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Tomography

CT = Computed Tomography
See inside an object without cutting
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Nucleon tomography




1D tomography: Parton distribution function (PDF)
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Probability distribution of quarks and gluons with
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proton

The nucleon is much more complicated!
Partons also have transverse momentum k|
and are spread in impact parameter space b




3D tomography:
Transverse momentum dependent distributions (TMD)
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Relevant in semi-inclusive DIS (SIDIS), etc.
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3D tomography:

Generalized parton distributions (GPD)
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=) f(gj, bJ_) distribution of partons in impact parameter space

Fourier transform

Deeply Virtual Compton Scattering (DVCS)
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5D tomography:
Wigner distribution— the “mother distribution”

Belitsky, Ji, Yuan (2003);

S o Lorce, Pasquini (2011)
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5D tomography: GTMD and Husimi

GTMD  Meissner, Metz, Schlegel (2009) Husimi  Hagiwara, YH (2015)
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Wigner distribution and orbital angular momentum

Nucleon spin decomposition

1 1
—=-AY+AG+ LT+ L7

22[ ‘ O

Canonical Orbital

Quarks’ helicity o
Gluons’ helicity  angular momentum

(Wq,g(xa gJ.a ]ZJ_)
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Lorce, Pasquini, (2011);
YH (2011)



Electron-lon Collider (EIC)

A future (2025~7?), high-luminosity ep, eA experiment dedicated to
the study of nucleon structure.
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Wigner distribution: Is it measurable?

In quantum optics, yes!
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What about in QCD? Go to small-x!

2.0¢ (b) 2.0 ()

FIG, 1. Measured Wipner distributions lor (a),(h) a : n: -
squeezed state al_:1d {c).(d} a vacuum stalc, vmwcd_ in 3D and as _ /;;g;;;,ﬁ_
contour plots, with equal numbers of constant-height contours. a 0o | rurﬂ,.j@j\)\
T e . . b )
Sgueczing of the noise distribution is clearly seen in (b). - \Q‘*\u\%\%t—% =2

R \‘\-.\_\_'_- -

1

29500 o0 10 zo Yo 0o oo 14 io




Gluon Wigner distribution

xW(ZU,/_{;J_,gJ_)
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There are two ways to make it gauge invariant
Dominguez, Marquet, Xiao, Yuan (2011)
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Dipole gluon Wigner distribution at small-x
YH, Xiao, Yuan (2016)
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COS 2(;5 correlation expected

Wz, k1,b1) = Wo(z, ki,b1)+2cos2(dr — do)Wi(a, ki bi)+ -

“Elliptic Wigner distribution”



Gluon Wigner from Balitsky-Kovchegov equation
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Hagiwara, YH, Ueda (2016)
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How to measure the Wigner distribution?

Find a process sensitive to both », and k. .... Nontrivial!

cf. Vector meson production

do 1

2
dt  An A(b) =1 / d2’7/ dz07"(Q, 2,7 (1 — S(7,5)) ¥V (7, 2)
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One can study the dependence
on I; (<—> &) Munier, Stasto, Mueller, 2001

/\ but not on & (+ 7)



Probing Wigner (GTMD) in diffractive dijet production

YH, Xiao, Yuan (2016)
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Fourier transform of
/ S(7L,b1)
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Ultra-peripheral pA collisions!

Hagiwara, YH, Pasechnik, Tasevsky, Teryaev, 1706.01765
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E + = QQ* preferably small  YH, Xiao, Yuan (2016)
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Use the Weiszacker-Williams photons in UPC!
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Elliptic Wigner in DVCS YH, Xiao, Yuan (2017)
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drpdQ2d?A,  7xp;Q? L=yt (A + A7) + 2(1 — y) Ag Az cos(2¢a1)

+(2—y)v1—y(Ao + Az) AL cos par + (1 - y)Ai}
Elliptic Wigner also relevant to:
“elliptic flow” V2 in pA and pp collisions Hagiwara, YH, Xiao, Yuan (2017)

cos 2¢» correlation in quasielastic scattering Yrp — p’X  Zhou(2016)
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Nucleon spin puzzle and small-x
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Huge uncertainty in AG from the small-x region.

