QCD in Collisions
with
Polarized Beams

Jianwei Qiu
Brookhaven National Laboratory
Stony Brook University

Annual Hua-Da School on QCD: EIC physics
China Central Normal University (CCNU), Wuhan, China, May 23 - June 3, 2016



Summary of lecture six

O With the existing data from lepton-hadron and hadron-hadron
collisions with polarized beams, we have a good idea on the
quark/gluon helicity contribution to proton’s spin

1 Transversity and tensor charge are fundamental QCD quantities!

O But, EIC is a ultimate QCD machine, and absolutely needed:
1) to discover and explore the quark/gluon structure and
properties of hadrons and nuclei,
2) to search for hints and clues of color confinement, and
3) to measure the color fluctuation and color neutralization

In particular, EIC can determine the helicity contribution to

proton’s spin, and to answer the question if there is a need for
orbital contribution

Thanks!



The Future: Challenges & opportunities

U One-year of running at EIC:
Wider Q2 and x range including low x at EIC!
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No other machine in the world can achieve this!

O Ultimate solution to the proton spin puzzle:

<> Precision measurement of A g(x)- extend to smaller x regime

< Orbital angular momentum contribution — measurement of GPDs!

BNL EIC Science Task Force



Transverse spin phenomena in QCD

Double Transverse-Spin Asymmetry (A+t)

Probe the transversity distribution: dq(x)
Drell-Yan - low rate

Single Transverse-Spin Asymmetry (SSA)
AO’(@, §') _ 0'(6, §') - U(ga —§)
o) (¢35 +o(l,—3)

Chance to go beyond the collinear approximation
to explore hadron’s 3D structure!

AL, 5) =

Probe parton’s
confined

transverse motion!

Imagine parton’s
spatial
distribution!

—
N

f(x,b;) GPDs

AP
/ diby

TMDs  f(x,kq)

Two scales




Single transverse spin asymmetry

d 40 years ago, Profs. Christ and Lee proposed to use A
of inclusive DIS to test the Time-Reversal invariance
N. Christ and T.D. Lee, Phys. Rev. 143, 1310 (1966)

They predicted:

In the approximation of one-photon exchange, A
of inclusive DIS vanishes if Time-Reversal is

invariant for EM and Strong interactions



Parity and Time-reversal invariance

4 In quantum field theory, physical observables are given
by matrix elements of quantum field operators

d Consider two quantum states: ‘a) \6>

d Parity transformation:
ap) = Up |a) Br) = Up|B)
(ap|Bp) = (a| UL Up |B) = (aB)

d Time-reversal transformation:
lar) = Vr |a) 1Br) = Vr|B)
(ar|Br) = (] V7 Ve |B) = (alB)* = (la)




Parity and Time-reversal invariance

[ Parton fields under P and T transformation:

UP w(yOa g’) l’]’];1 — 70 w(y()a _g)

VT ¢(y0a37) ‘VT_1 — (27173) ¢(—y0737) j — 2’71 ’)’3
(P, |¥(0)T;9(y~) |P,51)
= (P,=31|%(0) |7 (T1) 71|w(y) P, -51)

—>

O Quark correlations contribute to polarized X-sections:
Ti(x;8,) = -Tj(x;—8,) = J (PI) J' = -T;

Ly = Ay, o (or o™ (ivs)

'y =1, vy, ~* contribute to spin-avg X-sections:



A\ for inclusive DIS

O DIS cross section: U(g_L) o< LM Wuu(g_l_)
U Leptionic tensor is symmetric: L#7 =L7#

 Hadronic tensor: W, (51) o (P, §’_|_|j2:(0) Jv(y) | P, 81)

O Polarized cross section:

Ac(51) oc L* Wy (81) — Wy (—51)]

[ Vanishing single spin asymmetry:

Av =0 <= (P,5.17.(0)5.(y)|P,5L)




A\ for inclusive DIS

 Define two quantum states:

(B] = (P,51]37(0) ju(y) ) = |P,51)
 Time-reversed states:
IaT> — VT |P7§_L> — | _Pa_g_L>

Br) = Vi [35(0) 4 ()] [P, 31)
= (Veil Ve ') (Veju(0)Vp ') | = P, —51)
O Time-reversal invariance:

(ar|Br) = (a| VLV |B) = (a|B)* = (Bla)

mp (=P, =51 | (Veil)Vi ") (Vrju(0)Vet) | — P,—51)
= (P,5.|71(0)7.(y) |P,51)




A\ for inclusive DIS

Q Parity invariance: 1=U,'Up =ULUp

W\

(=P, =31 (Veitw)V: ') (Vej(0)Veh) | — P, —51)

(P, =53] (UpVrj}(y)Vy 'URY) (UpVrj(0)V 'URY) [P, -5 )

(P, —8_L|J ( yj);u(oﬂp —51)
Translation invariance: —>1
(P, —81|55(0) ju(y) [P, —51)
= (P,5.17}(0) ju(y) |P,51)
J Polarized cross section:
Aoc(51) oc LM Wy (51) — W (—=51)]

