Exploring Meson Structure at Jefferson Lab
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Charged Meson Form Factors

Simple quark-antiquark structure of mesons ideal system for studying bound quarks

Quantum field theory - form factor is overlap integral [ (0°) = _[¢7f* (p)¢.(p+q)dp
¢
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HARD (pQCD)
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Meson wave function can be separated into soft and hard components

¢soft

: : hard
. - Low momentum contributions only 0

pu - High momentum components can
be treated in pQCD

Q? dependence of meson form factors allows us to study the soft and hard

contributions to pion structure, and the transition between the two
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The Pion Form Factor and the Interplay of Soft and Hard Physics

The pion form factor is unique in that its

asymptotic form can be calculated exactly in ”
pQCD

However, it is unclear at what Q°the pQCD ¢n_,() % O
expression is relevant — soft processes play an

important role at moderate Q? (1-x) (1-y)

Recent calculations suggest that the most /-=93 MeV is the n*->p*v decay
significant soft physics is found in the pion constant
distribution amplitude

2 2
- Calculations of pion DA from lattice give F.(0) — 167 (Q7) /5

pion DA similar to that from state of the art 02 o 0’
DSE calculations

G.P. Lepage, S.J. Brodsky, Phys.Lett. 87B(1979)359
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pQCD and the Pion Form Factor
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L. Chang et al, Phys.Rev.Lett. 111 (2013) 14, 141802
I. Cloet et al, Phys.Rev.Lett. 111 (2013) 092001
L. Chang et al, Phys.Rev.Lett. 110 (2013) 13, 132001

pQCD — asymptotic PDA

Is it possible to apply pQCD at experimentally

accessible Q27

—> Use pion DA derived using DSE formalism
instead of asymptotic form

- DSE-based result consistent with DA
derived using constraints from lattice
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Kaon Form Factor

Kaon similar to pion, but with heavier s quark

—> Similar behavior in asymptotic limit

- Distribution amplitudes similar although not
identical

Fr(Q?) i

Q2 =2 infinity

0.0 025 050 075 1.0
u

L 0.4} [C. Shi, et al., PRD 92 (2015) 014035].
& | —— F, DCSB model prediction for JLab
02! kinematics &= G0, et al., arXiv: 1703.04875].
ke
Does Kaon FF approach asymptotic limit in same way as pion?
0.I . . . . . . . s
0 5 10 15 20 Understanding Q? dependence of both pion and kaon provides

Q? | GeV? important test of our understanding of QCD
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Measurement of Pion (and Kaon) Form Factor at Large Q?2

* At small Q2 pion and kaon form factors measured directly using pion/kaon scattering from atomic

electrons

* Atlarger Q?, F, must be measured indirectly using the “pion cloud” of the proton via p(e,e’n*)n
— At small —t, the pion pole process dominates the longitudinal cross section, g,
— In Born term model, F_? appears as,

do,

— th

dt

oC

(t—mfz) g?Z'NN(t)Fﬂ' (Q at)

(In practice more sophisticated model is used)

* Requirements for this technique
— Isolate o, (L-T separation)
— Model to extract form factor
from data — model dependence
should be small at small -t

%*

Y

F (Q%)

G‘rtNN(t)
m

t=(y *-71')2= (mass)? of struck virtual pion
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Measurement of Charged Pion Form Factor at 6 GeV JLab
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JLab-Hall C measurements: F-1, F -2
L-T Separation — extracted F, via fit to
o; using VGL Regge model

NF_II | % Amendolia t+e elastics
% 0.6 _. Ackermann (DESY)
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Measured F, up to Q2=2.45 GeV?
—> Still far from pQCD limit

- Models start to diverge just above measured FF
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Pion and Kaon Production in Experimental Hall C at 12 GeV Jefferson Lab
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Spectrometer properties

HMS: Electron arm
Nominal capabilities:

dQ ~ 6 msr, P)=0.5-7 GeV/c
0,=10.5 to 80 degrees
e ID via calorimeter and gas Cerenkov

SHMS: Pion arm > NEW!
Nominal capabilities:

Excellent control of point-to-point systematic

—> |deally suited for focusing spectrometers
- One of the drivers for SHMS design

uncertainties required for precise L-T separations

dQ ~ 4 msr, P)=1- 11 GeV/c
0,=5.5 to 40 degrees

m:K:p separation via heavy gas
Cerenkov and aerogel detectors

8
.ggf@'gon Lab



Hall C n* Program at JLab

E12-19-006: Study of the L—T Separated Pion Electroproduction Cross Section at 11 GeV and
Measurement of the Charged Pion Form Factor to High Q2
Spokepersons: T. Horn, G. Huber, D. Gaskell

