TMDs and Large-x at the EIC

Christopher Dilks
2nd PSQ@EIC Meeting
20 July 2021

«({T)») Suke

Research supported by the

AE R, U-S. DEPARTMENT OF Office of

""'“ ENERGY science




Outline

¢ TMD PDFs from SIDIS Hadron and Dihadron Production
¢ Large-x Region and Experiment Overlaps - Low-y EIC
¢ Reconstruction at Low y

¢ Impacton p.atLowy

C. Dilks



TMD PDFs Quark Polarization

Nucleon Polarization

U L T
Unpolarized PDF Boer-Mulders
U
— L
- @ h, 'o - o
Helicity Kotzinian-Mulders
Wormgear
L L
0n-@ - @ =@ - @~
Sivers Kotzinian-Mulders Transversity
T Wormgear hyp = é ~ 6
fir'& - :
Pretzelosity
giT " B L é
C. Dilks th = -



TMD PDFs

Quark Polarization

U L

T

Nucleon Polarization

LT ut? " LT

T :
t‘i-.r-é - ? . ) é

C. Dilks




TMD PDFs Single-hadron SIDIS ep - ehX
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TMD PDFs Dihadron SIDIS ep - eh h X
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TMD PDFs
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SIDIS Kinematic Coverage for Sivers and Collins
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" Current data for Collins and Sivers asymmetry:

® COMPASS h™ P, <1.6GeVic
O HERMES 1% K% P, <1 GeVic

JLab Hall-A #*: P, <0.45 GeV/o
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Evolution

il Goal: measure asymmetries at large x ~ 101

& Could go to large Q?, but asymmetry may decrease as
Q? increases; very high Q2 would push above PID limits

W What are the limitations at small Q?, large x?

o ldeal situation: (x,Q?)-overlap data from JLab to EicC to
EIC, but what do we need to do to get there?
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EIC Yellow Report Design
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SIDIS Kinematic Coverage for Sivers and Collins

Current data for Collins and Sivers asymmetry:

® COMPASS h™ P, <1.6GeVic
O HERMES 1% K% P, <1 GeVic

" JLab Hall-A n™: P, <0.45 GeV/c
=< Jlab 12

STAR 500 GeV -1 < < 1 Collins
STAR 200 GeV -1 <1 < 1 Collins

STAR 500 GeV 1 < < 4 Collins
STAR 200 GeV 1 <1 < 4 Collins
STAR W bosons

4 O m Oe

Nucleon rest frame:
y=1-E_/E_

Yy contours
lines in (x,Q?) plane
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SIDIS Kinematic Coverage for Sivers and Collins
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SIDIS Kinematic Coverage for Sivers and Collins

" Current data for Collins and Sivers asymmetry:

® COMPASS h™ P, <1.6GeVic
O HERMES 1% K% P, <1 GeVic

" JLab Hall-A n™: P, <0.45 GeV/c
=< Jlab 12

STAR 500 GeV -1 < < 1 Collins
STAR 200 GeV -1 <1 < 1 Collins

STAR 500 GeV 1 < < 4 Collins
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SIDIS Kinematic Coverage for Sivers and Collins

" Current data for Collins and Sivers asymmetry:

e COMPASS h™ P, <16 GeVic

O HERMES %% K% P <1 GeVic
" JLab Hall-A =™ P, ; <0.45 GeV/c
552 JLab 12

STAR 500 GeV -1 < n < 1 Collins
STAR 200 GeV -1 <1 < 1 Collins
STAR 500 GeV 1 <1 < 4 Collins
STAR 200 GeV 1 <1 < 4 Collins
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SIDIS Kinematic Coverage for Sivers and Collins
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Current data for Collins and Sivers asymmetry:

® COMPASS h™P,;<1.6GeVic

O HERMES %% K% P <1 GeVic
¥ JLab Hall-A n™: P, ; <0.45 GeV/c
5525 JLab 12

STAR 500 GeV -1 < < 1 Collins
STAR 200 GeV -1 <1 < 1 Collins
STAR 500 GeV 1 =<1 < 4 Collins
STAR 200 GeV 1 =1 < 4 Collins
STAR W bosons
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SIDIS Kinematic Coverage for Sivers and Collins

| Current data for Collins and Sivers asymmetry:

= @ COMPASS h™ P, <1.6GeVic
. U HERMES = %% K% P, <1GeVic
-~ ¥ JLab Hall-A n™: P,; <0.45 GeV/c

[ 3 JLab 12

STAR 500 GeV -1 <1 < 1 Collins
STAR 200 GeV -1 <1 < 1 Collins
STAR 500 GeV 1 < < 4 Collins
STAR 200 GeV 1 < < 4 Collins

.
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SIDIS Kinematic Coverage for Sivers and Collins

" Current data for Collins and Sivers asymmetry:

10°F
F ® COMPASS h%P,;<1.6GeVic

[ U HERMES % K% P,;<1GeVic
r ¥ JLab Hall-A n™: P,; <0.45 GeV/c

S Ll ab 12

@ EIC: study p, and Q* dependence of
asymmetries in wide kinematic range

® Comparisons with JLab, EicC,

HERMES, and COMPASS, to pind ] ,
, an , to pin down | v=0.05

p, dependence and evolution * y=0.03 EIC
o ymin
@ Need overlap of kinematic regions for { y=0.01

evolution studies and cross checks P

——— JlLab 12 GeV

® For EIC overlap, need control over
reconstruction at low y and low p,

L= .. 3™ EicC (3.5x20)
107" 1 23




1 1 =— PID lelts =
EIC Coverage Limits n=-1 n=1
p<6GeV
p<7GeV p<50GeV
PID Acceptance Fractions n=-3.5 n=3.5
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.. = PID Limit =
EIC Coverage Limits n=-1 S =1
p<6GeV
p<7GeV p<50GeV
PID Acceptance Fractions n=-3.5 n=3.5
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limited to smaller p_
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EIC Coverage Limits n=—1 PIDLimits — y=1
p<6GeV
p<7GeV p<50GeV
PID Acceptance Fractions n=-3.5 n=3.5

B f‘é: H%
- 18 GeV x 275 GeV - | 2
- 18 GeV x 100 GeV | |
- 10 GeV x 100 GeV y contours
10°=— 5GeV x 100 GeV | for 5x41
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Outline

¢
¢
¢ Reconstruction at Low y

¢ Impacton p_at Lowy
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Kinematics Reconstruction Methods !

il SIDIS kinematics depends on what is used to
reconstruct quantities such as x and Q?

C. Dilks

Scattered electron

Hadrons

Some mixture

current jet

} spectators

i)
it)
iit)

iv)
v)

vi)
vii)

viii)

Leptonic variables

q=q =k — ki, y=pi.(k1 = k2)/prky

Hadronic variables |8]1] q=qp = pg — pL Y =p1-(p2 — p1)/ 1k
Jacquet-Blondel variables [82] Qm = (pa)?/(1 —ysB), v =3/(2E(k))

= Zn{Eh — Ph,z)

Mized variables [81] q4=4q,Ym = YiB

Double angle method |[83] 2 A=

y method [84]

¥ method [85]

eX method [85]

AE (k)2 cos?(6(ks)/2)

5111(6(&2) 2)

3'1112(6'{1\"2);’2)—I—:siu_(ﬁ(kg),f? cos(f(ks)/2) tan(f(p2)/2)

yoa =1 = G2 ool %152{;2) an(0(p)/2)"
Qg = 4E(k2)*(1 - ys5)7 igg:(ﬁg ZH Yoy = YiB

Q2 ='C£2.J.)2 - >
ST T YT SRR - sk

2 Q
rE_Q yt,g:ﬁ

Prog.Part.Nucl.Phys. 69 (2013) 28-84, 1208.6087 [hep-ph]
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Relative Deviation in z

relative deviation in z, Ele method
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Relative Deviation in p_
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Average Deviation in ¢,
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z and p_ Resolutions 0.4 GeV < Py < 0.6 GeV.

