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e Introduction
@ TMD: Transverse Momentum Distributions (k - & longi. Momentum):

® How is proton’s spin correlated with the motion of the quarks/gluons?
o ... probed by the inclusive process

® GPD: General Parton Distributions (trans. spatial position b1 & longi. Momentum):
® How does proton's spin influence the spatial distribution of partons?

o ... probed by the exclusive process IV e
F{—— U.S.EIC 10X 100 GeV? : e
. . -{=+= EicC 3.5 X20 GeV?
® From 1D to 3D picture of hadron & nuclei | JLab 12 GeV v
® Origin of the Proton/Meson mass & spin . |- g o
% E / /4’ l" & Q)\G ’/ E
GTMD(z, k1, A) L\D B /g » «:&? 05 v /
:, NQ) - ./ H
3 B ./ /._
GPD(z, &) lOI E_ /.Q/'}OC Il'g
FF(A) E E
A - 21
! —— A=0
ate h—— -
o ERNE: YR HFERIE, 50: 112005 (2020) 10 107 _ flO*2 10" 10°
® iZKAR, 43(2): 020001 (2020) ;Front. Phys. 16, 64701 (2021) Fraction of Momentum x
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<tie> Introduction
® From 1D to 3D structure of proton & pion: GPD from DVCS
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Yuanyuan Huang, XC, Taifu Feng, K. Kumericki, Yu Lu, Neural network extraction of CFFs + LQCD data, to appear
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e Introduction
® R. Hofstadter, Rev. Mod. Phys. 1956, 28: 214

® 1961 Nobel Prize in Physics (together with Rudolf M&ssbauer)

® "for his pioneering studies of electron scattering in atomic nuclei and for his consequent discoveries concerning the structure of nucleons"
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Fic. 26. Typical angular distribution for elastic scattering of 2
400-Mev electrons against protons. The solid line is a theoretical }"2 = 6 dGE M (Q )
curve for a proton of finite extent. The model providing the E/M — G 0 d 2
theoretical curve is an exponential with rms radii=0.80X10"1 E/M ( ) Q
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S Introduction

Surprisingly, study of polarization effects in timelike region appears until 1996

S. J. Brodsky, C. E. Carlson, J. R. Hiller, and D. S. Hwang, Phys. Rev. D 69, 054022 (2004) finally leading to the most precise
E. Tomasi-Gustafsson, F. Lacroix, C. Duterte, and G. 1. Gakh, Eur. Phys. J. A 24, 419 (2005) test of hyperon CP violation
H. Chen and R.-G. Ping, Phys. Rev. D 76, 036005 (2007) at BESIIL: Nature 606, 64 (2022)

N
[
® A.Z. Dubnickova, S. Dubnicka, and M. P. Rekalo, Nuovo Cim. A 109, 241 (1996)
[
[
[
® G. Fildt, A. Kupsc, Phys. Lett. B 772, 16 (2017)

...... polarization observables are totally different between:

_ space-like (lab.) time-like (c.m.)

Unpolarized 4o _dow [, - .. G+1Gy] do _dom [, o peot?0  |Gul® +7|Cpl?
P dQ. de, 210Gy tan"(Ge/2) + 1+t dQ  dQ |Gl 1+7 - 1+7
Long electron & — _2cot(6,/2) M, & P, - Yy PesinOx, — f,,sin 6 cos ?371‘2— (1 + ay,)P, cos 0z,

P, €1+ € Gy 1 + a, cos“ 0
2/t +0)tan,/2) [ . . . c
Long. both 4= PR sind st GG Nothing New
beams +Jii+a +r)tan3(9‘./2)]c050*6%,,i|.
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Sip Introduction

« Oscillation of Timelike Electro-Magnetic Form Factors

* Transversely Polarized beams at electron-positron colliders

____________________________________________________________________________________________________________________________________________________________________|
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® Surprisingly, periodic oscillation in timelike region appears

Oscillation of Timelike EMFFs
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0.4§' ®, sesun waisr) BESIII 2020 0 32 v gategoryA ]
BESIII (SA-ISR) B ategory B =
0,350 PLB817(021)136328  oegy o015 I % . Categ(ﬁi o |
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® A Bianconi and E. Tomasi-Gustafsson, Phys. Rev. Lett. 114, 232301 (2015); 0_06i ¥ Babar PPY,, (2013) [12] R
Phys. Rev. C 93, 035201 (2016); Phys. Rev. C 103, 035203 (2021). - T et it e
Gerr (4°) A |
irld ) =
‘ (1+¢2/m2)[1 - ¢/ (0.71GeV?)]*
GY© = Ayexp (=Byp)cos (Cyp T
-.J.‘\I\.‘\‘\.J.‘\I‘.‘\‘7
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> Oscillation of Timelike EMFFs

® Smooth leading dipole component + unknown residual component

?

residual (rsd)

Il))” +Ir;([li ID :EID P‘sd i[rsd . 1
Gpn= "ﬁ" = 1\/5” ' ﬁ” with 1,1) = |0,0) and |1, 0)

® [et’s invoke the isospin symmetry—or more precisely, charge symmetry with isospin violation < 10 %
® [sospin amplitudes is complex as known: .
P P ’ Pf?-n — ]11) == I{]) — \/563133”/)?"1

g o 4 . i - prsd
I8, = IF + I3 = |18 5,
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e Oscillation of Timelike EMFFs

® Smooth leading dipole component + unknown residual component

?

residual (rsd)

D sd
. I 5 ]l,;J.H _4

Gp.n =2~ with |I. I;> = |O. O> and | I, O>

® Complex amplitudes is module squared in order to obtain the real form factors:
Ga? - (GR? = GR3(2G5 + Gi?)

