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Medium Effect In Inclusive DIS
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» Nucleons vs in Nuclei:

=  Inclusive DIS accesses PDFS
do 2za® 11—
dxdQ?  (xps)?

PDF in Inclusive DIS

_ Z G FY) =x ) eZq ()

q

v" Many decades of measurement w/ eDIS, pp

v" Nuclear effects corrected for effective-"free” neutrons

o

o

(BoNUS/BoNUS12, MARATHON, PVDIS,; ...)

Interesting features when using nuclei
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PDF in Inclusive DIS . -

EMC Effect vs. SRC Effect:
Short-Range Correlations (SRC): Nucleons largely

overlapped (high-density); each carry large momenta (high-

5-5 T T T 1
virtuality) ; small total momentum Sl e { - f
/" 2N-SRC A 3N-SRC 4t 5
V() ~35F
g st *
<25¢}
ob- o = £ ot Py e e i
— ] i
1'?';.':. .: z&—a(A)
r [fm] 05F  “ils Ao, °
0 1 1 L 1 1
2N-SRC and 3N-SRC in nuclei are similar to ?D and He (°H) o6t e s
Inclusive QF XS ratios reveal a scaling behavior x in (1.3<x<2.0)
0.5
v

Surprising similar A-dependence with EMC

v" EMC vs SRC provide a way to understand the partonic

picture in NN-interaction -
Many new JLab@12GeV experiments 0.1

High virtuality?

}?} 9
- EMCvs. SRC | @

EMUC effect driven by virtuality of nucleon G 2 CR— 5

6
a,(A/d)
L. Weinstein et al, PRL 106, 052301 (2011)
J. Arrington et al., PRC 86, 065204 (2012)
O. Hen et al, PRC 85, 047301 (2012)

Local Density?
EMUC effect driven by local density
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N
Medium Effect in Inclusive DIS

> What more we can learn?:

12
/ " The flavor-dependent medium effect: .
Stronger medium effect on u- then d-quark’ 2 g’
. . . & =09
Medium effect in sea-quarks? 0 o
E 0.8 3 08
07 ¢ Experiment: "Be 07 b ¢ Experiment: C
' ' o | == Unpolarized ExC effect Q* =5GeV? = = = Unpolarized EMC effect Q* = 5GeV?
»  Medium effect in Hehc1ty-P DF g7 (X) . Polased BC el 08 | —— Pl EMC o

0 0.2 0.4 0.6 08 1 0 0.2 04 0.6 08 1

CLAS12 new experiment with polarized Li’ r r
I. Cloet, PRL 95, 052302, 2005); PLB 642, 210(2006)

T Ll T LI T T

I. Cloet, et. al.

1.0 [\
=  Medium effect on the transverse direction? ' \’\j

Maybe the reason that we still don’t understand the " (2 (2) = / Php k2 (o, k)
EMC effect 1s because we only look at 1D-PDF? N

0 0.2 0.4 0.6 0.8 1

*  Medium effect in Transversity-PDF A, (x)? 12

g,(x) has stronger medium effect than f;(x), how about h;(x)?

<k%>A (I)/ <k%>na.ive (I)

/ = 3D structure of nucleons in nucler (Nuclear TMD/GPD, Nuclear Fragmentation-Function)?

% Would be very difficult, especially w/ polarized nuclear targets
% Higher-Twist effects in nuclear

v Possible in new measurements on SIDIS/Drell-Yan w/ nuclei
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beam electron

q:

B:

P =

Medium Effect In SIDIS

— e’

scattered electron

hadron (produced by
struck quark or gluon)

Target % X (undetected Target

(proton or neutron) fragments)
' 2 2 .2 y
[-I' Q" =-q"=4EE,sin" /2
Q2 _Q‘P y_El_El'_q.P _P'IJh b4
2MV M El l . P P . q
p-b — Quark’s final transverse Quark’s intrinsic
‘ qZ‘ Pri momentum (before hadronized) transverse momentum

— = 1
I_pJ_ = Pr — zpk,
Out-going Hadron’s
transverse momentum
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SIDIS with Nucleons

» Some unpolarized LO formulism: Unpolarized fragmentation functions (FF)
do” _ dra’s

: - = a-y+ 2 > e2[f"(x)31>h(z)]
* Unpolarized SIDIS cross section at LO: dxdQ2dz 4 ) - qLJ1 q

" Jonore heavy quarks and make few assumptions: Up(x) = dp(x) = d(x) DI = Dg* = Dr* = D=~ = DE"
dy(x) = Up() = UK) e _ par _ per _ pe _ pe-
= Usetul observables for pion production : dp(x) = Hp(x) = t(x) - 1; "‘D_ ‘T
u - d =d s = Us
Vield XS ln(x) = dp(x) = d(x)
o~ NE NP Alu) — ()] — [d(x) - d))
pin _ Nlr+_Nzr‘ _ 7 _ _ 5
" n 4[d(x) — d(x)] — [u(x) — u(x)] Sensitive to
crane _ NE+NF au(x) + a(x)] + [d(x) + d(x)] “pure” PDF

