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Tagged Deep Inelastic Scattering (TDIS)

Semi-inclusive deep inelastic scattering technique
- but not to access the current regime

“Tagging” facilitates effective targets not readily found in
nature

Tagged DIS provides novel probe of partonic structure of
these effective targets
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Kaon

_Will discuss

Mapping Parton Distribution Amplitudes and Functions )

ECT* - Villa. Tambosi= Trento Jefferson Lab

®Thomas Jefferson National Accelerator Facility




Tagged Deep Inelastic Scattering:
Basic Experimental Approach

l/

incoming electron detect scattered electron

[

DIS event — reconstruct missing
mass W, and also My, of
undetected recoiling hadronic
system(s)

incoming target
AorN

Describe with standard DIS variables xg;, Q?, W2, plus: .
J detect outgoing target

M, = mass of system X nucleon

t = four-momentum transfer squared at the nucleon vertex ’
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Example 1: TDIS to access neutron valence structure
"BONUS” Experiment at Jefferson Lab — use fixed target tagging to
create an effective free neutron target

*

~

D

Measure DIS electron in
coincidence with proton tag

 “Hard” scattering inelastic event (high

Q, W)

Proton remains intact

 Low momentum proton = nucleons
barely off shell

v" Neutron target!

Deuteron Target



The BONUS experimental approach:
use low mass radial TPC detector / target in
magnetic field to TAG “spectator” proton at
(very) low momenta (~65 MeV/c) and large

angles (> 90° in lab) ....difficult but doable
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F," not well known at large x:

- Conflicting fundamental theory expectations
- Data inconclusive due to uncertainties in deuterium nuclear corrections
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Polarized quark distributions
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In the parton model: ™ f,j: ,
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Effort launched to do a simultaneous fit
of polarized, unpolarized PDFs (and

fragmentation functions) - particularly
tailored for studies of the large x region |,




BONUS effective neutron target via TDIS achieved!

Phys.Rev. C92 (2015) no.1, 015211
Phys.Rev. C91 (2015) no.5, 055206
Phys. Rev. C89 (2014) 045206 — editor’s suggestion
Phys. Rev. Lett. 108 (2012) 199902

Nucl. Instrum. Meth. A592 (2008) 273-286 -
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CTEQ-Jefferson Lah

10/2014 12/2014 06/2015 06/2015
April 2017 NNPDF3.0 MMHT2014 CT14 HERAPDF2 ABMP16
Fixed Target DIS v v v X v
JLAB X b 4 X b 4 b 4
HERA [+l v v v
HERA jets X v X b 4 bid b 4
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Tevatron jets v v v b 4 v bid
LHC jets v v v b 4 b 4 b 4
' or boson v v v b 4 4 v
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. \ p\eﬂarV t Mkt Call Hessian Hessian Hessian Hessian Hessian
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ta\\( D\S 2 Parametrization Neural Networks Chebyshev Bernstein Polynomial Polynomial Polynomial
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HQ scheme FONLL TR ACOT-x TR’ ACOT-x FFN (+BMST)
Order NLO/NNLO NLO/NNLO  NLO/NNLO  NLO/NNLO NLO NLO/NNLO

Global PDF fits including the non-
perturbative regime

Accardi, Melnitchouk, Owens, Sato, CK, friends...
See www.jlab.org/theory/cj/
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Q?=17GeV? (i=5)
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CTEQ-lefferson Lab Global PDF fits including the non-
Collahoration perturbative regime

Accardi, Melnitchouk, Owens, Sato, CK, friends...
See www.jlab.org/theory/cj/
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EMC effect in deuterium — correction for nPDFs

FL2/(F,0 + FP) with F from BONUS . a2
(2017)
e 2 e
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“...the recent direct measurement of the ratio F2D/F2N from the BONuS
experiment contributes to constrain the overall normalization of the nuclear
corrections in our fits.” 13
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High | t Central
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e Data taking of 35 days on D, Lr
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10 34 Cm-z Sec-l planning for O 8 PDF uncertainty __
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2019 installation
® BONUS12 W>2 GeV

e BoNuS detector DAQ and 0.6 O BONUS12 W>1.8 GeV
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Overview

CLAS12 (JLab Hall B)
now taking first data!