1 1 : : S
Maybe 5= §AE + AG after including the small-x contribution. OAM not needed?



Can we measure L., ?

A big challenge for the whole community.
No observable proposed so far...although OAM is the future of spin physics!

Hint1l: We need to introduce the x-distribution Lcan, = fdecan(x) for OAMs

cf. AY = /dmAq(m), AG — /dmAG(m) Hagler, Schafer (1998)
Harindranath, Kundu (1999)

YH, Yoshida (2012)

Hint2: L.un is related to the Wigner distribution.
The gluon Wigner distribution is measurable at low-x. YH, Xiao, Yuan (2016)

Recent progress

small-x YH, Nakagawa, Yuan, Xiao, Zhao arXiv:1612.02445

moderate-x Ji, Yuan, Zhao arXiv:1612.02438

guark OAM Bhattacharya, Metz, Zhou arXiv:1702.04387
Liuti, talk in this workshop



OAM from the Wigner distribution

Wigner distribution in QCD
W(x,EJ_,B’J_)

dPAL [ dz7d’z1 upt,- iR,z A Z\ 4 2z A
= [ Gor [ et (P~ Slalb— Syt ab+ DIP+ 5)

Y

Need a Wilson line !

Define Lorce, Pasquini (2011);
YH (2011);

L9 = /daz /dszdzkl(l_)l X /ZL)qu(ZUagL,EL)

Which OAM is this??



Canonical OAM from the light-cone Wilson line YH (2011)

- - = —= &=
/b X leight—cone(ba k) — <¢b X1 Dpure¢>

T il
Kinetic (Ji’'s) OAM from the straight Wilson line N\ o

Ji, Xiong, Yuan (2012)
/b X kWst'raz’ght(ba k)

= (b x i D))

~

‘Potential’ OAM

_ — - Torque acting on a quark
Lyt =LY% — L4 = [dz=(bx F
pot Ji can < ) Burkardt (2012)



Jaffe-Manohar vs. Ji  First lattice result

Engelhardt, 1701.01536
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OAM parton distribution function

Define the x-distribution L... = /d:chan(a:). YH, Yoshida (2012)

Natural, because Jaffe-Manohar decomposition has a partonic interpretation.

Le /dx/d2bld2lﬂ(bl X k1), Wi(z,by, kL)

I:> Lgan( ) /dzbld2kJ_(gJ_ X EJ_)ZWq(ZU, EJ_,EJ_) ??

Go to the momentm space b — A | and look for the component

S+
W9 = @P—E%Z A fPI (k) + -

Then Lga%z,( ) /koLkifq’g (m, kl)



Deconstructing OAM

Ji's OAM canonical OAM ‘potential OAM’
(ng X 5¢> — (@ZI; X 5pure¢> + (@Z[; X iggphy8¢>
1
Agh’ys - EF—F“

For a 3-body operator, it is natural to define the double density.
’I:A L1TI2 1 r1—I2 . 7
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Ji's OAM canonical OAM ‘potential OAM’
<@Z[;’ X ﬁ¢> — <'(7;[; X ﬁpure¢> =+ <'§Z[; X iggphys¢>

doubly-unintegrate

1
(I)D(Zvl,ibz) = 5(%1 — :cg)Lgcm(a:l) + P <I>F(a:1, 332)

’ E T1 — To

The gluon has zero energy,
partonic interpretation!

Canonical OAM density
YH, Yoshida (2012)

33‘1—1’2:0 T

P

) P; It coincides with L., (z) defined
via the Wigner distribution



Twist structure of OAM distributions

YH, Yoshida (2012)

/ Wandzura-Wilczek part
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"DGLAP’ equation of OAM PDF

Hagler, Schafer (1998)
YH, Nakagawa, Xiao, Yuan, Zhao (2016)
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Spin dependence at small-x?