/ P T UNE A NE A[de) + d(0)] + [u(x) + a(x)]

N7"  4u(x)D’® + 4a(x) D"/ + d(x)D*/ + d(x)D/*
NF  4u(x)D/ + 4a(x)D/® + d(x)De + d(x)D*/ =~ (Pam"a”y ser\S;T'\ée to PDF
" - _ experimental advantage,
z fav unf unf fav
N7 L 4d(x)D’?° + 4c_1(x)D + u(x)D*"V + u(x)D / less NLO effect)
N7 4d(x)D“"f + 4d(x)D/% + u(x)D/ + u(x)D*n/

prtin”
Ighore _°°
strangeness

+ -
rﬁ In~ _—

\ T Ng’.; + N;’; Sfav unf cq: " "
Min(x,2) = —— x (D' + D) Sensitive to "pure” FF
pn

* In kaon production: — —
i - Note: Simplified for proof of principle;
k- _ Now = N7 4ux) — @) = [sG) = 5(x)] Global analysis needed!
- NK' - NKE  4ld(x) - d0)] - [s() = 5(x)]
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N
SIDIS with Nucleons

» Some unpolarized LO formulism:

% Check NLO in Monte-Carl
% Supported by Hall-C data ° T ATOTIEaAo

+ ™ xt _
- 16 % T% 9% ~%
0 ! ) m+ T mt T
g‘ 14 JLab Hall C E00-108, x=0.32, Q2=2.3 GeV o, +to0, O — 04
& E E 2 )
5 %, + +¢¢ 1., A E Q=35 GeV? £ =3.5GeV
T 2 W*’ L W” Wy B s tebiedey oo, 1 '\-—-—-—-—-—-Q
E‘ 1 ”bi ji: —= = - - - ™~ u:
& of x=02 s x=02
g 08 1 B = = % = = S = % o
~ 3 {
5 s
e 2 H 4 }o £ 3
Lo1s | t g $o ot W | B o S x=03
N 1 Et = = > - = ) = - = = - * -
£ o3 ol ,
0 0.4 0.5 0.6 0.7 08 £ e &« & . o
7 E » - - - - - “E
u— x=04 “E x=04
% Good enough to motivate the e -
E E o - - —.
initial study of SIDIS w/ nuclei £ . . . 3
u%: x=05 ‘:5: x=035

Courtesy to X-D. Jiang
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SIDIS with Light Nuclei

> Tritium and He3:

Stable free
proton

Unstable free
neutron

Loose-bound
(2MeV)

Unstable,
Tighter-bound
(~5MeV)

Stable,
Tight-bound
(~8MeV’)

Very
Tight-bound
(~28MeV)

Hydrogen

B

Neutron
Deuterium

N

Tritium

Helium-3

i

Helium-4

B

" Free-proton available, but need Deuteron as effective neutron

Fp=Fs ® fP + Fs ® £

W Spectral functions (calculable)
“dressell” nucleons (but close to free)

Medium-Effect: Fermi-motion, binding, off-shell, medium-modification, ..

= 3H & 3He:

Fuys = F5 @ 3 + 2F; ® 13 Fres = 2F; ® % + F ® fi'®*
v" Spectral functions in A=3 nuclei are precisely calculable

v" Correction becomes small (sometimes ignored) in ratios

v Medium-modification effect is similar and small at high-x

= 3H & 3He can be used as effective “free-nucleons” or as
well-controlled nuclear medium

= Better to study medium effect in these lightly bound nuclei
before getting into REAL nuclei (He4 and above) 2 A
bridge to the free-world!
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SIDIS with Light Nuclei

> Tritium and He3 as well-controlled nuclear medium:

¢ Study flavor-dependent EMC effect
InZ # N, different medium effect on u- and u- quark ? 1. Cloet, et al, PRL 109, 182301 (2012); PRL 102, 252301 (2009)]

1.2 T T T T T T T T T T T T T T T
L Z|N =82/126 (Lead) , y 1 ol Z/N =26/30 (iron) 7
' it | L3t B
z 1 i .‘\:{. -~ , ,. s 1 I {
% 09 | l' % 0.9
o ! ' 9,
= 08 ¢ v = 08
E 7} Rl:”l) ~ /' é
0.7 o« m o sm ([A/([f = 0.7
e : ''''' UA/Uf Q? = 5.0GeV? &t R;:O ,,,,,,,, u‘A/uf Q? = 5GeV? _-
0 I O,“_) I O,‘.l I 0.6 I 0.8 1 0 0.2 0.4 0.6 0.8 1
A T
. —'nuc. PDF (flavor Ind)  2=0.5
= A power probe with °H (Z/N=1/2) and *He (Z/N=2): e —u only |
1.2 . Cloet et al. .
v If N>Z, u-quark is more “bound” - *H g1 |
v If N<Z, d-quark is more “bound” - *He T 1t i efiect ety due
Bogl T oom
= Systematic measurement w/ 'H, ?D and *He&’He A
| ﬂuclear PDFs (no flavor dep.)