F,P, F,P at Large x in Hall C
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Probing the Nucleon Valence Regime at Jefferson Lab

0.6 AN + ¢ CJ15 PDF + uncert.
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New generation of experiments at JLab at 12 GeV will access the regime where
valence quarks dominate

First experiments completed!
~ HallCF2p,d cee a\
— Hall A 3H/3He

Dedicated theory efforts also underway
 “CJ)”, (CTEQ-Jefferson Lab) —and also “JAM” (polarized pdf) collaborations

nef ral\k

Expect large improvements in our understanding of PDFs in the the
valence regime in the next 1-2 years!



Tagged Neutron Structure at the Electron lon Collider

The TDIS technique is better suited to colliders: no target material absorbing low-
momentum nucleons, forward acceptance only!

The EIC designs provide
electron—nucleon squared
center—of-mass energies in the
e range 20 - 140 GeV? at
luminosities up to 1034 cm=—2s71

2 Tm out

Central
Solenoid

e Design for full acceptance for spectators from
(longitudinally and transversely polarized) i
light ion beams e P



F,p x (Miz\,r — )%/ (residue)?

— neutron structure functions up to Q2 = 40 GeV?

03

04

0.3

0.2

0.1

Tagged Neutron Structure at the Electron lon Collider

TDIS measurements require coverage for [protons] with:
* low momenta (pT/pbeam ~ 0.8 - 1.2)
e good momentum resolution (ApT ~20 MeV, < Fermi momentum)

* small intrinsic momentum spread in the ion beam for accurate reconstruction
EIC being designed with this physics in mind

Structure function of conditional DISe + D —¢'+p + X

1.02-1.06

et
i Free neutron MEIC simulation

Int. luminosity 10° nb™!
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Determining Large-x Parton Distributions with EIC

First look at projected EIC data in CTEQ-Jefferson Lab “CJ” PDF Fits

So far, have used JLEIC 10x100 GeV? projections in bins 0.1 < x < 0.9 for:
v Fp

v F," from deuterium with tagged proton spectator
v Fyd

« Measurements ranging up to high Q2 will enable studies of target mass,
higher twist, pert/nonpert transition

« Can check on-shell extrapolation by measuring F,P from deuterium with
tagged neutron spectator, comparing to proton target data

- Validation of TDIS technique

A. Accardi, R. Ent, J.
Furletova,

C. Keppel, K. Park,
R. Yoshida, M. Wing

» Can check nuclear corrections to F,¢ against F," (tagged)

Office of E—JA

‘2 ENERGY Science \\ -!efferson Lab



EIC e-d (with ny,,) projection with 100/fb luminosity
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Tagged Deep Inelastic Scattering (TDIS)

Semi-inclusive deep inelastic scattering technique
- but not to access the current regime

“Tagging” facilitates effective targets not readily found in
nature

Tagged DIS provides novel probe of partonic structure of
these effective targets

fforts

:oneering €
Three examples: pIo

Neutron
Pion
Kaon

_Will discuss

Mapping Parton Distribution Amplitudes and Functions )

ECT* - Villa. Tambosi= Trento Jefferson Lab
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Example 2: TDIS to access pion structure function
- use Sullivan process scattering from nucleon-pion fluctuation

detect scattered electron

Initial state nucleon

N

DIS event -
reconstruct x, Q?,
W2, also My (W)
of undetected
recoiling
hadronic system

tagged outgoing target nucleon

t = four-momentum transfer
squared at the nucleon vertex

23



Pion Structure Function from TDIS Measurements at HERA

. LN(3)
Total yield for 0.35<x,<0.9 F, (x=0.73)r,,I,=0.13 H1
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S GRSc-7 LO
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= Lp=% Ln (isospin Clebsch-Gordon) 02 o T T
£ T [ ] DJANGO~1.2/1 _
Data: Lp = 2Ln y — P
— additional isoscalar exchanges for Lp * One pion eXchange is the dominant
Proton isoscalar events include diffractive scattering | mechanism.
— the neutral pion is buried * Can extract pion structure function
Neutron events isovector only, 3 | * Fine print disclaimer! Oversimplified (rescattering,
charged pions dominate absorption,...), requires in-depth model and kinematic
studies
DESY 08-176 JHEPO6 (2009) 74 24
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Pion Structure Function Measurements

