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Introduction

What questions are we trying to answer?
e What is the origin of the EMC effect

e What is the partonic structure of a bound nucleon?

e How is the nucleon modified in nuclear medium?

e How are hadrons modified in nuclear medium?




© Overview
@ Nuclear Medium Effects
@ The Challenges of Nuclear Effects




Nuclear Medium Effects

EMC Effect in DIS
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Nuclear Medium Effects
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Nuclear Medium Effects

Polarization Transfer
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factors
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Nuclear Medium Effects
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Nuclear Medium Effects

EMC Effect in DIS
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Nuclear Medium Effects

P, is a measure of FSI

T T T T T
B Madrid RDWIA (RLF,cc1) |
------- Madrid RDWIA (RLF,cc2) ® E03-104
e Madrid RDWIA (RLF,cc1) + QMC . T
[ e Madrid ROWIA (RLF.cc2) + Que O E93-049 |
Schiavilla(2010)
& 0.00 Schiavilla(2005)
1 B T
€ L 4
=2
~ B i
n- - -
-0.05 —
\ 1 \ | ,
0 1 2 3

Q? (GeV/c)?




Nuclear Medium Effects

> Effect in DIS

J. Seely et al. Phys.Rev.Lett. 103 (2009) 202301
Is structure function modified?
Significant even in “He!
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Nuclear Medium Effects
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Nuclear Medium Effects

> Effect in DIS
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The Challenges of Nuclear Effects

EMC Effect in DIS

Spectator tagging to control
initial state and separate
mean field from SRC nucle-
ons FSI Model dependence

Partonic interpretation
See R. Dupré’s talk.

Polarization Transfer

Induced polarization (P)
provides an excellent lever
arm on FSIs

but only a Nucleonic Inter-
pretation: What is going on
with the quarks and gluons?

Coloumb Sum Rule

Observations of quenching
complicated by model depen-
dent nuclear corrections

Nucleonic Interpretation

Nuclear effects present the major hurdle to unambiguously identifying modified nucleons.

How to connect the Partonic and Nucleonic interpretations while systematically controlling final-

state interactions?

See Ian’s talk — Another time




CLAS ei6 iE08—024i
Incoherent DVCS

e Unconstrained initial state: virtual ‘He(e, e vp)
photon-nucleon CM energy unknown due
t,O Ferml motion L B -t=0.51 GeV’ -t=0.02 GeV'
. 15+~ — t=0.10GeV? —-t=0.33 GeV*
o Off-forward EMC Effect calculated using r e 42020GEV: —— = 040 GeVE

denominator from different experiment
introduces extra systematics

e Interesting results, but, inconclusive
interpretation: similar to untagged EMC
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@ Why Spectator-Tagged DVCS?
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A new link between the Partonic and Nucleonic

Combines the beneficial features of DIS and QE scattering

Identify struck nucleon — separate mean field from high momentum nucleons
DVCS — parton level interpretation and in-medium hadron tomography
DVCS on Nuclear targets — Off-forward EMC effect

Fully exclusive measurement — Unique opportunity to study and control FSIs
Neutron’s beam-spin asymmetry ratio — very sensitive to medium modifications




Neutron DVCS: A sensitive probe for medium modifications

| 4358 ot (FIH™ — plea FYE™ + 3 (F + FY)A")

Term by term breakdown:

@ Suppressed by neutron
Dirac FF

@ Connected to Ji’s sum
rule and quark OAM
through GPD

@ Related to Polarized
EMC effect and Modified
Form Factors

The Connection to Spin Structure Functions and Mod-

ified Form Factors:

The third term above is
Im (P + F2)H) = Gu () Tm(H(E €, 1))
Forward Limit (at leading order):

m(ﬂ(x7£7t)) - f{(JT,0,0) = gl(‘r)
Gu(t) — p




Neutron BSA Ratio
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Polarized EMC Effect and Medium Modified Form Factors

DVCS on a bound neutron is a uniquely sensitive probe of medium modifications




@ ALERT Run Group's Proposed Measurements
o “Nuclear Exclusive and Semi-inclusive Measurements with a New CLAS12 Low
Energy Recoil Tracker”
o Off-forward EMC Ratio