1 . o] = rsd
= S I + V2GR e v 430)],
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S Oscillation of Timelike EMFFs

® Complex amplitudes is module squared in order to obtain the real form factors:

|GN|2 _ (Gx)Z — Grsd(zGl) 5 Grsd)

|1f*d|2+f GR| IR | R [ein—45")]. ok — arccot oM

My

r Ppw = arccot—

150 |-

. sd /1D . .
® neglecting terms of order |/pn/ 1| <1 | the leading-order solutions are ol
Grsd ~ ‘ Il\?d| rsd 1 ’ rsd|2 rsd
N cos(py — ON) + A5 sin’ (o — o) 24

V2 4 GR

50 |

phase of i scattering

25

® Proton and neutron should display sinusoidal modulations of a similar pattern

® For residual component, BESIII told us: 14+ 159 . T T
|[ | £ 0 ’ Ay rsd-
Bf N .
® FEither [ B —(or / 1% =0 or—as an unlikely third option—a vanishing interference
. . . D .
® resulting into: A| = |Dn — D,| = arg 1{ L 5 o related to p/n sturcture difference
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Ciip> Oscillation of Timelike EMFFs

® Data of cross sections CAN’t tell different dynamic origin!
GLSd G;Sd
0.04} 0.04} — Breit-Wigner

- Gauss

-0.04[0" .,
p(1900) p(2150) p(2350)
® We know little about vector spectrum above NNbar threshold, see e.g.:

Li-Ming Wang, Si-Qiang Luo, Xiang Liu, Phys. Rev. D105, 034011 (2022); Cheng-Qun Pang et al., Phys. Rev. D101, 074022 (2020)

® Final State Interaction?
Zhao-Sai Jia et al. PhysRevD.111.054014; Qin-He Yang JHEP 08(2024)208; R-Q Qian, Z-W Liu, XC, X. Liu, PhysRevD.107.L.091502

______________________________________________________________________________________________________________________________________________________|
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pa Oscillation of Timelike EMFFs

« Consequence: nucleon structure « Consequence: isospin separation
_(GBP—(GR) _ an(Rr?) St T T <
RP= (GOP T (GOF TIBP+ ‘[?‘2:0.4&0.03 RM{ g e T = 2] B T ot B2
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G%,]\J = gG%,M - _G%,M = 2( 3 + G}E ]\d[) Gz+d 5 eI _ B ” RE\G;?F R2|GD|?
> e . RE S THIGETT = A+ Yo r 2
Gem=7GEMm— GE u=5(———-GEm) | — —— i
3 2 3 §RGE o dt or 41 R, |Gy RLIGA|
=3 Jie= U+ R Ut R2
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Oscillation of Timelike EMFFs

Applicable to the decay of Charmonium: isospin violation

Decay process Branching ratio g Ref RM RE
T/ — pp (2.120 £0.020) x 107  0.505:£0.012+0.015 [85]  0.007£0.030  0.02+0.05 -0.1140.26
Jj— nm (209 +£0.16) x 107%  0.50£0.04+0.21 [85]
Jjh— 25 (117 £0.04) x 1077 0.66=£0.0320.05 [86] 0.00+£0.04  0.10+0.04 -0.01£0.10
Iy —2=F (0.97 £0.08) x 10~ 0.586=£0.012=0.010 [87] *
It — 295" (1172 £0.032) x 107%  -0.44020.02040.008 [89]
|GD |2 |G |2 281 COS (;b Jfh— BT (1.07 £0.04) x 10~ -0.50820.006-£0.004 [90] ®
—= o
Reff . . I | Jjp =TT
[ |GD |2 4. |GD |2 1 4 52 Jj— AR (1.89£0.09) x 107°  0.461:0.006:0.007 [92] °
p n ) J/E— AL T (2.83 +0.23) x 1075
J/p — £(1385)°8(1385)"  (10.71 £0.83) x 107*  -0.6420.0320.10 [86]
|G |2 |G |2 251\/[ COS (bM J/p— T(1385)TE(1385)" (1258 £0.14) x 107! -0.40+0.06+0.08 [88]  0.069+0.008 0.14£0.10 0.02+0.19
RM _ _ J/i— E(1385) E(1385)7 (1096 £0.12) x 10" -0.5820.0520.00 [85]
[ = —
|C |2 4 |G |2 1+ 3]‘?‘4 »(2S) — 1P (2.04+0.08) x 10-°  1.03+0.06+£0.03 [03]  -0.020£0.028 0.02+0.04 -1.0+0.8
¥(25) = nm (3.06 £0.15) x 107" 0.68+0.12+0.11 [03]
E |G§ |2 |G |2 25E CcosS q’)E ¥(285) — ="=° (2.3+£0.4) x 10~ 0.6540.00+0.14 [86]  -0.1120.08 -0.120.08 -0.0440.28
RI = i 5 W(28) == =" (2.87£0.11) x 107 0.69320.04820.049 [04] ¢
2 -
| GE | | (L | 1 + (SE ¥(28) — 2% (2.35+£0.00) x 107" 0.71£0.1120.04 [89]
P(28) = Tt (243£0.10) x 107 0.682+£0.03+0.011 [90] © -0.0740.026 -0.121£0.029  0.8+0.4
W(28) =5 8" (2.82 £0.00) x 1074 0.96+0.0040.03 [95]
¥(28) = AA (3.81+£0.13) x 1074 0.8240.0840.02 [89]
$(25) — AT + e (1.6 +0.7) x 107°
¥(25) — £(1385)"T(1385)"  (6.94+0.7) x 1077 0.50-£0.250.25 [26]
¥(28) — £(1385)TT(1385)  (B.5+£0.7) x 1073 0.35-£0.37+£0.10 [28] 0.00+£0.06  -0.06£0.11  0.3+0.7
¥(25) — £(1385)"T(1385)"  (8.54+0.8) x 1075 0.64-£0.40£0.27 [88]
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<imp>

Transversely Polarized beams

® Known Fact of Lepton Beams at circular colliders: Sokolov-Ternov effect

The self-polarization of relativistic electrons or positrons moving in a magnetic field at a storage

ring occurs through the emission of spin-flip synchrotron radiation
A. A. Sokolov and I. M. Ternov, Dokl. Akad. Nauk SSSR 153, 1052 (1963)