= LM [WMV(gL) — Wvu(gl)] =0




A, in hadronic collisions

d A, - consistently observed for over 35 years!
ANL-49GeV  BNL-6.6GeV  FNAL-20GeV BNL-62.4GeV

60 60 60 60

PRL 36, 929 (1976) [ PRD 65, 092008 (2002) I PLB 261,201 (1991) PRL 101, 042001 (2008)
40 [ Q 40 _ §+ 40 _ PLB 264, 462 (1991) + 40 . BRAHMS
i + . [ " [ ® [
— 20} ;7151: b.. 20} - 20 | . 20| o®
= . .
= i ® i °
<:Z Op-------- —.———O‘"' OfF------- & - - ----- Oj———éo— ——————————— Oj"—Q—é ———————————
[ o [ o [
-20 ‘} -20 o(} -20 °o -20 | o
40 | -40 | ({) -40 [ @ <{> -40 | © {;
=60 Losloulunbinnlonbin bl b, -60 PP PP PPN PRTIS POPT PR PRI PO A POPI PPV -60 :....l....l....l....I....I....l....l....l....l.... - |1|||||||
02 04 06 08 1 02 04 06 08 1 02 04 06 08 1 80 02704 06 08 1
X¢ X¢ X¢ X¢

4 Survived the highest RHIC energy:

= T L —_
< « ~ewss-o  STAR Preliminary | S, Left
o -Jets (x, <0) p+p' @ Vs =500GeV |
004 = EM-Jets (x_> 0) pEMJet>2_0 GeV/c N _ m
m} EM-Jets (x_ < 0) 28 < nEMJet <4.0 Y/ v
* .
i Right
0.02—
[ | Ac(t,5) o(l,5) —o(f,-5)
i AN = P = — : -
oi o(f) a(l,5) + o(f, -3
L1l

\\\\\\‘\\\\‘\\\\‘\\\\‘A
40 50 60 70 80 90

EM-Jet Energy (GeV) Do we understand this?



Do we understand it?

Kane, Pumplin, Repko, PRL, 1978

d Early attempt:

Cross section: cas(pr,35) + 4

Asymmetry:  0aB(pr,5) — oaB(pr, —5) =

Too small to explain available dataé
d What do we need?
AN o 8y - (Ph X Pr) = ie“”aﬂphﬂsupap;w
Need a phase, a spin flip, enough vectors

d Vanish without parton’s transverse motion:

— A direct probe for parton’s transverse motion,

Spin-orbital correlation, QCD quantum interference



Current understanding of TSSAs

O Symmetry plays important role:

Inclusive DIS Parity
Single scale

Q Time-reversal

Collinear factorization

Twist-3 distributions

SIDIS: Q~P; DY: Q ~ P+; Jet, Particle: P;
1 Two scales observables — Q; >> Q, ~ Aqcp:

TMD factorization
TMD distributions

. ) Brodsky et al. explicit
SIDIS: Q>>PT DY: Q>>PT or Q<<PT calculation with m =\=0



How collinear factorization generates TSSA?

[ Collinear factorization beyond leading power:

2 n
(%) — Expansion
o(Q, 5) g 1/@

o(Q, s1) = T"“ for (1/Q)Hy @ foc ff,+o (1/Q?)

Too large to compete! Three-parton correlation

Efremov, Teryaev, 82;

d Single transverse spin asymmetry: Qiu, Sterman, 91, etc.
Ac(sp) x T®) (z,2) @ 67 @ D(2) + 6q(z) @ 6p @ D® (2, 2) + ...

T(3) (x, ) *C)\——/O- D(g)(zaz) X

Qiu, Sterman, 1991,

Kang, Yuan, Zhou, 2010

Integrated information on parton’s transverse motion!

Needed Phase: Integration of “dx” using unpinched poles



Twist-3 distributions relevant to A

 Twist-2 distributions: At
q(x)0<<P|¢q(0) Vq(y)|P)

G(z) oc (P|FT#(0 )F+”£ WP (=Gpu)
= Polarized PDFs: Ag(z) o (P, S||Wq( )% «(W)IP,S5))
AG(x) < (P, S||\F+“(O)F+”(y)\P, S||>£i€J—MV)

L Two-sets Twist-3 correlation functions: — (
No probability interpretation! %

i dy—dy— iePYy= ixe +o . A-'+ sTonmn o, (n ™) — K
Tq,F _ /(57)22 euP Yy euzP Yo <P’ 5'T|'1.i'»"q(0) 7 [F T f/7+ (v5 _.)]L".*’q(y1 )|P 3T>

= Unpolarized PDFs:

Kang, Qiu, 2009

~ dy_dy)_ irPYur izoPtTul 1 STONM 1, —) —
Tcgfi,d) _ /We“'p v1 gie2PMy; FUD’ sT|F1r(0) [F‘T' F, " (y; )}FJ“)‘(y1 )P, sT)(—gpn)

T d dl/) irPt 1 A'+Ad —
TA‘%F:/!&TQ Prur eim2PT s (P sy [, (0) 5 157 F, " (y5 )| q(yy)| P, sT)

d) dy—dy— irPty: izoPtys 1 SO ( y— — ;
T‘i.(f.' F _/ (éﬂ,)-zz € P € 2P P+ (P, ST|F+p(0)[15’1'}f7+(._!/3 l}FJ”\(yl )|P ST> ('Z(:'J_p)\)

Role of color magnetic force!

