The 6th International Workshop
on Future Tau Charm Facilities

FTCF, 2024, Guangzhou

Overview and perspective of light baryon radii and
nucleon form factors

Feng-Kun Guo
Institute of Theoretical Physics,

Chinese Academy of Sciences

Based on
Yong-Hui Lin, FKG, U.-G. MeiRner, PLB 856, 138887 (2024); PLB 858, 139023 (2024);
Xiong-Hui Cao, FKG, Qu-Zhi Li, De-Liang Yao, arXiv:2411.13398

17-21 Nov. 2024



Electric form factor

® Electron scattering off a charge distribution
charge density
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Form factor F(g?) = F(—@?) is the Fourier transform of the charge density in the Breit frame

d3 .
p(F) = J (27T§I3 F(—G*) e 7

® Charge radius
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Proton EM form factor

® Nucleon electromagnetic form factor

(N(p")|JEnlIN(p)) = ulp’) |yVF,(q*) — > a"’q,
my
. F;(q%)
+i(yVq2ys — 2myqVys) Fa(q®) — ;m o*q,ys| u(p)
N

Lorentz invariant form factors (FFs)
F;: Dirac FF; F,: Pauli FF; Fy: P-violating anapole FF; F3: P, CP-violating electric dipole FF
Sachs FFs (t = qz) Ernst, Sachs, Wali, PR 119, 1105 (1960); Sachs, PR 126, 2256 (1962)
t
Gg(t) = F(¢) + WFz(t), Gu(t) = F1(t) + F,(t)

Fourier transforms of the charge and magnetization distributions in the Breit frame

2
Gg(t) = Gg(0) (1 + <r—§>t + )
G5(0) = ey (charge), Gy (0) = uy (magnetic moment)

Therefore, for a precise measurement of (72), we need as small t as possible



7Proton EM form factor

® Electron scattering
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Electron Scattering from the Proton CURVE—

Robert Hofstadter and Robert W. McAllister 4
Phys. Rev. 98, 217 — Published 1 April 1955 i i
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well by the following choices of size. At 188 Mev, the
data are fitted accurately by an rms radius of (7.04=2.4)
X101 cm. At 236 Mev, the data are well fitted by an
rms radius of (7.84£2.4)X 10~ cm. At 100 Mev the
data are relatively insensitive to the radius but the
experimental results are fitted by both choices given
above. The 100-Mev data serve therefore as a valuable 10732
check of the apparatus. A compromise value fitting all TN O St T
the experimental results is (7.44-2.4) X 10~ cm. If the KABORATORY: ANGLE (Of. SGATTERING 0 DEGREES)
proton were a spherical ball of charge, this rms radius

would indicate a true radius of 9.5X107* cm, or in

round numbers 1.0X10~3 cm. It is to be noted that

if our interpretation is correct the Coulomb law of

force has not been violated at distances as small as

7X107 cm.

CROSS SECTION IN CMZ/STERAD




Proton charge radius

® Spectroscopy method:

measuring the charge radius from Lamb shift of (muonic) hydrogen atom

Pohl 2010 (uH spect.) “ R - S} Bernauer 2010 (ep scatt.)
Antognini 2013 (uH spect.) ————— Zhan et al. (ep exp.)
Beyer 2017 (H spect.) —— —— CODATA-2014 (ep scatt.)
CODATA-2018 - —— CODATA-2014 (H spect.)
Bezginov 2019 (H spect.) —_— —e—— CODATA-2014
—— Fleurbaey 2018 (H spect.)

PRad exp. (ep scatt.) : : ]
L 3 i Mihovilovic 2021
(ep scatt.)
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m
V e’ [fM] H. Gao, M. Vanderhaeghen, RMP 94, 015002 (2022)

FIG. 18. The proton charge radius (1*2 )1/2 as extracted from electron-scattering and spectroscopic experiments since 2010 and before
2020 together with CODATA-2014 and CODATA-2018 recommended values. Note the reinterpreted result from the Mainz ISR
experiment was scheduled for publication in 2021. From Jingyi Zhou.