[—

vt _ NmT A 7A fav _ punfav 1
Rzr"—zr‘ (x,z ) _ NA NA _ l (4Z - Nuy —(Z - 4N)du ) DA DA 3 EMC effect entirely|due
A/D » Z, PT —Ng+ _ Ng_ =3 uP + dP Dgw B D;ngau fo.s_ to u quarks
. 06!
If not cancelled, we can exam their z-dependence! Cloet et al
=  Would also measure the pr-dependence o2 My e

" Important input for SIDIS w/ polarized D2 and He3 as effect neutrons!
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SIDIS with Light Nuclei

> Tritium and He3 as "free"-nucleons:

= MARATHON experiment

Super-Ratio in EMC (DIS)
3H 3H
Fy _ 2R-F/F, R(3te)

F
[ — R — 3He R —
F2p 2F23He/} 23H - R BED) 2y +Fy’ (3n) Fp+2Fy’ ~ R(3pn)

=  SIDIS w/ ?H & 3He = direct flavor tagging of “free” nucleon PDF

U'He = y’H = y4=3 ~ 2u(x) + d(x) S'He — §°H _ §4=3 L 35(x)
Niy, = Niy,  4UA(x) — DAX)
Ry " la=s = — — = — < la=3
Ny = Ny 4Dy(x) - Uf(x) dependencel
DA DAx)-D'(x)  4+R; "
A |A=3= —A = nt—m~ |A=3
Uy UA(x)-U"(x) 1+4R]}

S
e
=

1

0.8

0.6

0.4

0.2

0

mm Cl15

B CTl4
B JR14
®  Projected

MMHT14

Fragmentation function cancelled if A-

Equal if strangeness symmetry!

+ - — ° )
I N& - NE& _AUA) - SA(x)‘_» A way to test s = S assumption.

S‘A(x
RA |A=3 = K+ K- - A =A
Nip = Nsyp  4D{(x) - [S4(x) — 8" (x)]

»  Flavor dependence of Fragmentation function:

But probably not at large x

% If extending into dependence in (Q?, x, z, pt), test the factorization in SIDIS
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SIDIS with Light Nuclei

> New Tritium Experiments:

% Tritium was successfully used in the Hall-A Tritium Run-Group (2018)
MARATHON, (e,e’)-SRC, (e,e’p)-SRC, (e,e’K) Ann-Hypernucleus)

% A second Trit imental Run-Group is under discussi T
» SE€Con ritum experimental kun-Group 1s under discussion Ntk !
p p - s 1:Car 12()11-F<)1ls

v The Trittum Run-Group experiments were very successfully
v Trittum Target System worked as expected
v" Sl plenty of physics can do with Trititum

. Foil Targets

Few ideas are under development:

% Semi-Inclusive Deep Inelastic Scattering (SIDIS)

¢ Coherence/Incoherence DVCS—> Nuclear-GPD, Neutron-GPD
% (e, e’D) = Few body force, Deuteron Form Factors

% (e, ¢’ pN) Triple-Coincident SRC

% Tritium/He-3 Radii

s More?

v" Currently consider using CLLAS12 but can be in Hall-C or SoLID (prefer)
v New Tritium target system design is ongoing
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N
SIDIS with Heavy Nuclei

Nuclear 3D Tomography:

** There are plenty rooms to improve the nPDF precision
Eur. Phys.J. C (2017) 77:163
1.6

1-6 T T llll"l T T lllllll T T lllllll T T T 1170 1-6 N T T IIIIIII T T llII"l T T lll"ll [ T T |||l"l T T ||||"I T T lll"ll T T T TITIT
- 14 ;
- S 12 —
----------------------------- 1 2 1.0
- ] | 0.8
N X 5 S 06
g ol == EPPSI6 = o ==EPPSIc | 84 == EPPS16
502 —- nCTEQI5 | &$02F — nCTEQ15 1 &p02 [ —— nCTEQ15 | ]
m 0.0 1 1 |||I||I 1 L il 1 1 |||IIIF: 1 Lo m 0.0 1 1 |I|I||| 1 Lo 1 1 IIIIIIP 1 L £ 00 1 1 IIIIIII 1 Lo 1 1 IIIIIIF: 1 L
10 107 107 10" 1 10* 107 107 10" 1 10 107 107 10" 1
T xTr T
1-6 [ T llllllll T llllllll T llllllll T lllllll 1-6 T llllllll T |||||l|| T |||IIII| T T TTTIm 1-6 [ T llllllll T l||||||| T |||||I q‘lllll
14 f 4 <14 14k y
Z12F 1 312 S 12F
o 10 [y CEEET, S 1.0 O 1.0 [
| 0.8 . | 0.8 | 0.8 / L
& 06 & 06 '5, 0.6 ’ \
= ol == EPPSI16 = o == EPPSI6 Sob == EPPS16 |
02 —— nCTEQL5 ] 2 —— nCTEQ1L5 Bs02 —— nCTEQL5
m 0‘0 11 Illllll 1 L I AR 1L L 0-0 m 0‘0 1 1 Illllll 1 L 11 llllll'E 1111
4 . 2 - i, -2 - 4 - -2 -
10 10° 10° 10" 1 10* 10° 10° 10" 1 10* 10° 10° 10" 1
T xTr T

% Much less knowledge about fragmentation function in medium
(arx1v:1706.02859, also see Elke’s talk)
% New data from eA and pA channels w/ wide range of nuclei are crucial

¢ SIDIS provides additional info on the transverse direction
14/30



SIDIS with Heavy Nuclei

> Nuclear 3D Tomography:
" Learn the medium effect of PDF (aka, TMD) and FF in 3D using Hadronization data?

2

do" Amrals Y
= (1—y+3)Ze§[ff®Di’q

drdydzd*Pry Q*

with Gaussian Ansatz:

fq(-x) kJ_)

q

fo(X) =5~ <k e e KD piz p1) = D)

" Again, define useful observables but in 3D:

L

[.®..]= /deTkozT(S(?)(p - P—ZT —kq)[..].

e P1/PY)

m(p?)

Convolution instead of produc‘rio\n!

R% 37 (x,z,pr) =

NZ + N©°
Nir+ +N7r

1 (AZ + N)uy +i4) +(Z+4N)dy+dy)

= A*(x, pr) ® B*(z, pr)

—

-
N N

- N
Ryp" (x,2,pr) = W = A(x, pr) ® B(z, pr)

“Pure” TMD term

fav nfav
D + D B

A+ (x’p )= = =
AR T 5 (up +up) + (da +dy)

Mj(z,pr)

_ 1 (4Z—-N) -uf —(Z—-4N)-di
Ayp(x, pr) = 3 ul + 4D

“Pure” FF term

(NZ" + N7 )Ny

+ —
BA/D(Z’ PT) - Dﬂau + Dlg'fav

"~ MZE(z,pr)

(NE"+ N2 )/Np

To decouple “pure” TMD and FF terms, high luminosity and wide acceptance systems are needed!
e.g., SoLLID, CLAS12, EIC (similar experiment done in Hall-C, E12-09-004, w/o pt dependence)
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https://misportal.jlab.org/mis/physics/experiments/viewProposal.cfm?paperId=604

SIDIS with Heavy Nuclei

> Hadronization Physics:

=  Historically, we used the SIDIS w/ heavy nuclei to lean the Hadronization process in medium

Quark propagation Study in Hadronization Physics
= (Color confinement
>-\MO: —%&ad{on propagation =  Parton energy loss in the medium
.. *=  Modification of the fragmentation functions in the medium
W ]

Hadron/pre-hadron formation in the medium

q - : +
T — + HERMES
—= CLAS6 A e Sl O . S
e W EFERERRA +f¢§$§%§£ll
.. r, Ld 18— 4’ $> '.I‘ . B | 4 4 + A + 1 ; B % A+ l
b * Pow pb 4 SR ‘ t - M T4
— £ 4 | - Pl LI
h - oo ¢ R B - Y o1
f C S Ef LI - Tom ' v = a7 I
oy Y L R
C| = Imn(;r‘):) ‘ i — @ He . * — Vv KI‘ + T
0.2— (‘) (I-Z:I‘:anr(n‘) : B T ? B
B 1 Iron (] - | .
N:Alm"\((})\\\|||| B . Ne y B Xe
0 01 02 03 04 05 06 07 08 09 1 I R . R R ]
0.5 1 0.5 1
0.05
0‘045E A dependence of AP} CLASG _Z Z
004 - — 004 vr*
0.035F Foam, %
Fl o= o - oK
0.03f] 0.03F
. Co.025F r
" Pr broadening: 3 : oo é %
0.015F " .F { [ S
2 _ 2 _ 2 0.01F l 0'01:_
IA PT_ <PT>A <PT>D o.oos_EjLI o:— z} YZ%
Gz""z.‘s‘"'a‘""a}s‘":‘}“""4.‘5"'é“"s.‘s"" F Y + HERMES
-0.01F —_—
..... Lo b b b bovns bvwnn bawn Tunag |

a 1 15 2 25 3A1/§3.5 4 4!5 5 55 16/30



SIDIS with Heavy Nuclei

> Future Hadronization Experiments in Hall-B:

s A list of approved CLAS12 experiments (Run-Group B, D and E) to study Hadronization

