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@ Importance of low x physics
- Gluon and sea quark (transverse) imaging of the nucleon
- Nucleon Spin (AG vs. log Q?, transverse momentum)
- Nucleon QCD (gluons in nuclei, quark/gluon energy loss)
- QCD vacuum and Hadron Structure and formation
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Electron lon Collider — Spectator Tagging

Flgu re . A Schematic of Reaction eD — e’ psX

@ No Free Neutron Target

- Neutron Structure (flavor decomposition of quark spin, sea quarks, gluon pol.)
- Spectator Nucleon Tagging (forward detection/unique for collider)

- Polarized Deuterium (a simple wave function/pol. neutron spin/limited FSI/coherence N = 2,...)
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Spectator Tagging — Extrapolating Neutron Structure

X Ry on-shell point
n 247 Fkio)
D 5 |k
= <—+—+—>D0.lGeV2
] p 5 ++++
\\/ OR, PrRT ° T
t=(pr=Pp)? mg -t

[by courtesy of C. Weiss]

@ Light-Cone momentum fraction, Transverse momentum of recoil proton:

@ Cross-section in the IA

do
dXdQ2daRd3pR/ER

X
= frux X Sp(ar, PrT) X Fan ( ,QZ)
2 —agR

@ On-shell extrapolation: t — M2 (t — M2 =t' — 0)
- Free neutron structure at pole
- FSI does not affect to pole value
- Model-independent method
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Spectator Tagging: Coherent Effects at x < 0.1

X
n
@ Shadowing effect important in inclusive
p s DIS x < 0.1
+ % £ @ Diffractive scattering on single nucleon
X g @ Interference between scattered p and n
@
n
p
@ Shadowing in Tagged DIS
% X @ Coherent effect is clean (N = 2)
@ Systematics is important (unpol./pol.)
in p-n
1 Py @ FSI between p and n — distortion of
pPT, Spin

[by courtesy of C. Weiss]
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tection in EIC

@ Good acceptance for all ion fragments - rigidity different from beam
- Large magnet apertures (small gradients a fixed maximum peak field)
@ Good acceptance for low-pt recoils - rigidity similar to beam
- Small beam size detection point (downstream focus, efficient cooling)
- Large dispersion (generated after the IP, D=D’=0 the IP)
@ Good momentum and angular resolution
- Longitudinal dp/p ~ 4 -10~*
- Angular in 0, for all ¢: ~ 0.2mrad
- prT = 15MeV/c resolution for tagged nucleon in 100GeV deuterium beam
- Long, instrumented drift space (no apertures, magnet, ...)

@ Sufficient beam line separation (= 1m)
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MC Simulation

Basic configuration:
@ E. =5 GeV, Ep = 100 GeV, pr < 300 MeV, cross-angle: 50 mrad
@ Normal. Emittances: dp/p =3 x 107, df =2 x 107*,
@ Luminosity= 10**cm™?sec™*, Time= 10%(sec), [e.g: HERA config.]
o

User inputs: cross-section model
- nucleon Struc.Func./deuteron Wav.Func./deuteron Residue Spect.Func.

Known facts:
@ Initial State Smearing (ISS) is < +1%
@ Intrinsic MC Statistical Uncertainty is < 1%
@ Sufficient t’ resolution for the extrapolation

@ F,p structure function on-shell extrapolation with experimental uncertainty
estimation
do Aomc Aoyc

mr-.’/l\loyCOunt:L<T<AUA/lc,U(AO’MC):W: T

Aoyc = Z N,'At/
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MC Simulation — Fp(x, @2, ag, t')

E Actual Distribution

2.2
of tPrime at vergex "

Lok s voens @ Intrinsic momentum spread in lon beam
1'6; smears recoil momentum
L @ Dominant uncertainty for MEIC

E
12F @ Effect on t’ (angular spread)

s @ Smearing < t’ bin-size
0.8
o.ef—

176,08 70.06 004002 0 002 0.04 006 0.08 0.1

%u=0.02 — 0.04
3 ° @=15 —20(GeV?) @ Fop vs. t' : take out frlux
~ 102 laeg—11 < 0.02
£ o Integrated Luminosity 10° nb™ @ ap : cut around 1.0 £+ 0.02
= L=10"cm™@s™ T=10's .
= . O ON ISS(MC) @ Excellent resolution allows to reach
5 ° smaller t
< 10 . .
= ° e @ Feasible on-shell extrapolation
o
° e, @ blue vertical dash line: t,’m.n = 0.00416
o
1 ° e, GeV2
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MC Simulation — Detector Simulation [GEMC]

