ON THE DYNAMICAL ORIGIN OF
PARTONIC ANGULAR MOMENTUM

TRANSVERSITY 2017
DECEMBER 11-15, 2017

Simonetta Liuti
University of Virginia




12/13/17
ih@-M-J
sed
on
2016) .
( 'su"\\mﬁons

puyYSIC JiEW P a“g\ﬁﬂ‘ )
a‘ﬂm\ . | ED ol 3&‘33 and S\mone\\.ﬂ W
15 Ao CO\)I‘O‘], ' cha® & | S\)iue, Virgiﬂ a 22904' USA
Abha Rajats g cormick oadh € rlotté
U sity of yirgini® 2 Mc 6n de Estud s Avar $
‘Ph)‘sics Depanmem. piver 0 ame o de pisico o de lnvesﬂsd‘—"
: Catedrdic CONA®Y " Deparamer ot 14740 000 MEX? DF. e
Apa 0 POS“l N U iversit)? Box 3 ] MSC 3Dv
A -t ph\‘CiCS MeﬂCo Sww '},....-m I‘!(‘A
) orent? T yarid a QC EBa atio fion fion! r Ge eralize partor
Physics Dep? Distﬁb fion the DY? s gl OIS roto Orbit A gular Momentum
e @ ok Abha Raian,‘ * M'xchae\ B gelhaxd ,‘2" and S'unonetm L'mti?’*
;a?oi 2 ¥ U jversity f Virgini® - Phystcs D partmen cCo ck Rd- Charlottesville, inic 992904 - US
e 0 ZNew Mezxic0 State Univ sity - Department of hysics
a8 DO Bos 30001 MSC 3D ces NM; 25003 - USA
iO\‘W%"‘\ : - 35U jversity f Virgint® Physics ment, 382 McCormick Rd. Cho:rlottesmll % nio 99904 - USA
exp“c'\\ \ 4 Labo N zionot cati, INFN, P‘rﬂswté., Italy
ua!\sveﬁe m W )
s a0 e derive W I.Jo Eantz.m ation t s b€ 1-three Gen
i \ erahzed arton Dist putl ( Ds) av ents e P ton X v entum: ks ©
O‘b“"‘ ang® pwist-tW Genetal'\zed Transve o Mome amn-D pende” pution ( g), 88 2 functio? of
pO\af\ﬂ"d w the P on V ng'\tud'ma\ oment fract ~ Althot MDs 12 P fne the observ-
ables for P nic orbxta\ motions {hat © HiguoO y det nem 2P remote
pok: 101} at pre nt The relatio prese pere PO ide Jution 10 this 0P in that: fhe O~
pital gul moment density ° ected 0 jrectly e able GP Out of 16
ossible ation of Mot n rel ns th tren 1B th T-eV s cus o fhree
pelicity ﬁgu\:at\ons can D ct palyZin® ecift spin yries 0 cott@pond
o lon® inal proto? \ariza ocxated ith aw roital anguy oment d
in-0 corre\aﬁo £hird, 4 for ransve o proto? \.ar'\zat\on, is peral] ation of
obeyed by g ction- We 2 exhibit 22 add'\t'lona\ rion ecting
ne SIve functio® {o an off-forw a Q‘m—Sterman .

sp TDhIL
the relaﬁon
iorWaxd extension of the
arXiv:
Xiv:1709.05770



12/13/17 3

Outline

1. Introduction: aim of deeply virtual exclusive experiments
Overview of results on OAM

New OAM sum rules =» twist three GPD EZT , role of gauge
links

4. Extraction from experiment: new DVCS/TCS formalism and
UVa Multivariate Analysis

5. Nuclei



do we study GPDs?
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Proofs of concept

Proton Imaging Angular Momentum
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How do we move beyond the proof of
concept?
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... a closer look at angular momentum