E12-07-104 Neutron magnetic form factor Gilfoyle A- 30 Neutron liquid
- . i detector D, target
PR12-11-109 (a) Dihadron DIS production Avakian 90 RICH (1 sector) 1 B
E12-09-007a Study of partonic distributions in SIDIS kaon production Hafidi A- 56 Forward tagger K. Hafidi
E12-09-008 Boer-Mulders asymmetry in K SIDIS w/ H and D targets Contalbrigo A- TBA
E12-11-003 DVCS on neutron target Niccolai A 90
E12-06-106 Color transparency in exclusive vector meson production Hafidi B+ 60 60 " D ( Nucleari
E12-06-117 Quark propagation and hadron formation Brooks A- 60 60 1 E ucle;

v Beam energy, EO = 8.8 and 11 GeV
v' Targets: H1, D2, C12, N14, Ar40, Fe56, Kr85, Sn119, Aul97
(~80 days for gas targets, 10 days for solid targets)

Hadrons: detecting all pions and kaons

Acceptance (Gaps between six sectors) :
electrons: 6.5 < theta < 40 degrees, 0< phi < 360 *80%
hadrons: 5.0 < theta < 40 degrees, 0< phi < 360 *80%

v" 103 luminosity = Rates are good enough for 4D binning

AN

Rate (KHz) pi+ pi-

Ci12 1.16 043 0.34

* Perform a parallel analysis to extract 3D info of nuclei?

(a developing effort by H. Avakian, D. Dutta, D. Gaskell, K. Hafidi, Z. Meziani, Z. Ye)
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SIDIS with Heavy Nuclei

> Nuclear 3D Tomography:
% CLASI12 Kinematic Coverage:

| p(e,e™)X, E_.=11GeV, Count in 1-day

10—

Q* (GeV?)

‘ p(e,en)X, E.=11GeV, Count in 1-day |

i 1.5
s I
g Lo
" :
0.5
00753 04 05 0.6 0.7
z (GeV)
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P (GeV/e) P (GeV/e) P, (GeV/c)

P, (GeV/e)

SIDIS with Heavy Nuclei

> Nuclear 3D Tomography:

< CLASI12 Projected Data Coverage and Statistical Accuracy:

12c(e,e'mt)X
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SIDIS with Heavy Nuclei

> Nuclear 3D Tomography:

< CLASI12 Projected Data Coverage and Statistical Accuracy:

12c(e,e' K )X

20/30




SIDIS with Heavy Nuclei

> Nuclear 3D Tomography:

% 4D-binning (Q?, x, z, Pt) in SIDIS for light and heavy nuclei
% Study the A-dependence of PDF and PDF in medium

h h+ h™ Wt h
Bip(z,pr) = M:(z’ o) _ (N2+ - N:— s R (x, z, pr) = Na +Ni _ A" (x, pr) ® B"(z, pr)
My(z,pr)  (Np + N} )/Np N,’f + Nk
=  Study Medium effect of FF pab v=10 GeV, Q?=10 GeV? 3
1.2; (a) T 1.2;— Co —;
KN : ok :
r ] N OF .
0.8? — %D“ 0.6:— 3
c << B ] 0-4;_ _;
- o8- E 0.2F =
0.4F R ) -
oz [ Uncertainty on 90% CL (DSS07) ]
T R T R R B 1] 1_4:_ v=10 GeV, Q?=10 GeV? 3
2\ - AN ]
B ) . i —~ 1.2 l'-‘ B
KN\ . NoE \ ]
1t : v T :
i ] a%\ 0.8F =
08r B  w 0.6F =
ol ] 0O o4F =
r ] o1 =
sl ¥e=05 ’ %F s | | e
Tr —V=lggex 1 0 02 04'2"06' —08
L _ V= e -
0.2 | | | - B N Chang, et. al. PRC92, 055207 (2015)
0 0.2 0.4 0.6 0.8 1

W. Deng and X.-N Wang PRC 81, 024902 (2010)
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N
SIDIS with Heavy Nuclei

> Nuclear 3D Tomography:

% 4D-binning (Q?, x, z, Pt) in SIDIS for light and heavy nuclei
% Study the A-dependence of PDF and PDF in medium