4 Twist-3 fragmentation functions: Kang, Yuan, Zhou, 2010, Kang 2010



“Interpretation” of twist-3 correlation functions

 Measurement of direct QCD quantum interference:
— Qiu, Sterman, 1991, ...

\ (
T®)(z,2,81) o ‘C’\‘% /}

Interference between a single_ active parton state and an active
two-parton composite state

d “Expectation value” of QCD operators:

(PfFON DOIPs) = (POt |sra [ iy B ) | wOIP

(P, s|P(0)y s (y )| Ps) —> (P, s[ip(0)y _Z’giﬁ%/ Ay s (2) |y )| Py s)

How to interpret the “expectation value” of the operators in RED?



A simple example

 The operator in Red - a classical Abelian case: Qiu, Sterman, 1998
rest frame of (p.sy)
1 S—r
3 B
2 7 /TT\ charged particle
=/ B N
- S \
AP:: p=(m.0) L 21‘n( 1.—2)
d Change of transverse momentum:
d o
EP’Q m— e(ﬁ" X B)o = —evz B = ewvs Fb3s

4 In the c.m. frame:
(m76) —> n = (170a0T), (17 _2) —r N = (07170T)
d 1 ronn I +
:> ﬁp‘z — (3 65]0'7?7? Fd

4 The total change: Aplh = e [dy e’ Lt (y—)

Net quark transverse momentum imbalance caused by
color Lorentz force inside a transversely polarized proton



Collinear twist-3 contribution to A

dAo(sT) =do(st) — do(—sT) SGP SEP
— H :><:: fo/B2) @ Dcjc(2) Trr(x,x) Trr(0,),...
+ H' @ fa/a12) @ foyB3) @ Dejo(2) l Grr(0, ), ..
+ H" @ fasar2) @ foy2) @ Dejcs) Sivers-type function
| Also tri-gluon correlators at SC

I
IClp | P



Collinear twist-3 contribution to A,

dAo(sT) =do(st) — do(—sT) SGP SEP

= H ;;><; 0 fo/B(2) @ DC/C(Q) Trr(x, ) Trr(0, ), ...
+ H' ® a/AT(Q) De¢/c(2) HFU( , ) Hpy(0,2), ..

+ H' ® fa/AT(Q) X fb/B(2) X DC/C(3)

% Boer-MuIders-type function



Collinear twist-3 contribution to A,

dAO'(ST) — dO' ST dO’( ST SGP SFP

= H >< fb/B(2) @ De/c(2) Trr(x, ) Trr(0,), ...
+ H' & fajat(2) 4 » De¢jc(2) Hry(z, ) Hry(0,2), ...

+ H'® fa/AT(Q) X fb/B(2) ﬁ(z),H(z), ﬁFU(Z, 21); ...

!

Collins-type function

ID/I/Z | PII/Z | P/}/Zl



Collinear twist-3 contribution to A,

dAO'(ST) — dO' ST dO’( ST SGP SFP

= H *i fb/B(2) D¢/c(2) Trr(x, ) Trr(0,), ...

+ H' & fajat(2) 4 P De/c(2) Hry(z, ) Hpy(0,2), ..
+ H" @ fa/at(2) @ foyB(2) 4 H(z),H(z),Hry(z, 21), ...

4 Early work (before 2013):
Assumed that SGP (Sivers-type) dominates the twist-3 contribution

to TSSAs in: pl+p—w(zp,pr)+X |
Qiu, Sterman (1991, 98)
d* Ao (3r) a? b dz b da 1
E = — E — D,
Y, S abc/;,min 7z D) /_,,,.;nin v w5+ 17z e

d
dx

GESTnﬁ 1
X VAT, ( . ) = [Ta,p(x,x) —:1:(

ZU

Ta,p(a;,a:))] Hay.o(3,1,1)

< Growth in x

< Slow fall off in p;



Collinear twist-3 contribution to A,

dAa(s7) = do(sr) — do(~sr)
= H® fa/AT(3) @ foyB2) @ Dejco(2)

+ H' ® fa/a1(2) @ foyB3) @ Dejo2y| =>»  Negligible
+ H' ® fa/ar@ ® fora@ ® Do) Kanazawa & Koike (2000)




Collinear twist-3 contribution to A,

dAo(sT) = do(st) — do(—sT)

= H ® fa/a13) @ foyB2) ©® Dejo(2)

+ H' ® fa/AT(Q) @ fo/B(3) @ DC/C(Q) = Negligible
~

+ H" @ fa/a12) @ fo/B2) @ Dejoa)

Important
. . . . Metz & Pit k (2013
0 Twist-3 fragmentation contribution: otz & Pitonyak (2019)