3

M2 = l//t 0-121// - Wt[XX(—iﬁ)]3w +[£X(EXE):|

momentum
...what do we know so far?
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The nucleon spin in Lattice QCD
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Quark sector: J, = L, + %Azq
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EIC = Adding gluons: Jaffe Manohar Sum Rule

1 1
5ASg+ Ly + AG + Ly = 5

2
1 1
JMN|_ 7 JM
0.8 I r , ,
06 -
e R Lx- =O = Using the “estimated”
P s TR 0
02 F -— %1 measured value of AG
(; AZu+d
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0.6 _ M. Engelhardt, preliminary
: <€ Lattice QCD evaluation
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2. OAM FROM WIGNER
DISTRIBUTIONS AND TWIST THREE
GPDS




B
Partonic OAM: Wigner Distributions

4 = /dx/d2kT/d2b(b x kr). WY (z, kr,b) [{::(tae Pasquini,
A

Xiong, Yuan
Mukherjee
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Possible Observable for Lq

1
= / Php k3 Fia(z,0,k2,0,0) = (b x kr)a(z)  Ly(x)

kr moment of a GTMD i
(Lorce and Pasquini)
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Analogously to studies of g, where...
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D. Flay et al, PRC 2016
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...F4, 1s connected to twist three GPDs through a generalized
Lorentz Invariance Relation

, 1 ,
M/d?ka%FM(a:,o,k%,O,O)=—/ d?f‘““E}

A. Rajan, A. Courtoy, M. Engelhardt, S.L., PRD (2016), arXiv:1601.06117
A. Rajan, M. Engelhardt, S.L., submitted to PRD arXiv:1709.xxxxx



12/13/17

Using the QCD EoM we find that the integrated OAM obtained
by subtraction from Ji Sum Rule

H Ldy - 1 Ld

- _/ —gﬂ} + [—./\/lp14 — —:g./\/lFM]

L e Y L z Y
genuine twist three term

Y A N
- -S + 0

1
~ d
EQT:_/ —yy(H+E)+

I
|
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x-Moments

M, /deQT::_/dx(H+E) :>/d513 (E2T+H+E):O
M, OAM Sum Rule /deQT - /d:z::c(H+E) . %/dxg

1 9

~ 2 ~
M, /d;m;QEﬂ — —gfdxe(H—l—E) - §/da:a:H— g/d:m:./\/lp14
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Measuring twist three GPDs gives us the same information on
OAM as measuring k; integrals GTMDs, but....

....we have referred so far only to Ji's OAM
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Genuine “intrinsic” twist three terms

i 1 / dz_d2ZT i:BP+Z_—ik’T-ZT
) = — (&
AN Y (2m)3
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—Zz
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By subtracting the two expressions

) _ @)
14 {staple 14 {staple

Integrating ‘

1
= a0 RO U ) U v OO, )

— MF14|staple - MF14|straight

— /d:c Fﬁ)

Difference between Jaffe-Manohar and Ji
(Hatta, Burkardt, 2013)

a

A:daz

(MStaple — MStraight) LIR violating term is the difference
between JM and Ji
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Interpretation

M, Force acting on quark

. y 1 1 _ .
/ dx / A’k /\/ljfA =  qeguv” 5P / ds (p', N'|v(0)yTU(0, sv)F*I (sv)U(sv,0)1(0)|p, A)
0

. 1 — -
/dx/d%T Miin = —gv 21i+ / ds {p', N'[$(0)yT°U (0, sv) F ™ (s0)U (50, 0)3(0) [p, A)
0

Non zero only for staple link

/ dwa [ i M, = i T WA O F 000 )
[ dea [ e Mg = 15 N 90y 0)00) A

“rest frame” interaction, analogous to d, but different helicity configuration
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Other integrated relations:
SPIN ORBIT!