Mj(z,pr) (N3 + N} )Ny N" + N#
B" (z, pr) = —= =4 = R +H _ Na A bt ht
A/ID\%> - X, Z, — — = A" (x, ® B"(z,
MiGpr) (N + NEyn, Ram (%2Pr) NE T N (x, pr) (z, pr)
141
. . _1.05 [ [dRgyc/dX=0.280 +/- 0.028 ]
v" A comprehensive way to study nuclear-effect in QCD ‘% 1o t
=
TZ 0.95 ++
. . ¢ ool ¢t
v" Look at the pr dependence (not just broadening) **t EMC slope ™
0.850.2 03 04 05 06 07 08 09
0.04:* vt . 0.6 T
F ar,  prbroadening % 108
0.03 oK 0.5 ¢
HERMES % —oal oca¥Fe ||
0.02 é 3 + 197,
N%'_ % 0 3 120 27i| ]
001 . YA\% 5 0.2 JHe She
N ¢ + 0.1 Fri (a)
-0.01F 0 oM
B I T 55 g 555 1 10 100

EMC ratio in 2D? ' SRR
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SIDIS with Heavy Nuclei

> Nuclear 3D Tomography:

. . . . . 0.26
¢ Possible to extraction of k ; and p ; distributions .
— o - ki : R S I
Pr=p, +znk, +0(3); (PR = (p2) + 503 _ oz _
)  0.20] |
not 100% correct in full QCD but roughly hold (see Andrea’s talk) % o8l 4 { ‘ ]
(% 0.16}
= ~
P ‘ 0.14+ . .;;. ]
T DEMO-ONLY . O&, i 7
1 0 02 03 04 05 06 07
I_é I (k) (x=0.1)[GeV?]
4 u‘;“- —-— -'- -J_- — I . . . . —>
b1 v" Extrapolation to z 20 to extract the distributions of p
—Z v" The slope gives the (“relative”) distributions of k|
h
DEMO-ONLY

By comparing the distributions of extracted p; and k in different nuclei:

o From k| , does the quark shrink or enlarge when A is larger?
o From P, does the quark shrink or enlarge after it is struck out?

o Is the Gaussian Ansatz hold for p; and k 1 1n all nucler?

kJ_Or ﬁJ.

= Extract relative change of 3D TMD/FF in nuclei from this technique?

23/30



SIDIS with Heavy Nuclei

> Nuclear TMDs?:

* The unpolarized SIDIS cross section w/ additional azimuthal dependence:

2,2

5 o tp—thX 2mralel (2 = VT = yk3 )z, Py I _pye
- D! 1+(1—y?—4 1 ] P2/(P2)
T dCE T = g ) q(zh)[ (1-y) 0 cosby | e
&’ otr—thX Cahn Boer-Mulder
If we consider the Boer-Mulder Term (very small): 5 5 = A + Bcos¢, + Ccos2g,
dxpdQ*dz,d“P
*  The cos(¢y) azimuthal dependence term: 1 — L
. . . Bla=2.0
<CO§¢> =_|kJ_|B(y)xBf (‘xB*kJ.) é‘ ...........
vu 0 A(y) filxp ky) §
% 05F N T
A N —k2 [(a+AsF) - S
x, k)~ x)e L , & | e el TS
. AB P2
Twsist-3  fA (x, k) ~ N (x)e B/ B0 0 .
el (B + Agp) ' ° A 1
. 2 . , . : . . . .
Pr ﬂdth B/0=0.5 — k=0.2Va
— . K,=0.8V0(
({cos @n))ea Bz> +af ) =120
— . =1.9V0
((cosgnlen — | (B+ A25\>z2 + ar i '
A
broadening %
Gao, Liang, Wang RPC 81, 065211 (2010) | e 00 =
10
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SIDIS with Heavy Nuclei

> Nuclear TMDs?:

The unpolarized SIDIS cross section w/ additional azimuthal dependence:

& otr—thX 2ma’e] (2 — YVT = Yk )z, P |
= Dh(z)| 1+ (1 —y) — 4 LIZHTT oo ] P/
dxpgdQ?dz, P ; g Tl "(Z")[ 1=5) (P})Q COSPh | ipTy €
B o tr—thX Cahn Boer-Mulder
If we consider the Boer-Mulder Term (very small): 5 5 = A + Bcos¢, + Ccos2g,
dedQ thd PT

The cos(2¢y,) dependence module gives the BM convoluted by Collins Fragmentations:

FSos2Om (x, 2, b1, Q2) o {c0s(2pn))yya ¢ hia(x, ki, Q%) ® Hia(z, D1, Q%)

In principle, we can study the medium effects of BM-TMD and Collins-FF at the same time!