P2do o0 202 Mj, 5 Y odz [ da 1 1
e E-LNVSiPhLE :§ :/ _3/ 1ot N 1§
dSPh S i ab,cV®min z T in z’ 'S + T/Z —zTu —x't

1 a byt 7C /e dIA{C/C(z) i 1 C/e i
X Ehl(a:)fl(a:){(H /°(2) — 2 e Sﬁ+;H /e(2) 8%

dz 1 2 cC ]. i
+222 [ S PV—— HSI9% (2, 2) £ 5., }

2 T 1
3 > dZ]_ 1 S A
22 2 1 rHpy(z,21) = H(2) +22H(2) 3-parton correlator
z “1 27 21

() = HEO ()



Collinear twist-3 contribution to A,

O Fraamentation + QS (fix throuqh Sivers function):

04 T T T T T T T
TR Kanazawa, Koike, Metz, Pitonyak
STAR 04 1 | STAR 12 n | PRD 89(RC) (2014)
 33<n<4.1 r n=23.68
0.2+ + }
=
< | I
5 M
| & o . & & @ x%/d.o.f.=1.03

-----------

STAR 08
O1r<n>=33

IIIIIIII

04 02 0 02 04 060402 0 0204 06
Y-

0.2 : : : . ; . : . . , ,
| BRAHMS 07 | 6=4° e
04l 08=23° I B
R T
< o o G xS Dl it
— Total _ I = ¢
§ o 3
— — NO 3-parton FF otr | | T
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Multi-gluon correlation functions

1 Diagonal tri-gluon correlations: Ji, PLB289 (1992)
dyy dy, . _
Te(z, x) :/ S22 piwPty,
| 27
X (Psy [FF,(0) |7 F* ()| FH(yp)|Psy)

4 Two tri-gluon correlation functions — color contraction:
Téf) (7,2) o i fABCPARC B = pApRC(TO)AB B e
TD (2 )  dABCFAFCEB — pARC(DCYABRE | 1
§ (@ 2) (D°) 2 .
Quark-gluon correlation: Ty (x,z) oc 9, FC(T);;4;

 D-meson production at EIC:

< Clean probe for gluonic twist-3 correlation functions
< Téf)(a:, r) could be connected to the gluonic Sivers function



D-meson production at EIC

Kang, Qiu, PRD, 2008
1 Dominated by the tri-gluon subprocess:

q : q q ; q
1 LD - :
( i \

/ N
vwP+k  xiP : vwP+k  xiP X:P+k. xiP

P (x2 --YI)P+kLE N T (=X P+ N M o -x)P ks (x2-x;)P +k1:
(a) (b) (c) (d)

X:P+ ke

< Active parton momentum fraction cannot be too large
< Intrinsic charm contribution is not important
< Sufficient production rate

4 Single transverse-spin asymmetry:

o(s1) —o(—s1) dAo(s]) do
o(s))+o(—sy) drpdydz,dP? d¢ | dvpdydz,dP? do

Ay =

SSA is directly proportional to tri-gluon correlation functions



SSA of D-meson production at RHIC

4 Rapidity: Vs = 200 GeV pu=+/m2+P? m.=13GeV
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< 0.25f < 025

E @ eson E @ eson

0.2} 02F "5, Gev
0.15 0.15F
0.1f 0.1
0.05 | 0.05 |-
of 0F
-0.05 | -0.05F

-0.1: -0.1 :-_lllllllllllllllllllll l l I

Solid: (1)), =)\ =007GeV T =T} No intrinsic
Dashed: (9) ), = ), =0 Tc(;f) _ Téd) —0 Charm included

Dotted: <3> /\f = _/\d = (.07 GE‘V TC(f> = —T((;d) Kang, Qiu, Vogelsang, Yuan, 2008

Y
T



SSA of D-meson production at RHIC

Jd P; dependence: Vs = 200 GeV  p=+/m2+P? m.=13GeV
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Test QCD at twist-3 level

Kang, Qiu, 2009

1 Scaling violation - “DGLAP” evolution:
(" ~ A (f) (d) (f) (d) [ ~ A
7:1aF qu KC]AC] KqG KqG KqAG KqAG 7:I>F
. 4 4 _
Tag,F Kaqqe Kagqaq K(qu)G K(Aq)G K(qu)AG K(A;AG Tag,F
—(f S f (ff) fd fr ——(f
5 | 787 Kd) KA, Koo' KHS KJLL kYA, 7
/’LF ) N p— -
0 d d (d) ® d
B K¢y Kidg KGO KED KD, k4D, T&r
—(f f f fr fd fr fd —(f
TAD. » K2, KoK K{GG K hG KL GAd TAD &
d d df dd df dd
%A(Cg . Q(AC)}’Q K(Ac);Aq K(AG)G K(AG)G K(AG)A (A-G)y %A(cg .
. . ’
A A A
| | | _ | | |
(x7$+x27lu’ (€,€+£2,$,$—|—CE2,O¢S) /dﬁ/d@

d Evolution equation — consequence of factorization:
Ao(Q,s7) = (1/QVH\(Q/ pup, a5) @ fr(r) @ f3(pr)