04<2<05
z resolutions
EIC 5 x 41 X range 0.05<y<0.95
Q? range(GeV?) | 0.0001-0.003 | 0.003-0.01 | 0.01-0.03 [ 0.03-0.1 [ 0.1-0.5
30-100 0.011 | 0.029 _ _
10-30 - - 0.014 0 0.080 *kinematics
5-10 . 0.017 0.020 /0088 | 017 ;focr?]”eﬁgggfr?
3-5 0.017 0.044 0.14 0.13
1-3 0.017 0.032 0.11 KU

p, resolutions

EIC 5 x 41 X range
@Q? range(GeV?) | 0.0001-0.003 | 0.003-0.01 | 0.01-0.03 | 0.03-0.1 | 0.1-0.5
30-100 - - - 0.030 0.15
10-30 - - 0.022 | 0957 | 0.24
5-10 — 0.021 0.040 0.17 0.34
3-5 0.025 0.069 0.21 0.29
1-3 0.021 0.035 .11 0.19 =

C. Dilks study from Xiaqing Li 33



X Resolutions 0.4 GeV < Pup < 0.6 GeV,

0.35 < 2 < 04
Compare differenty . values
001 <y <095 X range
@? range(GeV?) | 0.0001-0.01 | 0.01-0.03 | 0.03-0.1 | 0.1-0.5 *inematics
10-100 0.0006 0.003 0.060 reconstructed
5-10 0.00018 0.0015 0. 0.198 from electron
3-5 0.00039 0.0030 | A0.042 0.168 )
1-3 0.00072 0.0072 0.063 0.120
0.05 <y <0.95 X range
Q7 range(GeV?) | 0.0001-0.01 | 0.01-0.03 | 0.03-0.1 | 0.1-0.5
10-100 - 0.0006 0.003 42
5-10 0.000018 0.0015 0.060
3-9 0.00039 0.0030 / 0.024 0.033 >

1-3 0.00066 0.0066 |\ W

C. Dilks study from Xiaqing Li 34



Outline

¢ Impacton p.atLowy
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Goal: Explore low-y region (large x, small Q2):

Vary minimum y limit, and check impact on p_, q,=p./z, and q,/Q

& Event generation: 1M events from PythaeRHIC (6), 5x41 GeV

& Fast simulation: EIC-smear (via ESCalate v1.1.0)
@ Kinematics reconstruction: highest-E electron

Event Selection Criteria
Ll mt+11- dihadron channel

L W>3GeV

H Yyin <Y <0.95 (varyy,,.)

Wz, <095

W z,,>02 (effectively Z > 0.4)

L pion P; 1 > 100 MeV (tracking limit)
Ll pionx_>0

Ll Q2> 1 GeV? (generator level)

Large X' Two z bins:
*» 0.2<2z<0.3
: >
C. Dilks X 005 ° 03 <7< 1

note: some plots use notation Poerp OF P
they denote the same as p.:

the component of the pion momentum
transverse to q, in the proton rest frame
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Q% [GeV?]

Q? vs. x for selected dihadrons

['5x 41 GeV

ep - erm'X
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Q? vs. x for selected dihadrons

_________________ following plots

W B rwryoan S - ' show ratio of y>y,,,
ep - em X | yleld to total yield,
e for 2 values ofy

Q% [GeV?]