Sample Tracks in Detector Simulation

Flgu I€ . Examples of 10 physics events from eD — e’ psX, red color rays: spectator protons, light-blue rays: scattered
electrons. This configuration has no solenoid field.
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Polarization (€, D), hel = +1 along each beam

Ny—N_ —A2
@ Asymmetry (AH = m) and A; (= AH/Dl)r 0A = m

@ D' = % (2—y [1+ £3=]): Depolarization, or (: %)

, where vs = 4X%M%/Q2, y= Q2/XD/(seD — M2D), R=o./oT

ol o1
e oo xe=0.01 — 0.02 _o.06F xa=0.06 — 0.08
k- .05 = - 2= .
i) Q?=15 —20(GeV?) o8k Q?=15 —20(GeV?)
5 :xb 0.06- (ae—=1),=0,98-1,00 (as—1),=0.98-1.00
L ! B3 (0e—1)3=1.00-1.02 —-0.1- (opg—1),=1.00-1.02
EE0-04 Integrated Luminosity 10° nb™* Integrated Luminosity 10° nb™'
S s -0.12F
2= S o
oM
% o l TSRS ESEEE
L . —0.16F LI A A B 2 B B S §
< —0.02f <
000 B -
—0.04-
=§§§%%%TII —0.2
-0.06(
l J, l l l l l l ool | (ADe=—0.1578 +0.0009
~008  (A))w=—0.0515 +0.004 ozl (A).=—0.1554 £0.0006
o4l (A)=70.0906 £0.0925 , T S R T R S R T
-1°00.01 0.02 0.05 0.04 0.05 0.06 0.07 0.08 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
—t/(GeV?) —t/(GeV?)
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Depolarization dependence xg;, Q2
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Simple Check with certain variables at
xgy = 0.06 — 0.08, Q% = 15 — 20 GeV?

D= Le 2y 1+ 23]

75 = M/ Q2
y = @/x0/(se0 — M)

D’ in given xz;, Q2 bins
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Diffractive Effects

xe=0.01 — 0.02
0.45 \ Q*=15 —20(GeV?)
(ap—1),=0.98—1.00

Integroted Luminosity 10° nb™'

Fao(%, @0 t)*(t/Res)* (nb)

0.3 -
0.25 ~
0.2 -
0.15 = i (F,/S),”=0.4441+0.0032

(Fz/S)=0.4364 +0.0032

, h L L L
0.1 O 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
—t/(GeV?)
0.5
Xg=0.0009 — 0.0012

0.45 | Q*=15 —20(GeV?)

(an—1),=0.98—1.00

Integroted Luminosity 10° nb™

Fu(x, Qo t)*(t;/Res)? (nb)

0.3 -
0.25
0.2 -
0.15 = (F,p/S)"=0.4331+0.0025
(F2/S)=0.4364 +0.0032
o1 L h L L L L
y © 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

—t/(GeV?)

Kinematics |:

xgy = 0.01 — 0.02,

Q? =15 — 20 GeV?

Diffractive Effect shows a stronger impact
in large t’ than low

—9%, t' = 0.08 GeV?

+1%, t/ = 0.01 GeV?

Kinematics Il:

xgy = 0.0009 — 0.0012,

Q? =15 — 20 GeV?

Diffractive Effect shows a stronger impact
in smaller xgy

—19%, t/ = 0.08 GeV? and

—1.8%, t’ = 0.01 GeV?

[Vadim's shadowing corrections]
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ematic uncertainty: momentum smearing effect

xgy =0.04-0.06, Q2 =30-40 GeV2, S.p =2002.442 GeV?

do(x,Q% apt) (nb)

nE:
w Hi iﬁ
ot

xgy=0.04 — 0.06
2 — —_
@*=30 -40(GeV) @ Exact calculation (Red) and
0.98<0,<1.00 nominal smearing (Black)
@ Up to 30% difference at
Luminosity 10° nb™ lower prr
110? change in @ Fixed Point prr = 0.45GeV
IEpsNX, IEpsNY (vertical dashed line)
@ Difference between
no-smearing and nominal
A No Smear smearing of lon beam Trans.
@® Smeor On emittances
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Global systematic uncertainty: pgrt smearing

xgy =0.0499-0.0501, Q2 =34.99-35.01 GeV?