The ALERT Experiments

A comprehensive program to study nuclear effects

Coherent Processes on *He
o ‘He(e, €’ “He 7)
o ‘He(e, e’ ‘He ¢)

Explore the partonic struc-
ture of *He

o
CLASI12
o

A
}ALERT
o
CLAS12
o
¢

A
ALERT

»And many more channels for free

DIS on “He and ?H : Tagged

EMC Effect
o ‘He(e, e/ +3H)X
o ‘He(e,e'+3He)X
o 2H(e,e' +p)X

Test FSI and
models

rescaling

Incoherent
4He and 2H

o He(e, e’y p+3H)
o He(e, e’y +3He)n
* ZH(e,e'y +p)n

processes on

Identify medium modified
nucleons

v L peLasi2
- L peLAsiz
n
N
a N

A1
ALERT




Why ALERT?

A new detector is needed

» Existing and proposed detectors (RTPCs) do not meet experimental needs

e Designed to operate in CLAS12
5T field

e Runs at CLAS12 luminosity
limit and Hall-B beam
current limit

e PID of ions from protons to
4He

e Independent trigger (can be
adjusted to operate with higher
luminosities).




Proposed Setup: CLAS12 + ALERT

e Use CLAS12 to detect scattered electron, ¢/, and
forward scattered hadrons.

e A low energy recoil tracker (ALERT) will detect the
spectator recoil or coherently scattered nucleus

-

il

ALERTI ] Region 2

1 1 Region 1

Solenoid

Drift chamber-—

o Identify light ions: H, 2H, 3H, 3He, and ‘He

e Detect the lowest momentum possible (close
to beamline)

e Handle high rates

e Provide independent trigger

e Survive high radiation environment

— high luminosity

Clear space
surrounded by a
Kapton foil

_Scintillators array
" covered by a light
proof layer




ALERT PID
e TOF is degenerate for 2H and
“He.
e dF/dx can separate these.

e At higher p, scintillator
topology can also be used to

separate.
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ALERT Simulation

Full Geant4 Simulation

o Acceptances minimum momenta: 70 MeV /c for protons, 240 MeV /c for ‘He
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ALERT Simulation

o Acceptances minimum momenta: 70 MeV /c for protons, 240 MeV /c for *He

o Detailed scintillator photon yields and timing information — optimize geometry to provide the best PID
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ALERT Simulation

Full Geant4 Simulation

o Acceptances minimum momenta: 70 MeV /c for protons, 240 MeV /c for ‘He
o Detailed scintillator photon yields and timing information — optimize geometry to provide the best PID

o Working on Kalman Filter based track reconstruction — optimize DC wire layout; Also get track dE/dx for

PID
8 — Proton
7 — Deuterium
— Tritium
6 — Helium 3
H — Helium 4

ELoss in Neon gas (MeV/cm)

100 200 300 400 500 600 700 800 900 1000
P/z (MeV/c)




ALERT Simulation

o Acceptances minimum momenta: 70 MeV /c for protons, 240 MeV /c for *He
o Detailed scintillator photon yields and timing information — optimize geometry to provide the best PID

e Working on Kalman Filter based track reconstruction — optimize DC wire layout; Also get track dE/dx for
PID

e DC hit occupancies simulated - can operate comfortably at nominal CLAS12 luminosity
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Tagged DVCS: Off-forward EMC Ratio
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Off-forward EMC Ratio
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Off-forward EMC Ratio
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¥
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spectators

mean field nucleons

0

Colors indicate the different ¢ bins which are
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X

shifted horizontally for clarity

e Separated mean field nucleon
Off-forward EMC Effect and high
momentum nucleon Off-forward EMC
Effect

e With FSIs systematically
controlled, observed deviations from
unity indicate nuclear medium
modifications of nucleons at the partonic
level

‘He + v* = v + (n) + 3He

S —RR- BilLAAii i OO,

Ht v =+ (n) +p

‘He + v* v + p +3H
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@ Final State Interactions
@ Molecular Dynamics Analogy
o Final State Interaction Toy Model




PWIA and FSls

Plane-Wave Impulse Approximation

@ Virtual photon is absorbed by a single nucleon
© This struck nucleon is the detected nucleon

PWIA is the reference model for studying FSIs

The PWIA is arguably the simplest model for FSIs (there are none!)

