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The glue that binds us all

The Quandaries of Quarks EIC: The Next QCD Frontier

and Gluons

Every proton or neutron inside an atom contains three primary
quarks held together by gluons (this page). In addition to the main
three quarks, extra pairs of quarks and their antimatter counter-
parts constantly appear and disappear, along with phantom gluons
that arise and vanish, creating a so-called quantum foam that con-
tinuously alters the landscape inside protons and neutrons. This
ccacophony complicates a number of fundamental questions,

such as how quarks and gluons can account for the mass-

es and spins of their parent particles and how exactly

gluons do the work of containing quarks in stable
configurations. One way physicists attempt to re-

solve these mysteries is by considering the the-

oretical properties of, and even trying to cre-

ate, unusual configurations of gluons and

quarks (opposite page).

Peering inside a proton or
neutron, we see a dynamic
picture. In addition to the basic
quark trio, a sea of quarks and
antiquarks, as well as gluons,
pops in and out of existence.

Understanding the glue
that binds us all

The total spin of a proton or
neutron (arrow) may be affected
by the individual spins of its
constituents as well as their
orbital motion.

SECOND EDITION

Eur.Phys.J. A52 (2016) no.9, 268
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Electron-Proton Scattering

Ability to change Q? changes the resolution

scale
Electron //ﬁj Q%= 400 GeV?
=>1/Q=0.01fm
L1
-
1/0
-Y( QZ) resolution

Ability to change x projects out different con-

xP e
figurations where different dynamics dominate
perturbative non—pert.
Proton (P) — radiation ~ fields
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Parton distribution functions (PDI)
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EIC: ideal facility for studying QCD

SIS SIS SISSSISSSISSSSISSISISSSEIIIa,

include non-perturbative, perturbative, and transition regimes

/

Various beam energy:

broad Q? range for
» studying evolution to Q? of

— ———————— —

. Transion Y ~1000 GeV?
Region « disentangling non-
IERMES, COMPASS, JLAB 6and 12 overlap with existing measurements }  Perturbative and
— | perturbative regimes
s . o
‘ R g J overlqp with existing
experiments
Q? 10 1 10 102 103 [GeV?]
Luminosity Requirements High luminosity:
: ' high precision
ep, eA (nucleon, nuclear stréucture) * Tor Va.I’IOUS megsurer_nents
: * in various configurations
eA (jets in nuclear matter, PDF)
eAfu (saturation)
| I i
1032 1033 1034 cm2sec!
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EIC: ideal facility for studying QCD

Polarization

Understanding hadron structure cannot
be done without understanding spin:

e polarized electrons and

* polarized protons/light ions

Transverse and longitudinal
polarization of light ions (p, d, 3He): r
/QMZT;’:':@,%

« 3D imaging in space and momentum g N

1o ectio” .
* spin-orbit correlations " . b, Partons
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Section

Detector Design — General design
considerations
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DIS and final-state particles

Aim of EIC is nucleon and nuclear structure beyond the longitudinal description.
This makes the requirements for the machine and detector different from all
previous colliders including HERA.

£

‘0, .
Electron beamlin€

"
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E.._andE._/E

ion ion’ =—electron
&
A ’Z>kQ
i Nl
= ! S EIC needs to detect all
Scattered electron ‘ ; three types of particles
i : Scattered electron
] Particles Associated with Initial lon
L »
»(_‘ Particles associated with struck parton
c )
- ‘// \ These become more forward
~lectron ™ . boosted and harder to measure
<O . . .
.0 o &Qfo‘ with increasing E._ and E._, /E_....on
‘}(\)
& . .
5 Complicated dependence on beam energies,
R\ ofe .
(,50& detector capability and physics goals.
>
Particles Associated with Initial lon ;0(}‘?5’
N

This optimization is on-going: E., <=100 GeV and E, /E, ...;on <=10, current status
—> drives JLEIC baseline
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Final-state particles

o&’ The aim is to get ~“100% acceptance
Scattered electron —> PE for all final state particles, and measure
them with good resolution.