V. N. Baier and V. S. Fadin, Sov. Phys. Dokl. 10, 204 (1965); J. D. Jackson, Rev. Mod. Phys. 48, 417 (1976)

e

RF SR’ RE
50— o=} =

L

Tsukuba

BELLE-!
Detector

w
~ 38 € g
. R m _ | Yo
b = Circumference: 3016 m =0
[ 4 HER energy: 7 GeV 2
v * LER energy: 4 GeV =
‘* a Arc section
‘%‘?{)&& ;e Injection e*Injection
"
e, P RENS
S et —b-tree—sswi—E ooee® =
RFE Fuii
The BEPCII Complexity
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> Transversely Polarized beams

® Known Fact of Unpolarized Beams: measure the hyperon/anti-hyperon decay simultaneously

H. Chen, R.-G. Ping, Phys. Rev. D 76, 036005 (2007)
Goran Fildt, Andrzej Kupsc, Phys.Lett.B 772, 16 (2017) p

€ ®4 p

0, 0 0

. i/ 1— aiisinAd’@nG cosf! f X — \ 1

By = 1 + vy cos?0 GB h A

Ad = arg G—g T
B AJ1— afp cosAdsind cosf M A e+ T

C =

== 1 + ay, cos?0

W(E) = Fo(€) +1/1— a2 sifi(A®) (A - F — s - F)
Fara(Fi+4/1—a2, cos(AQ) - Fs+ay - Fs)

Hyperon decay as a polarimeter

to probe hyperon CP violation
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> Transversely Polarized beams

® Comparison of Transversely and Longitudinal Polarized Beams

14ay, cos26 0 Bysind cosf 0
(Cy) = 3 0 sin%6 0 Y4y5inf cosd
SO o) —ysinf cosd 0 o sin%0 0
0 —ysiné cosf 0 —avy —cos20
y sin?6 cos2¢ _—Bysinf sin2¢ —Bysinf cosl cos2¢p 0
3P2 ' —Bysind sin2¢=" (., + cos?0) cos2¢ —(1 + ay) cos sin2¢ —ysind cosd cos2¢
3+ ay Bysind cosd cos2¢ (1 + ) cosfsin2¢ (14 ay cos) cos2¢ _ —yysing sin2¢
0 Yyy8inf cosl cos2¢ —Yysind sin2¢ "~ — sin0 cos2¢
0 Yo Sin 0 0 (14 avyp) cos @
3P, Yy $in 0 v 0 0 0
3+ ay 0 0 0 By sin 0
' —(1+ ay) cosd 0 —By Sin0/ 0
: o 1+P, P
with the polarization vectors of leptons FELY !
2 Py 1-7P,
. . . 1+P. 0 P2
and the spin densiry matrix G % o 0 o

® Xu Cao, Yu-tie Liang, Rong-Gang Ping, 2404.00298 [hep-ph]
® N. Salone, P. Adlarson, V. Batozskaya, A. Kupsc, S. Leupold, and J. Tandean, Phys. Rev. D 105, 116022 (2022)
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sz Transversely Polarized beams

® Forgotten Facts of Transversely Polarized electron/positron Beams

47 do B 5
o dQp 3+ ay

(1 4 ay cos26 + @@L’sz“ sin®f cos 2¢) measured through ete” - putp~ and ete™

. ~ U 1 i | I | 1 1 I 1 | 1
s 9 2
— 287 cos@sin“0(1 — Pf cos 2¢)RAg, g _ P,=0.76+0.05 and =10 "% min. _|
20p ';J 100
15|~ (OPE +(28)) ® TPE Contribution Lud
© P,=02500 |' 80
£ 10— rrr
% 5f = 310]
o OE _f—f"f
B - e
% o 'I,_.--" R
5 T SPEAR I g
N 20 I~ PhysRevLett.35.1688(1975) g
~15F e ]
- 0 [N U N S O Y N SN HY S
1 08 06 04 02 0 02 04 08 08 1 O S0 180 270 360

cosb

¢ (degrees)
® Xu Cao, Yu-tie Liang, Rong-Gang Ping, 2404.00298 [hep-ph
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é;{% Transversely Polarized beams

® Forgotten Facts of Transversely Polarized electron/positron Beams

dr do 5
a dQB - 3—|-Od.¢,

(1 + avy 08?0 + ay, P sin?6 cos 2¢)

0.2
A — a2 : _p2
oo _ 1 — o sinA®sing cosf(1 — P cos2¢) 0.1
Y 1 + ay cos?0 + oy, P2 sin?0 cos2¢ 0o
LAY
N ~0.1
223\‘\&{' -0.2

. — P2 m sin A®sinfl sin2¢
P :

- 1 + ovy 0820 + oy P2 sin”0 cos2¢

® Xu Cao, Yu-tie Liang, Rong-Gang Ping, 2404.00298 [hep-ph]
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Transversely Polarized beams

il
® Useful for improving the sensitivity of measurements ~ —(———
V i events

W(ﬁ) = .7:0 + 51/} (()4_|_.7:3 — oz_]-"4)

+a_-Fet+a, - Fr—a_a, - Ty
+Oé_Oé_|_(.F1 + Yy F2 + Oéw]'—g)) .

Fo=1+ay cos® 6 + awP:,% sin%6 cos 2¢ ,
Fi :(sin2 0+ P% cos 2¢ cos? 0) sin 61 cos ¢1 sin O3 cos P2
— (cos®0 + P2 cos 24 sin6) cos 0, cos O,
+ P} sin 0 sin 0, (sin 2¢) cos @ sin(¢; — ¢2) + cos 2¢ sin ¢ sin ¢y)
Fo =(1 — P} cos 2¢) sin 0 cos O(sin 0 cos Oy cos ¢; — cos 0y sin Oy cos ¢o)
— P2 sin 24 sin O(sin 0, cos 0y sin ¢y 4 cos 0; sin Oy sin ¢)
F3 =(1 — P2 cos 2¢) sin 0 cos 0 sin O, sin ¢y —/P7 sin 2¢ sin Bsin O, cos ¢y ,
Fi =(1 — P3.cos 2¢) sin @ cos fsin 0 sin ¢1 + P2 sin 2¢ sin Bsin 6, cos p1 ,
Fs =(sin? @ + P2 cos 2¢ cos? 6) sin 6 sin ¢1 sinfy sin ¢ — cos 6 cos Oy

+ P% sin 0 sin 03 [sin 2¢ cos 6 sin(¢1 — ¢2) + cos 2¢ cos ¢y cos Pa] ,

Fo(€) = Pelyy sinfsinb cos ¢y — (1 +ay)cosfcosb),
F7(€) = Pe(yy sinfsinb cos ¢z + (1 + ay) cosfcosbr),
Fs(€) = P.By sinf(cos b sinb, sing; + sin b sing; cosb).

