National Nuclear Physics
Summer School 2024

THE COLLEGE OF ARTS + SCIENCES . July 15 - July 26, 2024
Department of Physics Bloomington, IN

Indiana University Bloomington

The Electron-lon Collider (EIC)

= Lec.1: EIC & Fundamentals of QCD
" Lec. 2: Probing Emergent Properties
and Structure of Hadrons
without seeing Quark/Gluon?
— breaking the hadron!
= Lec. 3: Probing Structure of Hadrons
without breaking them?
— Spin as another knob
= Lec. 4: Dense Systems of gluons
— Nuclei as Femtosize Detectors
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Physical Observables

Cross sections with identified hadron(s)
are
non-perturbative!

Hadronic scale ~ 1/fm ~ 200 MeV is NOT
a perturbative scale

Look for two-types physical observables:

d Purely infrared safe quantities

(d Observables with identified hadron(s), but,
factorizable in QCD

Jefferson Lab



An Instructive Exercise for Factorization

(] Consider a cross section:
7(Q%,m?) = o9 [1 4+ a,1(Q% m?) + O(a?)]

 Leading order quantum correction:

(@) = [Cae o2
? 0 k2_|_m2 Q2_|_k2

( Leading power contribution in O(m?/Q?):

1 1 Q? m?
I(Q%, m? :/ dk? +/ dk? + O (—)
(Q m ) k2< Q2 k2 —+ m2 k2~Q2 k2 Q2 + ]{2 Q2

 Leading power contribution to the cross section:

1 1 Q2
2 2 2 2
o (Q?, m?) = 1+aSAZ<Q2dk k2+m2] [1+as/k2NQ2dk = Q2+k2]

+0(a?)+0 (g—z)
E/qb®6+(’)(a§)+0 (g—j>

Long-distance distribution Short-distance hard part Jefferéon Lab




Observables with ONE identified hadron

U Creation of an identified hadron: Non-perturbative!

Not necessary to be dominated by one
parton, which is always virtual!

d “Square” of the diagram with —in a “cut-diagram” notation
a “unobserved gluon”:

“Cut-line” — final-state

1 1
—k d*k 6(k?
O(/T(p ’Q)(p—k)2+26 (p_k)Q_Z-E ( )—I— eia Il—Z
1 1
! dl?

O(/T(’Q)l2+iel2—ie LE
>

= 00 Yy )I{ Re

Amplitude Complex conjugate . . _ -
of the Amplitude Pinch singularity & pinch surface

Two parts connected by a “classical” parton

Jefferson Lab



Observables with ONE identified hadron

U Creation of an identified hadron: Non-perturbative!

Not necessary to be dominated by one
parton, which is always virtual!

[ On-shell approximation: —in a “cut-diagram” notation

k
7)4%@+e Lt (@K V'S) Frk)sipyx (K, s Aqep) +
k

Octe——h(p)X

On-shell k2 — ~

d*k ‘N
dz H€+€_—>f(k) (Q7§ \/g)/ (27_(_)45(2 - p—)Ff(k)—)h(p)X(kvpa AQCD) +

\ ]\ J
Y |
dz 6-e+e_—>f(k:) (Q7 4 \/g) Df(k)%h(p)X(Z,p; AQCD) +

\ 7

+
Collinear [l = /dzé(z— p—) ~

S

Hard collision to produce an on-shell parton FF: Probability for the parton to become the observed hadron
— Perturbatively calculable! — Non-perturbative, universal!

Ty
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Observables with ONE identified hadron

(] Creation of an identified hadron:

Non-perturbative!

Not necessary to be dominated by one
parton, which is always virtual!

[ Identified initial hadron: —in a “cut-diagram” notation

Perturbative!

Pinch in k2

Non-perturbative!

1 Identified initial + created hadron(s):
Pinch in both kZand k’2

Quantum interference between dynamics at the HARD and
hadronic scales is suppressed by power of (1/R)/Q !

But, the interaction between hadrons is not necessarily suppressed!

ol
5 Jefferson Lab



Inclusive Lepton-Hadron DIS (at EIC) — One Identified Hadron

O
@ -
.' M
%“ g Proton

Y
Elektron vz B J
o - § . g

Elektron

(1 DIS cross section is infrared divergent, and nonperturbative!

a

q q
A%
DIS N ot oy
O¢p— 0’ X (everything) X & k f
7
P P P

(1 QCD factorization (approximation!)