Very difficult! > Boer-Mulder is tiny; Cahn effect couples; radiative corrections ...

% Polarized nuclear targets (up to Li7) could be used to study other nuclear TMD => Dilution is a pain!

% Directly probe the orbital angular momentum due to TMDs mixing in nuclei?
(Y.V. Kovchegov, M.D. Sievert, Nuclear Physics B 903 (2016) 164-203)
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PA Drell-Yan Process

26/30



pPA Drell-Yan Process

» Study Medium Effect of Sea-Quark PDF:

% DY get access to the initial-state information of the annihilated quark and anti-quark pair.

% Unpolarized DY cross section is sensitive to sea-quark contents:

d2 ? 47"'042 ! 1 7 Proporionai tubes,
- 62 [Qt (:Ct)qb(xb) + Qt (CUt)Qb(SUb)] &Hodosgopes

Station-3
Drift Chambers
& Hodoscopes

dzpdzy 9z ¢ S

Station-2

Small at selected region

Station-1
Drift Chambers
& Hodoscopes

% SeaQuest experiment at Fermi-Lab aims to study (d /)
at moderate high-x:

235 Opd | | d(\z)
e ® £906 15 - = —
» E 34770" po1 Y
s m E866 20-171’ X132 2 l‘l(“z)
175 F A NASI
» 3 — MRS12 125 -
B CTEQ4m [ m E772 Drell-Yan ----- Coester
155 B [ crEQe 12 e E906Drell-Yan -—- Jung and Miller
. (Proposed) e Brown et al.
1 /] L5 - Close et al.
. r S Miller
075 £ 2w o .~ Dieperinkapd
05 F 1’1'05 L 3 .
0.25 ‘ E866 Systematic lirru& 0S . Lb ! t’:.?.:;f..: :
=\ ** w/ heavy nuclei, can also study sea- 0os | B3
0 0.1 0.2 0.3 04 0.5 0.6 . L
x quark EMC effect which has not been 0o
carefully studied experimentally 0ss |
0% 5 o1 02" "03 R
X
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pPA Drell-Yan Process

> Nuclear TMD In Drell-Yan:

O Sensitivity w/ different polarization in pp Drell-Yan:

2R hy () -y (x)
» Boer-Mulders TMD from DY with unpolarized target: V=73 7 X q
° ° J » Fou+Fgy  f1(xp) - f1(x0)
sings
X X
= Sivers TMD from DY with transversely polarized targets: » Asm‘ps =T fl () - fir (x0)
Fyy +FUU f1 (xp) - f1 (x¢)

= Sivers TMD from DY with transversely polarized beam: » A;ig‘ps fl () - f” (%)
£l )« £7(x)

O Sensitivity w/ different polarization in pA Drell-Yan:

I 2F,°%? hi(xy) - b (x A Sensitive to sea-quarks
Agy(p +A-TH+T+X) mhp vd) = 72—« - (xp) - by (3, A)

Fly +F2, f1q (xp) - flq (x,, A) Boer-Mulders TMDs in nuclei

1q
11 + smqbs f 1 (xp) - f1 (x¢, 4) Sensitive to valance-quarks
Ay +A-> 1T+ + X)» A f1 (xp) - f1 (x;, A) sivers TMDs in heavy nuclei

O Polarized DY with polarized anti-proton beam would be 1deal to study nuclear TMD since a

quark-TMD 1s convoluted with an anti-quark TMD (no nuclear-FF mvolved!)

U Drawback: Low rates, limited acceptance, low-luminosity w/ polarized anti-proton
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N
Medium Modification in SIDIS

> Nuclear TMD In Drell-Yan:

Nuclear Boer-Mulder TMD in unpolarized Drell-Yan: ‘g
o
2 3
Rcos2¢ = A?\(I)zsﬁ v — 2a + ArF 213
A%)jvz‘p 2a 2B+ Asyr
(@—p)2a42B8+A2p)AF = 2
X @ 20PQat by 2p+ay ) 9T
n=Mor/2a, 47 =lqrl/vV2a, =B/ (=2.0
00 015 1
L. Chen, J. Gao, and Z. Liang, (a) n

PHYSICAL REVIEW C 81, 065211 (2010)
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0’0

Summary

How partonic structure differ in nucleons and in nuclei needs more studies
Detailed study w/ inclusive DIS = EMC effect and correlation with SRC
Origin of EMC effect is not understood;

Flavor-dependence EMC effect? Medium effect in sea-quarks?

