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\’:J A Tagged Deep Inelastic Scattering (TDIS)

An experimental technique to probe the farget regime in semi-inclusive
deep inelastic scattering

* Nucleon valence structure at large x
 Probe the meson cloud of the nucleon
* Pion structure function

« EMC effect

 Diffractive scattering, structure of the Pomeron

* Fracture functions

* N-N interactions, short range correlations

« DVCS, remove ~15% background from (e,e’ A)y, (e,e’ m)y,...) — also
neutron, pion DVCS!

 Lambda -> p pi- decay to measure p -> K+ Lambda kaon cloud of the
nucleon
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BONUS at JLab — first experiment to use fixed target tagging
at JLab to create an effective free neutron target

*

e-n scattering i
X

D p

Measure DIS electron in coincidence
with proton tag

The lower the
spectator proton
D momentum, the
Deuteron Target closer to a free
neutron...




The BONUS approach: tag spectator proton at (very) low
momentum and large angle in electron-deuteron scattering
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Spectator Proton
Tagging

Thin-wall High Pressure
Gas Target

Low-Density Moller

Low momentum spectator Curl-up Zone

Trigger Electron (to CLAS)

must escape target
— Thin deuterium gas target

Spectator Prot

Thin Al-Mylar Window /
Drift Electrode

— Low density detector media

— Minimal insensitive material ( /
Large acceptance . X il

R S o/ GEM (Gas Electron Multiplier)

— Backward angles important Gain Stage
. Readout Electrodes (pads)
— Symmetric about the target

Track lonization / Drift Gas

Detector sensitive to
spectators, insensitive to
background

— Use solenoidal field to contain
Moller electrons

GEM-based radial TPC




GEM-based radial Time Projection Chamber

BoNuS rTPC
(low momentum p
detector)

Solenoid Magnet
(track curvature in




Spectator Tagging — results
visible neutron mass peaks
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F,"/F.P (and, hence, d/u) is essentially unknown at large x:

- Conflicting fundamental theory pictures

- F," data inconclusive due to uncertainties in deuterium nuclear corrections

- Translates directly to large uncertainties on d(x), g(x) parton distribution functions
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Neutron target via low momentum proton tagging achieved
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E12-06-113 S
“BONUS12" -
PAC42 high

impact

e Data taking of 35 days on D,
and 5 days on H,

with L = 2-1034 cm2 sec!

e Planned BoNuS detector
DAQ and trigger upgrade

e DIS region with -
.
- Q2>1GeV?c? go)
- W*> 2 GeV
—  p. <100 MeV/c
- 6,,>110°

e Relaxed cut of W*> 1.8 GeV
gives max. x* = 0.83
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Can we use tagging to create a

. " _ HERA F,
pion target” R r—
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TDIS at HERA — neutron tag for pion scatteringpesy os176nepos (2009) 74
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* The leading neutron
results are different from
the proton.

g e e
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* There is no elastic
(diffractive) peak present.
* Leading neutron rate ~2
times lower than leading
proton rate for x,<1.

* Proton isoscalar events
include diffractive
Pomeron

only

* One pion
exchange is the
dominant
mechanism.

* Can extract pion
structure function
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Pion Structure Function at Large x: Results from Drell-Yan

Large x Structure of =TT T ENAL E615, CERN NA3,10
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C.D. Roberts, arXiv:1203.5341 [nucl-th] New data set would be important verification{s




BONUS-type Tagging Facilitates HERA-type Probe of Meson Cloud
at JLab

Example: Sullivan process scattering from proton-pion fluctuation

Hyd rogen Target detect scattered electron

incoming electron
DIS event — reconstruct x, Q?,

W?2, also M, of undetected
recoiling hadronic system

€

neutral pion target (undetected)

P
Initial state proton
tagged final state spectator
Detected protons need to be low proton

momentum
- Tag target hadron
- Extrapolate to pole

15




Extrapolation to the pole
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« Want low momentum protons — closer to low t, pion pole
* Measure range in momentum to extrapolate

Roberts estimates ~5% uncertainty at TDIS kinematics, based on
framework in C.D. Roberts, S. Qin (2015)



Tagging Facilitates TDIS Probe of Meson Cloud: T?DIS

Example: Sullivan process scattering from neutron-pion fluctuation

. detect scattered electron —
Deuterium Ta rget large acceptance a plus

Incoming electron —

high current a plus DIS event — reconstruct x, Q?,

€ W?2, also M, of undetected
recoiling hadronic system
il X
want charged pion target (undetected) 1T —
need fluctuating nucleon/ N —
to be a neutron....... \p\p detected nucleon will be a
L ~_ proton
0 \ P
neutron in P detected spectator proton
deuteron tags neutron target (BONUS
Detected protons both target experiment technique)
need to be low
momentum detecting two protons with
- Tag target hadron common vertex in coincidence €
- Extrapolate to pole tags “pion” target!
- Barely off-shell neutron 17




v High luminosity:
- 50 uAmp, £=3x10%%/cm?s
- HallA
v" Super Bigbite “SBS” ~70 msr spectrometer
— modified for electron detection
— 40 planes of GEM tracking + PID
v" UVA solenoid for BONUS-type rTPC
v" New rTPC with fine strip readout
v HCAL calorimeter for RTPC calibration



Projected TDIS Kinematics — optimized for meson cloud
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Use Sullivan process and pion cloud model

How to estimate rates?