. Knowledge of the pion structure function is very limited:
HERA TDIS data - at low x
Pionic Drell-Yan from nucleons in nuclei - at large x
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Pion Structure Function from Drell-Yan: Large x Concerns

0.50 ¢

Large x Structure of the
Pion
040 +

Initial observations:
* PDF ~ (1-x,) as x->1 -
* Agrees with 0.20 -
structureless model
* Differs from pQCD
prediction of (1-x_)?

XU (X)

0.10 =~

000 x
00

0O

| FNAL E615, CERN NA3,10

IC AT W —putu~ X
1% % 6%
Y Tl 1
>
$ g
. o X U )u(TnN)
® E615 =N Drell-Yan 4GeV QE‘. 1
— xu (x:g=4GeV) R 1
1{ ’ g e. : Bt S platchkoVs < \\.(S
020 0O 4C 0 60 0 20 1 00 (0] °
2( 4( ' D.6( D.8( 1 See a\S - Saﬂdapen {a
T Roberts, ™

0.4 ————

0.3

* Data do not agree with pQCD, Dyson-Schwinger, Light
Front, Instanton,....numerous models!

1« Problem with data analysis?

] - NLO fit

1 - Improved proton PDFs

~ - Sea quark contribution

' - More flexible extractions of PDFs

* Nuclear corrections needed?

* Only soft gluon resummation shows “convex” shape
(Aicher, Schafer, Vogelsang, Phys. Rev. Lett. 105, 252003 (2010))

S
:>
<
I DSE-BSA, this work 27 GeV? 44
-\ \
0.1 ®  E615 7N Drell-Yan 16.4 GeV’ ANY] 4 _
- — — — Expt NLO analysis 27 GeV” S\
- — - — DSE (Hecht et al.) 27 GeV? N 1
== Aicher e al. 27 GeV* A \9\6
N Q
0‘ L 1 1 l 1 1 1 1 l 1 1 1 1 1 L 1 1 ) \ o
8.0 0.2 0.4 0.6 0.8
X

C.D. Roberts, arXiv:1203.5341 [nucl-th]

Jefferson Lab TDIS can provide important

verification.... 26



Web-based Self-Serve Pion PDF: More Large x Concern

From combined HERA TDIS Leading-Neutron and Drell-Yan analysis...

Web-based self-server performs a combined data analysis — can test sensitivity to new data

Github: https://github.com/JeffersonlLab/jamfitter P.C. Barry, N. Sato, w.
Melnitchouk, C-R Ji
Jupyter notebook: https://jupyter.jlab.org/ arXiv: 1804.01965 (2018)

o
NN

B valence sea glue valence
0.5 B sca 0.3
Hl clue/10 DY-+LN

lel dep. TV
model dep DY B

e
P—

DY-+LN

DY

normalized yield

o

0.1 02 03 04 .05 06 (-'131.')

o

L | Tension at large x!
Need new data!

Office of

‘2 Eﬁ”ERWREEFY Science \’\-J A 27 ‘!efferson Lab




TDIS+BONUS Technique Provides Potential for HERA-type Experiments at JLab
Sullivan Process scattering from neutron-pion fluctuation

detect scattered electron —
large acceptance a plus

Incoming electron — Signal is
orders of magnitude smaller than

— 2 2
inclusive DIS — need high DIS event — reconstruct x, Q-, W+,

also M, of undetected recoiling

luminosity c _
hadronic system
Want charged pion target (undetected) :”f_‘:’_—pd X
y|
need fluctuating nucleon to / N 5
o HRY e for detected nucleon to be a

be a neutron....... L
D \S\Nproton

P detected spectator proton tags
neutron target (BONUS
experiment technique)

neutron in
deuteron target

Detected protons need to

be low momentum ]
- Tag target hadron detecting two protons with common vertex in

- Extrapolate to pole coincidence tags “pion” target!

_ Barely off-shell neutron Note: only need one p for hydrogen target .




