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= Lec.1: Fundamentals of QCD
* Lec. 2: Matching observed hadrons to quarks and gluons
» Lec. 3: QCD for cross sections with identified hadrons

» Lec. 4: QCD for cross sections with polarized beam(s)
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Observables with identified hadrons — Phenomenology

J Need QCD global analyses of all data on factorizable cross sections!
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Inclusive lepton-hadron DIS — one hadron

[
o.%
%-‘: N { Proton DIS
. O¢p— 0’ X (everything)
Elektron =S .
B~
% S~ Identified initial-state
e hadron-proton!

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

q q
\Y
DIS VRN A0 k\
O¢p—st' X (everything) X & k + .
7

(1 QCD factorization (approximation!)

Color entanglement
Approximation

__________________________________________

DIS
Jﬁp—)K’X(everything) —
xP, kx.p

Physical Controllable Quantum Probabilities
Observable Probe Structure Jefferson Lab




Inclusive lepton-hadron DIS — one hadron

(1 Scattering amplitude:

) e(k), » '
e(k’), n
M(A,A%0,q) = u, (k' )[—zeyﬂ]uﬂ (k) u. u

" (X]er(0)

p,O)
] Cross section:

do™ = —( j S S M(24%50.q) Z{ﬁ(z a1 ]( k (27[)454(lili+k'—p—kj

X 0.0 7[) 2F, 27[) 2F'

de™ 11y ..
:> L d3k1 :ZS[QZ] Lﬂ (k’k )W,UV(q’p)

 Leptonic tensor:

2
— known from QED I (k, k") = %(k“k'v +Ek" —k-k g™
7T
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DIS structure functions

(] Hadronic tensor:

1 »
W@, 8) =~ 'z & (p.S|1(2)J,(0)| p.5)

J Symmetries:

<> Parity invariance (EM current) W, =W, sysmetric for spin avg.
<> Time-reversal invariance W =W real
y73% y73%
<> Current conservation g"W,, =q'W,, =0
9.4, > 1 P q P q 2
W,uvz_(gluv_ ;2 ]E(‘XBJQ )+ﬂ(p,u_qlu qz j(pv_qv q2 jFVZ(xBﬂQ )
2 2
o e | S, Pq)S,—(549)p, Q"= —q
+HM "¢, —gl(xB,Q2)+( ) (2 ) g2<xB,Q2) Q?
p4q (r9) 5 =
. . .. p-q
1 Structure functions — infrared sensitive:
No QCD parton dynamics
F(53:0"). B (33.0°). 8 (43:Q°) - (3,,0°)  used in above derivation!
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Long-lived parton states

J Feynman diagram representation of the hadronic tensor:

q

q q
VN A7u VRN ik
luvm k i +E k
P P P P

1 Im(%?)
J Perturbative pinched poles: p%e
Jd*k HQ k>( e 1+ l.gj( E l_l.gj T(k,%) — o perturbatively T_Re(F
J Perturbative factorization: Light-cone coordinate: 1
ku:xpu+wnﬂ+kﬁ v“:(v—F’v—’vJ_)’vi:ﬁ(voivg)

2xp-n

dx - 5 1 1 (k2)
f;d by H(glf =0) jdk (18 +i5j(k2 —igj TG, HO ( Q? )

Short-distance Nonperturbative matrix element
JefferSon Lab
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Collinear factorization — further approximation

q q

A Collinear approximation, if (O ~xp-n > k_, Vi’ VN A7
k k
—Lowest order:  0((k+q)?) = 5= d(z—€) = ﬁ&(;r—;‘;—:)
P P

> / ;ZMZ (39 O+ 07", )3+ 0)%) [ 'y o, ) (o)) +

- Z [ s [ Q)] +
~ Z/dﬂc Tr [’H’;’}(Q k ~ xp)/ (;i]; 6(z — %)Ff/p(k,p)] + O(g—?a <l§;>) +
~ Z/— Tr [’ny‘ vt Q,xp); - ( p)] / (33)645(%— M)Tr lv-n ff/p(k,p)] +

PN 2p-n

NZ/dx WH (2, Q% /12) by, 1) + .
[ 15\ el

el A e
w k=

v v 1
6 L| v - (zp) W (2, Q?/u?) = Tr [Hf;*f(Q,l’p)?Y' (fﬂp)] J)e/ffggon Lab
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Parton distribution functions (PDFs)

(] PDFs as matrix elements of two parton fields: . )
— combine the amplitude & its complex-conjugate
prdy” . ol
Sy (2, 12 / TV RPIG(0) 5 bl I()
(p)) can be a hadron, or a nucleus, or a parton state!