Factorization:

DGLAP for f,:

Evolution for f;:

1 (1 :
) P )) ® [

J
—— " ’ . — P ® . )
dIn(wp) J2(mp) 2 ® fo(p)
{—), L (') (
dIn(pp) . ((') In(wp) I



Evolution kernels — an example

Kang, Qiu, 2009

d Quark to quark:
p.c€ Por =37 P(

I
(iesTPni)C,
)

Cut vertex and projection operator in LC gauge
3 +

o Y k+ /‘; o Sronn ?
X Vi~ e et Yoo,

d Feynman diagram calculation:

p.c

p\ Bl p+p, L feidkil ., Calas(1+2
ﬂ/df/dfz Ta.r (&, +&2) 5(53)‘5[ i [CF 2 ]277(1 —z)

k kzl k+k
p.c .
AL frn s [t T ) ek [
P T €2
K\ ki3, | fr+ke e k2 [C
" _/ ]{32 |:2A];é_; qF($$)

H/ —>/d5/ud§22 wr(6E+8) o+ & -0z [T R 2] (1)
() 2 s

+ virtual loop diagrams



Current understanding of TSSAs

O Symmetry plays important role:

Inclusive DIS Parity
Single scale

Q Time-reversal

Collinear factorization

Twist-3 distributions

SIDIS: Q~P; DY: Q ~ P+; Jet, Particle: P;
1 Two scales observables — Q; >> Q, ~ Aqcp:

TMD factorization
TMD distributions

. ) Brodsky et al. explicit
SIDIS: Q>>PT DY: Q>>PT or Q<<PT calculation with m =\=0



Semi-inclusive DIS (SIDIS)

1 Process:
e(k) + N(p) — €' (k") + h(Py) + X

 Natural event structure:
In the photon-hadron frame: Pp,. ~
Semi-Inclusive DIS is a natural observable with TWO very different scales
Q> Ph, 2 Aqcd  Localized probe sensitive to parton’s transverse motion

4 Collinear QCD factorization holds if P, integrated:

Pl Pl
v p pyeyo— A0y nn X bpyn @ dGypospr @ Dy (2)
P . .
k k z = h D Yy = ae-p
q-p k-p
P P

1 — B Q2

d “Total c.m. energy”: s, = (p+4q)* = Q° [ ] S

IRB B



Single hadron production at low p;

d Unique kinematics - unique event structure:

Briet frame: Large Q? virtual photon acts like a “wall”

\/\/\/\Aq)_i\_o—e VS 0 k — ==

High energy low p; jet (or hadron) - ideal probe for parton’s
transverse motion!

d Need for TMDs, if we observe p;~ 1/fm:
d*k, H ko, k L ! T (ka, 1
[t Qe k) (52 ) (e ) Tt/

/—d2 ol H(Q,pr, k2 =0, k) Ud/cg (kgi%) (kgl—z'g> T(ka,l/ro)]
/ !

Can’t set k; ~ 0, since k; ~ p+ TMD distribution




Questionsl/issues for TMDs

U Non-perturbative definition:

< In terms of matrix elements of parton correlators:

Oz, prin) = [ BTSSP SHOU0,0()|P e

(2m)°

<> Depends on the choice of the gauge link:
T
U(0,6) = e o Jo 4" D ’
S o
o 3

<> Decomposes into a list of TMDs:

DTS
GPT T

(I)[U](J:’])T; ,n') - {fl (‘ L,p ) flT ( £, P 3“) TA[ + gglsj](lzﬁpT)vs

e e

+h.-[11r:Jl;](;l:,]) ) s B, —I—hls[ ](l Pr)

+zhl[ ](.1 p2)



Questionsl/issues for TMDs

U Non-perturbative definition:

< In terms of matrix elements of parton correlators:

Oz, prin) = [ BTSSP SHOU0,0()|P e

(2m)°

<> Depends on the choice of the gauge link:
T
U(0,6) = e o Jo 4" D ’
S
o 3

<> Decomposes into a list of TMDs:

S
(PTST

¢ (2, prin) = {fl[U](lf,p?)— 2 (@, p2) 7 + 912 (2, pr) s

VsPr 1), o\ Pr P
M (’pT)ﬂ}aﬁ

[U]

+ hyp (z, pT Vs $ —I—hls[ ](1 pr) —— + th]

< IF we knew proton wave function, this definition gives “unique” TMDs!
But, we do NOT know proton wave function (may calculate it using BSE?)

TMDs defined in this way are NOT direct physical observables!