0 0.05 0.1 0.15 0. @ The systematic uncertainty from the
T —0.0499 '— 0.0501 1> uncertainty in the beam rms is +2.5%
L =0, k
140 Q°=34.99-35.01(GeV?)y 0.35 @ Check the relation between t’ and pgt in Code
I} - ’ (make sure print out same values)
1201 § } 0.99<w<1.00
{ . _ - M2
S 100k * Lumlnosnty10'nb’_0'25 Y ‘PR|2 —t 1_ /2 + TD _ MIZ\I’
c > 2m3
< 2 ,
= $ —02 © where t' = MN —
g BO_E } 50% pyr bin—size %
~o’ E A No Smear (MC) {0, 15 . —
X 60 E :ze":“’ (M(Cgh) > @ Pgr = \/|Pr|?> — pSpec_Rest? = invts.pPerpS
5 o Smear do1 @
° j % @ Rel.Err. (Ch) o g
40 % Jo.0s @ Relative Error (Rel.Err.)
20k o Ei"""'"numnn do _ do
v i 0 Q2. ,pio T Q2. piom
o iz =
'v.' . . !II?;;;.;." —0.05 ( )
k ‘27
0 0.05 0.1 0.15 .2 dxdQ?, .., pe™
. Par (GeV) ** Random number seed is randomized each
Flgu r€ . Using correct ppr definition in the collinear frame. run, the ran.num.seed error <1%
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Fop-Spec(RES, (t')?) as a function

Fau(x.Q% 0, t)*(t'/Res)? (nb)

[~ 3 ]

Tot.Error=v(stat*+sys?)

xa=0.025119 x9,=0.025119
0.5 -0.031623 > 0.5 -0.031623
@'=10 20 (GeV?) < @=10 -20 (CeV?)
lag—11 < 0.02 P loag=11 < 0,02
0
04 | o 04|
Luminosity 10° nb™ { Luminosity 10® nb™
2
x
0.3 = 03|
&
3
L]
A
0.2 | % o2
[P
0.1 — 01 | —
(Fa/S),=0.4185 £0.0054 (Fa/S),=0.4205 £0.0128
(Fu/S)s=0.4283 +£0.0054 (Fu/S)s=0.4278 £0.0128
TS T T TR T R B T T T TR T B B
0 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0,08
—t/(GeV?) —t/(GeV*

Systematic uncertainty is dominated at lower t’
On-shell extrapolation is about 0.5% change
Extrapolation fitting uncertainty gets larger factor of ~2.4
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On-shell extrapolation F», as a function of xg;, Q>

® E.=5GeV, Ep =100 GeV, sip = 2002.442 GeV?
@ L=1083cm s, T =3 x10%
® 0.6
< f o o o ’>
E [ Lummos.ﬁy 3x10° nb &‘/J’
T | S
L X
......... ~04
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FIgU re : (Left) Kinematic map of Fa, (2-axis) in terms of xg, @2, (right) Fa, vs. Q2. Band-(a): xg; dependence at fixed
Q% =10.0 — 12.58 GeV?, band-(b): Q2 dependence at fixed xg; = 0.1 — 0.126

K.Park (ODU/JLAB) High Energy Physics with Spectator Tagging March 9, 2015 16 / 33



Extrapolation F,,: xg,-dependence at fixed (Q?)

Kinematic Band-(a)
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On-shell extrapolation F,, vs. xg, at fixed (@?) = 11.29GeV?

Q=10 —12.58 (GeV?)
Q

—2

0.89 ——— ] ———]100
¥
o 0.5 ’-' —80 8
e} 1§, c
X 5'1._! g
‘5 0.4 !_ P ?E
Lo §'-§._i_ (a]
k. 2
0.3 i s
3 H40 B
: 4

.i.
0.2f §
{ —20

L e 20% i

ok e ] e

10 107 x4,

Figure : Magenta dots: F>, model input, Blue solid/open circles: extrapolation (two ag
bins) from MC, Red open boxes: the relative difference (6F2,/F2p) of the result from the input
at center of bin
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Extrapolation F,,: Q*-dependence
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Figure : Magenta dots: F,, model input, Blue open circles: extrapolation (averaged) from
MC, Red open boxes: the relative difference (§F2,/F2,) of the result from the input at center
of bin
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Extrapolation A

. xgs-dependence at fixed (Q?)

Kinematic Band-(a)
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On-shell extrapolation Aj vs. xg; at fixed (Q?) = 11.29GeV?