® Xu Cao, Yu-tie Liang, Rong-Gang Ping, 2404.00298 [hep-ph]
® N. Salone, P. Adlarson, V. Batozskaya, A. Kupsc, S. Leupold, and J. Tandean, Phys. Rev. D 105, 116022 (2022)

____________________________________________________________________________________________________________________________________________________________________|
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<imp>

Transversely Polarized beams

Useful for improving the sensitivity of measurements

W(ﬁ) = .7:0 + 51/} (()4_|_.7:3 — oz_]-"4)
+Oé_Oé_|_(.F1 + ’71/;]:'2 + Oéw]'—g)) .

Fo=1+ay cos® 6 + awP:,% sin%6 cos 2¢ ,
Fi :(sin2 0+ P% cos 2¢ cos? 0) sin 61 cos ¢1 sin O3 cos P2
— (cos®0 + P2 cos 24 sin6) cos 0, cos O,
+ P} sin 0 sin 0, (sin 2¢) cos @ sin(¢; — ¢2) + cos 2¢ sin ¢ sin ¢y)
Fo =(1 — P} cos 2¢) sin 0 cos O(sin 0 cos Oy cos ¢; — cos 0y sin Oy cos ¢o)
— P2 sin 24 sin O(sin 0, cos 0y sin ¢y 4 cos 0; sin Oy sin ¢)
F3 =(1 — P2 cos 2¢) sin 0 cos 0 sin O, sin ¢y —/P7 sin 2¢ sin Bsin O, cos ¢y ,
Fi =(1 — P3.cos 2¢) sin @ cos fsin 0 sin ¢1 + P2 sin 2¢ sin Bsin 6, cos p1 ,
Fs =(sin? @ + P2 cos 2¢ cos? 6) sin 6 sin ¢1 sinfy sin ¢ — cos 6 cos Oy

+ P% sin 0 sin 03 [sin 2¢ cos 6 sin(¢1 — ¢2) + cos 2¢ cos ¢y cos Pa] ,

Xu Cao, Yu-tie Liang, Rong-Gang Ping, 2404.00298 [hep-ph]

|
V Nevents

0.25 0.50 0.75 1.00
x10°

Observed events of eTe™ — ~* /1 — A(pr ™ )A(pr™)
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S Summary and Perspective

® Oscillations of baryon EMFFs: ® Transversely Polarization of lepton

*  Robust conclusion driven by data: e ... can be measured by muon (or e or
photon) pairs production

*  oscillations of baryon EMFFs =

the bulk dipole component + * ... can used to enhance the sensitivity of the CP
residual contribution from VM above threshold violation test

. supported by isospin analvsis * ... 1isrequired to consider in the data analysis at
-+ SUpp Y p Y circular collides

* ... extetened to understanding of * ... technically easier to obtain in comparison of
charmonium decay longitudinal polarization

Thank You !
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 Local structures: vector mesons

de Melo, T. Frederico, E. Pace, S. Pisano, G. Salme, Phys. Lett. B 671, 153 (2009),
see also: Y. H. Lin, H. Hammer, U. Meiner Phys. Rev. Lett. 128 (2022), 052002;

I. T. Lorenz, H.W. Hammer, and U. G. Meif3ner, Phys. Rev. D 92, 034018 (2015)
25 T T T T T

2 2
q (GeV/c)
____________________________________________________________________________________________________________________________________________________________|
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% Oscillation of Timelike EMFFs

* Global structures: nucleon

A. Bianconi and E. Tomasi-Gustafsson, Phys. Rev. Lett. 114, 232301 (2015);
A. Bianconi and E. Tomasi-Gustafsson, Phys. Rev. C 93, 035201 (2016);
E. Tomasi-Gustafsson, A. Bianconi, S. Pacetti, Phys. Rev. C 103, 035203 (2021).
E. Tomasi-Gustafsson, S. Pacetti, Phys.Rev.C 106, 035203 (2022)
0.15

o
5

M(r) (1/fm?)
2

P EPIII U RIS RS R
06 08 1 12 14 16
1 (fm)

« Data always tells the truth:

Mag. of residual osc. is much smaller than that of the leading Dipole component
~0.2 forp,~0.3forn
The osc of proton&neutron are of (approximately) equal magnitude & period

A
P —(.88+0.35

Ap
A phase difference between the osc of proton&neutron
|D, — Dy| = 4.08 £ 0.58rad



o Oscillation of Timelike EMFFs

« Consequence: Hyperon « Consequence: Predict X isospin-triplet
GD_|2 - |GL,|? g s
Reff — :G; :2+:G; :2 —0.2240.15 Gy = it le
B 6. = -1y
et _ 1C P —1G P 2V60rcosdr _ o1 4 =~
E TP E BT #+g ; Go = =l

G4 =G| < 2|Go| < |G| + |G|

11 = 10516'@1 RS

P -1

Ag| = | Dy — Dy| = ar
|46| = 1Dn — Dyl = arg 755

4 - 0 X z 24 25 26 27 28 29 30 Gav

Jul. 2025 Production, Decay and CP violation of baryon-antibaryon pairs 23/21



P Oscillation of Timelike EMFFs

® Dispersion relations as an Inverse Problem: e A.-S. Xiong, T. Wei, Fu-Sheng Yu, 2211.13753; R. Baldini et al., 0106006