Extrapolation Pp oot
to the pole o CE R
Need range of low momentum = 04 F s\ ~100
protons - O o3 E MeV/c
The ratio of off-shell to on-shell 0
pion electromagnetic form
factor 3.5¢
(- v=6 !

Si-Xue Qin, Chen Chen, Cedric 3.0H " ”- -
Mezrag, Craig D. Roberts g o [P 1
Phys.Rev. C97 (2018) no.1 :‘ 2.5 —v =5l .

E E 5
“..we demonstrated that forv< € 2.0} \ »
Vs ~ 31, which corresponds to -t - ; e -
< ~0.6 GeV-....the off-shell 1.5 it g S 1
correlation serves as a valid pion ﬁ S I At S A R
target.” o2 107 1 10T 102 10°  10°

k? [GeV?]

Within ~10% at JLab TDIS
kinematics, best at lowest t

Like BONUS, a challenging low p proton tag experiment
values 29



Jlab HallA

TD.IS Hall A with SBS:
Experiment v'High luminosity,
50 pAmp,
£ =3x10%%/cm? s
proton tag v'Large acceptance
detection in ~70 msr
GEM-based Important for small

mTPC at pivot cross sections

mTPC inside
superconducting

solenoid
Scattered electron detection in new Super

Bigbite Spectrometer (SBS) — DOE project
complete




TDIS Kinematics — optimized for meson cloud

High W?
- High M. 2
- DIS!

All data obtained
simultaneously at one
E =11 GeV setting,
only a target change
— will run hydrogen
and deuterium
(neutron)

Low t, high (1-z)

Gyps (CM GV ™)
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Projected Results — Pion Structure Function from TDIS at JLab

particular interest, verify (?)
resummed Drell-Yan results

- Large x structure of the pion is of

- Large x, low Q complementary to
HERA low x, high Q via evolution

2
1 0 é —— 0.06<x b]<0.08
- —=—0.08<x,,<0.10
- —— 0.10<x b]<0.12
103 — —v—0.12<x ,<0.14
- —=—0.14<x b]<0.19
- —=—0.19<x b]<0.28
Qo |
Q.& 0 4|
& v.J .
L
107 =3
-6 _[ l ] l | | | ] | | | | | | 7\J\7| | 1 |
100,15 -0.1 ('G0'0\5l 2 o~ 0.05
t (Ge

Low t extrapolation to the pion pole

~0.5
X

X u(

0.3

0.2

0.1

e E615 =N Drell-Yan
| = Projection
| ---- GRV-P parametrization

| - Dyson-Schwinger Eq.

.
.
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N Ry
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0 0.2 0.4 0.6 0.8
Projected data in x,

J. R. McKenney, et al., Phys. Rev. D93
(2016), 054011

T. J. Hobbs et al, Few Body Syst. 56
(2015) no.6-9
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Tagged Deep Inelastic Scattering (TDIS)

« Semi-inclusive deep inelastic scattering technique
- but not to access the current regime

« “Tagging” facilitates effective targets not readily found in
nature

« Tagged DIS provides novel probe of partonic structure of
these effective targets

* Three examples:
- Neutron

- Pion

- Kaon

Mapping Parton Distribution Amplitudes and Functions )

ECT* - Villa. Tambosi= Trento Jefferson Lab

®Thomas Jefferson National Accelerator Facility




But wait, there’s more...l.... (Example 3: TDIS to access kaon structure function)

1.2F Approved TDIS rungroup experiment
— get “for free”
% 0.8l - Very difficult
k. - A first preliminary look, en -> (eKA)
i —> epm—
o)
X9 0.4 15t DSE analysis (Tandy et al.,
L fully numerical DSE solutions) ] e
0.0 gluon colntent of thle kaon | |
0.0 025 050 075 1.0 2e=—X
X K
Based on Lattice QCD and DSE: N y

