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Electric form factor

® Electron scattering off a charge distribution
charge density

P2 , :
— _j d3r' p(7") e”i@" in the Breit frame,
2 —

, q* =—q°

Form factor F(q?) = F(—q?) is the Fourier transform of the charge density in the Breit frame

o) = [ Py 707
(2m)3
® Charge radius
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we have used [ d°7p(#) = F(0)and [ d® 7r?p(¥) = —6F'(0) = —



Proton EM form factor

® Nucleon electromagnetic form factor
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Lorentz invariant form factors (FFs)
F;: Dirac FF; F,: Pauli FF; F4: P-violating anapole FF; F5: P, CP-violating electric dipole FF

Sachs FFs (t = g?) Ernst, Sachs, Wali, PR 119, 1105 (1960); Sachs, PR 126, 2256 (1962)

AT ACHENMOESAGRIAG

Fourier transforms of the charge and magnetization distributions in the Breit frame
(r)

Gg(t) = Gg(0) (1 + Tt 4+ )

Gg(t) = F(t) +

G (0) = ey (charge), Gy (0) = uy (magnetic moment)

Therefore, (rg) needs to be measured at as small ¢ as possible



—Proton EM form factor

® Electron scattering
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FROM HYDROGEN

\ 188 MEV (LAB)

€

10729

o
[
[}

P

ANOMALOUS MOMENT

Electron Scattering from the Proton N\ | CURVE—
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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)
X107 cm. At 236 Mev, the data are well fitted by an
rms radius of (7.842.4)X10~ 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 e Ba B s B B9y B8
the experimental results is (7.44-2.4) X 10~ cm. If the LAORATORY: ANGLE OF: ISCATTERING (IN.0CRREES)
proton were a spherical ball of charge, this rms radius

would indicate a true radius of 9.5X10~* cm, or in

round numbers 1.0X10~ 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.
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Proton charge radius

® Spectroscopy method:

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

Pohl 2010 (uH spect.) « — Bernauer 2010 (ep scatt.)
Antognini 2013 (uH spect.) b Zhan et al. (ep exp.)
Beyer 2017 (H spect.) — —_— i CODATA-2014 (ep scatt.)
CODATA-2018 HH ——1T CODATA-2014 (H spect.)
Bezginov 2019 (H spect.) —e———— —e— CODATA-2014
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PRad exp. (ep scatt.) ' .
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(ep scatt.)

L L L l 1 1 1 [ 1 L L l 1 1 1 l il 1 1 l 1 L 1 l 1 1 ' 1 1 1
0.78 0.8 0.82 0.84 0.86 0.88 0.9 0.92
(r) [fm]

FIG. 18. The proton charge radius (rz,)'/? 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.

H. Gao, M. Vanderhaeghen, RMP 94, 015002 (2022)



PRad measurement

® cp scattering with Q2 € [2.1x107%,0.06] GeV? in the
spacelike region
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W. Xiong et al. [PRad], Nature 575, 147 (2019)
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B Prad-1l will cover Q2% € [4x107°>,0.06] GeV?
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H. Gao, M. Vanderhaeghen, RMP 94, 015002 (2022);
A. Gasparian et al. [PRad-ll], arXiv:2009.10510;
private communication with W.-Z. Xiong



Dispersive approach

Y.-H. Lin, HAPOF-28

AImt
1 [ ImF(t
ﬂw:—/ , (?W
T Jy, T —1—1€
spacelike timelike Re t
(XX > . )
t to Ingredients: multiple cuts

(start fromtg)
&& vector meson poles

The spectral function Im F'(¢) are central quantities.
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Dispersive approach

Y.-H. Lin, HAPOF-28
* Spectral Decomposition (lower energy part)
— Crossing symmetry (N (p')j;"|N(p)) <— (N (p)N(p)lj;"10)

N Spectral decomposition G.F. Chew, et al. PhysRev110, 265(1958)

Tm (N (p )_(")Ijeml())
NZ p)|n)(n|j;"(0) W

- Intermedlate mass states ‘n>

Im F;} :
* Isoscalar: 37, 5m,..., KK, 7p, ... ;
* Isovector: 27,4, . .. ‘ | . m//\ V"‘ .
e Vector meson dominance = T Rl
0, KK

N ' l :
" v Higher mass state S1, S92, ... | | "
V1,V2,...
N

4 07/23/21 9 YHL /\
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Dispersive approach

Y.-H. Lin, H.-W. Hammer, U.-G. MeilBner, PRL 128, 052002 (2022) e

O % BESII2021
+ BESIII2020 G 2 + G 2
§ Gal = [ 25
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DONE e = U. . ) m
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Dalitz decay

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

region? /0

O Dalitz decay J /1 — ppe™e™ by measuringthe ete™ =
distribution

O BESIII has 10%° J /¢ BESIII, CPC 46, 074001 (2022)

I”

0 STCF can collect 3.4x 1012 J /Y per year STCF, Front. Phys. 19, 14701 (2024) [arXiv:2303.15790]

O Can reach very small g ~ 4m2 = 1.05x107° 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:

> /Yo ntn ete”, KT K ete~

>J/W - E"ETete”, J/Y - ZtZTete"

> ...