But, it is NOT gauge invariant! U(z) — eiaa(iv)taw(x) (z) — P(z)e e @t

— need a gauge link:
dy~

W o= ()45, (0) [P I d“““] O )Zo (1)

2\ _
¢q/h(aj7l“b ) _ 27_‘_

— corresponding diagram in momentum space:

d4k k / i . : : \ &
/ oy k+/p2_é’:mg ;_,f e
p’S : : : ‘_ p,s
p-dependence

Universality — process independence — predictive power
J)e/fffegon Lab




“ _n”

Gauge link — 1t order in coupling “g

 Longitudinal gluon:

] Left diagram:

g : 2 +
p dyl ix1p+(y1_—y_) CAQ()— _soaa Y pZ((iB — 21— 5133)’)/ P+ (Q /Qpr )7 ) n)
/dﬂil [/ Tor e n- A%y, )| M(—igt*) o (z — 21 — 25)Q2%/xp + ic

1 . - N Ral _
— g/_n Aa yl [/ d$1 : ezm1p+(y1 ) )] M = —Zg/ dyl nA(yl )M
Y-

—x1 + 1€

 Right diagram:

+ 1, ; 2 +
p dyl T YL o AQ (0 — —Z((il?'—|—$1 _xB)'Yp‘|‘(Q /QZEBp )7”) .o\ VP
/dxl [/ 5 © n- A*(y; )] CE oy p— (+igt )—er M

1 : - e
_g/ dy1 n- Aa yl [/ dx, . ezx1p+y1 ] M = ig/ dyl_nA(yl_)M
0

r1 — 1€

] Total contribution:

. > <1 ., _ _ O(g)-term of
Y [/0 _/y_ ] dyym- Al ) Meo e gauge link! . _——

Jef fferson Lab



QCD high order corrections

(J NLO partonic diagram to structure functions:

_0? 2
< dk? ki ~0
Dominated by {
1 A o0
AB

Diagram has both long- and short-distance physics

] Factorization, separation of short- from long-distance:

4

[ ] .m:@ ‘ dk;@
i
AW

fel

(_" (00 q? (1 (}{)
’ = a i 2 z‘&mrmrh
LO + evolution \U ’ :

C1 (1) (o) — i N =~ B h
NLO 7 M H o *m = )‘ d‘{f;:‘\g&
7 <
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QCD leading power factorization

J QCD corrections: pinch singularities in

q

N\
xp
X A
Fz(xgan):ZCf(—BaQ j@gof (x yF)+O xD
j ) N 0’
J Factorization scale: ,uﬁ%

-—p To separate the collinear from non-collinear contribution

Recall: renormalization scale to separate local from non-local

contribution
10 .ge/ff.;gon Lab



Picture of factorization for DIS

] Time evolution:

Long-lived parton state

Time:

—_—

1 Unitarity — summing over all hard jets:

DIS
o.. ocIm C

“Past”

t ~ R

} (xP+q)

“Future”

Not IR safe

Interaction between the “past” and “now” are suppressed!

11
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How to calculate the perturbative parts?

(] Use DIS structure function F, as an example:

’ Aden
F,(x,0%) = Z q/f(x gz 9asj®¢f/h('x9/u )"‘0( 2 ]

o
<> Apply the factorized formula to parton states: h—> q
Feynman F, (x 0%) = Z Q2 o |® (x 2) Feynman
diagrams B> P9I qu s Prig\ - H diagrams

<> Express both SFs and PDFs in terms of powers of a:
Ohorder:  Fy)(x,, 0" =C(x, /%, 07/ 1) @@L (x, 1)

V) =F| ¢ (x)=5,6(1-x)