DIS L
O-Ep—%’X(everything) —

|

Physical
Observable

DIS o : .
O fps 07 X (everything) Localized probe: 1
Q®=—-(1-1)?2>1fm? =) a<<1fm
/ =  Two variables (hadron rest frame):
Identified initial-state hadron Q? = 4EE'sin?(6/2) y— S
— proton or nucleus! Q> rpQ*
rp = v=F—F
2myv
1/Q
qa q q
A7 VIR /
ko4 k3t +
k; b= sse
P P
e 1
+ 0| —

Controllable
Probe

Quantum Probabilities
Structure

Color entanglement
Approximation
Jefferson Lab



Inclusive Lepton-Hadron DIS (at EIC) — One Identified Hadron

(J Scattering amplitude:
M(A,A%0.,q) = u, (k") —iey, |u, (k)

e

" (X[es(0)| o)

[ Cross section:

do"® =—[ j > > M(aa50.9) | T { d’l } Ak’ (2%)454[ili+k'—p—kj

X Ao i (27) 2E, |(27) 2E"

dGDIS 1

e :2s( ljw(k F)W 2]

0

 Leptonic tensor:
2

- known from QED: L' (k.k) =~ (kK" +K'k" ~k-k ")
72'

Jefferson Lab



DIS Structure Functions

] Hadronic tensor:

1 s
W@, p,8) =~ [ d'z € (p,5]J(2)],(0)| p.5)

J Symmetries: F
<> Parity invariance (EM current) —_— W, =W, sysmetric for spin avg.
<> Time-reversal invariance —_— w,, = W;V real
<> Current conservation —_— 9w, =q'W,, =0

9.9, 2y, |1 P9 P9 2
w,, =—(g,,v - JFI (x;.0 )+E(pﬂ 4 }(pv 4 sz(xB,Q )

: Voo S 2 (p'Q)Sa_(S-Q)pa 2
M HVP o | - . , s
tiM & qplip.qg (x 0 )+ (p.q) g (x 0 )]

[ Structure functions — infrared sensitive:

E(5.0°). s (30:0). 8, (30:0). 82 (x,. 0 e i o

Jefferson Lab



Long-Lived Parton States

J Feynman diagram representation of the hadronic tensor:
q

q q q q q
y VLN el VRN Vs VRN Vil
W/l Cx: k k + k,k kk, _I_ kl E k2 + e “Im(kQ)
P P P P P P

 Perturbative pinched poles: ¥+z’e
Id4k H(Q,k)( 21 j( 21 jT(k,l) —> oo perturbatively —ie Re(k)
k™ +ie )\ k™ —ie A
1 Perturbative factorization: Light-cone coordinate: 1
Y + - L + — _— (.0 + 3
kﬂ:xpﬂ+k2+k£nﬂ+k;f o = (T v, v7), v \/§(U v°)
2xp-n
dx 1 1 1 k?
[E a2k, 1K =0) [dk’| ——— || ——— | Tt~ +0 (<2>>
X I k™ +ie )\ k™ —ie 7, 9
Short-distance Nonperturbative matrix element |
2
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Collinear Factorization — Further Approximation

. . . . q
A Collinear approximation, if |O ~xp-n > k., VK’ — Lowest order: AT
d*k ‘
Wi = Z/ o) Z (Y - (k+@)7")y; (2m)8((k + ¢)?) /d"‘ye”‘“’ (pl¥;(0)¥i(y)lp) +
L , P
d4 [ kﬁ 2 1 1 M
—Z B (Q k) F (ko) + 5((k+9)) = ghdla—&) = g0 (v — )
y d*k k-n <k2> <k2 ) ]
~ zf:/dx Tr [Hg*f(Q,k R xp)/W(S(a: — m)]—"f/p(k )] + O(~~5- Q20 —5)+..  —Collinear Approx.
_ dx v 1 d*k k-n v-n . .
~ Ef:/ — Tr [”H,y*f(Q,ﬂUp);Y : (xp)] / (27T)4(5(;13 — E)Tr [2p . n]—"f/p(k,p)] + ... — Spin decomposition
%Z/d—xA“”(xQQ/u)@/pxu)Jr 4
- x /d k inline 1 is limited, no UV
\ k- n) dk
4_1 2p n’ p-n) (2m)! But, factorization aIIows/d4k
z{ ; | i‘ ( jJ {AUVCT(M} to generate UV — Need UVCT(n)
xp = xp . . . .
Ll to define parton distribution!
L W Q) = T (M Q) o) |
7 (@p) I f Jefferdon Lab

)__’—
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Parton Distribution Functions (PDFs)

[ PDFs as matrix elements of two parton fields — twist 2 operators: K I
— combine the amplitude & its complex-conjugate
DAY sty vt , 5 e
¢Q/h . ,u / ‘ < ( >Wq< ) 2pT ( )’ ( >> The state ‘h(p)) can be a hadron,

But, it is NOT gauge invariant! or a nucleus, or a parton state!

(@) = = le) () = dla)e

— need a gauge link:
duy~ . 4o _ (Y g A4
Sunle,122) = [ SV (h(p)]iy(0) [Pe wly At )¢q(y)|h(p)>30(u2)

— corresponding diagram in momentum space:

Twist = Dim. of the operator — its spin

’}/+
2pt
d*k k /[ \% -dependence
SO(x — kT /pT A Y UVCT( 12 H-dep
/ (2m)4 ( /p”) é ; + () of the distribution
DP>S ' L L a DP>S
Uni lity — ind d - dicti
» niversality — process independence — predictive power ‘Le/fégon Lab
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Gauge Link — 15t order in coupling “g

1 Longitudinal gluon:

] Left diagram:

p+dy1_ iz1p T (yy =y ), . Aa(,,— _ioaa ’7]92((33‘—33’1—333)’}/p—l—(Q2/2pr+)’}/n)
/dxl |:/ 2—7'(' e n-A (yl) M( th ) p_|_ (x_xl _xB)Q2/xB+ZE

1 1 : - - . < _
g [ LAty { [ dx. i 7 >] Mo ~ig [ dyr n- AyIM
.