- lfw Im[F(t)]
Fo = |, T

dt, Vq* & (q,00), t <q*=4m?
=z ik
t

® In the isospin/charge symmetry G“/" = G9/P and G%" = G"/P 4 complex variables (2 isospin X 2 electromagnetic form factors)

u+d D2 D2 B d 7] p
|GM |2 4 |Gu—d|2 — 2(21. A 1) |Gp | + IG” | N G}l\/[-i_ Gu+d* s Gu—dGu—d* - _ V TPDPPX + ﬁanQ
3 M 2t +R% 27 +R2 Tl o3 E M- TE sin®
d D2 ™ ~u-d N p
gR[Gllt/f Gu_dT]=(2T+1) |GP| _ |GTL1)|2 i),{ GL[(/I Gu*d*_}_GU*dGlbI»d* S VTprPX _ﬁDnP)T(l
3 M 2T +R3 27 +R} B ¢ MoE sin6
B d 7 p
I—GW 2+ G2 =227 + 1) RplCpl” | RAIGRE 3 Gi gurd y gu-dgu-d« | _ YDy + /T DnPy
3 B 2t +R2 2T +R3 3 F MoE sin6 cos
d 2-~D2 M ~u+d 7 p_ n
W it _ op 1) (Kol _ RAIGRT” 3| D gue 4 gurdgyree | - Yol =Dl
‘ 3 E 2T +R12, 27 +R,21 i 3 ] siné cosf

can be extracted from eight independent observables:

total and differential cross sections, two polarization observables for proton and neutron at each energy point

® Measurement of polarization is required: Polarimeter? Vortex beams (N. Korchagin, 2403.08949) ?

Jul. 2025 Production, Decay and CP violation of baryon-antibaryon pairs 24/21



Hyperon decay and CP violation

IMpPy
 Hyperon decay as a polarimeter: Strong and weak phase
T. D. Lee and C.-N. Yang, Phys. Rev. 108, 1645 (1957) J. F. Donoghue and S. Pakvasa, Phys. Rev. Lett. 55, 162 (1985)
J. F. Donoghue, X.-G. He, and S. Pakvasa, Phys. Rev. D 34, 833 (1986)
. The amplitude for a spin-1/2 hyperon decaying into The transition amplitudes L = S, P of hyperon can be
a spin-1/2 baryon and a spin-0 meson: decomposed as
M = Gpm?-By(A— Bys) B; L=) Ljexp{il¢}+06})}
J
. Decay parameters: while for the the antihyperon c.c. decay
_ * 2 2 - .
@ = 2Re(s"p)/(|a " + |p["), §= -3 exp {i(=& + %)}
B =2Im(s*p)/(|s|"+ |p[7) g
v=sP=1P/(sP+ 2", P =7 Pexp{i(=&] +35)}
J
where s = A and p = |p;|B/(E; +my
| f\ /(B /) g Leading to hyperon CT violation test
«  Lee-Yang formula
J v M Aep = 1 lepaps sin(8} — 63 )sin(&} — €3)
I'n—T5
4 P= )i + =P X H + v=1 NS 1+ ) .
P, — (az +Pz-0)h+ fzPz x i jty:n x (Pg x1i) Aep artoy tan(Sp — 65) tan(Ep — £s)
l1+a=P=-n a1 — O
B+
BCP ! 62 = —tan(fp - fs)
a1 — (g
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citp> Probe CP violation via Transversely Polarized beams

T\
v'NJ

® Known Fact of Unpolarized Beams: measure the hyperon/anti-hyperon decay simultaneously
E. Perotti, G. Fildt, A. Kupsc, ef al., Phys. Rev. D 99,056008 (2019)

P.-C. Hong, R.-G. Ping, T. Luo, X.-R. Zhou, H. Li, e, R A
Chin. Phys. C 47, 093103 (2023) 0 0
2f\ \0 1

Scattering angle only, no info. in azimuthal angle?

e

(1]

Cascade decay is much more complicated:

¢3
5 T+ E O\V’ p
+ 1
W) = Fy(é) + Fzaolas - F5—oq - Fy) 0_4f< _GZA 1}. A > 103
A

n- A _
+ alazf/amb 1l'+ n

The SM prediction for ALY is ~(1-5) x 1075, while for B, it amounts to O(107)

B1 + B2 =

o(ANT o(AE) o(BS) Comment
Bep = = —tan(€p — &s) cr e e L :
a1 — (g BESIII 1.0 x 1072 1.3 x107= 3.5x 107 1.3x10° J/y
BESIII 3.6x 1073 4.8 x 1073 1.3 x 1072 1.0 x 100 J/y (projection)

SCTF 2.0x 107 2.6 x 107 C68x 10D 3.4 x 10'2 J/y (projection)
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é;{% Probe CP violation via Transversely Polarized beams

® Forgotten Facts of Transversely Polarized electron/positron Beams

47 do B 3
a dQB o 3—|-Od.d,

1 + @y c0s26 + ay, P2 sin?6 cos 2¢
P P

\/1 — a2 sinA®sing cosd(1 — P2 cos2¢)
Py =

1 + ay cos?0 + oy, P2 sin?6 cos2¢

; —PZ m sin A®sinfl sin2¢
P

- 1 + ovy 0820 + oy P2 sin0 cos2¢

Integrating out the azimuthal angle is equal to P;= 0 “ 10 0

® Xu Cao, Yu-tie Liang, Rong-Gang Ping, 2404.00298 [hep-ph]
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S Probe CP violation via Transversely Polarized beams

* Zhe Duan@IHEP: thesis

. Sokolov-Ternov{ i 5| #2 FI SR SRR L i L BT 8] 7E1.84
GeV B4y 9 4.3 N EF, TTE 2.0GeV B4 )g 2.8 /B

P, (1 _ e—t/to) Ly = [{@\ezﬁqﬁ }—1

2023

Polarization
2 P =02.4%, ideal lattice
,"' | Pok, incl. depolarization
F; o 1
’!
E)
b Pirj=0
Tlﬁ% 5Tok STI;KS time

Jul. 2025

Alexander W Chao(X4F):

SLAC-PUB-2781(1981)
POLARIZATION OF ASTORED ELECTRON BEAM

B, = e = 5w G 5 N DS,

Gp
G, ~0.00116

the gyromagnetic anomaly
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M Probe CP violation via Transversely Polarized beams

® Elliot Leader: Spin in particle physics ® ¥4-: SLAC-PUB-2781(1981)
® LEP: ® SPEAR:
The Large Electron-Positron Collider at CERN Stanford Positron Electron Asymmetric Ring
o B !
B | O W
80 B
i 0.8 —
B ol & T \
i 3 06 -
% 2 E - ﬂkh - Noturai
& 40l 0.4 vy Spread
2of 0.2 +
N I ' | : i i i
ol . . z O ¥ g Y _
I : 3.60 362 364 | 366
| | Spin tune I | ay vy =3 OY—Vx+7/S:3 O)/_L/x:z*
I . Y R JP L : - 5 I (R ‘l .
©2 4gnergy in Ge\c’46 : 0 — E (GeV |
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® Transversely Polarization of Lepton Beams at BEPCII?

