL - pK n™

Each chain prefers a variable choice
A proper amplitude analysis is mandatory




Reference frames

M. Mikhasenko, AP et al. (JPAC), to appear

CM (6o, ¢2 )]5,1 .‘,\I“

Y

1 (917 QSl )\\ // \\ \I‘I\""\
A A K V4 <
“ : - aligned CM
xZ

The 5 variables of each chain can be expressed
in terms of the variables of another chain
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[sobar model in the helicity formalism

The natural choice for the amplitude looks

K*—Kr
M (5 variables) Z Z H(H(23 }\/3* \(1,601,0) X (01) Héf’)_ﬁ’?’Df_j‘o(@gg, 653, 0)

/_\—Mrp

0—(31),2 1/2x% 31)—3,1 ~sx
2 Z ZH_)( ) D/ (¢27927 )XS(UQ) H(g,)\)_) DT,—A(¢317931?0)

A—pK
> ZHOA’“Q) DY (¢5,603,0) X, (03) Hyg D (12, 12, 0)

with the cross section given by the trace with the spin-density matrix

do ~ E )OA,A’MA,)\MX”)\
AA
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[sobar model in the helicity formalism

The natural choice for the amplitude looks

K*—Km

MA )\(5 Varlables Z Z H0_>(23 jlx/?_* )\(le, 91, E.. "1) H(g’zog)—)lgDi:ko(@Qg, 923? 0)

./_\—>7rp . &  ~}:~,~
3D 00 G B0 600
A—pK ‘

it Z % 0_)(12) 3D1/2*(¢37 93; " ‘_//u}AHE\,l(?)_)Lsz'T)\(QhQ’ 912’ 0)

with the cro( \atrix
No! The helicities have not the same

meaning in the different chains!
\_ /
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Wigner rotations

Let’s analyze the process in the decay plane

-

pz pO) A’
ﬁl' /1 ﬁO) A % X
ﬁB Boost in the p1; A
p1, direction
(23) rest frame (12) rest frame

Helicities are not Lorentz invariant
A boost disaligned with the momentum mixes (rotates) the helicities

N7

Additional d-functions: Wigner rotations

A. Pilloni — Amplitude analysis for MDM/EDM in heavy baryons



Wigner rotations

Acrest frame

A rest frame

p rest frame

The new rotation is about the y axis, the angle is
defined in the rest frame of the p or A,
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[sobar model in the decay plane

The natural choice for the amplitude looks
K*—Km

OV {O.} Z ZHO—)(23) 1 7 XS(O_l) Hé?oig)—)Qﬁdio(ng)

/_\—HTp

+ > > H A2 (00) X, (o2) Hin "M sy (831) V3 (Giy)

S T

A—pK

Z ZH0—>(12 d1/2 ))X (o )H(12)—>12 f-x(912) 1/2 (Cg 1))

5 7N

(21(1) is the angle between  and A, in the p rest frame
€§(1) is the angle between K and A, in the p rest frame
6,(1) is the angle between K and p in the A, rest frame
63(1) is the angle between 1 and p in the A, rest frame
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[sobar model in the decay plane

The natural choice for the amplitude looks

K*—>Km

Oy {O_} Z ZHO—)(23) 1 7 XS(O_l) H8203)—>2 3d5 (923)

/_\—HTp
Ny e X e (g
S T
A—pK
0 12 12 1,2 ;5 12
NS ROl xR 0 g
s 7N
4 N\

All the angles are polar: no azimuthal phases
all these functions can be expressed in term of the
Mandelstam variables 0y = Mgy, 0, = Mpy, 03 = Mgk

Now all the spins are aligned correctly

\_ /
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[sobar model out of the decay plane

Now that everything is alignhed with the K™ chain,
we can use the Euler angles of chain 1 for the full thing

M (5 variables) Z Djl\ 3* (1,01, Ppa3) x OX(2 variables)

In this form it is straightforward to check that, for unpolarized A,
the cross section does not depend on the 3 Euler angles
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Recipes to build an amplitude

M. Mikhasenko, AP, J. Nys et al. (JPAC), EPJC78, 3, 229
AP, J. Nys, M. Mikhasenko et al. (JPAC), EPIC78, 9, 727

The literature abounds with discussions on the optimal approach
to construct the amplitudes for the hadronic reactions

» Helicity formalism
Jacob, Wick, Annals Phys. 7, 404 (1959)

» Covariant tensor formalisms
Chung, PRD48, 1225 (1993)
Chung, Friedrich, PRD78, 074027 (2008)
Filippini, Fontana, Rotondi, PRD51, 2247 (1995)
Anisovich, Sarantsev, EPJA30, 427 (2006)

The common lore is that the former one is nonrelativistic,
especially when expressed in terms of LS couplings
and the latter takes into account the proper relativistic corrections
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How helicity formalism works

» Helicity formalism enforces the constraints about rotational
Invariance

» It allows us to fix the angular dependence of the amplitude
» What about energy dependence?