’ A—> pm—
« Valence quarks carry some 52% of the \t\ P

pion’s momentum at the light front, at the
scale used for LQCD calculations, or ,
~65% at the perturbative hadronic scale At high x, the shapes of valence u quark

distributions in pion, kaon and
» At the same scale, valence-quarks carry Jiff q hei
75 of the kaon'’s light-front momentum, or proton are difierent, and so are their

roughly 95% at the perturbative hadronic asymptotic x=2>1 limits
scale S-S Xu, L. Chang, C.D. Roberts, H-S Zong,

. . . Phys. Rev. D 97 (2018) no.9, 094014 34
 Less glue in the kaon than in the pion Y ( )



Projected JLab TDIS Results for i, K Structure Functions

T T T L T T T T T T T T T

e E615 nN Drell-Yan
| = Projection
|-~ GRV-P parametrization

. . Dyson-Schwinger Eq.

o
o

(x))

+(X) (o; X, U,
o

X_u
o
w

0.1

| = Projection for kaon-TDIS
| ---—- GRV-P parametrization for x

. .- Dyson-Schwinger Eq. for x

-
- e

am-
-----
- S

-
- e

A 1 A A

Ll T T Ll L T T T T T T T T

0 0.2 0.4 0.6

Essentially no data currently

kaoni
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z Meson Structure Functions at the EIC
(:‘tj:/j( ~~  Good Acceptance for TDIS-type Forward Physics!
T Low momentum nucleons easier to measure!

Example: acceptance forp’ine+p > e’ +p' +

JLLEIC acceptance 7EUS
A”Leading Proton Spectrometer
308
50.7
0.6
05
04 \
03
02
01 + .
R Y Y S TR T T T “3 04 o5 0s 01 08 09 1
XL (Pf,naI/Pinihal) JEN xl-

Zhiwen Zhao (Duke)

Acceptance 1n diffractive peak (X;>~.98)
ZEUS: ~2%

JLEIC: ~100% (also covers much higher X, than ZEUS)

Huge gain in acceptance for forward tagging.... >



ep — e/ + Ptag(ﬂ'o) Beam electron ’

at downstream Beam proton

/ at upstream

Scattered electron

Tagged
proton

Beam electron

¥ Beam proton at upstream
at downstream

Event simulation in GEMC: 5x100 GeV?, e/p beams

Figures from K.Park




Beam electron
at downstream

ep — e + npg (™) /"1 &

Beam proton
at upstream

Scattered electron

Beam electron
at upstream

Tagged neutron Event simulation in GEMC: 5x100 GeV?, e/p beams
Beam proton
at downstream

Deuteron, larger A beams as well



Detection of 'H(e,e’K*)A, A decay to p + &

%%)-
/M — =
- , —

Pion can not make 2" Dipole

e

o

wﬂwﬁ#’“ﬂ - o

 m= ——[— Boam)
ﬁwswf”””‘”’“ il
T — P

Proton can be detected before 3™ Dipole
Pion can be detected before 3 Dipole

Office of ,-J A

%) ENERGY | scioncs .!efferson Lab



Tagged events weighted by cross-section

K+ #L, t-exp Regularization Form

iz

L[5

PRI
PR
-----
PPELLS
PECLS
PPTTC
P
PP
LS
Pl
PR
-----
PPELIA
PrEE
Poris
P

h22
Entries 4825962

Veanx oo Monte Carlo events weighted

ooy ior by DIS e-p cross section

Std Devy 1.97

Monte Carlo events weighted
by tagged DIS e-p cross section
~3 orders of magnitude

R smaller - luminosity critical

K+ #L, t-exp Regularization Borm

0 weighted by : sigma_dis h22
Entries 3097788
............ . : Meanx  -0.03997
..................... Mean y 3.764
10833 e . Std Dev x 0.07547
J. R. McKenney, et al., Phys. Rev. D93 Qe e A StdDevy 5937

(2016), 054011
T. J. Hobbs et al, Few Body Syst. 56
(2015) no.6-9

9/11/18

weighted by : sigma_tdis



Landscape for n, ©t, K Structure Functions after EIC

Proton: large existing data set
EIC will add:

« Better constraints at large-x
* Precise F," neutron SF data

=6 I2E-5

=
—_ x=0.000107
S A1 =n000161 —— ZEUSNLO QCD fit
=11} i 4 x=D0M253
= P AN —— HL PIF 2000 fit
1 # e x=000M
E = a f A w0
= 5t ) =
i f