102 ::Z;

10

107 107 10~ 1

C. Dilks 38



p, Distributions for varyingy . in 2 bins of z

y = 0.03 : mp_,.. for Full Q° and 0.05<x<1 mp_,.. for Full Q° and 0.05<x<1
min T~ 800- 434 T 12
S~ £ o r .
~__ 700 ey = < eessseses lOW p_region has
600, 4 Y min™ £ ++++ .
+ E o8 ot relatively larger
O 2 < < O 3 500¢ % 4 A r o7 .
: V4 : S > I, oee suppression
400= 4 ¢ S 0.6+ eeeeer
> S + T Po¢
300t AR = 04
200+ * ol
100-2 33, <
O_'\\\\\\I\\\\I\\\"’\"@‘--n-== OTH\\H.HH.H\H.H\\u\.
0 02040608 1 121416 0 02040608 1 121416
v p,, [GeV] v p,, [GeV]
TP, fOr Ful Q? and 0.05<x<1 TP, fOr Ful Q? and 0.05<x<1
900 -, 5 12|
8005 +4-¥ 2 :
oo+t S «ees | correlation between
600" €E o8 , fragmenting particle
500=* + 2 17 and spin larger at high
g + 5 06 $ -
03<z<1 400- -, *, g %o RIS z, where suppression
2 * e £ H se e®e®e®e H .
> 80073 0.4 by y_ . is worse
200- o) o -
100-2 Teurs “
00 02040608 1 121476 00702040608 1121416
C. Dilks TP, [GeV] ' p,.. [GeV] 39



p, Distributions for varying y .

y . =0.05

0.2<z<0.3

03<zx<1

C. Dilks
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highery__, but similar
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trends for g, look

similar (see backup
slides)
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TMD Region Classification

high q./Q - collinear /

Hard
Momentum

low q/Q - TMD —

gYB.b E LI

'QQ
TMD - Current Region

Ot

Ty T
Q' gr

Transverse

-~ Current Region

m qr

Q' Q

Soft/Central
Region

E_yﬁ.h E {]'_T

}Q: Q
Target Region
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C. Dilks

JHEP10(2019)122
1904.12882 [hep-ph]
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q./Q Distributions for varying y .

0 03 n* qTfQ distribution, for Full Q* and 0.05<x<1 n* qTfQ distribution, for Full Q* and 0.05<x<1
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p, Distributions for varyingy . in 2 bins of ¢./Q

y = 0.03 200 mp_,.. for Full Q° and 0.05<x<1 mp_,.. for Full Q° and 0.05<x<1
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C. Dilks

For x>0.05, as y_.increases, minimum Q? increases - imparts limits on g./Q

Q2 vs. x for selected dihadrons

Q% [GeV?]

10° o

102

10 _ZZZ;
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For x>0.05, as y_.increases, minimum Q? increases - imparts limits on g./Q

" q/Q vs. g, for Ful Q% and 0.05<x<1

o 5C
& - — increasing
D Qzand.y
- y>0.01
4 ié- y>0.05 102
- o | - T
3_ !-.- - \
- I e *
~ - - -
.. e "
1; '_ _-_d_-_ _ -
- —= -
L : - = - = =
0 |\\||\\||‘\||\‘II\\ I N | L1 1 | I I I N | 1
1 2 3 4 5 6 7 8 9 10
11:"qT
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Tt qT/Q

C. Dilks

Similar story for g./Q vs p, correlation
Asy _increases, relatively more low pT events are cut

ntq/Qvs.p_ . for Full Q* and 0.05<x<1

'\\ iIncreasing
Qz.and.y

\

y>0.05 \

- . - * 10
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Similar story for g./Q vs p. correlation
Asy . increases, relatively more low pT events are cut

nt q/Qvs.p__ for Full Q* and 0.05<x<1

. : o increasing
y>0.03 cut applied \ o

2 and.v
J
y>0.05 \\

. - 10
- - - *
"

Tt qT/Q

0.5 1 1.5 2 25 3
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Similar story for g./Q vs p. correlation
Asy . increases, relatively more low pT events are cut

ntq/Qvs.p_ . for Full Q* and 0.05<x<1

- - o increasing
y>0.05 cut applied \ o

> and.y
\

y>0.05 \
- i 10
R - *

Tt qT/Q

10

N

AN
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Vector Meson Decays —» Muddy the Waters for Interpretation et

o M. distribut : P
T Mh dIStrIbutlon, for FU" O and 0.05<x<1 qT(P)"'Q VS. qT(E+)’I05 fOI‘ FU” Q2 aﬂd 0.05<X<1