—X1 + 1€

 Right diagram:
tdyT i gy 2 )y - .
/ d, [ / PUAYL ety Aa(yl_)] i((z + 21 —2p)y p+(Q°/2zppT)y n) (rig) P

27 (x+x1 —2p)Q?/xp — i€ pt
—Q/di" Ay [/dfﬂl - empwl_]/‘/‘ - z‘g/ dyTn- A(yT) M
Ir1 — 1€ 0
[ Total contribution:
. ” ~ — — O(g)-term of
—13 — dy; n- A M
g [/o /y ] 1 (1) Mro the gauge link!
12 .g_e,f,fe-r:son Lab



QCD High Order Corrections

(J NLO partonic diagram to structure functions:

2 k> ki ~0
oC j ! Dominated by {

k? oo
0 1 tAB

Diagram has both long- and short-distance physics

 Factorization, separation of short- from long-distance:

+
o g . 3
3 ¥ - )
| dk? = ﬂ:r + dic?
|5 5 ’ L
P - -

o

Same idea as the
Instructive Exercise
for Factorization

C"ED} qjl:“ . —

LO + evolution

T{1) (o)
ELG v * dk"z y

13 A2




QCD Leading Power Factorization

(1 QCD corrections: pinch singularities in Id“ki

VN ey VRN Vel o
k kK 4

P P P P

[ Logarithmic contributions into parton distributions:

q q
N y

k k k k
;:%p ® é; + égé +..+UVCT

2 A2
) B0 =) ¢ (xB,Q—,%) ® f(@,13) + O ( g§D>
f

2
x U

O Factorization scale: .

‘ To separate the collinear from non-collinear contribution

Recall: renormalization scale to separate local from non-local contribution

14 Jef?egon Lab
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Physical Picture of Factorization for DIS

] Time evolution:

Long-lived parton state

} (xP+q)

Time: “Past” “Future”
Now

1 Unitarity — summing over all hard jets:

DIS

Gtot

== Jix) > ——
f ~ R : Not IR safe

Interaction between the “past” and “now” are suppressed!
15 Jefferson Lab



How to Calculate the Perturbative Parts?

[ Use DIS structure function F, as an example:

2 A2 5
th(xBaQ) Z q/f(x iza j®¢f/h('x:u) 0( QQCJ

< Apply the factorized formula to a parton state: h— q

Feynman Q Feynman

diagrams (xB’Q )= Z ( ,U j®§0f/q (x H ) diagrams
<> Express both SFs and PDFs in terms of powers of a.:

0" order: FZ(;) (x,,0°) = Céo) (x,/x,0°/ 1 )®¢(0) ( ,,uz)

) (CPW=F)® e (x)=6,5(1-x)

worder:  F{)(x,,0") = C(x, /x.0"/ 1) @) (x.1r")
+ Céo) (x,/%,0° 1*)® goél/)q (x, ,uz)

) 0/ 1)=F)x0)-F)x0)®4), (x.4)

16
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PDFs of a Parton

(1 Change the state without changing the operator:
dy~ vt
bapnlasi®) = [ BV ()7, (0 Uy )
|h(p)) = |parton(p)) = (bf/q(x,u ) - given by Feynman diagrams

] Lowest order quark distribution:
<> From the operator definition:

¢((10>q( ) = 5qq’/(2d47]§4Tr K%v-p) (;171)] J (az— ﬁ—i) (2m)*6% (p — k)
= by 0(1—2)

U Leading order in a quark distribution:
<> Expand to (g.)> - logarithmic divergent:

dk? 1 2 3
oo () = 3 / - [(1 +;”) + 5601 —x)} + UVCT
7T T —T)+ N
UV and CO divergence Choice of regularization

17

N
Ry
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Partonic Cross Sections

[ Projection operators for SFs:

49,4, 2y, 1 P9 P9 2
Wﬂv:_[g,uv_ ;2 )E(X,Q )‘I‘ﬁ[plu_qﬂ qz )[pv_qv q2 ]F;(x, )

2

1 . 4x y
Fl(stZ)ZE -g”* +?P#P ]Ww(xan)

12x° )
2 pﬂp jWyv(x’QZ)

F;()C,Qz) =X _gﬂV +

3 0t order:

1% 1% 1 \q q/
By (0 =xg" Wy, =xg™ | — =1
w) ] :
:ejxé(l—x)

() = 2
C, ' (x)=¢ xo(l-x)
18 Jefferson Lab




NLO Coefficient Function — a Complete Example

C (O 1) = F)(x,0) - F,) (5,0 ®9)), (x. 1)