Q*=10 —12.58 (GeV?)
0.02

0.01|

é\
O o
x

=
£0.01

-0.02

Absolute Difference

-0.03

—0.04

-0.05

" Lol " PR T R B AT A
-0.06—

10 107 x4,

Figure : Magenta dots: Aj| model input, Blue solid/open circles: extrapolation (two ag bins)
from MC, Red open boxes: the absolute difference (6A||) of the result from the input at center
of bin
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On-shell extrapolation A vs. Q? at fixed (

xa=0.1-0.1258
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F'IRd 0 [®-0-0.9.9. g
o.01 L 4. + 1-0.001g
= 4 3
<Lo.021- - [
0.02 + 100022
-0.03| -
004l -{-0.003
—0.05- —--0.004
~0.06|
-{-0.005
-0.07|
~0.08 Ll i g 006
1 10 210°

Figure : Black dots: Aj| model input, Blue solid/open circles: extrapolation (two ag bins)
from MC, Red open boxes: the absolute difference (6A||) of the result from the input at center

of bin
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@ Established the MC simulation with EIC configuration

@ On-shell extrapolation of Fp, & All have been obtained

@ Overall 1% level of statistical uncertainty, Dominant uncertainty is
the Systematics

@ Global systematic uncertainty do /o = 2.5%, 0A/A = 1.7%
Point-to-point systematic uncertainty (Gaussian randomization) ~
0.5%

@ Looking forward to seeing what pseudo-data can guide for the global
fits
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BACKUP SLIDE

Thank you for your attention !
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Systematic uncertainty: Collider/Collinear

@ pin down with a very narrow kinematic region
@ xp; =0.0499-0.0501, Q% =34.9-35.1 GeV?, S.p =2002.442 GeV?, |ag — 1| < 0.01
@ Spyx = pplom — ppsmear at Collider and Collinear

X
3 p_ Collider &p_ Collinear
Dx Dx
. htS . htSXr
= F Entries 5186 210 Enties 5186
I 4998 w F Mean -0.0001427
2 0.01897 2 00 RMS 0.02052
e 84.96/118 E 22/ ndf 1156/ 127
100 10921.9 E Constant 99554175
E 4.998 £0.000 sl -0.0002311 +0.0002885
80— 001871 + 000020 £ 002036  0.00022
L sl
60— E
E .
20— 20—
Lot | A ad] | e |
F s 508 51 %7508 006 004 002 0 002 004 006 008 0.1
8 [ (GeV) 3 Py, (GeV)
8p_ Collinear
htSY - Dy S
5186 2 120~ Entries, 5186
0.0002259 @ Mean 0.0001872
0.01885 R RMS 0.02063
£/ ndf 1255/ 119 C 2/ ndf 110.1/124
Constant 109.6%1.9 F Constant 99.21£1.73
Mean 0000218 = 0.000261 sl Mean ~ 0.0001541+ 0.0002930
Sigma 0.01844 +0.00019 E Sigma 0.02047 = 0.00022
s
-
201~
‘117 L “(]7 o L
T 008 Eupgya pil b7 T50 o0 o0 o2 0 boe 004 005 o ::a gl




Comparison of pseudo-data: S.Kuhn vs. C.Weiss

@ Beams: E. =5 GeV, E; = 100 GeV
@ Kinematics : xgy = 0.02 — 0.04, @ = 15 — 20 GeV?

1D : pgrT and ag (S.Kuhn) PRT vs. ag (C.Weiss)
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Cross-sections: S.Kuhn vs. C.Weiss

Beams : E. =5 GeV, Ep = 100 GeV
Kinematics : xg; = 0.02 — 0.04, Q2 = 15 — 20 GeV?

%6=0.02 — 0.04
. Q=15 —20(GeV?) @ blue : MC data using C. Weiss model
(ae=1)=0.98-1.02 @ red : S.Kuhn MC data using C. Weiss
103 ® model
= E 3 L=10%cm™?s™ T=10°s
£ 8
’,3 L]
§ 107 *s .
- .
I3 39 o
X 2 g
3 8%
10 |
1 1 1 1 1 1 1 1 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0,07 0.08

—t/(GeV?)

cross-section comparison as function of t’
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On-shell extrapolation F5,: models

0402 Ql=10 —20(GeV) 100 0462 Q=10 —20(GeV?)
X ————— i — 8 ———ri —
~ ~
07 X o7t X
o -180 R XS model, (M.S.) -180 g
[« 4 c O c
\>_<; 0.6 Tot,Err,=v(stat’+sys®) g \)5 0.6 Tot.Err.=v(stot*+sys®) g
& oo £ & 460 £
L . O LW . 'l
0.5p., ® o5 @
3 r £ .. ii 2
0.4F -, q140 © 04 '-i.j 140
i-.‘_ x 4.3 «©
3 3., = .
0.3 t.. 0.3 ..
. 20 . 20
0.21- " 0.2 .
ENPIS Y- S o
0.1 L . 01 L .
1072 107! Xay 1072 107" Xey