- g
18001 ep - et X g

ep - e(p - 1T TT)X i 300

1600 o5

1400

B —250

1200

1000

* data not
smeared!

r 15_
8001 :

600,

4001

200

0 0.5 1 1.5 2 2.5 ™
M, [GeV] 0.5 1 15 2 2.5

u Select p— 'nt- dihadrons, and calculate g./Q using
the p, vs. using the 1t*

i Pion g,/Q~1 could correspond to p-meson ¢./Q<<1

& VM decays can confuse TMD region classification

C. Dilk
" & Trend unaffected by Y., CUtS




Summary

U Interested in TMDs at large x (x>0.05), where spin-orbit correlations are likely relevant
* Large Q% may have smaller asymmetries
« Better to look at small Q?, where electron and hadron are detected at small scattering angles
* Minimum y restricts phase space at large x and small Q2

_ Overlap of experimental phase space vital for evolution studies, providing a more complete picture
* Limitations at low-y at the EIC:
- Smaller p,

- Poorer resolutions (z, p,, X)

* Increasing minimum y causes:
- Losses at small p, and small g,

- Localized losses at small p, for q./Q<0.25
- Larger losses at large q./Q than at small q./Q
> Increase minimum Q? (given x>0.05)

_ Vector mesons muddy the waters
« Apion with large p./z/Q, considered outside the TMD region, could come from a VM with small p_/z/Q,

well within the TMD region




C. Dilks
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Kinematic Coverage for y > 0.025

10 , :
T 'u k T
e = '_ c%:—-a:,?_—.:;ﬁ =
el = B2 25
10
e
10 a
1
-1
10
H. Avakian, REF2020, Dec 9
C. Dilks
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<q,/Q>

(black points)

C. Dilks

Tt qT/Q

n* q /Qvs. z, for Full Q® and 0.05<x<1

N NN
— Yy~U.UU (actually y>0.01)

—

0.3

0.4

10°

10
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n* q /Qvs. z, for Full Q® and 0.05<x<1

Tt qT/Q

C. Dilks

10

10
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n* q /Qvs. z, for Full Q® and 0.05<x<1

Tt qT/Q

C. Dilks

10°

10
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Kinematics Reconstruction Methods

107

10°

10

=
o
A

Fraction of events staying in bin (10x100)

Jacquet-Blondel
Method

107 107 107

C. Dilks

—0.9

—0.8

Fraction of events staying in bin (10x100)

107

10°

10

L IIII| T IIIIIII| I IIIIIII| T IIIIIII| T TTTTI

Double Angle Method

[
=]

10° 102 10+
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C. Dilks

Low Q? and large x kinematics in EIC: P-distributions

.

(Y>Ymin/total

Ratio
o
o

o

Y
001
0.02
0.03

EIC 5x41
x>0.01

For large x(x>0.05) large y cuts can significantly change P -distributions

H. Avakian, REF2020, Dec 9
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p, Distributions for varying y .

Y., = 0.05

0./Q < 0.25

q,/Q>1.0

C. Dilks
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q./Q Distributions for varying y .

0 05 n* qTfQ distribution, for Full Q2 and 0.05<x<1 Tt qTfQ distribution, for Full Q2 and 0.05<x<1
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p, Distributions for varyingy . in 2 bins of ¢./Q
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p, Distributions for varyingy . in 2 bins of ¢./Q

0.05 mp_,.. for Full Q° and 0.05<x<1 mp_,.. for Full Q° and 0.05<x<1
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q, Distributions for varyingy_ . in 2 bins of z

0 03 T a, distribution, for Full Q 2 and 0.05<x<1 T a, distribution, for Full Q 2 and 0.05<x<1
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q, Distributions for varyingy_ . in 2 bins of z
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Vector Meson Decays -

z(p) vs. z(n"), for Full Q% and 0.05<x<1
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Muddy Waters for Interpretation
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q.(p) vs. g (x*), for Full Q? and 0.05<x<1
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DIS Electron
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