(] Projection operators in n-dimension: g.,8" =n=4-2¢

|4 4x2 14
(l—g)F2 =x(—g“ +(3—26)Ep”p ij

J Feynman diagrams:

} Real

Virtual

] Calculation:
_gﬂVW(l) and pﬂva(l)

HVq
19 Jefferson Lab



Contribution from the Trace of W ,,

J Lowest order in n-dimension:

g”vW( —e(l £)o(1—x)

J
(J NLO virtual contribution:
g‘”W =e ‘A1-¢)6(1-x)

|

o A’
T 0
(] NLO real contribution:

F(1+5)F2(1—5)[ 31
r(1-2¢) g

vpr(1) s
—g* Wﬂvq e(l E)C( 2%){

Q2

47[,112 T

1

2¢&

I'd+¢)

I'd-2¢)

20

+——+4}

2&

=)
+ +
1-2¢ 2(1-2¢&)(1—x)

1-2¢

|

Jefferson Lab



Contribution from the trace of W ,,

1 The “+” distribution:

1Y 1 tn(1-x) )
(—j =——5(-2)+ ) +g( k xj +0(%)

1—-x g (1-x), l-x ),

fac L 2 [a D=0 20

(=x),

] One loop contribution to the trace of W ,;;:

1 0’
= |f 8qu<x>+B,q<x>fn(ﬂ2(4m%)j

+C,. [(1+x2)(£n1(1_x)j —%(%) L ‘n(x)

—X x), 1—x

+3—x—(%+%2)5(1—x)}}

1+x* 3
qu()c)—CP{(l_x)+ +§5(1—x)}

—g" Wl =e?(1- e)[

 Splitting function:

21
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One-Loop Contribution to Partonic F2 and Quark-PDF:

[ One loop contribution to p¥p' W .

y ax*
0’ (l—g)F2 :x(—g“ +(3—28)?pﬂp ]Ww

v (I)V_ u_ v (l)R: 2 &_
p,up W,uv,q —O pp Wyv,q eqCF 27 dx

(] One loop contribution to F, of a quark:

Fz(;) (x,0%) = ejx “, {(—lj P (x) (1 +eln(4re™* )) +F (x)ln (Q_jj
27 €Jeo M

W[ In(-x)) 3 1) 1+x 9,7 s
—|—CF{(1+x )( - l 2(1—xj+ — In(x)+3+2x [2+ 3]5(1 x)}}

= o as €—>0

[ One loop contribution to quark PDF of a quark:

gp(l/) (x,uz):(&jP (x){(lj +(—lj }+UV—CT ki kI
q/4q 272. q9 & Uy & o

— in the dimensional regularization

29 Different UV-CT = different factorization scheme! Jefferdon Lab



NLO Coefficient Function for Inclusive DIS (at EIC):

(J Common UV-CT terms:

1
<> MS scheme: UV-CT\MS __4% P, (x)(_j
2 & Juv
CKS 1 —VE
<~ MS scheme: UV-CT‘M—S =——F (¥)| — (1+g€n(47ze ))
27 & Juv

<> DIS scheme: choose a UV-CT, such that

(1 One loop coefficient function:

23

C (.01 18) = B} (x,0) - F) (x,0) ® ), (x. )

MS

+C,. {(sz)(fn(l—x)j

1—x

a 2
ijl)(x, O’/ u*)= ejx 27”; {qu (x)én( Qz ]

3

2

Cg)(x, 0 /ﬂ2)|DIs =0

(

1

1—x

)

1+ x?

1—x

fn(x)+3+2x—[%+%2]5(l—x)}}

) ;
Jefferson Lab
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Renormalization Group Improvement

 Physical cross sections should not depend on the factorization scale

d
1 WFz(xB,Qz) =0 Fy(x5,Q%) =)  Crlep/z,Q*/uh, os) ® ¢ (x, uF)
F f
> Evolution (differential-integral) equation for PDFs
2 d X Q2 2 X ? 2 d 2
C|L.,=.a ||l® X, +YC [£2.=. 0 |® X, =0
2””#? ™ 7, () 2 \xw MFdMiwf( )

(J PDFs and coefficient functions share the same logarithms
PDFs: log (7 /15 ) or log( s/ Aden)
Coefficient functions: log(Q2/,u12p) or log(Qz/,uz)

‘ DGLAP evolution equation:

o x '
lul%“ 2 @i(x,u§)=ZB/j(—',asj®gpj(x,,u;)
OLLy - x

Jefferson Lab



25

From One Hadron to Two Hadrons

(] One hadron:

Hard-part
Probe

|
>¢<®

] Two hadrons:

1

*°{ar)

Parton-distribution
Structure

Power corrections
Approximation

Predictive power: Universal Parton Distributions
Calculable coefficient functions




Drell-Yan Process — Two Identified Hadrons

S.D. Drell and T.-M. Yan
Phys. Rev. Lett. 25, 316 (1970)