~ 1

N

(L.S.)q = /dwx (E§T+2I:I§T—|—ﬁ), K = /dx (Er +2Hr), eq= /dajH

1 ~ 1 m
5 /dmazH = (L,S,), + 5 ¢4 <Z—]\} Ko

> Integral relation without connecting to spin-orbit Polyakov et al. (2000)

Chiral symmetry breaking test!
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Transverse proton spin (unpolarized quark)

K2AZ — (kp - Ap)? 1 K2AZ — (kp - Ap)?
(F23 + L TMQAQT F24)+ Ve (AT7G1s + kr - ApGra) + -+ TMQA% Fig
+ A?r ((Al — iAQ)Mi’S + (Al + ?:AQ)Mi’S) = 0.
2MAZ, -t -
L(1) _ o(1) _
17— _F MF12 ’AT =0

Sivers function Qiu-Sterman term



A probe of QCD at the amplitude level: color forces!

TCS w< Test Universality!
-k+q’ . :
timelike

B. Kriesten, in progress



How do we detect all this”?

G. Goldstein, O. Gonzalez Hernandez, B. Kriesten, A. Meyer, A. Rajan,
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Measuring GPDs in Deeply Virtual Exclusive Experiments

ep—>e'yp
K q k' \




Demystification of “harmonics”

5 3
d°cpvcs

8% 2
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T
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+(2h) \/2¢(1 — ) sin quzig}ﬂ
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“Exact” Rosenbluth-like separation

BH unpolarized cross section

F +7'F2
UBH:F[A( 777Q7¢) 1

+ B(y,t,7, Q% ¢)TG3,(t)

DVCS unpolarized cross section

I
T Fuur + €Fyus + €cos 20F55 > + \/e(e + 1) cos Fgp |
Fyur=2FL + F' + F!L + F), Twist 2
Fyu,r = 2F) Twist 4
F53? =Re [FY, + F] Twist 3

F5% = Re [FI'+ FIl 4 FH 4 Y Photon helicity flip:
transverse gluons



1n _
Fo =

=(1-€) | H+H[? €

Fll_=(1—£2)|7-t—ﬁ|2—€2

|5 +EE

t" Cle—€E P

:(’H* +H)(E+E) + (H+H)(E + E*):
:(u* —H)(E-E)+H-H)(E - E*):




Twist 3

X}V = ggl,.+ X AA’+,A—" -1 g°_1+. X AA'+',A— . gg_l,_ X AAI_,A.*.-‘ -+ 92.1_‘ & AA'—",A+

“Bad” component (exchanged gluon flips the quark chirality)

Y
q, Ny 7N

[P

P? PN
Ay an



Connecting the DVCS formalism with the TMD/GPD/GTMD

comprehensive parametrizations
Bacchetta et al JHEPO02 (2007), Meissner Metz and Schlegel, JHEPO8 (2009)

Example |
~ — ~ —
Ap_ yx = 5 (E2T — Eor + Eyp + EQT)
1/ - _ i _
Ay« 4y = 5 (_E2T + Eor + Eyp + ElzT)

Spin Orbit interaction
Orbital angular momentum
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IMPORTANT MESSAGE: Twist two and Twist three GPDs can
be treated and should be treated simultaneously within “New

generation” analysis with multivariate techniques
Dustin Keller, Andrew Meyer, Liliet Calero-Diaz

» Boosted Decision Trees

Number of events

> Artificial Neural Networks

» Self-Organizing Maps .
(E. Askanazi)

W o i o B e 1 e i
0 0.2 04 0.6 0.8 1

Set of variables




Ahmad et al., using lattice moment:

GPD Model: Flexible parametrization L
PRD75(2007) AHMAD HONKANEN S.L. TANEJA . Y m
EPJC63(2009) AHMAD HONKANEN, S.L. TANEJA : B

o0 o SR =S
PRD84(2011)GOLDSTEIN GONZALEZ S.L. R o
PRC88(2013)GONZALEZ GOLDSTEIN S.L. KATHURIA v ST R
PRD91(2015) GOLDSTEIN GONZALEZ S,.L B e
Chiral Even (2011) Chiral Odd --tensor charge and
JF u ] D magnetic moment (2015) 7
2 r 12 F ; ]
0 _ g £=0.13,Q%=1.1 GeV? | 1005
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4: u S S S T o ; 0.5
20 - 1025
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0 T 1025
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0 [ — Y 515 5 ¢ : 105
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6 /A t=01-1.1Gev? ED) & o] g Fe 105
QA - o S — o
Ot”"m”m‘t“‘E‘\l‘H\;‘H\H‘m”m”éﬁ 'i | | | E | | E-O'S
02 04 06 08 02 04 06 08 02 04 06 08 02 04 06

X X X X
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Reconstructing PDFs/GPDs from a finite number of Mellin
moments from Lattiec QCD and loffe time behavior A Rajan, S.L.

u valence - d valence
1 T T T

PDF, Q%= 4 GeV?

I
CT10
0.8 - Hagler et al

Detmold et al
0.6 - |

GPD H t=-0.1 GeV?

X

0.5 0.6
0.4
0.25 0.2

0
0 -0.2
-0.25 0.4
-0.6

-0.5
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Finally, nuclei

First Exclusive Measurement of Deeply Virtual Compton Scattering off “He: Toward
the 3D Tomography of Nuclei

M. Hattawy,":? N.A. Baltzell,"*® R. Dupré,"? * K. Hafidi,! S. Stepanyan,?
S. Bultmann,* R. De Vita,® A. El Alaoui,’»® L. El Fassi,” H. Egiyan,® F.X. Girod,*
M. Guidal,? D. Jenkins,® S. Liuti,” Y. Perrin,'® B. Torayev,* and E. Voutier!®?

(The CLAS Collaboration)
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Physics of the D-term
A
[ dattee0 = P
-A

A
/ dszA(z,ﬁ, t) = Mff(t)+ %df(t)fz,
—A

d represents the spatial distribution of the shears forces (Polyakov Shuvaev)

d?(0) = —% / &’r T3 (F) (rirf‘ - % 5i9'r2)
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From S.L. and S.K. Taneja, PRC72(2005)

FA®) = FAPRt () FN(¢) (54)
MEE) = M OMY(0) + Mo (1) ()8 (5)

with M2P" () = [ dyy™ ' fa(y,t), the nuclear moment obtained by considering “point-
like” nucleons. At £ = 0 one has:

M3 () = M3 P (8) MY (t), (56)

related to the average value of the longitudinal momentum carried by the quarks in a nucleus:

A A,point N
@(O)a = g = Tz Fa = VEOEO, 57)

The D-term in a nucleus reads:

dii(t) = MgP" (t)dY (). (58)

Is this factorization broken? First signature of non-nucleonic effects
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In liquid drop model df(()) X A7/3

1
di(0) ~ ~ Aln A

| (E') A I 2<Pi>A

M 3M2\

Nuclear model taking into account virtuality
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» Spin and 3D structure of Deuteron

1 1
;[ derlH(.0.0) + E,(2,0,0) = J,

—1
Nucleon (Ji, 1997) 1 /1

> 5 _1da::cH§(:U,O,O):Jq

Deuteron (Tanegja,

uria, SL, Goldstein, 2012)

Spin 1 nucleus GPD related to deuteron form factor, G,;:
measurable with transverse polarized target
(Crabb, Day, Keller)
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Hopefully experimental studies of the hard exclusive processes
will fill the gap in our understanding of the strong forces creating
our world as we see |it.

Maxim Polyakov (hep-ph/0210165)
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Back Up
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Generalized LIR for a staple link

d k2
d? k-t

. M2F14—E2T—|—H—|—E—|—.A

/

LIR violating term

_ _(2P+)2 2 kr-Ar g . r . K2A2 — (kp-Ar)? [ OAF BAE
Ap, = fd k/p/dk [ AZ (A1) +2A,) + Ay + A2 (3(k-v)+ a(k - v))]