A
1
1
1
1
1

9
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Beam Elements

E 7 y ’——/
e -
—~ // \ % I 3
@ron j \ < o Beam Elements
® o Q,b(‘o
® \5\)0
&
& Experimental challenges:
,bs‘v°° * beam elements limit forward
Particles Associated with Initial lon ¢
& acceptance
* central Solenoid not effective for
forward

\

N us oxmren ot | Office of ((J A JLEIC Collaboration Meeting Fall 2016,

2 ENERGY | science

October 6th 2016 Jefferson Lab



Interaction region concept

NOT TO SCALE!

Beam crossing angle creates

y Solenoid room for forward dipoles
On

o)
M

\ Electron peamline
Dipole (1 of 4)

\ Dipole (1 of 3)

Dipoles analyze the forward particles
and create space for detectors in the forward direction
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Interaction region concept

Possible to get ~100%
acceptance for the
whole event

lon | Electron
Beamline “‘ Beamline

[ ——

Total acceptance detector (and IR)
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Detector and interaction region

Central Detector detector view

low-Q? electron detection
and Compton polarimeter Forward hadron spectrometer 7DC

Extended detector: 80m

30m for multi-purpose chicane, 10m for central detector, 40m for the forward hadron spectrometer
fully integrated with accelerator lattice

)
[ \
O tom L forward e dsfection  forward ion detector ons
polarimetry I ,_L ¢ %|l||l .I.l I |
i‘H¥—FFFFFFI

IlIﬂIIIIIII i Hig W:ﬁmzm—
= Ay PRI i

IP 1on crab cavities

‘ accelerator view
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Section
Central Detector
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Basic kinematic reconstruction

* Q? - Measure of resolution
y > Measure of inelasticity
E’ X 2> Measure of momentum fraction
) of the struck quark in a proton
O
X, AN Q?=Sxy
0,

jet
E’ ,e ,Ejet,ejet any
two of these, in
principle, sufficient to

reconstruct x and Q2.

What are the detector

E requirements?

Office of ’-J A JLEIC Collaboration Meeting Fall 2016,

7 ENERGY | scionco AN October 6th 2016 Jefferson Lab



Electron isoline plot

Isolines of the scattered electron energy E'e

Barrel
QA 1 04 =
- : : : .‘_é/: Electron- Hadron-
L , & endcap endcap
0 ] E— 0<E<20GeV(2GeVsteps) ............. /%‘::: CENTRAL DETECTOR

§ 20<E'<100 GeV (5 GeV Steps) % Flar—Tforward { } Far-forward
- electron Hadron

i (10GeV X 1OOGeV) / \ = :

10GeV. .

E‘%e:
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Quark (jet) isoline plot

Isolines of the struck quark energy Fh
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Particle distribution

E-endcap Barrel  |H-endcap

E'e <8GeV 8-50Gev | >0 GeV

Ejet <10GeV  |~10-506GeV| 20-100GeV

E hadrons | <10GeV <15GeV |~15-50GeV

occupanc . .
pancy low medium high
Barrel
Electron- :I:j::n'
endcap p
CENTRAL DETECTOR
Far-forward Far-forward
electron { ]‘ Hadron
p e
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Central detector overview

Flux-return Flux-

coils Flux return yoke return
Modular (muon chambers?) coils y Hcal
aerogel ®j  mirrors
RICH solenoid coil (1.5-3 T) 5 4

| EMcal (Sci-Fi) L

“ S~ DIRC & TOF
85|
' ~ Vertex (Si pixel)

Emcal (Shaslyk)

M tracker

|

lGEM tllacke‘rs

In

-

Central tracker
(low-mass DC)

— =

¢

Endcap

with field
exclusion
for e-beam

muon chambers

trackers
3.2m 5m

«+—— 0 00— s/ >
electron endcap central barrel hadron endcap

Space for additional

(top view)
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Generic EIC detector R&D program