A * H1M-00
Vs d 0.0003
-.‘ P f;,,/_ = & H1(prel) 9900
“',ﬁ; ' . =00013 = LEUS 9497
X .
. |»‘,1l”4"d tf, =071 BEOmS
- =1 v

B i g -m A g g el & g =008
L g 'hdl"""“":.fl"':' * x=0.13
1 TS g Ak et g a g § 0 ,p1g

. T ﬂ..m'-l-' -& '.":" : =025

e i i -
B e L S B R S

A it~ B e — s
0 -
2 3 4 3
1 10 10 10 10 10
2 r
Q7 (GeV?)

NV.ON Office of —

& U.S. DEPARTME
) ENERGY Science \\»

Pion and kaon - limited data from:
* Drell-Yan experiments
« Some pion SF data from HERA

EIC will add large (x,Q2) landscape for
both pion and kaon!

10 % e
Q2 " | Sample Phase space —

" | shown here for 5 GeV &

2L | eandd0GeVp g

ge’
10 |
1 L
10 107 107!

xpi X
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....and some shameless advertisements

Jefferson Lab > Events > PIEIC2018 Privacy and Security Notice

Pion and Kaon Structure at an Electron-

Ion Collider Jefferson Lab

EXPLORING THE NATURE OF MATTER

LINKS @pﬂm version

Circular PIEIC2018

1-2 June 2017, Physics Division, Argonne National Laboratory

a

Registration Workshop on Pion and Kaon Structure at an Electron - lon Collider
May 24-25, 2018
B ), : . .
A rgo n n e rogram The Catholic University of America
NATIONAL LABORATORY Transportation Washington, DC
--------------------------------------------------------------------------------------------------------------------------------------- Lodging Circular
HOME ACCOMMODATION PARTICIPANTS PROGRAM - . . ) B ]
REGISTRATION Participants List This workshop will explore opportunities provided by the Electron - lon

Collider to study the quark and gluon structure of the pion and kaon. It follows
and will stake stock of the progress since the earlier June 1-2, 2017
workshop at Argonne National Lab: http://www.phy.anl.gov/theory/pieic2017

Navigate Organizing Committee
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Tanja Horn — CUA
Cynthia Keppel — Jlab
Craig Roberts - ANL
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Sponsors:
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Introduction White paper in the works!! (R

quark and gluon structure of the

Pion and

Kaon
fouitad Cnaalbkacs: 12000 Jefferson Avenue, Newport News, VA 23606 contact Stephanie Schatzel

Phone: (757) 269-7100 Fax: (757) 269-7363 updated April 3, 2018

Mapping Parton Distribution Amplitudes and Fynctions r)
ECT* - Trento £ Jefferson Lab

®Thomas Jefferson National Accelerator Faciiity




Workshop on
Parton distributions as a bridge

from low to high energies

November 8 and 9, 2018
[before the Fall CTEQ meeting]
Jefferson Laboratory, _Newport News, VA

* Multi-dimensional PDFs (TMDs and GPDs)

» Collinear parton distributions at JLab 12, EIC, and LHeC

« QCD and Nuclear PDFs in electron-nucleus and neutrino-
nucleus scattering

Jeffer:son Lab CTEQ
OTHomas Jefferson National Accelerator Facility

2018-09-10 B} . B} 43
Consider yourself invited!




Summary

« TDIS provides unique access to effective neutron, pion, kaon..
targets
- Nucleons and mesons are the basic building blocks of matter.
- Critical, fundamental hadron structure measurements!
« TDIS can directly probe the meson cloud of the nucleon
- Direct measurement of nucleon-meson fluctuation
component of DIS
- Access pion and kaon structure functions
* Very few experiments to date
- Neutron at JLab BONUS, pion at HERA
- Neutron and pion, also kaon, at JLab12
- EIC will open up a new TDIS era

TDIS can also provide a new, precision window on the EMC effect
Also neutron DVCS,....

Mapping Parton Distribution Amplitudes and F4linctions )

ECT* - Trento Jefferson Lab

®Thomas Jefferson National Accelerator Facility
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