Probe CP violation via Transversely Polarized beams

Luminosity (cm'zs'1)

10%% ;
F w FCC-ee
3. P FCCee o
107% Feciees
KEKB FCC-¢e
0
1034 » PEP-11 1B OR— LHf
o
LHC(2012)
- . CESR
Fd /'B.EPC- I .
i Tevatron
10 32:_... ............. PE'P"""‘E' ........ .LEP'H
3 / DORISe  IRISTAN
I / BEPC, e (LEP
31 Ang PETRA
1 0 3 ‘VI'EPP"'LIVI
3 VEPP-4AM /
E ° SPEA
C L\ R /
+ADONE
lllli 1 1 lllllli 1 L lllllli 1 1 lllllli 1 L1 L 111l
] 10 102 10° 10*

CMS Energy (GeV)
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M Probe CP violation via Transversely Polarized beams
® Forgotten Facts of Transversely Polarized electron/positron Beams

The four possible helicity combinations in the e™e ™ initial state

e > < et e > < et e X et e > < et
RL RR i LR
() 1 =% - (-h) 0=%-"4" 0 =-% - (%) -1 =-% -4
® [f.amp 1 1 1 1
1/10 ) ) 1 (100
pf:"t — 5 p:{"“i’tf - Z D‘-'IHJ\L—AzD‘Tl”'sAi_)‘;f);\Ll,/\ilo)\g-)\é = — 0 1 0
20 ] o B o 00 1

® Xu Cao, Yu-tie Liang, Rong-Gang Ping, to appear soon
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M Probe CP violation via Transversely Polarized beams
® Forgotten Facts of Transversely Polarized electron/positron Beams

The four possible helicity combinations in the e™e ™ initial state

- - = - = - 4 -
e x e e b 4 e e > < & e > < e
RL RR By LR
() 1 =% - (%) 0=%—-" 0 =-% - (-%) -1 =-h-%
® In fact 1 Me/\/5 Me/A/8 1
1/10 . 100
:t o * s
Pe — B (O 1) P;Yn,{:f = Z len,,)\l—AzD-gn,f,A;—A;Pj\rl,xlﬂ)\z,)\g - l 0 0
}\J_,)\']_)\g,)\fz 2 O 1

X Oxg,—Aa0x, -2

® Xu Cao, Yu-tie Liang, Rong-Gang Ping, 2404.00298 [hep-ph]
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M Probe CP violation via Transversely Polarized beams
® Forgotten Facts of Transversely Polarized electron/positron Beams

The four possible helicity combinations in the e™e ™ initial state

_ - -, e - e - . -
e X = e > e e > < 3 e X e
RL RR LL LR
o 1 =% - (%) 0="r—-" 0 =-%— (%) -1 =A%
® In fact 1 me/\/'s Me/\/'$ 1
2
1 1 Pf, * [ " . 1 O PT‘
pff = B . P;Yn,rnlff - Z Dfrln,,)\l—AzD-gn,f,A;—A;Pj\rl,xlﬂ)\z)\g — E 0O 0 0
1 a2 e,k 2 P2 1
e

X Oxg,—Aa0x, -2

® Xu Cao, Yu-tie Liang, Rong-Gang Ping, 2404.00298 [hep-ph]

Jul. 2025 Production, Decay and CP violation of baryon-antibaryon pairs 33/21



"3’,'"’5 Probe CP violation via Transversely Polarized beams

® Requirement of estimation of systematic errors

Toy model:
efficiency curves over angle a beam polarization of 30%,
with 5% oscillation amplitude the measured cross sections

will be 0.3% shift from the correct value.

> 1.2 o 1.2
O i L
c i L
2 - 1
2 Pt L, et "
t L e ae” "-..."v ' L.
w o.8F 0.8}
0.6 0.6F
0.4F 0.4F
0.2f 0.2F
1| VPP I I I T B )| VIS I FEET PN P e
3 2 1 0 1 2 3 3 2 1 0 1 2 3

® Xu Cao, Yu-tie Liang, Rong-Gang Ping, 2404.00298 [hep-ph]
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Spares

» expansion

Generally specking, the relation (7) is a series of Taylor expansion around a variable G4¢¢/G% which
is around 0.2 for proton and 0.3 for neutron. If we admit the pioneering decomposition in ref.[23]:

= (GR +G%)? = (GR)? +26RG%° + (G%°)% (1)

N |2

‘Ge[‘f
Note that the quantities as form factors in r.h.s. are all real. On the other hand, following our
previous paper ref. [32], we have:

2

osc
N T 7— N
1

N |2
(€]

- [
2
15

‘f wan [ R @

Note that the quantities as amplitudes in r.h.s. are all complex which is taken into account by using
without loss of generality

D D ipR(4* : sc| i (q?
Iy = \@G‘N eon (@) I = |Ig| e~ (¢

The irrelevant factor v/2 is for the convenience of isospin decomposition, however, it does not need
this ad hoc symmetry here. Now if comparing two decompositions and disregarding the (G%:°)? =
\%Iﬁ?‘]z term, the first term of relation (7) is retained. More generally it is a quadratic equation
with a solution:

A P RUIRIYN + | J5 Il
GL (GR)?
osc ] ‘I()QF‘ ‘[()wl
N osc osc
o cos(ony — @ = in%(pR — oX O
3G (on ) "" 1(GR)2 sin® (¢ )t <<(vr)>

where another solution of G%¢ > G¥ is ignored. Above is exactly the Eq. (7) in the paper. The
Taylor series expansion allows to investigate the term of higher power. Since this expansion is
irrelevant to the nature of periodic oscillations, we prefer to use residue (rsd) instead of oscillations
(osc) in previous paper. The isospin decomposition of I{ and I¢*¢ can be subsequently done.
Considering the simplicity of this expansion, we show it only briefly in the paper.
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Spares

» Spacelike Nucleon structure

J.P.B.C. de Melo et al. / Physics Letters B 671 (2009) 153-157

0.10

—_—

—
(=}
Li
ol
0
e
.