® The latest CODATA value: 0.84075(64) fm  R. Mohret al., arXiv:2409.03787



PRad measurement

® ep scattering with Q% € [2.1 x 107%,0.06] GeV? in the

spacelike region W. Xiong et al. [PRad], Nature 575, 147 (2019)
a
1004 SMetenn,t s, t 1.1 GeV data —
:"'0...-.-“"’."'-..-"“ 0 *2‘2 GeV data rp 0-831 i 0-007stat i 0-01 Zsyst fm
t t, ; i'.
0.954 .I . 2
. B Prad-Il will cover Q¢ € [4 X
3 -5 2
i 0% H 1077, 0,06, GEVE 1hacghen, Riip 94, 015002 (2022);
i A. Gasparian et al. [PRad-1], arXiv:2009.10510;
0.85+ f private communication with W.-Z. Xiong
}
0.807 Pohl 2010 (uH spect.) &
[ e , . el |
1072 @ GeVa/c?) 1072 Antognini 2013 (uH spect.) "
b
1.000 —— PRad fit 7, = 0.831(7), (12)y, fm T
~—~ Ref. %, 1 = 0.844(7) fm PEE - 1
0.9754 -——- Ref. 5, rp=0.883(8) fm
Bezginov 2019 (H spect.)
0.950 4
PRad exp. (ep scatt.) L
n@m 0.925 PRad-Il proj. ——
0.900 Grinin et al. 2020 (H Spect.) . Brandt 2022 (H sepct.)
b b g by g by o by Sl TR |y by s b
0.875 SN 078 079 08 081 08 083 084 085 086 087 0.88
N (rz,) [fm]
0.850 -
T Proton radius puzzle not yet completely solved.
Q? (GeV?/c?)
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Dispersive approach

Y.-H. Lin, talk at HAPOF-28
(https://indico.itp.ac.cn/event/100/)

A Imt
| 1 [ ImF(t
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The spectral function Im /'(7) are central quantities.
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https://indico.itp.ac.cn/event/100/
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Dispersive approach
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Dalitz decay

® Possibility to measure the proton FFs in the time-like “unphysica

region?

O Dalitz decay /1 — ppeTe™ by measuring the ete™
distribution

O BESII has 1010 J /3y and 2.7 X 10° 4’ BEsil, cpc 46, 074001 (2022)

Yong-Hui Lin, FKG, U.-G. Meil3ner, PLB 156, 138887 (2024)

I”

S/

0 STCF can collect 3.4 x 1012 J /1 and 6.4 x 1011 Y’ per yearstcF, Front. Phys. 19, 14701 (2024)

O Can reach very small g% ~ 4 m2 = 1.05 x 107° GeV?

> eT and e~ can be efficiently detected as long as they have transverse momenta
larger than a few tens of MeV (~50 MeV at BESIIl from H.-B. Li)

> Collinear e*e™ = threshold kinematics
O More similar Dalitz decays:

>/ > ntnete , KTK ete”

> - E"Etete, Y - ZtEitete-

> ...

Among all hyperons, only the X~ charge radius has
been measured: 0.78 + 0.10 fm, with X~ beam
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scattering off atomic electrons SELEX (E781), PLB 522, 233 (2001) > hage M



Dalitz decay

Take | /1) — ppeTe™ asan example

Problems:

0 Requires final-state radiation (FSR) virtual photon,
only a small portion from the whole decay
events

» method subtracting the major background
and/or partial-wave analysis

O For FSR photon, measures transition FFs from
some intermediate state A to py ™, proton is only
part of A

» to identify a region dominated by the
proton pole

» For large m,;, both my,, - and m,- are
small, proton and antiproton pole

dominance may work

J/Y = ppy
:“l_|
2
>10"
O |
= |
<+10°}
oy F
0w
i)
c |
107}
> :
LU i |:|Tota|data
10 I [ ] After BG subtraction
[(Juw —>=pp
1; [ JJw—>v.pP
ol Lo b Py br iy

2 22 24 26 28 3

2
Mpﬁ [GeV/cT]

R. Kappert, PhD thesis, Groningen U. (2022)
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Decay mechanisms

® Virtual photon emitted

O from (anti-)charm quark, type X: diagrams (a) and (b)

» cC — two gluons
°© type-Xc:7

* type-Xy/4: light meson resonances such as X(1835), ...

> isospin symmetric: Ax(ppete™) = Ax(nnete™) up to O(1%)

* Isospin breaking effects: from quark mass difference O (

photons O («)
* Similarly, Ax(E"Z%e
hyperons than neutrons

AT TaTarey
Cooooouo0 p

Xe

J/w 0000000 ﬁ
J\/\/\/\/\/\<€
e

(a)

+e—) :qu(‘-‘O =0 +e )

mag—m .
d ”) or from virtual
Aqcp

: + easier to detect neutral

(0000000
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J/ p

N\/\/\/\/\/<e
e

(b)
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Decay mechanisms

® Virtual photon emitted
O from anti-light and light quarks, types Y and Z: diagrams (c) and (d)

» three gluons or a virtual photon

> FSRy* - ete~

> if proton is replaced by neutron, the FSR contribution is negligible at small g?: zero
charge, ((r)?) = —0.1155(17) fm?  PDG2024

» proton FF = antiproton FF

can also be a virtual photon exchange contains proton FF

000000 D OONE00; p
e Yy, <€
S/ g & J /P <
t\\r‘;\}‘\\l e
p

e
504000000 GU000C0T0 p
(€) (d)

contains antiproton FF
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Subtraction of background

® Differential decay widths

drg/p - ppete)  _ [kere|lipllke-] Co*) S e
dMe+e-dmpsdcos Opdcos 6,dp  (2m)616M7,,;, 3

| M| = |[Myiz]* + 2 Re(My 4z My) + | My|* y\ . /f
¢ & =0
<o ™ .