All kinematics are computed within this reference model

e Deviations from the PWIA provide information about the nature of FSIs
All TA models that leave an off-shell spectator require FSIs

—

© It leaves the nucleus without interacting with the A-1 spectator system p; = —P4_1




Ultrafast Pump-probe Spectroscopy

Molecular Dynamics

Breakdown of Born-Oppenheimer approximation : Motion of atomic nuclei now
matters

The 1/1 7& we X 'QDNucleus

1,3-cyclohexadiene molecular dynamics

myoglobin“Protein Quakes”



Example: 1,3 Cyclohexadiene photo-disassociation

Molecular Movie

J

ATEN\‘\‘

9
A W\W ; @
H2C /CH © _Q
e The initial state is modeled (i.e., when | AT y ‘
molecular bond broken) .
stable At — 0) |

e Modeling the molecular dynamics and
simulating diffractive patterns

e e

o The final state is well known (since it is



e

A more complicated example: Protein Quakes




Structural Biology
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Light source facilities?

What are the key aspects to this technique?
e Ultrafast pulsed laser source (fs)
¢ High Intensity source (lots of photons)

e Variable photon wavelength

Peak Power Average Coherent Power — Advanced FELs?
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LCLS-lI Project
New SCREF linac in 1t km of SLAC linac, Two new tunable undulators

—

Taken from talk by Robert Schoenlein - July 2015



Ultrafast x ray pump-probe Incoherent Spectator-Tagged DVCS

e Breakdown of Born-Oppenheimer e Breakdown of PWIA
Approximation




Ultrafast x ray pump-probe Incoherent Spectator-Tagged DVCS

e Breakdown of Born-Oppenheimer e Breakdown of PWIA
Approximation o Initial state is modeled
e Initial state is modeled




Ultrafast x ray pump-probe Incoherent Spectator-Tagged DVCS

e Breakdown of Born-Oppenheimer e Breakdown of PWIA
Approximation o Initial state is modeled
e Initial state is modeled o Final state is well defined (v, p, A-1)

e Final state after long time is known




Ultrafast x ray pump-probe

e Breakdown of Born-Oppenheimer
Approximation

e Initial state is modeled

e Final state after long time is known

e Studying the response for different
parameters (At, A, etc...) allows the
model of dynamics to be better
understood.

\
.

Incoherent Spectator-Tagged DVCS

e Breakdown of PWIA

o Initial state is modeled

o Final state is well defined (v, p, A-1)

e Studying the response for different
paramters (P, 05, ¢s, x, Q% t, ¢...)
allows the model of the nuclear
dynamics to be refined

T

T




Ultrafast x ray pump-probe

Breakdown of Born-Oppenheimer
Approximation

Initial state is modeled

Final state after long time is known
Studying the response for different
parameters (At, A, etc...) allows the
model of dynamics to be better
understood.

Requires high intensity to resolve

Incoherent Spectator-Tagged DVCS

Breakdown of PWIA

Initial state is modeled

Final state is well defined (v, p, A-1)
Studying the response for different
paramters (P, 05, ¢s, x, Q% t, ¢...)
allows the model of the nuclear
dynamics to be refined

Requires high luminosity to resolve
multidimensional FSI pattern

diffractive pattern

;
AT Ty

iy

T




Toy model of FSls

The power of exclusivity
For simplicity, fix virtual photon momentum:

v =9 GeV, Q? = 2.65 GeV?,

Sample *He momentum distribution and
sample uniformly the LIPS for proton and
photon final state. Then generate a massless
momentum exchange between the final state
proton and spectator

0 < |k| < 200MeV /¢

Goal
Demonstrate that with a fully detected final state we can identify events with significant FSI
which have kinematics inconsistent with the PWIA