Questionsl/issues for TMDs

O Perturbative definition —in terms of TMD factorization:

SIDIS as an example: TMD fragmentation
Py /
v 1.2 2
o)
Q* " Q
+ Soft factors

\
TMD parton distribution



Definitions of TMDs

O Perturbative definition - in terms of TMD factorization:
SIDIS as an example: TMD fragmentation

o5

+ Soft factors

N
0 Low P, ; — TMD factorization: TMD parton distribution

oso1s(Q, Pris 2, 2n) = H(Q) @ @ (2, k1) @ Dy n(2,p1) @ S(key) + O [
4 High P, — Collinear factorization:

1 1
osois(Q, Pl s, 2n) = H(Q, PhJ_aCVs>®¢f®Df—>h‘|‘O< )
P’ Q

Piu]
Q

4 P,; Integrated - Collinear factorization:

osiois(Q, x5, 2n) = H(Q, a5) @ ¢p @ Dy + O (%)



Definitions of TMDs

O Perturbative definition - in terms of TMD factorization:
SIDIS as an example: TMD fragmentation

o5

+ Soft factors

N
O Extraction of TMDs: TMD parton distribution
P

os11s(Q, Pty xp,2n) = H(Q) @ ®4(2,k1) @ Dyn(2,p1) @ S(ksy) + O [?]

TMDs are extracted by fitting DATA using the factorization formula
(approximation) and the perturbatively calculated ﬁ(Q; ).

mmmm) Extracted TMDs are valid only when the <p?> << Q?



The Present: TMDs

1 Power of spin — many more correlations:

Quark Polarization

Longitudinally Polarized

Transversely Polarized

(L)

(T

=@ - @

Boer-Mulders

o= -

Helicity

ni=@r = @

o= @ —~ @

~
S
l Sivers

=@~ @

-5

Transversity

'L-
hﬂ - -

O—»Nudeon&)h

Ay — single hadron production:

Sp

Photons have asymmetry

@ Quark Spin

kT.q Di-jet, photon-jet not exactly back to back

Similar for gluons

Collins-type

Jet vs. Photon sign fli dicted .
o \ Sivers-type

Require two

Physical scales

More than one TMD
contribute to the
same observable!

Transversity

No asymmetry for the jet axis



SIDIS is the best for probing TMDs

O Naturally, two scales & two planes:
1 N'-N*

oIy _

Ay (@, ) = PN 4N
= A5 sin(g, + @)+ A7 sin(g, - @)

+A5;etzelosity Sln(3¢h _ ¢S)

1 Separation of TMDs:

A o <Sin(¢h + ¢S)>UT « h @H; === collins frag. Func.
Sers . . from e*e- collisions

AUT * <Sln(¢h _¢S)>UT ~ flT ®D1

A= o (sin(3g, =), * iy @ H 4-]

Hard, if not impossible, to separate TMDs in hadronic collisions

Using a combination of different observables (not the same observable):
jet, identified hadron, photon, ...



Sivers asymmetries from SIDIS

O From SIDIS (HERMES and COMPASS) - low Q:

/5 0.1 __. HERMES: 1t* B $ __‘ COMPASS: h*
. i 44 i 44 4 1 Non-zero
D¢ § i{ YLD B UV :
S o borpEhpopar b % &t L || sivers effects
= o:—-+ -------------------- (R prieomneeee g '%} """""""""" I Observed
el b sl PEETEETErS P BEETERI SRS RN PETETSRT SN ST T S R BTSN SN RN in SIDIS!
= 02 ERMES: K* i { i
> i | } |
)¢ ﬁ : Rt Visible Q2
= H { ¥ { $ % " } isible
3 | } t e % { dependence
« ol t o I S RIS
HERMES:
‘50'25_7{'—76 i i } i “ i Major theory
. { %H | § * . : i e Development
fz ] I i ............ I # ___________ } __________ In last year




Evolution equations for TMDs

. J.C. Collins, in his book on QCD
O TMDs in the b-space:

S(0y(br; +00, ys)

_ . VA A
S(0y(b; +00, —00)S(0) (bT; ¥s, —00)

F'f/pT (z,br,S;1;(F) = ﬁ'}‘;‘;‘;b(x,bT,S; W, yp — (—oo))\l

O Collins-Soper equation: Renormalization of the soft-factor

0F;,pt(z,br, S; u; Cr) (r = M2x2e?(vp—ve)

— .f((bT.,U)ﬁ‘f/PT(IabT)Sv/'l‘*CF)

Olnv/Cr i Introduced to regulate the
Rbpsp) = L2 1 [ S0ri9s =) rapidity divergence of TMDs
20ys  \ S(br;+00,ys)

4 RG equations: Wave function Renormalization
dK (br; ) = —vx(g(p)) Evglution equations are only
dnp valid when b; << 1/ g¢p!

dﬁ T 'Tab ) SJH‘*C ) =~
Iz (dlnTu LA e (9(n); Cr/1®)Fy ) pt (2, br, S 3 Cr).

Need information at large b
for all scale u!