Among all hyperons, only the X~ charge radius was
measured: 0.78 + 0.10 fm, with £~ beam scattering

SO 1T T T T~
E L
Hg,OJ:— p T
o — ,
» C Y H-'—,/ —
Nﬁ 0.6_— o
v co _
050 = m
C —f—— T =
0.4
-t K —
03F .~ |
:'lllllIIlIIIIIIII|IIII|IIII|IIII

0.2
02 03 04 05 06 0.7 0.8

. 2 2
off atomic electrons SELEX (E781), PLB 522, 233 (2001) <> harge (M1
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Dalitz decay

Problems:

[ 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

pp’
small, proton and antiproton pole

» For large my,;, both m,,, - and m;, - are

dominance may work

4 [MeV/c?]

—

Events/4
=3

o
D

(@)
w

—
o

J/Y - ppy

|:| Total data

|:| After BG subtraction
[ JJw—-rpp
[ Jdw—>rv. PP

I\‘\I\[\I\I\II‘I\I‘I\I,

2 22 24 26 28 3
M [GeV/c’]

|

. 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:7c
* type-X, 4: light meson resonances such as X(1835), ...
> isospin symmetric: Ay (ppete™) = Ax(nne*te™) up to 0(1%)

mg—m

* |sospin breaking effects: from quark mass difference O ( ”) or from virtual

photons O(«)
e Similarly, Ax(E"Etete™) = A (E°E%te), ...

Aqcp

(b)

12
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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, ((rf)?) = —0.1155(17) fm?  pPDG2023
» Neglecting CP violation: proton FF = antiproton FF

can also be a virtual photon exchange contains proton FF

N

xfoooool; p rfory
VI P ,
/ € v “In
T/ RGN i
(‘I\E \'..‘\'x e
QOO0 p SO p
© (d)
— —

contains antiproton FF

13



Subtraction of background

® Differential decay widths

dr(/p »ppete?)  _ |keve-|lkpllke-| C(q*) >
_ _ * !/ - 6 2
dmg+e-dmy,sdcos 8ydcos O,dep (2m)°16Mp,, 3 o
M2 = | My, |2 + 2 Re(My, , M5) + | My |? y [
|M| | My 47| (My 4z My) + | M| \ .

> b
. . ¢* =0
. _lg . —_ (bl - (b /// / * /
lM(i) = Hg) —= l_leuse— (pl)yvvse+ (Pz) ] M N ;
J

q° ' Vs
hadronic part |eptonic part = »

O Sommerfeld factor resums poles of e e~ Coulomb bound states:

y Tam
=125 V="
e

® Background subtraction

O For /Y » nnete™ : M =~ My

» Background subtraction can in principle be achieved by subtracting out the J /¢ —
nnete” (properly normalized) event distribution

2
O Signal part: |Msigna1| = |My,,|* + 2Re(My,, M) all contains proton FF in the

specific kinematic region
14



Selection of kinematic region

[pXp| + [NTNm| + -

AN
®

M|

00000000 p
® |dentify a region dominated by the proton and antiproton poles

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

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

ARy /on+a) — Jd cos 67 d cos 8, d¢ sz
dMe+e-dmy,; p T dryA

15



Selection of kinematic region

® Hadronic part contains
B.-S. Zou, D. Bugg, EPJA 16, 537 (2003);

O J/y —» NN, AN with covariant obtital-spin scheme  H.-J. Jing et al., JHEP 06, 039 (2023)

r# . T;
T, H— + gpe'®|y, — B tH
0w (7 P0) = s (y M,y + ZmN> o€ (y" M, + 2mN>

F]LL/C:PAN(T» Po) = fsysgh® + fpe'®zysthe

v gp/9s: fixed to the I's /Ts,p € [0.851,0.915] ratios from ]/} — AA, 2™, 1 (25)
N S-M. Wu, J-J. Wu, B.-S. Zou, PRD 104, 054018 (2021)

v' assuming fp/fs = gn/9s
v B(J/Y - pp) = 2.12x1073,
v B(J/¢ - Ap) <107*
O Proton FFs and A — Ny ™ transition FFs

u , ioHv
Lo (@) = ie| y*Fi(g?) +2 — q.,F>(q?)