1t order: Fz(;) (x,,0°) = C;I) (x,/%,0°/ 1*)® goé% (x,,uz)
+C ey /0,0 1) @ ), (x4
j> Q1) = F)(x,0) - E) (.00 ®¢)), (x,11°)

D

12 Jefferson Lab



PDFs of a parton

(J Change the state without changing the operator:

bunle i) = [ A ), 0) 5 Uyl P

|h(p)) = |parton(p)) » ¢7/q(T, 11°) - given by Feynman diagrams

J Lowest order quark distribution: P
<> From the operator definition: k
(0) o d4]€ 1 ’}/+
¢q /q( ) = 56](]/ / WTI' [(ify p) (QPT 5 xr — p_+ 27‘(‘ 454(p k)
= Ogq 0(1—x)

U Leading order in ag quark distribution:

<> Expand to (g.)?> - logarithmic divergent:

(1) Qs de 1 + 22 § B T
. 2

13 UV and CO divergence Jefferson Lab




Partonic cross sections

 Projection operators for SFs:

WW=—(gw—qf]mﬂ(x,Q2)+%£pﬂ—qy Z'ij(pv—qv pq;qjl%(x, ’)

1 L 4x7 )
Fi(xﬂQz)ZE -g” +El9ﬂp ij(x»Qz)

y 12x° y
Fy(x,0%) = x| g + 125 pep ij(x,Qz)
q q
3 oth order: FO(x) = xgﬂvWﬁgg)q — 15 .
, A4 [ xp

2
=(xg”v)%zTrB7-pn,y-(p+cJ)7v}2ﬂ5((p+q)2)

= e§x5(1 —X)

0) () —
C, (x)= eq2x5(1 —X)

14 J)e/fferson Lab




NLO coefficient function — complete example

(.01 1) = F)(x, Q) - F (2.0 ®l), (.17

] Projection operators in n-dimension: gﬂvg’w =n=4-2¢

(l—g)F —x[—g +(3-2¢) sz p ]W

J Feynman diagrams:

B P S

Virtual

3 Calculation: _gﬂVW(l) and pﬂva()

15 Jefferson Lab
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Contribution from the trace of W ,,

] Lowest order

g,uVW(

7,

in n-dimension:

—e(l £)o(1—x)

V.q

(] NLO virtual contribution:

g“vaq—e (1-&)o(1—x)
*( 47w T+ &) (- 5)[ 2+§l+4}
['(1-2¢) e 2¢
J NLO real contribution:
4mu I'd+e¢)
wpy R — o2 (1 - C
Wy =€, (1-2) { } [(1—2¢)

|

_178{1 H(l xj(l 2eﬂ+

l-¢ N 2&
2(1-2&)1—-x) 1-2¢

D
Jefferson Lab



1 The “+” distribution:

(Lj+g:_15(l—x)+ 1 +g(€n(l—x)j +0(&%)

1-x & (1-x), 1—x

(o S ¢, f)-fO .,
jdx(l_x)+_jdx = n(=2) /(1)

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

_g“"W;EIV),q :ej(l—g)(as j{—quq(x)+qu(x)£n( o’ J
Poy

27 1 (4re ")
A fn(=x)) 3( 1 )} 1+x°
+C,. [(1+x )( P l 2(1—x1 P ‘n(x)

+3—x—[%+%2j5(1—x)}}

1 Splitting function:

2
Itx +§5(1—x)}

B’q(x)zc{(l—m 2



(1 One loop contribution to p*pY W,

2
u v (W _ vy R _ 2~ O O
PP WﬂV,CI =0 p'p Wyv,q_eqCFgél_x

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

Fz(;) (x, Q2) _ ejx & {(—lj qu (x)(l +eln(4re™* )) + qu (x)fn (Q—jj
27 €Jeo H

(=0 _3( 1) 1+ 9,7 ) sa—
+CF{(1+x )( — l Z(I—xl —_ In(x)+3+2x [2+ 3jé‘(l x)}}

= o as €—0

(] One loop contribution to quark PDF of a quark:

(05/)9,(?6,#2):(&]%(36){(1) +(—1j }+UV-CT Kl "
27 & Juv € Jco

— in the dimensional regularization

Different UV-CT = different factorization scheme!