A(P4) + B(Pg) = v*(q)[—= ll(g)] + X with ¢ =Q*> AéCD ~ 1/fm? Before QCD

Lepton pair — from decay of a virtual photon, or in general,
a massive boson, e.g., W, Z, H?, ... (called Drell-Yan like processes)

GQ% 12
- :2®[“ ;]

B

(] Drell-Yan mechanism:

[ Original Drell-Yan formula:

=~u

dopspirx _ Amal, Q Q _
‘ db?dy+ — 3Q4 Z 17‘4(bp/‘4(fl?.4) chbﬁ/B(IB) Ty = .ﬁey rp = ﬁe v

PP
/
No color yet! Rapidity: y = ;In(za/25)

Right shape — But — not normalization
26 Jefferson Lab




Drell-Yan Process in QCD — Factorization

Collins, Soper and Sterman, Review

[ Beyond the lowest order: in QCD, edited by AH Mueller 1989

A ,2 —p— <> Soft-gluon interaction takes place all the time
<> Long-range gluon interaction before the hard collision

g
-i

mm=) Break the Universality of PDFs

—_
B, Q
— Loss the predictive power

(] Factorization — nower sunporession of soft gluon interaction:

\ / \
r-Frame 7-Frame

\ A—{ € I—f .

q B_’ 7\‘ ““‘ “‘\ " @ ‘_‘ ( £ ) - 7 ‘4 I\ d : ) 2A2 ) 1 2
X2t Es(z) :m— WYV

P >

X,~Pet’

J

27



Drell-Yan Process in QCD - Factorization

J Factorization — approximation:

<> Require the suppression of quantum interference between short-distance (1/Q) and
long-distance (fm ~ 1/Aqcp) physics

mm)  Need “long-lived” active parton states linking the two hadrons

/d4p 1 1 s
“p2 +ic p2 —ic

Perturbatively pinched at pz =0

‘ Active parton is effectively on-shell for the hard collision
Pl = (pf . pa s pas) ~ QLA N)  with A~ M/Q
<> Maintain the universality of PDFs: ) po~MP<Q?

Long-range soft gluon interaction has to .k :
g-rang g on-shell: p2, pp < Q%
be power suppressed o - .
collinear: Pur. Pir < @7
higher-power: p, < ¢ ; and
Cancelation of IR behavior ot gt

Absorb all CO divergences into PDFs
28 Jefferson Lab

< Infrared safe of partonic parts:



Drell-Yan Process in QCD — Factorization

[ Leading singular integration regions (pinch surface):

Hard: all lines off-shell by Q

Collinear:
< lines collinear to A and B
<> One “physical parton” per hadron

— Soft: all components are soft

[ Collinear gluons:

<> Collinear gluons have the

polarization vector: e ~ Kk
<> The sum of the effect can be

represented by the eikonal lines,

which are needed to make the PDFs gauge invariant!

29 Jefferson Lab



Drell-Yan Process in QCD — Factorization

d Trouble with soft gluons: Soft gluon: k" — (K™, k. k) ~ (M, M, M)

with M < Q
Glauber pinch: (2P + k)? +ie oc k™ + ie
(1 —2)P—k)* +ieox k™ —ie
Same for k* when it flows through B
‘ Soft gluon is forced in the Glauber region
= k ~ (AM,AM, M) with A~ M/Q

<> Soft gluon exchanged between a spectator quark of hadron B and the active quark of hadron A

could rotate the quark’s color and keep it from annihilating with the antiquark of hadron B

<> The soft gluon approximations (with the eikonal lines) need ki not too small.
But, ki could be trapped in “too small” region due to the pinch from spectator interaction:
kS~ M?/Q < ky ~ M
Need to show that soft-gluon interactions are power suppressed

Jefferson Lab
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Drell-Yan Process in QCD - Factorization

1 Most difficult part of factorization:

O(xy)

-

S

<> Sum over all final states to remove all poles in one-half plane — no more pinch poles

<> Deform the k¥ integration out of the trapped soft region mm) kM~ M(A AN

<> Leading power from “k~ flows into A (moving in + direction) & k™ flows into B (moving in — direction)”

< Eikonal approximation =) soft gluons to eikonal lines — gauge links

<> Collinear factorization: Unitarity =) softfactor=1

All identified leading integration regions are factorizable!

Jefferson Lab



Factorized Drell-Yan Cross Section

[ Collinear factorization — single hard scale ( . ~ @ ):
dUAB

dq

doap

N /dxa fa/A(xm,u)/dxb fb/B(mbwu> qu(xmxbvaS(M)aN)—'_O(l/Q)

for g1 ~ @ or 4L integrated Drell-Yan cross sections: d*q = dQ? dy d*qr

 TMD factorization ( ¢. < () — active parton is still pinched to be on-shell:

do . ‘ S
(1;(18 B UO/de"Ldzk“dzk-ﬁoz((u —kar — k1 —ks1)Faja(@a,kar)Foyp(xB ke )S(ksy)
C
+O((1l/Q) LA = % eV rp = % e Y

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

 Spin dependence:

The factorization arguments at the leading power are
independent of the spin states of the colliding hadrons

‘ Same formula with polarized PDFs for y*,W/Z, HO...
32 Jefferson Lab



Factorization for more than Two Hadrons

 Factorization for high p; single hadron: Nayak, Qiu, Sterman, 2006
Y, W/Z,(s), jet(s)
B p B,D, Y, J/{,m, ..
+ 0 (1/P;?)