2 3(my +my) A
=ie |= e dupo
Lyan (@ Pa) = /3 2oy (g + )% — 2)th(q )eHPIDA 4o

dominated by magnetic-dipole term
J. Guttmann, M. Vanderhaeghen, PLB 719, 136 (2013); L. Tiator et al., EPJ ST 198, 141 (2011) 16



gelection of kinematic region

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

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

0.96

0.93

0.90
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Sensitivity study

® Estimate of the number of events

O Consider only the signal part |Msigna1|2 = |My,z|* + 2Re(My,, My)
O For type-X, consider only the 1, contribution
O 10* events for m,+,- < 0.3 GeV, my,; > 2.7 GeV

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

250 T T T T
: rh. =0.84 fm 1
= P (.88 f oL
2 rp =085 fm > Bands almost invisible:
E - rh. =0.81 fm f
5 2.00" = insensitive to model details
= [ -
%* » Linear approximation to the FF
P | 2
LE —
210 (1+ i) E> t) tends to overshoot
%j Solid: dispersive approach
» Dashed: linear approximation - the reSUIt' only reliable for
1_004‘ T T T B S S— 2 .
0.00 0.02 004 0.06 0.08 0.10 very low q“ region

[GeV?

e*e
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Sensitivity study

(r)

® Monte Carlo simulation assuminga 1 + Tt FF

O Synthetic data using the von Neumann rejection method with rb? = 0.84 fm as input
0 10* events = 0.828 + 0.040 fm (feasible at BESIII?)

0 10° events = 0.846 + 0.004 fm (events at STCF per year is a factor of ~ 340 more
than all BESIII events)

1.90"
1.80"
170"
1.60"
150"
1.40"
130"
120"
LIS
0.000 0020 0040 0060 0080  0.100
mZ. - [GeV?]

ete~

CiIﬁre(hJced
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Summary and outlook

® Propose to measure the proton charge radius from the time-like region using the Dalitz
decay /1 — ppe*e”
O Can reach |g%| ~ 1.05x107° GeV?, smaller than all ep scattering experiments
® Simple MC simulation
O statistical uncertainty at BESIII
O statistical uncertainty at STCF on par with that of PRad-I

0 maybe too optimistic, full-fledged simulation?

® Applicable to the charge radii of other stable hadrons, e.g., 27, 2%, K%, %, ... Results
on the hyperons are rare so far

® Analysis of real data?

Thank you for your attention!

20



Proton charge radius

® Spectroscopy method

Pohl 2010 (uH 2S - 2P) pe

Antognini 2013 (uH 2S - 2P)

Beyer 2017 (H 2S - 4P) ———

=] CODATA-2014 (H spect.)

‘@ | Fleurbaey 2018 (H 1S - 3S)
Bezginov2019(H2S-2P) +—&—H
Grinin 2020 (H 1S - 3S) —0—
L L 1 l L L L I L 1 L I 1 1 L I L L L [ L L 1 I L L L I L L
0.78 0.8 0.82 0.84 0.86 0.88 0.9 0.92
(re,) [fm]

FIG. 21. The latest proton charge radius results from ordinary hydrogen spectroscopic measurements together with muonic hydrogen
results and the CODATA-2014 recommended value based on ordinary hydrogen spectroscopy. From Jingyi Zhou.

TABLE IV.  Summary of proton charge radius results from muonic and ordinary hydrogen spectroscopic measurements published since 2010.

. . - i 3
Experiment Type Transition(s) / (rl‘p> (fm) Iy (M)

Pohl 2010 uH 28175 = 2P532 0.841 84(67)

Antognini 2013 uH 2Sf/’2' - 2P3F/”22 2Sf/"2" - 2P3F/'§I 0.840 87(39)

Beyer 2017 H 28 — 4P with (15 - 25) 0.8335(95) 10973 731.568 076 (96)
Fleurbaey 2018 H 1§ — 3§ with (1S5 - 25) 0.877(13) 10973 731.568 53(14)

Bezginov 2019 H 281/ = 2Py, 0.833(10)

Grinin 2020 H 1S —3S with (1S5 - 25) 0.8482(38) 10973 731.568 226(38)

H. Gao, M. Vanderhaeghen, RMP 94, 015002 (2022) 21
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