Over-determined Kinematics
Calculations using the PWIA

My (paspa-1) = (pa —pa-1)®
= Mj + Mj_, = 2MaBa
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. 1
M2 = 2 Ty - D 2 ai - D
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Over-determined Kinematics

V5 _also measured

by (M? — ]\Y{ZO) +Q%)/2 — By + |G| |P1] cos bp, g,

|q1| cos Og,4, + |D1] €OSOp qo — E1 — 11

v

(MM, +@Q%)/2 — v1Ex + |1 1] cos Op,q,

|q1] C089q1q2 + || cosbp g, — E1 — 111

t,gl) =-Q*- 2(v1 — |q1| cosbq1q,)

o (MG, — M? +@Q%)/2 + 1 B> — |1]|52] cos b4,

|71 | cos Og,q, — |P2| cOSOprgy — 11 + Eo

(M) — M? + Q%) /2 + v1 B3 — |@i]|F2| cos b4, p,

|(Tl‘ COS 9(11(12 - |ﬁ2‘ COS apzqz -+ Ep

t((f) =-Q*- 2(v1 — |41| cos Og14,)



FSIs in Tagged DVCS

The power of exclusivity
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v
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l

MC&IC = M(l) (p27 q2a Vgxp)

v = 5D (p1, G, M)

PWIA modified by FSI.

Mcalc = M(?) (plv (an Vgxp)

V(Q:alc = V§2) (p2a QQ, M(O))

PWIA modified by FSI.



FSI Toy Model
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Select near on-shell mass and consistently reconstructed /measured photon energy.



FSI Toy Model
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Useful tool for demonstrating idea but

We need theoretical help to realistically model FSI and test effectiveness.
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Extra Physics with ALERT (for free)

e With ALERT’s high luminosity and excellent PID capabilities, the Spectator
Tagged 3-Body Break-up (3BBU) through DVCS will also be extracted.

e 3BBU will isolate short-range correlated nucleons by detecting both a
spectator and a correlated nucleon in ALERT.

o He(e,e’v + ?H + p)n
For example the n-DVCS with a 2H spectator and recoiling SRC proton can provide
the Off-forward ratio for the specific SRC configurations.

e ALERT can also reconstruct pair’s relative momentum

e Spectator-tagged DVCS with ALERT can shed light on the Partonic
interpretation of SRC nucleons and their contribution to the Off-forward EMC
Effect



ALERT Run Group

A Comprehensive Program to Study Nuclear Effects

Nuclear GPDs Tagged EMC
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Directly compare quark Address key questions
and gluon radii about the EMC effect

Tagged DVCS

a'la
I

‘mean field nucleons
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x

Connect partonic and
nucleonic modification

ALERT is a bridge from JLab 12 GeV physics to the Electron Ion Collider



@ New idea to measure the “a EMC Effect”
o Why the « particle?




Nuclear Physics and the Niretsgn o Particle

From the first textbook on Nuclear Physics

“The general evidence on nuclei strongly
supports the view that the a particle
is of primary importance as a unit
of the structure of nuclei in general
and particularly of the heavier elements.
It seems very possible that the greater
part of the mass of heavy nuclei is due to
« particles which have an
independent existence in the
nuclear structure.”

— Rutherford, Chadwick, and Ellis (1930)

v

Note: this is roughly 2 years before the discovery of the neutron. )

Y

ALERT Nuclear GPD projected results

X

Transverse density profiles

.