Evolution

 Physical cross sections should not depend on the
factorization scale d

75 d—ze(xB»QZ) =0

H

FQ(xBa Q2) — Zcf(xB/x7 QZ/IM%WCVS) ¢f(337:u%’>
f

=== Evolution (differential-integral) equation for PDFs

(1 PDFs and coefficient functions share the same logarithms

PDFs: log(ﬂ; /ﬂg) or log(ﬂ;/AéCD)
Coefficient functions: log(Qz/,u;) or log(Q2 /,uz)

- DGLAP evolution equation:

0 X :
- goi(x’ﬂ;)zzpi/j(;?as)@(pj(x911“[}27)
J

Hr

2

)e/fﬁerson Lab




Calculation of evolution kernels

J Evolution kernels are process independent

< Parton distribution functions are universal

<> Could be derived in many different ways

] Extract from calculating parton PDFs’ scale dependence

P P P 1
p D
"—i ‘ 4 i / 4 5 ,
/ |
d A o1 dxl x a Collins, Qiu, 1989
Q dQ2 z(x’Q ) 217_ X xl qz xl?Q yqq xl zﬁqi(X,Q )f() dZ ‘yqq(z)
Change “Gain” “Loss”’

<> Same is true for gluon evolution, and mixing flavor terms

(J One can also extract the kernels from the CO divergence of
partonic cross sections
20 .ge/ffegon Lab



From one hadron to two hadrons

J One hadron: e p
—_— o <=mm
e— i
, , .
k k

|
® %%:P +0(§)

Gtot
Hard-part Parton-distribution Power corrections
Probe Structure Approximation
(J Two hadrons: l l
DY ( 1
Ot — & + 0| —
OR

[ A Predictive power:

21 \. Universal Parton Distributions .!gf,f/e?son Lab



Drell-Yan process — two hadrons

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

A(Py) + B(Pg) = 7' (q)[= ll(g)] + X with ¢° = Q"> Adep ~ 1/fm”

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

 Original Drell-Yan formula:

= — 2 I ] 2
P
P A — -
/ h L _ p | i o 2
o ) QX Do
B, Q 7 2 % ¢ 7
B y - —
By
) do 4 B—>u"— x _ 4ma
> d+(-;)2dy+ 27‘ 3Q4 Z Tadp/a(Za) s/ B(2B)
No color yet! Rapidity:  y = %ln(xA/-TB)
Q Q _
22 | Right shape — But — not normalization Ta= _Sey TB=75°¢ ’




Drell-Yan process in QCD - factorization

Collins, Soper and Sterman, Review

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

<> Soft-gluon interaction takes place
all the time

<> Long-range gluon interaction
before the hard collision

mmm) Break the Universality of PDFs
Loss the predictive power

(] Factorization — power suppression of soft gluon interaction:

| / 1
r-Frame -Frame

sa\ \\\ \ A=
X2t ///)4’” Ey(z) = £

X3~ Bet




Factorized Drell-Yan cross section

1 TMD factorization ( ¢; < Q)):

do
dqu . / ko1 k1 ks 10%(q1 — kot — kot — ks 1) Faa(xa, kot )Foyp(wn, kot )S(ks1)
+0(q./Q) TA = \% e” rp = % e ?

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

3 Collinear factorization ( ¢ ~ @ ):

do do,
dqu :/dl’a fa/A(xa,M)/dﬁCb fb/B<xbﬂlu) qul)(CUa,ZUb,OéS(M),/,L)+O(1/Q)

 Spin dependence:

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

‘ same formula with polarized PDFs for y*,W/Z, H°...
24 J)e/fffegon Lab



Factorization for more than two hadrons

Nayak, Qiu, Sterman, 2006

v, W/Z,L(s), jet(s)
B,D,Y,J/¢y,m, ...

[ Factorization for high p; single hadron:
p

+0 (1/P;?)