SIDIS w/ light and heavy nuclei provides more info about the medium modification in nuclear
structure = medium modified PDF/TMD and FF
Drell-Yan w/ heavy nuclei measures pure medium effect of PDF/TMD

Near future JLab 12GeV eA experiments will provide high precision SIDIS data w/ 4D binning

EIC eA program can push the study of medium effect into the sea-quark and gluon regions.
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Nucleons in a Nucleus

V()
» Interesting Facts: Ea
v" Quarks & Gluons = Nucleons = Nuclel
v" Quarks & Gluons move extremely fast inside Nucleon, but don’t escape!
-50

v" NN-Interaction is strong-interaction, but much weaker

abstoBender Kern

| 2 i/fm

" Yukawa-Potential

v" NN-interactions don’t need partons (pion-exchange)!

or
Not Modified? Modified in Mean-Field? Modified in Cluster?
» 50+ years old questions but yet to be answered:
» How are protons and neutrons bounded together into nuclei? = Origina/ from the same
» Bounded protons and neutrons are really different from free ones? mechanism?

» May require another 50+ years of works both theoretically and experimentally!
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SIDIS with Light Nuclei

> Tritium and He3 as well-controlled nuclear medium:
< Tritium and Helium-3 Medium Effect are similar at moderate x = g3, )= e g3 -
He/™ ap,+r, T OH
Tropiano, Ethier, Melnitchouk, Sato, arXiv:1811.07668
| —a 3 ' 2 _ 2
L2f o R(°He) : Q? =4GeV
=== CI (6f7 = 6f") ]
L1F ---- KP (8f7 = 6f™) i/
------- on-shell Vi
0.2 0.4 0.6 0.8
T
F—CJ 3He *H
L xp 7 F,
| -~ CI (51 = 8f")
| -—KP (§fr=6f") .
------ on-shell p puEsy
MARATHON 1F MARATHON
0.8 (a) : : : : (b) ———————————
0.4 0.6 0.8 0.2 0.4 0.6 0.8
€T

F3p

Fy+2F,’
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P, (GeV/c)

P (GeV/e)

P (GeV/e)

SIDIS with Heavy Nuclei

> Nuclear 3D Tomography:

<+ CLAS12 Projected Data Coverage and Statistical Accuracy: 12¢ (e,e'm )X

P, (GeV/e)
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SIDIS with Heavy Nuclei

> Nuclear 3D Tomography:

< CLASI12 Projected Data Coverage and Statistical Accuracy:

12c(e, e’ KX
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New Study with CLAS12

» Simulation Study:
O Beam energy, EO = 8.8 and 11 GeV
O Targets:
a) D2 (totally 90 PAC days, plus approved E12-11-003 and other CLAS12 Run-Group B experiments)
b) H1, D2, C12, Fe56, Sn119 (totally 60 PAC days, with 40+ days of production data taken, together
with approved E12-06-106)
c) N14, Ar40, Kr85, Aul97 (totally 60 PAC days, assuming 10 days for each target, together with
approved E12-06-117)

Rate (KHz)

O Hadrons: detecting all pions and kaons
C12

O Acceptance:
electrons: 6.5 < theta < 40 degrees, 0< phi < 360 *80% (Gaps between six sectors)
hadrons: 5.0 < theta < 40 degrees, 0< phi < 360 *80% (Gaps between six sectors)
O Using unpolarized SIDIS generator developed for SoLID to generate MC events
0 Using CLAS12-FastMC to build in the CLAS12 acceptance; Assuming 85% totally detector efficiency

O Using the maximum CLAS12 luminosity (1e35/A cm-2 s-1, note: scaled by the nuclear number A)
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New Study with CLAS12

> Binning of MC Data (Binning method as demo):

| p(e,en)X, E .=11GeV, Count in 1-day

| p(e,en)X, E.=11GeV, Count in 1-day !

10

p, (GeV))

Q* (GeV?)
n
T T

ez a0 0
O Bin the Q2 and z first, by defining the following boundaries:
Q?[5] = [1.0, 2.0,3.5,5.5,10.0] GeV?, z[7] =[0.3,0.35,0.4,0.45, 0.5, 0.6, 0.7]

1 0.07—53 0.4 0.5 0.6 0.7 !
z (GeV)

O Further bin the data on pT and x:
pr[< 9] =10.0,0.2,0.4,0.6,0.8,1.0,1.2,1.4,1.6]GeV /c
Note: merge a bin to its larger bins until the total events >= 1e5 (before binning on x)
xg[N] = [from 0.0 to 1.0, step=0.02], increase the step size if the total events in the bin is <le4

O Projected results (see plots on next few slides):
a) Choose (12 target as examples (other targets should have similar statistical budges)
b) Each projected data file has the detected hadron (pi+,pi-, K+, K-), and in which (2, z) bin
c) Statistical error delta_stat = 1./sqrt(N_exp_count)
d) No central values of any observables. Need theoretical inputs
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