Ran in 2019 (low Q?) and 2021-2022

Program of L-T separated n* cross sections
{0 measure:

1. Pion form factor at low —t up to Q?=6 GeV?
2. Q% dependence of o, at fixed x and -t

3. Pion form factor up to Q?=8.5 GeV?

Additional data were taken to verify dominance
of pole contribution and explore larger -t,,, for 1 [ Pion Scaling

. I T | T T | T T | T I
F . extraction 0 z 5 9 17

Q* (GeV?)
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Hall C K* Program at JLab

E12-09-011: Studies of the L-T Separated Kaon Electroproduction Cross Section from 5-11 GeV

Spokespersons: T. Horn, G. Huber, P. Markowitz

Ran in Hall C in 2018-2019 (partially complete)

Measure L-T separated K* cross sections

- Fixed x and —t, varying Q2 (scaling)

- -t dependence measurements at fixed x/Q? (reaction
mechanism/form factor)

p(e,e’K+)A/Z% channels both in acceptance

First L-T separated kaon cross sections above resonance
region

0.1-0.2 0.4-3.0 2.5-3.1 0.06-0.2
0.25 1.7-3.5 2.5-3.4 0.2
0.40 3.0-5.5 2.3-3.0 0.5
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Experimental Issues

Small spectrometer and Missing Mass Rndm Sub

opening angles between 2 7000 e 1012
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Good p/n/K* separation
— required
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F. Measurements at 12 GeV

JLab 12 GeV program will
allow F_measurements up
to Q?=8.5 GeV?

- Largest Q? data at -
t..»=0.55 so ultimate
precision will in part depend
on supplemental data

Require A¢>0.2 to minimize
error amplification in L-T
separation
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$ JLab E12-19-006 (Beamtime in Progress)
@ JLab E12-09-011 (Data under analysis)

Hwang Relativistic CQM |

Nesterenko & Radyushkin QSR
Roberts et al Dyson—Schwinger

| |
2.9 0.0 7.0

Q* (GeV?)

E12-19-006: Run complete in 2022
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Fx Measurements at 12 GeV

« Kaon form factor can also be p(e,e’K*)A W>2.5 GeV
extracted in manner analogous to 0.8 . ' |
pion x Amendolia K—e elastics
. B Carmignotto JLab Fm-2
 Data at low Q? to check consistency 0.6 - i
with elastic scattering data s Pt ) ettt
* Extraction of form factor up to Q2=3 - '
- larger uncertainties at larger Q2 o, 047 -
du e to | ar g er 'tm,'n ¢ JLab E12-09-011 (Analysis in Progress)
0.2 . Davies et al Lattice [
il Gao et al Dyson—Schwinger
! .
i Hutauruk Cloet & Thomas BSE+NJL
K charge radius fit
0.0 | | | |
0.0 2.5 5.0 7.5
Q* (GeV?)

E12-09-011: Run partially complete in 2019
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F_at 22 GeV JLab

JLab is the only facility for the foreseeable future that

will be able to make precise measurements of L-T

separated cross sections

- EIC will make F, measurements using model for o7
since L-T separations not possible

Upgraded JLab at 22 GeV will allow F, measurements

up to Q?=15 GeV?

- Will provide substantial overlap with EIC
measurements from unseparated cross sections

- Crucial cross-check of model-dependent EIC results

FFA arcs

EIC 5(e) x 100(p)
L, =2x10*/cm?
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£ Nesterenko & Radyushkin -QSR
% Roberts et al Dyson—Schwinger
) J.P.B.C. de Melo et al Light Front QFT
00 | I [ T I
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Q* (GeV?)

More on 22 GeV upgrade in C. Keppel’s talk Friday
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Inelastic Pion Structure

Pion cloud of the nucleon can also be used to access

inelastic pion structure > FUF

Experimentally, measure the semi-inclusive tagged

structure function

- Detect DIS electron (Q?%,W) and reconstruct Mx od

recoiling hadronic system

~ d'o(ep — e Xp)

RT =
dxd(Q)?dzdt

Fg(x? Q27 Z7 t)

€~ Detect in
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e‘ f’. e
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E’:‘_'_'_:;J-X
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N
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\ t\ Y,
Detect in recoil
Rolen - % FT(z,Q2, z,t detector
/ J(ep € )AZAtN 2(p,Q727 )AZAt
dzdQ? F(x, Q%)
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C12-15-005: The Tagged Deep Inelastic Scattering Experiment