. —ig o
iMg = He — [—leuse- (p)yVvs_, (p2) ]

q | J / ™
hadronic part leptonic part = /7 /p /

O Sommerfeld factor resums poles of eTe™ Coulomb bound states:

y _ mam,
1—e™V’ Y= ke

C(q?) =
® Background subtraction
O For J /Y —» nniete™ : M =~ My
» Background subtraction can in principle be achieved by subtracting out the J /Y —

nnete™ (properly normalized) event distribution

2
O Signal part: |Msignal| = |My.z7|? + 2 Re(My,,My) all contains proton FF in the

specific kinematic region
13



Selection of kinematic region

IpXp| + [N (N7| + -

'?*"Tlr TaTaTaTaTaTeY p
S
< |;:|/_I - /,e
T 'I’J]I,'r' /:f
J / w 'rl-'ﬁ-'nllpc-llx'lx' ':."'I'Pc'll?qll.m‘I - —
AN .

® |dentify a region dominated by the proton and antiproton poles

O Large m,; = small my,- and my,» = (anti-)proton dominance

O Approximate| N){(N7| + --- by the lowest N7 resonance A*: J /i - ATp + c.c,
At - py*, check the region where the A contribution can be neglected

dR ary
N/(N+2) jd cos 8, d cos 0, dop ;frzA
dMe+e-dmy;; Y+Z

> Fory' - XtZ ete"andy’ - E"ETete™, consider the J¥ = 3/2% %(1385)
and Z(1530) to estimate contributions from higher states

14



Wo! kmematic region

dR
® Lower bound of the ratio —~™*2) from types Y+Z

O always larger than 90% for m,; = 2.7 GeV

0.00

Mete- [GeV]

010 020

70.30

0.98
0.96
0.94
0.92
0.90
0.88
0.86
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Sensitivity study for proton

® Estimate of the number of events

2
O Consider only the signal part |Msignal| = |My4z|? + 2 Re(My,, My)
O For type-X, consider only the 1, contribution

O ~ 3 x 102 events (BESIII) for mg+,- < 0.3 GeV, my,; > 2.7 GeV

® Sensitivity to the proton charge radius rlf of the m,+,- distribution normalized to a
pointlike-proton assumption

2.0r .
[ Using 0.84 fm as input to generate synthetic
- Monte Carlo data, obtained
— ’ » 0.71(9) fm for BESIII configuration
5 1'5,_ | » 0.845(7) fm for STCF configuration
1.0 |
000 002 004 006 008

[GeV?]

2
Tn/eﬂf
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Fensmvity study for hyperons

® Fory' - E Efete”

®Fory —» Xty ete”

2-pole dominates above 2.8 GeV

0.00 0.10 0.20 0.30
Mete [GCV]

0.95
0.90
0.85
0.80
0.75

-0.70
-0.65

Z-pole dominates above 2.9 GeV

0.9

0.8

0.7

0.6

0.5

0.4

-03

000 010 020 030
Me+e— [GCV]
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Sensitivity study for hyperons

® For i)' - ZtZ~ete™ using0.8fmasinput @ Fory' —» E"Etete™ using 0.8 fm as\iljt

30.-_1.02(223) fm w/ 200 eveints

22.07
1.0;
000 002 004 005 008
m>. - [GeV?]
1.8 ; : ]
0.78(4) fm w/ 20000 events
1.6 : 3 E
Eé 1.4r
1.2 : : .
| for STCF configuration

0.

00 0.02 0.04 0.06 0.08
m2., [GeV?)

3.0r

1.0

% _ Ay
A —as A

1.13(523) fm w/ 200 eveints :

w?, GV

1.4-

dr;‘xhu-(:(l
—_
(3]

1.0=

0.00 0.02 0.04 0.06

0.08

10.80(3) fm w/ 20000 events

C L L L 1 L 1 L L L L
0.00 0.02 0.04 0.06

m2., [GeV?]

0.08
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Wrom aimuon photoproduction

Yong-Hui Lin, FKG, U.-G. MeiRner, PLB 858, 139023 (2024)
® The muon-proton scattering value of the proton charge radius has not been measured

O Planned experiments
> MUSE @PSI, Q% € [0.002,0.07] GeV?