1 by =
Fy/pr(z,kr, S50, CF) = (2n)? /deTe kr-br Fy/pr(z,br,S; 1, CF)

U Momentum space TMDs:




Evolution equations for Sivers function

. . Aybat, Collins, Qiu, Rogers, 2011
O Sivers function:

€y k457

F-Lf(ma kT;,U, CF)
1T A/Ip

Ff/PT(fE,k'T,S;/_L,CF) = Ff/p(kaT;/-lﬂCF)

0 Collins-Soper equation:

Its derivative obeys the CS equation

aﬁ‘l-fLI"f(Ia bTv K, CF)
obr

( lnﬁl,]-"Lf(T-bTa/-leF)

U RG equations:

dF{7 ! (z,br; p, G
- (cll;nbz ptr ) = £ (9(1); Cr/p?)Fir ! (2, br; 1, Cr)

dK (br: e /1
;TT;#) - (o) g DPGEND g,

. . . JI, Ma, Yuan, 2004
O Sivers function in momentum space:. Idilbi, et al, 2004,
Boer, 2001, 2009,
Lf —1 o0 =1 f Kang, Xiao, Yuan, 2011
Fir (z,kr; 1, CF) = / dbr bTJl(kaT)F1T (z,br;p, Cr) Aybat, Prokudin, Rogers, 201:
2mkr Jo Idilbi, et al, 2012,
Sun, Yuan 2013, ...




Extrapolation to large b;

O CSS b*-prescription: Aybat and Rogers, arXiv:1101.5057

AA Collins and Rogers, arXiv:1412.3820

) di - ) N
Fy/plabriQ,QY) = z [ Lg,u-b,gwb))fj/p(a:,ub)

X X exp {ln —‘ /ﬂ TM Yr(g(');1) —In %'YK (Q(A/))]}

CC

x| exp {gf/p(a;,bTHgK(bT)an} «— Ngnperturbatu’ye
Qo form factor
bt

TR, With bpax ~1/2 GeV

O Nonperturbative fitting functions

*

Various fits correspond to different choices for g;,p(z,br) and gx (br)
e.g.

gf/P(SUa br) + gk (br)In % = — [gl + goIn —— + g193 In(10x) 62T

Different choice of g2 & b. could lead to different over all Q-dependence!



O Up quark Sivers function:

Evolution of Sivers function

Aybat, Collins, Qiu, Rogers, 2011

I ' [
Torino Fits

—_— Q=V24GeV
— () =5 GeV
o w e Q= 901.19 GeV

~
NN
— N =
N 5
— — — —
| ! | A | ! | A —a
2 4 6 8 10
[ ' [ ' [ ' [ ' =
Bochum Fits N
g
- .
—
— '\ g
N - =
— — i
1 I 1 l 1 l 1 -é
2 4 6 8 10
k, (GeV)

Very significant growth in the width of transverse momentum



Different fits — different Q-dependence

O Aybat, Prokudin, Rogers, 2012:

’J” 018 TMD evolution 3” —
i [ Huge Q
" PRE—— ¢ =3 0.03 ERMES, COMPASS d d
a_s S - H \y
£ = o1l COMPASS ¢ £ = ependaence
® D . w 2
< < o.02\ AHC
0.01
0
1 1 1 1 1 -0,0‘. 1 1 1 1 L
0 0.2 0.4 0.6 0.8 1 1.2 20 40 60 80 100
Py, (GeV Q7 (GeV?)
R L
3 Sun, Yuan, 2013:
T | T T T T 0.08 N |(¢ o ) T T T T
— sin - ] B sin L . .
0.04 UTwh ) COMPASS . or s RHIC 2
0.03 . 0.06(— —
g - Smaller Q a.scev |
0.02 — - |
+ X ] 0.04 —

dependence -~

o
o
IMI‘] T\II‘H\\[

lespohax -

102 107 x

No disagreement on evolution equations!

Issues: Extrapolation to non-perturbative large b-region
Choice of the Q-dependent “form factor”



“Predictions” for A, of W-production at RHIC?

Q1 Sivers Effect:

< Quantum correlation between the spin direction of colliding hadron
and the preference of motion direction of its confined partons

< QCD Prediction: Sign change of Sivers function from SIDIS and DY
1 Current “prediction” and uncertainty of QCD evolution:

z u - 015
< 0.14 — < . +
i _ o W
0.12F — 0903.3629 (x1/3) A O.1F
- — 14015078 i
0.1p 1308.5003 0.05 |-
C— 11124423 -
0081 — 1204.1239 L\

0.06 |

- - — 0903.3629
004 0050 14015078
- - 1308.5003
0.02 | 0.1F — 11124423
- L —  1204.1239
07\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\ -0'157““““““““““‘“““““““““
2 15 -1 05 0 05 1 15 2 2 15 -1 05 0 05 1 15 yz
y

TMD collaboration proposal: Lattice, theory & Phenomenology
RHIC is the excellent and unique facility to test this (W/Z — DY)!



What happened?