B, pr > m 2 Aqep

d s Prs
GA”;ic(zjf - Do) 00, (va5)

dé,, .. (x.x'zy.piu )
dydp;

Same arguments work for
2 more final-state hadrons if
® Dc—>C (Z"LLF) .
every pair of hadrons have
an invariant mass >> Aqcp

< Fragmentation function: D . (Z, ﬂi)

<> Choice of the scales: Hrse = My = D7

33 To minimize the size of logs in the coefficient functions Jefferéon Lab



Predictive Power of QCD Factorization

1 Universality of non-perturbative hadron structure + calculable matching coefficients:

m lepton-hadron reactions (COMPASS, JLab, EIC)

015psi4x = | Clphoizx | @ [PDFP]%’?(Q?/ Q%)

Plus other factorizable

EXP — | C PDF FF 2 /02
o = | Ytk l+k+X | ® P X H +0(Qj; .
I+P—I+H+X L ] } (Qs/C7) observables — cross sections

m hadron-hadron reactions (LHC) Plus LQCD calculable &
p z - Vo factorizable hadron
O pr oo = [ k+k—>l+l+X] ® |PDFp | ® LPDFP} +0(Q?%/Q?) matrix elements

m lepton-lepton reactions (Belle)

oBXP = Ciisrix | @ [FFa | +0(Q%/Q?)

(1 Hadron structure = Theory + Experiment + Phenomenology:

" Factorization - Identify “Good” observables (Theory)
" Measurement — Get “Reliable” data (Experiment)
" Global analysis — Extract “Universal” structure information (Phenomenology)

34 by solving an inverse problem Jefferdon Lab
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QCD Global Analysis of Experimental Data (as well as Lattice Data)

It is an inverse problem:

Experimental
data

Future EIC Je_ffergon Lab

@)

Oy KEK

Broo(i% uen N
£% Fermilab

QCD Factorization
Theorem

Analytical

v Coefficient

= / / functions derived |
from QCD

perturbation theory

Flavors: u, d,s, ...; g
Spin (quark, gluon hadron)
Momentum/position
(Before/after the collision)

i

Quantum
Correlation
Functions of

quarks and gluons

Unknown

Extract QCFs

Bayesian inference
Theory/Phenomenology
Al/ML, Computation

d Input for QCD Global analysis/fitting:

PDFs, FFs at an input scale:

Input scale ~ GeV

35

G /n(z, 1, {a;})

Systematic
error from
theory
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PDFs from Global Analysis

(J Q2-dependence is a prediction of pQCD calculation:

H1 and ZEUS HERA I+II Combined PDF Fit

H1 and ZEUS HERA I+II Combined PDF Fit o 1
> L

% 2 2 = | X8 (x 0.05) Q’=10000 GeV*
— > \
I Q" =2 GeV S | —— HERAPDF1.5 (prel.)
L E 08 I exp. uncert.
08 - —— HERAPDF1.5 (prel.) I [ ] model uncert.
L B exp- uncert. | XS (x 0.05) [ parametrization uncert.
|:| model uncert. L
- parametrization uncert. s 06- N \ HERAPDF1.0
06 - 5 |
=
=
£
04 - 2 04
. 2
=1
£
=
= L
| g 02
=
02+ £
| xg (x 0.05 £ I
}'\\5 - &
. — — <
— &
=)
=

10+ - 1 10"

J Physics interpretation of PDFs:

f(x QZ) : Probability density to find a parton of flavor “f”
) * . .
carrying momentum fraction “x”, probed at a scale of “Q?”

1 1
<> Number of partons: / dx uy(z, Q%) = 2, / dr d,(z, Q%) =1
0

<> Momentum fraction: (2(Q*)) s = /1 dz z f(z,Q%) =) Z<x(@2)> =1
36 0 f

July 2010

HERA Structure Functions Working Group



Scaling and Scaling Violation

16
3 ¥=0.2r—a5 ® ZEUS Y97

x=0.000102
0 H196/97 A 19497

F;n ‘e (x)

Pt rseeE 5 NMC, BCDMS, E665
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I #‘,x’“"g; s {prel. 2001)
: ol ~-===  HI1 NLO QCD Fit
e - X=0.0005
g W
12 L e :
| - (‘r"'.r" i «=0,000632 e x)=0.6(i(x)=0.4)
Ao *,/‘V‘J ...'_--:’ «=0.0005
oy :
i _"__.4"-' A7 %=DOO13
10 B .lv”rg d et
L _,,.r"/‘ == ==0.0021
I ‘.Qvl".
"‘_,oﬂ'-’. — =0.0032
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st tstnasiit e gt 018 w?® 1 10° 1 FitQuality:
B [ iwawre > o P =025 — FZEUSNLO.QCD Fit 9 ..
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SR o ~05s o ZROEOEE 0 moan check of QCD
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QCD Factorization Works to the Precision