<x>=0.16
<x>=0.21
mm <x>=0.26

)

AN

0

12 3 4
by (fm)

e Fxtract quark and gluon radii!

e Significant impact on EIC physics




Nuclear Physics 2 before an EIC

Looking to the near future

e Can we measure the transverse quark and gluon distributions in '2C?
e Detecting the recoil '2C is very difficult! — new detector technology (early stages of R&D at Argonne)
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Nuclear Physics 2 before an EIC

Looking to the near future

e Can we measure the transverse quark and gluon distributions in '2C?
e Detecting the recoil '2C is very difficult! — new detector technology (early stages of R&D at Argonne)
e Can we measure the quark and gluon distributions of the a particles inside '>C?

e Detecting the recoil « is slightly easier.
e A new kind of nuclear EMC effect — as are the new nucleons
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Nuclear Physics 2 before an EIC

Looking to the near future

e Can we measure the transverse quark and gluon distributions in '2C?
e Detecting the recoil '2C is very difficult! — new detector technology (early stages of R&D at Argonne)
e Can we measure the quark and gluon distributions of the a particles inside '>C?
e Detecting the recoil « is slightly easier.
e A new kind of nuclear EMC effect — as are the new nucleons
e We can measure the coherent deuteron with ALERT. What about the coherent knockout of a
deuteron in “He? (Non-nucleonic degrees of freedom, Hidden color)
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“a EMC Effect”

s a—0 @ B & &

2H 41_1e 12C 160 ZONC 328 40AI' SOKI_

10 T T T

‘GO(e,e*a)‘2c95+‘2(:(e,e‘u)55egs
“:7:0 e ALERT will measure quark
% . and gluon radius (at fixed x)
oL ]
N u 100 e Does the alpha quark and
= s gluon radius change in nuclei?
T e e What is the isospin dependence
QD;S_I\;Igzer, et.al., PLB 513 (2001) Of thlS eﬁ.ect?

PWIA works pretty well for alpha

knockout



Why the alpha?

Rough hadron sizes

Hadron (r2)/? [fm]
™ 0.64
p 0.84087 <+ 0.00039
°H 2.130 + 0.010
3H 1.755 =+ 0.087
3He 1.959 =+ 0.034
‘He  1.676 =+ 0.008
9Be  2.519 +0.012
12¢ 2472 £ 0.015
BC 2.440 + 0.025
4He has 15% smaller radius than 3He
2
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2= T oy
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e Low « virtuality (U = %)

e Directly compare transverse
quark and gluon distributions
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Hirai, et al. Phys.Rev.C 83 (2011) 035202
AMD: Anti-symmetrized molecular dynamics



Summary

Thanks for staying... ALERT!

Joke courtesy of Adam Freese

Tagged DVCS will bridge the gap between Partonic and Nucleonic
interpretations of medium modifications.

Unique opportunity to connect the “free nucleon” modification in nuclear medium to
its partonic structure modification

This first-of-its-kind measurement is complementary to a wide variety of existing and
proposed experiments

Exclusivity provides a unique ability to systematically understand FSIs and produce
an unambiguous result

Preliminary measurement for in-medium hadron tomography program at an
Electron Ion Collider

a EMC Effect could help understand normal EMC effect




Thank you!
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Nuclei

oo @ 8 ® B @& &
160 3ZS 40AI' SOKr

'H  “He e **Ne
e Methane - CHy
e Hydrogen sulfide - HyS
o 19Ar - 99.6%, 3¥Ar - 0.0063% (4 extra n)
o 89Se - 50% (8 extra n) Selenium similar to sulfur
o 84Kr - 57% (~ 12 extra n)
éig’lgl’lmXe — ~ 25% each (~ 23 extra n)

o Skipped ?4Mg and 2§Si because there are no easy gaseous forms (but maybe really
thin targets would work?)

Gas Targets

All nuclei can be used as gas targets (with zero or very little dilution)

Y
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FIGURE 6. Nuclear modifications in *Be
by shell and AMD models [4].

Hirai, et al. Phys.Rev.C 83 (2011) 035202
AMD: Anti-symmetrized molecular dynamics



Transverse Gluon Distributions

doy, Qe xQB
t
dt (pro on) = Q?>1—ap

doy,
L () o |{H,)

[(1 — €%)[(Hy)[* + terms in(Ey)],

W (cos0pr) = = [(1 = rf3) + (3r83 — 1) cos? 0]

oo

R=op/or

04
R— 00

Ty

€ is the virtual photon polarization.

doy, 1 o

dt ~ (e+1/R)T(Q2,zp, E) dQ2dzpdt’
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