(wN) : Ty
2 ":il::':/ dzf:.\":z)F.’:( ’.'

F,0™N) = contribution to inclusive F,
from scattering off of the virtual
pion, use for estimate

o

2w [ dk?
) = i [

T
L k. = 0[GeV]

pseudoscalar

- vector

k2 + 22 M2 fﬁm(z) = light-cone momentum
TaN iy . L. . . .
5n )2 ( ) distribution of pions in the nucleon

08k

Form factor GnN constrained by
comparing the meson cloud
contributions with data on
inclusive pp = nX scattering

Convolute the light-cone
distributions with the
structure function of the
meson (from GRV)

Light-cone momentum distributions, frt(p)N and fri(p)A, as a
function of the meson light-cone momentum fraction

Important to note — kinematic limits:

e z~< |k|/M, where k is Tt 3-momentum = -p’
* 60 < k <400 MeV/c corresponds to z < ~0.2
* Also, x < z!

* Low x, high W at 11 GeV means Q? ~2 GeV?

T. J. Hobbs, T. Londergan, W. Melnitchouk, et al. (2014, in preparation)
H. Holtmann, A. Szczurek and J. Speth, Nucl. Phys. A 596, 631 (1996)

W. Melnitchouk and A. W. Thomas, Z. Phys. A 353, 311 (1995)



Projected Results |

- proton

F,P(x) is well-known inclusive DIS

~ : . o
F,™)(x) is total pion contribution to
structure function

Colored lines are pion contribution for

different bins in p,, o0

Data for 200 < p,o:,n <250 MeV/c are

representative to show uncertainty

Full data set shown here

/ - all momentum bins in MeV/c

Error bars largest at highest x points —
less statistics
- at fixed x, these are the lowest t

values
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Fn(x) Projected Results Il

Ak = [250,400 MeV/c]  AB = [30,70°]

e AR - heutron
10 l_ :
10°F F,"(x) is inclusive DIS — tagged by additional low
ok momentum, backward angle p as in BONUS
O . . _—
10°F . S F,™N)(x) is total pion contribution to structure
10°F function
104)5_ an.\'nz (x: AI\'. Ael’)
""" ot _ o0z 0.3, Colored lines are expected total Delta and rho
anp/sz X contribution for 250 < p 4o, < 400 MeV/c.
i o sesoors Data for pion contribution are representative to
103 - e ko=0.175 show uncertainty
E —*— <k>=0.225
B . <k>=0.275
: = <k>=0.325
o4 0475 Full data set shown here
en - all momentum bins in MeV/c
L - K/ /
-5
107¢ Do not show lowest momentum <x> = 0.075 data
- - run lower luminosity due to larger
105,05 0.1 o.'1§'( 02 025 background -



Projected Results — Pion Structure Function from TDIS at JLab

- Large x structure of the pion is of particular recent interest,
verify resummed Drell-Yan results

- Q2 range will check evolution

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

- Low t extrapolation to 05— T

the pion pole ~ | e E615aN Drell-Yan
, \ 3. | = Projection

102 3 | ---- GRV-P parametrization |
: \ ~0060,008 | 4[ = Dyson-Schwinger Eq. i
L —a— U.UO< bl< - L "
- —.—0.10<xb]<0.12

102 ——0.12<x,,<0.14

—=—0.14<x b]<0.19
—=0.19<x b]<0.28

F, /F,
<
T IIIIII|

Q1L

01 005, 0 005
t (GeV?)

10,1

Will also measure n, p (", i) difference
- look for isospin dependence




Tagged EMC Effect: Do nucleons with different binding energies contribute
differently to the EMC effect?

DIS on weakly bound nucleons A(e,e’(A-1))X DIS on deeply bound nucleons A(e,e’(A-2))X

=  DIS on low momentum
nucleon

=  Detect scattered electron
and low momentum, low
excitation energy (A-1)
nucleus

DIS on high momentum
nucleon

Detect scattered electron, the
high momentum nucleon from
the pair and low momentum,
low excitation energy (A-2)
nucleus

What can we learn from detecting the scattered electron and the spectator (A-1) nucleus
in coincidence?