S(r,AL,qL) = d2.CE'J_d2yJ_€iqL'(mL—yL)—Fi(mi—}yL).ATL <P N :

3 [T veorTewn)| P- 5 )
)

= P(x,A1,q1)+1iq - A1 O(x,|q|

“Pomeron” “odderon”

S(xz,A],q.) cannot contain the structure

S+
W = zﬁe qLA‘if(x qi)+--- forbidden by PT symmetry

Lesson: All information about spin is lost in the eikonal approximation.

wx Pz 1

& ~



OAM as a next-to-eikonal effect

YH, Nakagawa, Xiao, Yuan, Zhao (2016)

Go to next-to-eikonal

TP | fix Pty ) W= W, + W

AP+
g*(2m)3

o X{/id'z ((ﬁ _ A ) <T1~ [UTZ ODU. iz, UT(yL)D

T i
+/sz_ (qi + %) (Tr [U(M)UTZ(M)Dz‘UzT(yUD} -

6W(£E7 AL; ql, S) —

. A . A
fdQILdeLGZ(qULTL)-m+%(—qL+Ti)-y¢

Can have spin-dependent matrix element. Involves half-infinite Wilson lines



Polarized gluon TMD

P s (S|, (5) U_FH (—5) Uy | PS)

_ ST d?z,dz"
ZI’AG(I’,QL)E — 2/ 2P

Apt | |

xeij{qi [ (1 [ 0D e )]

— o0

+qiL /_OO dz= (Tr [U(xi)U—ooz(yi)DjUzoo(yi)D}

Exactly the same matrix element appears.
- Linear relation between AG(z) and Ly ()

Our conjecture: Lg (.CC) ~ —QAG(.CU)

YH, Nakagawa, Xiao, Yuan, Zhao (2017)



d 2C a, [ldz
imi ' AG(x) ~ —AG(z),
DLA limit of the DGLAP equation i o2 (x) . £ p (2)

d Coa, [1d
WQZLQ(X)R/’ Ijra l ?Z(Lg(Z)—ZAG(Z))

‘ dle2 (L,(x) +2AG(x))~ C‘;“Ta*‘ L 1 % (L,(z) +2AG(z))

[ Lg(x)

IL,(x) +2AG(x)] < |AG(x)

Model calculation

More, Mukherjee, Nair, 1709.00943
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Dijet production at next-to-eikonal

NiTr[U(m)UT(yL)] —) NLTT[U(MWUUT@M’D]

C C

L

Yyl

AT A, At At

Green’s function

0 1
[iam— T 2f— Di_l_ - 9A+(37_a$¢)] Gr-(x 7,z 27, x'))=1id(z™ — 3;’—)5(2)@l — )
/ oy U 0wl ) = U) + e [ de Useen (2)(D2) = 20k D = KU~ o))

cf. Altinoluk, Armesto, Beuf, Martinez, Salgado (2014)



Longitudinal single spin asymmetry in dijet production

dAo ~

Interference between eikonal (Pomeron, Odderon) and next-to-eikonal (OAM) contributions.

OAM interferes with odderon, but Pomeron usually dominates....
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Pomeron contributions suppressed in the kinematic regions

P >q1,Q Q>q,,P Py = 3 (For — Fu)

fdQQJ_P(x,qJ_,AJ_) X 5(AJ_)

dAoc
d)’ldzkud)’zdzku

22+ (1 —z)?
22(1 _ Z>2

~ 47r4aSNcaemee]2c5(xy* —1)(1 -2z)
/

P,A, . { —2AG(x)
X Sin ¢ pa

0 L, (x) } / d*q.14710(x.q.).

Measurable at the EIC!



Conclusions

Let’s get 5-dimensional. Even richer physics than GPD and TMD combined.
Nice addition to the EIC agendal!

OAM: Holy grail in spin physics. Connection to Wigner crucial.

3D distributions do not give direct access to (canonical) OAM.

Diffractive dijet events in ep (photoproduction) and pA (UPC)

- Promising channel to study Wigner. Look at cos 2¢ and sin ¢ dependences

Progress in the small-x evolution of helicity distributions. Kovchegov, Pitonyak, Sievert

Possibly large spin content in the small-x region?