1 Sivers function: . '
fy . - o0 . | Differ from PDFs!
1T (I7kT7/—l’aCF) - Qﬂ'kT 0 de ijl(kaT)FlT (:Ea bTa/—“aCF)

Need non-perturbative large by information for any value of Q! Q=u

d What is the “correct” Q-dependence of the large b tail?
AA

- 1 d:z - ‘ . A
Ff/p(z,br;Q,Q%) = Z/ L'gaN‘bag(ﬂ'b))fj/P(xaﬂb)

BB

A

”~

< xexp {ln %w + [ (o)1) = 0 ot }

C

A

] Q } Nonperturbative
br br)l €—
| P {gf/P(x’ )+ 9x(br)In Qo “form factor”

gr/p(x,br) + gr (br) In % = - [gl +g21n % + 9193 ln(1096)] b7

Is the log(Q) dependence sufficient? Choice of g, & b. affects Q-dep.

The “form factor” and b. change perturbative results at small b;!



Q-dependence of the “form” factor

K hev, Nadolsky, 2006
 Q-dependence of the “form factor” : onychev, Radolsky

1.2 f . , S
I A.V. Konvchev, PM. Nadolsky ! Physics Letters B 633 (2006) 710-714 F NP (b7 Q) - G(Q2) b2
| * E288 .
L = E605 -
A CDFZ _ ~A
— | ¢ R209 _- \
2 06|
G 061
© :
0.4}
-
-
0.2 :
bmax = 1.5 GeV™
HERMES 5 10 20 50 100 200
Q [GeV]

At Q~1 GeV, In(Q/Q,) term may not be the dominant one!
FNP =~ b (a1 4+ as In(Q/Qo) + asln(xazp) +...) + ...
Power correction? (Qy/Q)"-term?  Better fits for HERMES data?



Factorized Drell-Yan cross section

Q TMD factorization ( ¢, < Q ):

do
dqu _ / ko1 Akt APk 10%(q1 — kot — ko1 — ks1)Faya(wa, ko) Foyp(zB, kot )S(ks1)
+0(q1/Q) TA = % e’ rp = % e Y

The soft factor, S , is universal, could be absorbed into
the definition of TMD parton distribution

A Collinear factorization ( ¢1. ~ @ ):

do doy,
20— [ dwa fosatea) [ dov iyon ) G o), 1)+ OO/

d Spin dependence:

The factorization arguments are independent of the spin states
of the colliding hadrons

‘ same formula with polarized PDFs for y*,W/Z, HO...



Transition from low p; to high p;

L Two-scale becomes one-scale:

A AN(Q27PT)
pr K Q pr ~ Q
~ Q)
pr
>
TMD Collinear Factorization
J TMD factorization to collinear factorization: Ji,Qiu,Vogelsang,Yuan,

Koike, Vogelsang, Yuan

Two factorization are consistent in the overlap region: Aqcp < pr < Q

A\ finite — requires correlation of multiple collinear partons

No probability interpretation! New opportunities!



Broken universality for TMDs

O Definition:

dy—d*y | +

fa/n (z,ky,S) = / (2m)? eieP Yy ik vy G5 (0,0, )| Gauge link |—1(y

4 Gauge links:

[T Ry

— 00 0 Y +00 -

U Process dependence:

Fopnt (@, k1, S) # f1)ne(2,k, S)

Collinear factorized PDFs are process independent



Critical test of TMD factorization

4 Parity — Time reversal invariance:
f(.lSﬁI‘;E)]IS("],. k. q) — fD\ (. k). — S )
 Definition of Sivers function:

P " < - : L~
fasni (@, K1, 8) = forn(, kL) + T)A*\ farmt (2. k1) S px ki
1 Modified universality:

A f\IDI\.‘, I'L - —A f]:)\ /“L)

q, h1 q/ h1

Same applies to TMD gluon distribution

Spin-averaged TMD is process independent



A\ for W production at RHIC

P P
[ STAR p-p 500 GeV (L =25 pb™) [ STAR p-p 500 GeV (L =25 pb™)
08F 95 <PY <10 GeVic 08t 9.5 <PY <10 GeVic

0.6} 0.6
0.4f } 04F 7

0.2}

0 -‘1'.____ Raua 0
0.2 0.2
04k W STy 04 W =Ty

KQ (assuming “‘sign change”)

0.6 KQ (no “sign change”)
~ Globaly?/d.o.f.=7.4 /6 :

" " Global y2/d.o.f. =19.6 /6

~0.8[-3.4% beam pol. uncertainty not shown 0.8[-3.4% beam pol. uncertainty not shown
_1 | 1 1 1 1 | 1 1 1 1 | _1 | 1 1 1 1 | 1 1 1 P
-0.5 0 0.5 -0.5 0 0.5
y" y"

Data from STAR collaboration on A, for W-production are
consistent with a sign change between SIDIS and DY

STAR Collab. Phys. Rev. Lett. 116, 132301 (2016)



Summary of lecture seven

d Single transverse-spin asymmetry in real, and is a unique
probe for hadron’s internal dynamics - Sivers, Collins,
twist-3, ... effects

1 RHIC data seems to be consistent with the sign change
of Sivers function, as predicted by QCD factorization

O But, the evolution of TMDs is still a very much open question!
Better approach to non-perturbative inputs is needed!

d JLab12 and EIC should be able to provide much better data
to help explore the confined motion of quarks/gluons

Thank you!



Backup slides



QCD and hadrons