TDIS experiment will tag spectator proton(s) to P Electron arm — SuperBigbite
. . . LAC
access inelastic pion structure | IRecoil 48 D48 Dipole
Tagglng
, < Target and mTPC
e - Hydrogen \ ook
. Scaﬁ.e
Yk " —> Single spectator \\\ > Lectron g 2
proton : —H A2°
n’,,’ - Neutral pion P W GEM Trackers
o Cherenkov
P k. structure 11 GeV Calorimeter
50uA
\t>\p
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A7T ,C0|nC|dent DIS Electron in SBS
o i
2 High rate multiple time projection chamber (mTPC)
& —2/ _ to tag recoiling/spectator hadrons
Yk Deuterium | .
éx — Two spectator kLo ko dod—T Spokespersons: D. Dutta, C. Keppel,
. protons | IR VN | P. King, N. Liyanage, R. Montgomery,
N — Charged pion B. Wojtsekhowski
\N structure
\p/
P Tracking, dE/dx 16 @on Lab




TDIS will provide a unique extraction of the pion structure function at large x

Large x behavior will help verify L0
- - ~ | e E615 aN Drell-Y ‘
resummed Drell-Yan results; > | §eaie :
pe |~~~ GRV-P parametrization |
0.4} ~— Dyson-Schwinger Eq. 2

Large x, low Q complementary to
HERA low x, high Q

Will also measure
(117, 1°) difference - look for
Isospin dependence

Experiment C12-15-006A* will
use the same apparatus to
access kaon inelastic structure

*Spokespersons: R. Montgomery, T. Horn, K. Park \_




Summary

 Elastic and inelastic meson structure provides a unique testing ground for our understanding of
QCD

— 2-quark structure - simplest bound QCD system

« Elastic pion and kaon form factors calculable exactly in pQCD at asymptotic QCD
— @Q° dependence allows studying transition from soft, non-perturbative regime to hard, perturbative
limit
 Exciting program of pion form factor measurements has been carried out in Hall C at Jefferson
Lab
—Measurements up to Q?=2.45 GeV? at 6 GeV
— Recently completed experiment after JLab 12 GeV upgrade will extend up to Q°=8 GeV?

« Kaon-LT experiment in Hall C will explore similar form factor extractions for K*

* Inelastic pion structure will be studyied using spectator tagging - TDIS experiment using SBS
and new mTPC

« Possible 22 GeV upgrade at JLab would allow extending the phase space of all of the above

—Example: F, = increase overlap between L-T separated measurements at JLab and model-
dependent extractions at EIC
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Measuring o, and o

d?o dor dor dorT dorT
2r—— =e—— + —— + \/2¢(e + CosS @ + € COS 2
dtdg dt dt \/ D dt ¢ dt ¢
Rosenbluth separation required to isolate u; 6
o, 8 ;
—~>Measure cross section at fixed a8 ]
(W,Q2,-t) at 2 beam energies j:-’ § e
> Simultaneous fit at 2 ¢ values to T 4 -
determine o, o7, and interference % ¢ o ; i
terms o 5 i
Control of point-to-point systematic 2r
uncertainties crucial due to 1/ error ¥ OpigH Q* = 1.59 (GeV’/c)
amplification in o, ® SLow vtv :ﬁf;gc‘gzvz
) . 0 | | | | | | 1
Careful attention must be paid to 0 50 100 150 200 250 300 350

spectrometer acceptance, kinematics,
efficiencies, ...

¢ (deg) B
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Measurement of n* Form Factor — Low Q2

« Atlow Q¢ F, can be measured directly via high energy elastic - scattering
from atomic electrons

— CERN SPS used 300 GeV pions to measure form factor up to Q2 = 0.25
GeV?
[Amendolia et al, NPB277, 168 (1986)]

— These data used to extract the N;

pion charge radius 075
r; =0.657 + 0.012 fm |
« Maximum accessible Q? 05 |

roughly proportional to pion
beam energy
— Q%=1 GeV? requires ob o v
1000 Gev pion beam 0 0.05 01 0.15 0.2 0.25 03
Q% [GeV?]
21 Jeffers
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Pole Dominance Tests via n’/n*

Extraction of F_ relies on dominance of
pole diagram

—>t-channel diagram pure isovector

—>Other Born diagrams both isovector
and isoscalar

Measure (separated) T/m* ratios to
test pole dominance
o, () _| A4 — Al
o, (") |4, + A |2

Ratio = 1 suggests no isoscalar backgrounds

2
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