> AMBER @CERN, Q2 € [0.001,0.02] GeV?
O 1t may be extracted from the dimuon photoproduction yp = pu*tu~

Bethe-Heitler (BH)

Compton scattering

19



® Dimuon photoproduction yp = putu~

O Kinematical region of —t = Q2

> Can reach 1073 GeV? for E]I,ab > 0.8 GeV

ﬁ/

» The BH mechanism overwhelmingly
dominates for small Q% and low mlzl—

MOn radius from dimuon photoproduction

Yong-Hui Lin, FKG, U.-G. MeiRner, PLB 858, 139023 (2024)

0.25

0.20

0.10

0.05

E, = 1.2 GeV

0.001



Proton radius from dimuon photoproduction

® Dimuon photoproduction yp = putu~
O Integrated cross section for t € [0.001,0.02] GeV?: ©(100) nb
O 5 x 10° events for a flux of 10”7 photons/s on a TPC target (~ 1 m long) in a few

months
> LEPS2 (BL31LEP): E, € [1.3,2.4] GeV,< 2 X 107 photons/s (with 355-nm UV Solid-
state laser) https://www.rcnp.osaka-u.ac.jp/Divisions/np1-b/?LEPS2_%28BL31LEP%29

» Much higher photon intensity at JAEA-ERL
> ...

O Sensitivity with 5 X 10° events: ~ 1% 1.01———
> Input: 0.84 fm '
» Extracted: 0.848(8) fm

I lab _
0.98 cos6; =07

E, = 1.2 GeV *

0.005 0.010 0.015 0.020
—t [GeV?]

21


https://www.rcnp.osaka-u.ac.jp/Divisions/np1-b/?LEPS2_%28BL31LEP%29
https://www.rcnp.osaka-u.ac.jp/Divisions/np1-b/?LEPS2_%28BL31LEP%29

Nucleon gravitational FFs

® Nucleon gravitational FFs
(N(p")|T*|N(p))

Review: M. Polyakov, P. Schweitzer, IJMPA 22, 1830025 (2018)

1
= —up’ A PHPY+] (1) (iPHaVIPA,) + D(£) (AHAY — gH A?) lu(p)
my
100 Ey=(9.1, 9.25) t E,=(9.25, 9.4)
N
O Trace FF: O(t) = my H\ %\W\
O Normalizations:
1 . 100 E,=(9.4, 9.55) ; Ey=(9.55, 9.7)
0(0) = my, A(0) =1, J(0) = (spin), W .
D-term: D(0) | e e R
0.4! Lattice
Al:.)(;; Q Ey=(9.7, 9.85) §\\ E,=(9.85, 10.0)
® Extractions using near-threshold J /i) ¢~ S| 1
photoproduction data based on two %
models: B
16 E,=(10.0,10.15) | , E,=(10.15,10.3)
O Holographic QCD " ‘
O GPD + VMD | N
Duran et al. [J/{-007], Nature 615, 813 (2023) " L M I :
-10-1§ N [N
- 100 10-2]
705 10 15 20 25 30 35 40 4. 10 2 4 ' 2 4

K2 (GeV?) |t] (GeV?) |t] (GeVv?) 22
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Nucleon gravitational FFs

® Gravitational FFs (GFFs) be model-independently predicted using data-driven dispersion ”
relations + ChPT

s
1.0: —— This work
, , Y 0.8f "o ChPT :
v/ e TN |y i ~®- LQCD,m, = 170 MeV,
- ",; . ..\_‘_'"K" : v ,'ﬂ,u @ 06: I ]
AAAAA FT | AAAAA FT | @ # = :
L S S NOT a fit!
-FI W P—I Ll E P Wt 0-2; )
: - Pion GFFs

O™ (t) [GeV?]

D7(t)

ChPT: Donoghue, Leutwyler, ZPC52, 343 (1991)
LQCD: Hackett et al., PRD 108, 114504 (2023)
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Nucieon gravitational FFs

r I /;,-'r r
T - -i'.'rr" n

AAAAA 1T ARAAA FT | ®
[ wt 'uh S, gy w

P P=1 p

LQCD (170 MeV): Hackett et al., PRL 132, 251904 (2024);
LQCD (253 MeV): B. Wang et al., PRD 109, 094504 (2024)

<rr121ass> = (0-97t8:8% fm)?
Vv
(r§,) = (0.84075(64)fm)?

—— This work
—8— LQCD, m, = 170 MeV

"Nucleon GFFs

NOT a fit!

- LQCD,m, =253 MeV |
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Summary and outlook

® Novel proposals for measuring the charge radii of stable charged baryons
O from the time-like region using the Dalitz decays / /1 — ppete™, ¢’ - 2ti ete”
andy’ » E Etete”
> can reach |g?| ~ 1.05 x 107° GeV?, smaller than all ep scattering experiments
> measurements of 27,2 radii w/o hyperon beams

O the muon-proton scattering value of the proton charge radius from yp — putu~
using the Bether-Heitler mechanism w/o using muon beams

® Nucleon gravitational FFs precisely determined using data-driven dispersive approach

O challenging to measure experimentally

Thank you for your attention!
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