1

Electron

eRD3 & eRD6 -

eRD14 — eRD6 — HBD/TPC?  GEM trackers eRD14 - DIRC MRPC TOF
modular . eRD14 -
aerogel I12$¢D progrelxm.managed by; Thomas Ulrich photosensors
roposals, international participation
RICH PIOP > > eRD14 - dual-
JLab detector implements many of the projects radiator RICH
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EIC User Group

€

+ EIC User Group (http://www.eicug.org)
— Currently 663 members from 147 institutions from 28 countries.
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Section
Detectors in electron-beam direction
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Chicane for electron-forward detection

Extended de}ector: 80+ m
{ \

e crab cavities ----z----c------oooooo-- Sy 1ons J
. forward e- detection forward ion detection
Compton

o Il TR
= -HHHHH.H

||ﬂ|“ --------------------------------- e
’|’||' I » || ion crab cavities |
I' BF by i
Lo
P > //;/// 7/
A |
P J
P ’ =
0 5 10 15
Meters
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Luminosity measurement

Use Bethe-Heitler process to monitor luminosity (same as HERA)

N
N

Dipole Magnet
Bends e" Beam

LUMINOSITY MEASUREMENT
VIA BETHE-HEITLER PROCESS:

e Beam
From IP

OO OO OO0
B ——— = =

Photons From IP
Collinear To e Beam

e Beam

N
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Low-Q? tagger

Low-Q? Tagger For
Low-energy Electrons

N
N

Three Dipole Magnets To
Bring e Beam Back Into Ring

e beam

From IP

e Beam

N

Dipole Magnet
For Momentum Analysis
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Polarization measurement

DIPOLE MAGNET FOR MOMENTUM
ANALYSIS OF COMPTON ELECTRONS
* Measurement Of Both Compton

Photons and Electrons SAME POLARIZATION
* Limit Systematic Uncertainties First Two Dipole Magnets

Compensate Each Other

Compton Photon ()
Calorimeter

Ve '
""" N

S
Laser And .
Fabry Perot Cavity \)

-~

I

Compton Electron

e Beam To Tracking Detector

Spin Rotator

4
4

Va N PV AWAY.  Taes TN oG o G o W

D e SRV, (. AV s - o~ o~ - aa — e — e

Note the off-momentum electrons from IP does
not enter the luminosity Compton tracker.

ENERGY Science
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Compton polarimetry

Electron
Detector

Scattered |
Fabry-Perot Electrons
Optical Cavity

; A
1=l | INATATARRTATETARANAY "hoton
e mama F Dipole “SRVAVAVAVARARRTRSARRY oo
LaserTabIe Backscattered/

Photons

Existing Polarimeter in Hall C at JLab: Achieved 0.6% Precision
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Section
Detectors in ion-beam direction
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lon optics for near-beam detection

Extended detector: 80+ m

[ |

e crab cavities R i vy —————-- 1ons
forward e- detection . forward ion detection

Compton —
B un e | [ TR

polarimetry . |l|
|,.|||||||||||||| nee L =it~ H—H=F—H

I 4 T ----------------------- -

1on crab cavities

>

I
==
*

11
I
-!_

||II' .
‘ 2500.

. [ i fazj—forw.l det. reg. 1.0 .
) ] I E
= 2250. L 0.8 =
: . E  zooo. i
A large dispersion at the -y - o0
: ; 1750. -
detection point separates — - 04
1500. -
scattered (off-momentum) - L 0.2
- 1250. [
particles from the beam. | L 0.0
1000. - [
A second focus and small 750. - Y - 0.2
emittance (cooling) allows 500. ] 2" focus on - -0.4
. o Roman pots -
moving detectors closer to 250, ] %\& L 0.6
the beam 0.0 - L 08

0.0 10. 20. 30. 40. 50. 60. 70. 8O.
s (1)
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Far-forward ion detection

e~ Beam

\'\’Q\’%.- It :‘ﬁT

Far-Forward
lon Detection

Ion
Beam

Forward detection requirements:
« good acceptance for recoils nucleons (rigidity close to beam)
« good acceptance for fragments (rigidity different than beam)
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An example: Diffractive DIS (DDIS)