FIgU € . On-shell extrapolation of Fp, using C.W. (left) and M.S. (right)

@ Cross-section model : M. Sargsian (M.S.)
Cross-section difference with C. Weiss (C.W.) ~ 4%
On-shell extrapolation difference with C.W. ~ 2%

@ M.S. cross-sections are expected lower than one of C.W. model due to D-state (77%)

@ extrapolation is larger because ...
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A Sample Kinematic Region

@ E.=5GeV, Ep = 100 GeV

2
- Qs [k | Sep = 2002.442 GeV?
% sl 0.04991 .
% r 2028 L W - Fspec as a function t’
F where is t’ = M — t
o
E @ Various xgy bins from 0.02 to 0.1 at fixed
- @® =10-20 GeV?
20—
F XBJ xg}w xg’JAX Axpy
or 01995 0.025 00517
L 0.02512  0.03162  0.00651
L 0.03162  0.03981  0.00819
r 0.03981  0.05012  0.01031

002 004 006 0.8 [ 0.05012  0.06309  0.01297
0.06309  0.07943  0.01634

0.07943  0.10000  0.02057

~NooabhwnN

FIgU re : Kinematic coverage: Q2 vs. xg at given MEIC
configuration
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Fop-Spec(RES, (t')?) as a function of ¢/

xa=0.025119 x5,=0.06309

= 0.5 -0.031623 > 0.5 - 0.07943
< @*=10 —20 (GeV?) = @=10-20 (GeV?)
o log—11 < 0.02 - lag—11 < 0,02

8 o4l 8 o4
i{ ’ Luminosity 10° nb™ { ’ Luminosity 10° nb™
& & N

¥ ¥
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+~ 03 = 03

& 3

3 3
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o <
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o A

0.1 — 01 | —
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Flgu I'€ | Examples: on-shell extrapolation of Fp, for two xg; bins with « cuts. ag —1 =0.98 — 1.00: (F,p/S);,
ag —1=1.00 — 1.02: (Fap/S)g
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On-shell extrapolation of neu structure function

210 —

Y .9!910 ?O(G.evz.) 100

~ @ xg; =0.02-0.1, Q% =10 - 20 GeV?

0.7 5
o -80 o @ (black-dotted) C.Weiss' cross-section
(e} e model
% 06F g
:.g | 60?‘2 @ Extrapolation from fit to on-shell point

fal
051, o ar=0.98-1.00(solid),
- Z ag=1.00-1.02(open)
04l ) Ho0 g L
‘ 8 . 4 @ (Red open boxes) Relative differences
‘.
.,
0.3k 1ao @ Statistical uncertaity only
0.2
o +1.5% o
o - o -
01 T | L.
107 10" Xay

Fl UFr€ : On-shell extrapolation of F) from MC vs. input
2

K.Park (ODU/JLAB) High Energy Physics with Spectator Tagging March 9, 2015



Systematic uncertainty: extrapolation

@ Relative systematic uncertainty from
smearing do /o = 0.1

do . : / .
o g a7 Fspec as a function t’, where is 1.05
t =M —t 104
o gor;zver(tég betweéW'_a']d PtR is followed S0 000,
y Eq. rom C.Weiss' note e & %00
1, 1 1.02 °
(“tag.pdf”) % ° °Ooooooo°°
101 | i °
H — 2 2 o o
@ total uncertainty = /62, + §sys T
5
@ No data randomization taken into account 0.99 [ io 80/0=0.1
in this step o
However, this effect is ~ 1% 0.98 -
0
0.97 - N
SER
xpy bin___ RMS wid (ajer)  RMS wid-(@/ighe) 0.96 -
1 0.0062 0.0062 0.95 L 1 1 1 1 1 L L
2 0.0064 0.0065 " 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
3 0.0070 0.0068 ' (GeV?)
4 0.0072 0.0071
5 0.0074 0.0077 .
6 0.0078 0.0079 Figure : ¢/, =0.00416 GeV2 (~ prr = 0 GeV),
7 = '0'0086 extra§'0086 t;,.,st = 0.0125 GeV? is the first ¢/ bin that we can access
RMS Width of (Fop — F55™%) /Fap experimentally within finite t’ resolution & ag bin
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