(J Data sets for Global Fits: d Kinematic Coverage:

38

Process Subprocess Patons  xrange o Fixed target DIS
Eipnl-E+X Y924 q.2.2 x2 001 p E&t:et;zestore!#an
Erlp-ti4X Pdudn  du x200 54 ] g
P AU +X ad-y 3 oasgrges e i
Fixed Target  pn/pp = u'y +X (ud)/(uk) = y* d/a 0015<x <038 0 Black edge: New in NINPDF3 .1
WIN= (@) +X Wo—(¢ X 001 $x50S8 10° 5
vN = urp* +X Wi-c 5 ao1sxL02
PN =yt +X Wis2 5 001 <02 ,
epoetX Yi-4 $3 0o Sxgal T B OSeRR0I2 :
¢p-veX W*{d.s] - {u,c) d,s 12001 o £ G o i
Collider DIS e*p—e*ct+X ye=cyg=a cp 0*<x<anl (= . . g Syt ealen o funtih e Re B f"J{"": « é.! L.g T
(’p—ot’“'{'x 7"""’-7’3"“ b.‘ IO-‘SIS0.0I H < ad 4 0»»-»»»»»»m»u»n?»lvbm\*' ?b.l!' ." §< - ! §<<§ 3 g
ep— jet+X ] 8 001 $x<0l LT AWAN Y g T 1014t )
pp— pt+X 88.90.99 2j %9 001 Cx <05 o T wrbe BRVTI 8 e ¥ ¥y ;
pp— (We = 19)+X ud-Whad-W  uded 12008 i A AR
Tevatron wvwvmvvvv Y YYY WY Y Y
pp—Z—=0C)+X ui,dd - Z ud 12005 :"‘7‘3; vy ; ;ovL g
pp- i +X EY] q 1201 il & n % R § i
pp— pt+X wap@-2 g 0OISILOS ey "; vy R 1 :i
pp— (W= (*v)+X wd-Wdi-W  wdidg x210°
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pp— 2 8C)+X,p, 890 = 24Q) $e3  x200 X
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Unprecedent Success of QCD and Standard Model

Standard Model Production Cross Section Measurements Status: March 2017
mmm"m‘mmﬁw\m‘_ M AAAAS AAAAS AAAAS RAAAS RAJ

PP 3
d_ ts Rw0.4 Ol<pr<2TeV O
l?c!' Rw0.4 0O3<my<SToV O
”r 12sGv D
¥ ™ 5 GV R
” 100 GeV D
(=)
w o
o
Zz A
o
(=}
(13 A
o
t A - [
“chan
' o . Theory
o
WwW S LHC pp Vs =7 TeV
Yy (o] Data
Wt a o stat
) . stat @ syst
W2z oA LHC pp \l/); t= 8 TeV
ata
(=) _ stat
zZZ g )
e chan oy LHC PP J; =13 TeV
Y A © _ Data
Zy o stat
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titw 10
tiz )
tty L, o g
Wij ewk o S R ATLAS Preliminary
dewx a
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WZjjewk - -rm
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39 SM: Electroweak processes + QCD perturbation theory + PDFs works!
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Probes for 3D Hadron Structure

1 Single scale hard probe is too “localized”:
o It pins down the particle nature of quarks and gluons
o But, not very sensitive to the detailed structure of hadron ~ fm

o Transverse confined motion: k;~1/fm << Q

o Transverse spatial position: b;~fm >> 1/Q

J Need new type of “Hard Probes” — Physical observables with TWO Scales:
Q1> Q2 ~1/R ~ Aqep -

Hard scale: (1 To localize the probe particle nature oAl iR
L'+ - _l.p+
of quarks/gluons

“Soft” scale: ()2 could be more sensitive to the :
hadron structure ~ 1/fm T s

Hit the hadron “very hard” without breaking it,

clean information on the structure!
40 o—

Transverse momentum
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From One-Scale to Two-Scale Observables

[ Drell-Yan process in hadron-hadron collisions:

The process: i R — [Crrisirivx | ® |[PDFp | @ |PDFp | +0(Q2/Q?)
do (p., D, Lo dé.(xp,,x"p.,,
One-scale case: i (pA2 Ps q) = Zjdx J'dx' 9, (x = ( Pur¥ Py ) g (x ( )
dQ 10 0 | dQ
Hard scale — invariant mass of the lepton-pair: Q*=q¢>=(1+1)°>>A4cp ~1/Rj,

lo, ‘ 9 9 9 .9
Two-scale case: (((;i:l” = 0y / (1.'/"11L(I.',"I)L(l.'l"sL()-((IL — kuL — A'bL — A'S_L)‘F.H/.“('I..“‘ kui)]:h/lf(-r“- AT’)L)S(A'\GL)