=
(=)}
T

o
(=)}
T

p, 2 2
Gy (@) G-
o
o0
n, 2 2
Gy, (@)u G(-q7)
=
=

~
-]
.

0.1 i o : A0 L o
-q~ (GeVic) -q (GeV/c)

»A. Denig and G. Salme, Prog. Part. Nucl. Phys. 68, 113 (2013).
»see also recent update: Y. H. Lin, H. Hammer, U. Meil3ner Phys. Rev. Lett. 128 (2022), 052002
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Spares

CiMp>
» Cross sections
P et
P -
» Spacelike Timelike

do a? [e\? cot?(6e/2) doy G2 +1G} d—g = 0y [1 —+ A COSZ 9]

T = (Z) |:ZZGM 5 (G2 + rGM):| ~ T, |:27:GM tan?(6,/2) + T} d(cos @)

do; o? [e\? cos2(6e/2) o \? cos2(6./2) 1 o’ £ 2 1 2

o (2) ol (L) 2l | , 0= Gul* + =Gl
d2.  —q? \e) sin?(6./2) 2¢1) sin*(6e/2) (14 2(e1/M) sin?(6,/2)) 4q T—1 i

7|Gu|> — |Ge]* - R? i |G|

T GulE G T+ ®RE

e=[1+2(1+7) tanZ(ée/z)]“

»8S. Pacetti, R. Baldini Ferroli, and E. Tomasi-Gustafsson, Phys. Rep. 550-551, 1 (2015).
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» However, we know little about vector spectrum:

Li-Ming Wang, Si-Qiang Luo, Xiang Liu, Phys. Rev. D105, 034011 (2022)
Cheng-Qun Pang et al., Phys. Rev. D101, 074022 (2020)

Vo [Mv [ Tv | of | d&f o4 5D 2917
w [0.783] 0 |0.701 | 0.338 o y7mr 6D - 2867 -
g (LB D -—0.506 —0.007 | ' 5D 2674 58 2er0 P 2
s1|1.031] 0 | 0.422 |-2.827 65 2.613 [ _
s2 [1.120] 0 | 0.122 | 3.655 251 oany D 2401 o oy P 2920
s3 [1.827| 0 | 0.955 [—1.122 p(2270) . .
7rs1]1.903(0.973 | —2.653| —1.753 [ 4g 2181 S B 2D 2.237
rs2 [1.914/0.541|—3.069| 2.017 p(2000) 35 2.103
res|1.879]0.895| 4.953 | 0.501 = 20r L P00 S i . 1860
Vo [ My [Tv [ & | of 2 B w(1650) $(1680) '
v [1.050] 0 | 0.782 [—0.132 2 1D—b— 133 25 —4—1.665
va [1.323] 0 |—4.873|—0.645 = 15k p(1450)
vs [1.368] 0 | 3.518 |—0.987 25 1.413
ve |1.462] 0 | 2.243 |—3.813 L
vs |1.532] 0 |—1.422| 3.668 $(1020)
Tv1|2.256(0.239| 2.552 |—1.217 10k 18 1.020
Tv2|2.253]0.245| —1.947| 0.551 o(770)
703 |2.220]0.362| —0.985| 1.061 L 18 ——=0.775

ol -]

TABLE II: Parameters for best fit to space- and timelike data. 0.5

Masses (My ) and width (I'y/) are in GeV while the residua aK2
are given in GeV2. The broad poles are denoted by the symbol r.

»see also recent update: Y. H. Lin, H. Hammer, U. Mei3ner, Phys. Rev. Lett. 128 (2022), 052002
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» Isospin break of charmonium decay

Table 1

Amplitudes parameterization. Table 3
BB App = ASE + AT + AV Values of the parameters from the x? minimization.
=030 (Go +2Dm)e™ + D o (5.73511 + 0.0059) x 10~

1

Bl (Go —2Dm)e'? — De De ASTT0T X 10 7 GeV
prediie V3De i D (—3.74£0.34) x 10~* GeV
PP Ego i N imigf s ek Fe (7.91 4 0.62) x 104 GeV
nn 0— Unm m)e’ — e —4
BE (Go +2Dm)(1 + R)€!® + D¢ + Fe Fm 52;;2;)0&21 ><71301 Scoev
-5+ (Go +2D,)(1 + R)ei® + D, — F, ¢ : =i h)
50770 (GO_Dm_Fm)ei(p_ZDe R (—97:':21) x 10
g- 8t (Go — Dm — F)(1 + R)e'® + D, — F,

»R. Baldini Ferroli et al. / Physics Letters B 799 (2019) 135041
»See also X.H. Mo, J.Y. Zhang, Phys.Lett.B 826 (2022) 136927
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Isospin of amplitudes

<inp>
| » For timelike nucleon structure, BESIII told us:
oy a5
RP = T» _ _|Zn |2 0.400.03,
N"oPjC | GT |
compatible with spacelike data of JLab MARATHON: Phys.Rev.Lett. 128 (2022) 132003
»see also JAM Collaboration: Phys.Rev.Lett. 127 (2021) 242001
»Zhu-Fang Cui, Fei Gao et al, Chin.Phys.Lett. 39 (2022) 041401
1.0t —3 Fit by BESIII o |
L i (efe)’ ® BESII2020/2021 1
. 08_ - ==-3/7:SU(6) @ PRL 1975 ]
SE ; } -
3 0.6f ﬁb
w7 EEee e oM 1
0.4f \
0.2 -' L ! L L L L L L L L 0 O I L 1 I L I
0.0 0.2 0.4 0.6 0.8 1.0 ' 2.0 22 24 2.6 2.8 3.0
X Vs (GeV)
»Lei Chang, Fei Gao, Craig D. Roberts, Phys.Lett.B 829 (2022) 137078
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Introduction

a(ete” — pp) = p*o(pp — e*e”)