Test the validity of the spectator model

Investigate the nature of Final State Interaction (FSI) between the Hadronic jet with surrounding nuclear medium

d
a
. Investigate the A-dependence of possible medium induced modifications of DIS structure function
. Origin of the EMC effect including testing the local EMC model

a

Flavor dependent nuclear parton distribution

EMC slides from K. Hafidi



Testing the Spectator Model, FSI effects & the structure functions

5 D(e,e'p)X
L RP)=2DeERX)
—_ 10BN o('He(e,e' "He))X) |
N\ ;o
T
1005 ]
0, =180° oo
-1 ) X ) | . | ,
%0 0.5 10 15 .
P, fm

C. Ciofi degli Atti, L.P. Kaptari and S. Scopetta, Eur. Phys. J. A5, 191 (1999)

For x-rescaling, R depends on P, ;)

Measure the cross sections

for the same nucleus A and °
for two different x values at Z
the same spectator 8
momentum é

scaling
2 |p 2 4 = p "‘M
R(x,0%,|P,|.?H,"He) = R(‘PA—l‘) n;He(ﬁA—l‘)

Measure the cross sections for deuterium and *He at the same value of
x,Q% and momentum of the recoil (A-1) nucleus

The A dependence of the ratio R is entirely dominated by the A
dependence of the nucleon momentum distribution, which is strong at
low momenta and fairly well-known

The experimental observation of the intact spectator with low excitation
energy is a good indication that FSI effects are small (especially with
deuterium as a recoil)

For Q%-rescaling, R independent of Pia1)
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Local EMC Model & Flavor dependent nuclear parton distribution

] In the binding model of the EMC effect, the slope of
the ratio of structure functions is generated by the

average value of the nucleon removal energy <E>

) The larger <E>, the stronger the EMC slope (NN

correlations produce high values of <E>

] Separate the contribution from weakly bound and

deeply bound nucleons

Flavor dependent EMC effect
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1 (d/u)bound compared to (d/u)free for
different nucleon momentum
1 Flavor dependence of the EMC

effect?

Proposal for CLAS12 and ALERT
recoil detector — Prototype being

developed




Summary

Tagging opens a door to access effective (neutron, pion, kaon..?) targets
- critical, fundamental hadron structure measurements
- heutron and pion structure function

TDIS opens a door to probe meson cloud of the nucleon
- direct measurement of nucleon-meson fluctuation component of DIS
- measurement of isospin dependence (p—n difference)

Tagging can provide a new, precision window to the EMC effect

Thant rZ/ow/ //

EMMI Workshop on Cold Dense Nuclear Matter )

GSI. October 2015 Jefferson Lab

®Thomas Jefferson National Accelerator Facility
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Developing the F,™ case specifically

N — 1-z = light-cone

1t s=144GeV’ |  momentum
[ Q*=1.5GeV? fraction of hadron
(proton tag)
N5 1 Inthe target
~ fragmentation
"g region
/-.\cé 0.5 - ‘0»0““ ]
= o - ] Pion
Reggeon 025 _ -~ S mmmm = ~_ contribution,
L 1
contributions ——_ | P N\l ~50% atJLab
oS pra, T N\ kinematics
4 035 06 07 08 09
1-z >
Kinematics
Calculation from B. Kopeliovich for Jlab 7

at JLab TDIS kinematics

29



Approach to data analysis
Measure tagged:untagged (inclusive electron) ratio R™

BT — d'o(ep — ¢ Xp) ,d*c(ep — C'X)AzAt N F)(z,Q% z,t)

Proton Structure Function well known, use to obtain:
T

Fiz, Q% 2.1) = F¥(z,Q%).
/_(JJ..) Az At -(»C.J)

NOTE! This tagged structure function is the

unambiguous result! ;;30 L e ZEUS 95-96 Q* < 0.02 GeV*  (a) ]
* Mesonic component of nucleon structure forn ~— | gPEkEffect:e Flux
. 2 ackgroun
* Pomeron/Reggeon behavior for p? é-s . - Totolg
P - S
or e . . . . =5 W e -
Additional considerations for Pion Structure Functlon:.g 20 , ';—T
N T [ N .
FQ(W )(.’17, Z, k_L) =|f77N(z: k_L)-'F27r(;) 15 | _;_! 8 4
. — | .. 711 _
* Pion flux model required Wb sl ]
« Adopt HERA approach [ &_{.J ) :
— fit for One Pion Exchange contribution M 5ol o
* Use multiple models, evaluate theory uncertainty : k5]
e Can normalize to Drell-Yan gl ey pgy i e

0.2 0.3 0.4 035 0.6 0.7 0.8 0.9

X
ZEUS Collaboration / Nuclear Physics B 637 (2002) 3-56

1
L 30



Pion flux is largest uncertainty, ~10-20%

LN BN NN S S S (EEL SN SN Jum S SENL NN SN SE S SEE S

1} s=14.4 GeV* ]
Q%= 1.5 GeV?

-

B. Kopeliovich, I. Potasﬁnikova (2015)
Rho, Regge

%4 05 06 07 08 05
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Can also normalize to Drell-Yan (5% uncertainty)....
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Translates Directly to Large x Valence d,g pdf Uncertainties

NNLO, ag = 0.118, @ = 10 GeV*
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Extrapolation

to the pole ppé:ag
(l 0.8

Need range of low —> .
- 0

momentum protons % 4
O 0.3

2

The ratio of off-shell to on-
shell pion electromagnetic 0
form factor

C.D. Roberts, S. Qin (2015)
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Pion’s valence-quark GPDin  C
unified DSE framework: uq1
virtuality-independent form =
factor entails virtuality- c
independent parton % 1.0
distribution function é a
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Within ~5% at proposed 1.00
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