Example: B — Y K* — 7K

=y ) f:ﬁw O e A

n AK* A'ﬁb

Abreszpirflrble HK*_)KWD O(QSKa QK* )

A rest frame

Each set of angles is defined in a

different reference frame
lab frame LHCb. PRL115. 072001 (2015)

A. Pilloni — Amplitude analysis for MDM/EDM in heavy baryons

RK*n(mKﬂ')D}\w,A)\M(qbﬂﬁ 97,[)3 )*a

13



How tensor formalism works

The method is based on the construction of explicitly covariant
eXpressions.

» To describe the decay a — bc, we first consider the
polarization tensor of each particle, €, . (pi)

» We combine the polarizations of b and ¢ into a “total spin”
tensor S, .. (EpsEc)

» Using the decay momentum, we build a tensor L,,, ,,, (pbc) to
represent the orbital angular momentum of the bc system,
orthogonal to the total momentum of p,

» We contract S and L with the polarization of a

Tensor x Rx(m) which contain resonances and form factors
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What do we know?

» Energy dependence is not constrained by symmetry
» Still, there are some known properties one can enforce

LX
Rutim) =Bl (0, o, ) <2 |
xX\m) = [_ig P, Po, MA?)

Lx
BW (m|Mox., Tox) B} (4, 90, d) (Miox)

» Kinematical singularities: e.g. barrier factors (known)
» Left hand singularities (need model, e.g. Blatt-Weisskopf)

» Right hand singularities = resonant content (Breit Wigner,
K-matrix...)
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Kinematics

» Kinematical singularities appear because of the spin of the
external particle involved

» We can write the most general covariant parametrization of
the amplitude as
tensor of external polarizations ® scalar amplitudes

» Scalar amplitudes must be kinematical singularities free
» They can be matched to the helicity amplitudes
» We can get the minimal energy dependent factor

» Any other additional energy factor would be model-dependent
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b >k

To consider the effect of spin, let's consider B — ¥ K
We focus on the parity violating amplitude for the K* isobars,
scattering kinematics

P(17) m(07) e
) P1 9
1/ ~ B
P2

B(0) K(07) K= P4

1/2
12

2\/s
As o imimpllls )
2y/s

p = incoming 3-momentum in the COM =
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b >k

To consider the effect of spin, let's consider B — ¥ K
We focus on the parity violating amplitude for the K* isobars,
scattering kinematics

P(17) m(07) e
) P1 9
1/ ~ B
P2

B(0) K(07) K= P4

1/2
SELE

24/s
Vs — (m3 + my)?] [s — (m3 — my)?]

2\/s

g = outgoing 3-momentum in the COM =
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b >k

To consider the effect of spin, let's consider B — ¥ K
We focus on the parity violating amplitude for the K* isobars,
scattering kinematics

P(17) \ /W(O) e
e R e P1 7
/ \ w AY
P2

B(0") K(0) K= P4

zs = cosine of the scatt. angle in the COM

s(t — u) + (m? — m3)(m — mZ)  polynomial

1/2,1/2 e i
Al Ay Alp Azg
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Helicity amplitudes

1 O

Ay = i Z (2 + 1)A&(5) dio(zs)
J=I1Al

: I -
diO(ZS) == d')I\O(ZS)f)\o(ZS), f)\O(ZS) == ( P Zs2>

3{\0(25) is a polynomial of order j — Al in zs,
The kinematical singularities of A, (s) can be isolated by writing

: mi e k
A= (pall A for j > 1,

o o P
Al=q(pgy A forj>1,
A ovs AA8 tor f =0,

my
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[dentify covariants

Two helicity couplings — two independent covariant structures
Important: we are not imposing any intermediate isobar

ﬂ?%—ﬁ’}2

2(p3+ p4)”] C(s, t)

Ax(s,t) = (A, p1) [(P3 ks

+ €,(A, p1)(p3 + pa)“B(s, t)

C(s, t) = \/—Z(QJ+1)(PQ)J LA (s) dio(25)

E 5
Bls t)— 4WA = g( i +1)(pqy

~ ~ m
Ap(s)dgo(zs) + NoE 2 i, (5) e (25)
1

s+ ms=nms ]

Everything looks fine but the A12 in the denominator
The brackets must vanish at A\;p =0 = s = s, = (m; £ my)?,
Al and A} cannot be independent
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General expression and comparison

A= — 1011 1g(s) + (s
s—l—m1 m2 ?

7 8(8)+ £(5)
gj(s+) = gi(s+), and fj(s), £/(s) ~ O(s — s1)
All these four functions are free of kinematic singularity.