'2 ENERGY |science

Signature for Saturation (among other things)

E [/2] E ’ ) B
isF  Q2=5Gev2 [Ldt=110VA 2 22f e +p(Au)— e’ +p’(Au’) +V
\ C x=1x10"3 B c E Coherent events only
(] - @ g 20F -1
%) % 16 — u;..c_s F® JLdt=10fb"/A
Sc C @ S18E %, x <0.01
— = 14 o c C .0. D)
28 F 5 616" <ty
Isg= E saturation model oW F oo,
S o 12 - = =) 1.4 .."000.
<S> C k3] r 00000000000
M o S L2k
x 5 < C % % :.“ JAyno saturation
g g 08 - E c 'E Jhysaturati (Ss t)
= 0O C . r saturation al
x ;c—, c o6 U S L S G L e Sy E C?J 0.8 ﬁmu&nmnﬂﬂ%#m
o o =k = E
| P o5 B 80 06 o saturation (bs.a:)-......-'I-llIllll
© 2 04 [ P~ —..I.IIIII..-....
p p a ©® C g L 04— Experimental Cuts:
\J r shadowing model (LTS) = r IM(Veecay products)l < 4
02 :_ & 0.2 F P(Vdecay products) > 1 GeV/c
\ / o‘\ | 1 L L1 11 1 Okl\l}lll\llll\\l\lljl\llJ\J\\IJ\lJLJ\\J\IJ\
t 1 10 i 2 3 4 5 6 7 8 9 10
M2 (GeV?) Q2(GeV?)

Identify the scattered proton: distinguish from proton dissociation
Measure X, = Ep’/Ep, and P, (or t) (equiv. to measuring M,)
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Acceptance for p’ in DDIS

JLEIC acceptance ZEUS

Leading Proton Spectrometer

0.

0.8

p; (GeVic)

0.7
0.6 |
0.5

04 |

03
0.2

0.1

0 Il 1 1 - 0
8.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0 03 04 05 06 07 08 09 1

XL (Pﬁna|/ Pinitial . X,
Zhiwen Zhao

Acceptance in diffractive peak (X, >~.98)
ZEUS: ~2%
JLEIC: ~100%
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Epilogue
Concluding remarks
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Complementary detector scenarios

» two detectors optimized for different capabilities and using complementary
technologies allow better performance and improved cost-effectiveness

« complementary sensitivity to physics, backgrounds and fake effects
« cross-checks on discoveries and important physics results
« combine results for precision measurements:

— a combined reduction of systematics

— in aring-ring collider: detector luminosities can be added
higher efficiency of operation
increase scientific productivity

IP1: multi-purpose, full acceptance detector (this presentation)

« focus on single track reconstruction and PID
« optimized to support the broad physics program in the white paper

IP2: complementary, smaller detector

« focus on jet reconstruction and calorimetry
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Towards the realization of the EIC

* Accelerator Physicists, Experimentalists,
and Theoreticians are thinking about
Jefferson Lab and defining the EIC research program.

Electron-lon Collider (JLEIC): .
An Introduction to the Interaction Region and Detector Design It S Important that many |abs and

Authored by the JLEIC Detector and Interaction Region Group un|VerS|t|eS - nOt Only from Wlthln the NP
community - get involved.

 Close collaboration among Accelerator
Physicists, Experimentalists, and
Theoreticians at Jefferson Lab.

JLEIC Documentation Series - 001

Jefferson Lab Electron-lon Collider is a proposed realization of the Electron-lon Collider

» Concept finalized for the JLEIC
B e e e R o .~ Interaction and Detector Region.

region and the detectors, and the layout that was developed in response to these drivers.

1] A. Accardi et al., Electron lon Collider: The Next QCD Frontier - Understanding the glue that binds us all,
JLAB-PHY-12-1652, 2012.

s Sy & » Documentation in preparation
[2] A. Aprahamian et al., Reaching for the horizon: The 2015 long range plan for nuclear science, 2015. -

» Detailed detector simulations are
e . o5 required to verify the design and
. optimize the physics reach.
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