2
Hard scale: (Q? Softscale: g7 when Q° > q% d*q = dy dQ*dq7de,
J Matching between TMD and Collinear Region:
N dO‘EXP _ dO’TMD N dO‘CO B dO‘ASY
dyd?prdQ?  dyd*prdQ*  dyd*prdQ*  dyd*prdQ?
pr < Q pr ~ Q dohSY doTMD
Ty PprdQ® " dylprd S PT QO

~ Qs AS CcO

pr do?5Y R do as pp — 0

41 > dyd?prdQ*  dyd*prdQ? J)e,ﬂ'./e-gon Lab



Lepton-Hadron Semi-Inclusive Deep Inelastic Scattering (SIDIS)

do .
dz dy dv dz dgy, dPZ,
2 2 2
= 2 d (1+7— Fyurl+ € Fyu, + V/2e(1 +¢€) cos ¢y, Fip 2"
wyQ*2(1-¢) \' 2z 18 SIDIS

+ £cos(20n) Fon 2 + Ao /2¢(1 — €) sin gy, iy Structure Functions

. . . S. %
3 + S [\/2 e(1 +¢) singy, Fyy; ™ + esin(2¢y,) Fyy7 %" B “,}_’E 7
1 & R e o
- gN 2 - + SjAe | V1 —€%2 Frp +1/2¢(1 —€) cos ¢y Fz‘zsd"‘ "‘s : ’
Q2 > P? +1S.| | sin(¢n — ¢s) (F}S};f?"_“) +e F’Z‘;ff""”)) Ny,
T L

In photon-hadron frame! o
Fsm(&m ~¢s)

+ € sin(ép + ¢5) F;i;(mws) + € sin(3¢n — @s) Fyp

+1/2¢(1 +¢) sings Fyyp®® + v/2¢(1 +¢) sin(205 — ¢s) F(s};(?@.—%)l

+ 181 | Xe [\/1 — €2 cos(pn — ¢s) F,f‘,}?(d)"_é‘g) +1/2¢(1 —¢€) cos dg sz}ws

f(z, kr, Q) - TMDs

+ v/2¢(1 —€) cos(2¢p, — ¢s) Ff}s(wh_m] } J,_e,f,fé_gon Lab



Transverse Momentum Dependent PDFs (TMDs)

d Quark TMDs with polarization:

Quark Polarization

TMD Handbook |

R

Unpolarized Longitudinally Polarized Transversely Polarized [ R
(U) (L) (T) Transverse Momentum Dependent distributions
v ; - (x. k7)) ® O P e
[k @ o (x, Ky s o
- Boer-Mulders miacr::asé?\;:mam«
.S s
-+ 2 |:;ng .or:,g i
R |L g(.k7) @—- @—| hi(xk)) @— @— Blicteon .
.g Helicity Long-Transversity POIarlzatlon T D ?::Eﬁ\r:suul'nl
= ’
a . el Prorya
p= FiE(x k) 5 Analogous tables for: Colopoeion et
: T A Coke) S :
—g Transversity o GIUOI’IS fl — f]. etC eyl
Z | T g (x.k7) - Ao e
B - - Ivan Vitev
hl_; (x7 ka‘ ) é _ é o Frag mentat|0n funct'lons 5::3;::2
i Trans-Helicity
sivers pretzelosity © Nuclear targets S # 5

L N
- ~
{ Thae
Two planes g P
Leptonic plane .~ Ay
Hadronic plane \Q@ -
43 e, //

Single Transverse-Spin
Asymmetry

1 oin() = aiN()

~ Pow + o

43

In photon-hadron frame:
AS o (sin(g, + ), o< b ® H'
Agirvm oc <Sin(¢h _¢s)>UT oc 1# ® D,
AT o (sin(3g, — )., o iy @ HY'

Angular modulation provides the best

way to separate TMDs Jefferéon Lab
—



TMDs: Correlation between Hadron Property and Parton Flavor-Spin-Motion

d Quantum correlation between hadron spin and parton motion:

&~k Observed particl
Npar cle Sivers effect — Sivers function
‘_ ? _ Hadron spin influences

\ parton’s transverse motion

Polarized hadron

J Quantum correlation between hadron spin and parton spin:

Se Observed particle

& - Pretzelosity — model OAM o
:Tww Hadron s?ri‘r;ha:::czarton spin
Polarized hadron \ parton’s transverse motion -
A
1 Quantum correlation between parton’s spin and its hadronization: i
= Observed particle Collins effect — Collins function / Fig. 2.7 NAS Report

P
6 é . Parton’s transverse polarization
_ Sq XKT,K influences its hadronization

Transversity

i el
44 Polarized hadron ‘ggf_ﬁe-rson Lab
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The Electron-lon Collider (EIC)

EIC & Fundamentals of QCD
Probing Structure of Hadrons
without seeing Quark/Gluon?

— breaking the hadron!
Probing Structure of Hadrons
with polarized beam(s)

— Spin as another knob
Probing Structure of Hadrons
without breaking them?
Dense Systems of gluons

— Nuclei as Femtosize Detectors

Jianwei Qiu

Lab Theory Center, Jefferson Lab ENERGY oMo &55A