Al = (j —1,0;1,0[},0)

Comparison with tensor formalisms (j = 1)

- g' - 4—7Tg5 - 27r)\12gD (o 47t \1o S + m% — m%gD
b L : e ) ; B 2 :
3 3s 3s my

If the gs, gp are the usual Breit-Wigner, the g’, f’ are fine

There is no unique recipe to build the right amplitude, but
one can ensure the right singularities to be respected
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A () =p g2 (1 1, 1)L 1N (L, 15— 105, -2) g, ()

= i ) : , 1
Arrln a2 [(%» 335~ 5,005, 3) (5 gj_(s) + h;-’(s)) +p? f}’(s)]

For baryons the idea is similar,
but the expressions are messier

| AR A ] -JJ*\ 7 1[&0J¥\ /J

) ™~ pae L\A’é L . . 7 S L AR 27

ALE () = plP 228,25 — 8,003, 3) i, (w) + ¢ f;-;(u)]

~ : : E, +m
—1/2 5—1/2 ; :
Ao r g s e O Ol L o g

2my,
45 <%a %? 17_1|%:_%> <%:_%§j 5% %:0|37_%>h3(u)) ‘H]?L fJJr(u)“
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Conclusions

* Measuring electromagnetic moments of baryons requires
a thorough understanding of the amplitudes involved

e The formalism gets more complicated when multiple particles with spin are
involved, in particular with baryons

* The Euler angles can be meaningfully included only if the spins of the
different chains are properly aligned

* The minimal energy depence can be deduced from first principles

Thank you

A. Pilloni — Amplitude analysis for MDM/EDM in heavy baryons

24



BACKUP




Crossing symmetry in tensor formalisms

The process B — D7 is composed of scalar particles only

LHCb, PRD92, 032002 (2015)

One defines the helicity angle in the isobar rest frame, then
the amplitude is Lorentz Invariant

Let’s consider the p intermediate state, B — Dp(— 7)

2 2 (B)
ms-+s—m E
A= —E 5 D cosh x gp = —2— cosf x gp
2myg mg

The factors p and g are the L = 1 expected barrier factors.
The additional factor is analytical in s, not a kinematical
singularity. Why is it there?
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Crossing symmetry in tensor formalisms

B\ p /Lill B : m
Sl

D 2
The tensor amplitude is given by However, one can consider the
p,(DB) : ff’), where p,(DB) Is the scattering process just in the
breakup momentum in the B Isobar rest frame.
frame, and pg(f) the decay
momentum in the isobar frame A = pqcosd
m2BO + s — m,273 By crossing symmetry the
A A pq cos O amplitudes must be the same.

The usual implementation fails crossing symmetry
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New pentaquarks discovered

_0
X.D
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LHCb, PRL 122, 222001

A higher statistics 1D analysis is able to
resolve the fine structure of the
P.(4450) peak.

Moreover, a new isolated P.(4312) at
the X} D threshold appears

The old assignment of quantum
numbers might be jeopardized by this
new finding
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Bound and virtual states
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Bound and virtual states

The situation is more complicated when
more channels are open

/ 1A% Virtual state |

Bound state ., e " Resonance

.,
ay

\ 1 B |
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Minimal(istic) model

5—55 =0

( &k data)

[|F(s)|? + bo + by s] Fernandez-Ramirez, AP et al. (JPAC), PRL 123, 092001

Effective range expansion
F(S) == (N1 - NQS) Tll(S)

We can set ¢;; = 0 to reduce

—1
Tl | tus o) miy to the scattering length
mi2 Ma2 — 228 — ip2(s) approximation
900 900
- ¢;i=0 - Finite ¢;;
< 800 ; I < 8001 | %
% E k 1 % E ' | &0 Tt
Q700 Y A % 3 % % Q700 % . % % i
o g C (-
S 600 I . S 600, ifT \Jikef
© Q &0 B L
O 500/ Lt 1] "’500% '
s T 50
0 a0 A ash A igs (0 4% 428 430 43 431 436 438
s (GeV) — /s (GeV)
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Minimal(istic) model

dN

d—\/§ =15(%) [|F(S)|2 + bo + bls]

F(S) — (Nl = NQS) Tll(S)

mi1 — c118 — ip1(s) mi2
Plsli= :
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Minimal(istic) model

Plsli= (

mi1 — C118 — ’l:pl(S)

dN

e = p(s) [|F(s)|? + bo + b1 5]
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Minimal(istic) model

dN

TWr p(s) [|F(s)]? + bo + b1 s]

F(S) — (Nl = NQS) Tll(S)

Effective range expansion

We can set ¢;; = 0 to reduce

mi2

—1
M2y — C228 — ipz(S))

T(s) = (mn —Ciis Pl o)
mi2

to the scattering length
approximation
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Minimal(istic) model

dN

e = p(s) [|F(s)|? + bo + b1 5]

Effective range expansion
F(S) == (Nl - NQS) Tll(S)

We can set ¢;; = 0 to reduce

=
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Conclusions & prospects

The study of exotic heavy quark sector is a challenging task
Experiments are very prolific! Constant feedback on predictions

e Study of spectra and decay patterns will improve our understanding,
new data expected by, BESIII, LHCb, Belle Il

e Diguark models are useful to describe the XYZ sector,
although the role of thresholds must be somehow included

* A more refined study of amplitudes provides a complimentary tool to give
insights on the nature of some of the states

Thank you
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