5 El + BESIII2019
g 0.4F e PANDAMC study €e < BESII (LA-ISR)
E b + PANDAMC studypy BESIII (SA-ISR) BRI
0.35 1 BESIII2015 CODATA, 2018 -
E I‘T & BaBar Y.-H. Lin et al. 2022 —a— o
0.3k + E835 - '
F ’ﬁi; Fenice Y.-H. Lin et al. 2021 — ol %)
0'25:_ ! F‘;J . 2361(;0 L T. Lorenz et al. 2014 . ¥ ! .
02 f_ l]% % DM1 1. T. Lorenz et al. 2012 ——— ———
0 155 d 1]{6;- \11 DM2 M. A. Belushkin et al. 2006 ~e e
. :_ 1" L = BES H.-W. Hammer et al. 2003 . °
E l"” v CLEO
0.1F “1:;,,?‘?’ A ADONE73 P. Mergell et al. 1995 i P ——
0 055 T G. Héhler et al. 1976 . ———————
E T | 08 081 082 083 084 085 086 087 088 080 082 084 086 08 090 092
0] e IR I IR I N I r;’,
4 6 8 10 12 14 16
q?l(GeVicY]
»PANDA, EPJA57(2021)184 UIf-G. Meildner, 2211.05419 [hep-ph]

____________________________________________________________________________________________________________________________________________________________________|
Jul. 2025 Production, Decay and CP violation of baryon-antibaryon pairs 41/21



~

e
e

8N )

~IMPD

VA

o (pb)
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500p

200F
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BRI R T FASHIS

RiBE VS.

o I BEPCIL-SEZ4: AN (RET)

¥
¢
¥

BESIII 2023
BESIII 2018
Belle 2008

46

47 43

Vs (GeV)

49

BFHFE
2F
dop 2maf3
aQ 442

R =|Ggr(q®)/Cu(q?)|

2
(1+cos® 6 + a sin” )

T

State |Mass Mr MeV)|Width I'r (MeV)
1 (4500) 4500 125
1 (4660) 4670 115
Y(4790) 4790 100
1(4900) 4900 100
M,

Known "arc Q@ Q@@ Q! Br =

®  Cheng Chen, Bing Yan, Ju-Jun Xie, Chin.Phys.Lett. 41 (2024) 2, 021302 « e-Print: 2312.16753 * Express Letter
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RBEEMETO TSNS

W\

® II: BEPCILELRMEE™H: A\AN (BRET)

sin 26
Py = fDRe(CMC E)
2
5&1%% VS. gi% %IL;\ 7@ v
Py Im(GuGE)
VD
1.5 -
% BESIII 2023 Lo
{ } ¢ BESIII2018
0.5F
1.0}
= <)
O
3 g 0.0
O Z
0.5}
-0.5F
E 41— a sin A®sinf cosd
PE =
Y 1 + vy cos20
-1.0F ; ; i
L 36 47 48 49 4.6 47 48 49
Vs (Gev) Vs (GeV)

®  Cheng Chen, Bing Yan, Ju-Jun Xie, Chin.Phys.Lett. 41 (2024) 2, 021302 « e-Print: 2312.16753 * Express Letter
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i Charmonium

N

»  Trivial Facet I: Line shape of y(3770) with higher harmonics

4
0.1 - 0.3 3
2

rsd /1D .,
Hp.n/lp.nl <1 Yutie’s crater

7| BESIIl, Phys. Lett. B 735, 101(2014)
’\A{\

35 36 37 38 39
»  Trivial Facet Il: Deviation of J/y and y(3686) frorg Breit\WWigner Peak

n: 2.09%0.16 3.06 £0.15
p: 2.121%£0.029 2.94 =0.08

Gyl - (GR)? = GR(2GY + G})

1 0.01 | V
=5 I 1* + n[ewf)ﬁm]_
0.1=70.01x1

See also Y. P. Guo and C. Z. Yuan, Phys. Rev. D 105, 114001
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® Comparison of Transversely and Longitudinal Polarized Beams

p0.0) = Y o LYDE(6,0,0) DY ;(6.0,0

kk'==+1

= Y [Dii(6,6,0) D} (6,9,0)
k=41

+ PFD}5(6,60,0) DL, ;(6,6,0)

+ PDY (6,0,0) Dy ;(,6,0)]

. . . (9, ¢) = . /1 )
with the polarization vectors of leptons gl ( L+P P ) PO = 2 PR DS OO 6.00
2 Fy 1-P. = Y [Di%(6,0.0) D} ;(¢,6,0)
) ) ) 1 P% o
and the spin densiry matrix v _ 1 +0PZ 8 & + PEDY(9,0,0) DLy ;(6,0,0)
p 2\ pm g1_7p + PLEDY(6,6,0) D} ;(6,6,0)]
il z

® Xu Cao, Yu-tie Liang, Rong-Gang Ping, 2404.00298 [hep-ph]
® N. Salone, P. Adlarson, V. Batozskaya, A. Kupsc, S. Leupold, and J. Tandean, Phys. Rev. D 105, 116022 (2022)
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® Decomposition of the polarization vectors into a longitudinal components in the direction of the
electron/positron momentum and transverse components with respect to a fixed coordinate system

' X

p/
e

P_
€
n=reference direction

P, ~ 10
e~ ‘.‘( | "\ 9 et
= - r —=7 - - Z
Tf—e_‘_' ,—:.—":".";
e
e T
e };+ e+
Py

®  G. Moortgat-Pick et al. Physics Reports 460,2008,131
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CROSS SECTION IN CM%/STERAD.
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