% pT >mMm Z AQCD

Ao, . (PyPysP)

- 2 fr) 99, (¥

dydp; ab,c
dOA'ab_>0+X(xax'929y9p]2“M§7) 2
5 ® Dc—>C (ZJ ALLF)
dydp;
<~ Fragmentation function: D NG, (Z ’ ,u; )
C
<> Choice of the scales: ,Llsac ~ lurzen ~ p;

25 To minimize the size of logs in the coefficient functions JefferSon Lab



Global QCD analysis — Testing QCD

(] Factorization for observables with identified hadrons:
<> One-hadron (DIS):

Fy(xp, Q%) = XyCr(zp/x,1°/Q%) @ f(x, 1)

<> Two-hadrons (DY, Jets, W/Z, ...) :

do do ff
— E /f(ZC) X X f/(aj/)
dydp%. — 1 dydp?. ,
Testing QCD:
<> DGLAP Evolution: Universal PDFs for all cross sections?
Of (z, u?)

Sz = Sp Pry(w/a) © f ()

 Input for QCD Global analysis/fitting:

Input scale ~ GeV

<> World data with “Q” > 2 GeV

Fitting paramters

. . 2 ,
26 <> PDFs at an input scale: qbf/h(xa Ho s {0{7}> Jg_fggon Lab



PDFs from DIS

(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
1 \

xf

xg (x 0.05) Q?=10000 GeV?

I exp. uncert.
|:| model uncert.
[ parametrization uncert.

= ‘
" Cor=26e

08 - —— HERAPDF1.5 (prel.) 08 -

- exp. uncert.
|:| model uncert.

- parametrization uncert.

July 2010

| xS (x 0.05)

Xu,
M~ =\ \ HERAPDF1.0

0.6 0.6 -

04 04

02 0.2

HERA Structure Functions Working Group

— T | R | |
10 10° 102 10!

10

7
ot

X

J Physics interpretation of PDFs:

f(ac QQ) . Probability density to find a parton of flavor “f”
Y ¢ o o “uyn”n «“ ”
carrying momentum fraction “x”, probed at a scale of “Q?

1 1
<> Number of partonS: / dx Uy (.CU, QQ) — 27 / dx dv (il?, Q2> =1
0 f 0 2
27 < Momentum fraction: (2(Q%)) s = / dz z f(z, Q%) | EJ;@(Q )) = 1.
0

0

Jul

HERA Structure Functions Working Group



Scaling and scaling violation

~16
Z | N ® ZEUS 96/97 2
e 0ODI0O2
::g o [ H196/97 A HI19497
‘Mu o v w0 COO161 . . .
14 | = __.h;' & NMC, BCDMS, E665
Bl o «=0.000253 ——  ZEUS NLO QCD Fit
- ,:.d’ﬂ ¥ w=0.000% {prel. 2001)
' /"b S H1 NLO QCD Fit
i ,o-"/#' g =00003
12+ _» “,,«P’ .
A P el x)=0.6(i(x)—0.4)
ST T er 00008
R
- _om? *=D.Oa1>
10 oo o
| _{gd'd".—,\f _e.‘:T ~=0.0021
-—-VW ‘.Q—l"'
. '_",,.d*f‘ 4=0,0052
- >

" =0.05
. -»W‘W
4+ _— N L -0.08
. ' Y iyl
e - o ¥ - =3 -3
I S N ——a ‘g g <018 10 1 10 1
2r — . L . 5 ¥=025 — FEUSNLO-QCD Fit
| > e v L] . 4 {PrﬂL}Nm
- - ur an s IR 1 % w=0.4 [ ot error
L BCDMS
. z-ﬁﬁf;) = FTELS 96/7 oGS
0 femtmtatttrid —_—— — — : rod IS NN (Y M 'H il r NMC
2 3 4 L £ %
1 10 10 10 100 10 w? 1107 1
Q° (GeV) X

58 Q?-dependence is a prediction of pQCD calculation Jefferdon Lab



QCD factorization works to the precision

(] Data sets for Global Fits:

Process Subprocess Partons X range
E{pnl= £+X Yq—q 4.2,8 x 2001
Enfp—+X yYdu=du dfu x 2001
pp—= ut +X un,dd - y' ] 0.015<x <035
Fixed Target  pn/pp— utu +X (udh)/(um) = y* dn 0015 € x 035
TN = (") +X Wq-q 4.9 001 £x 505
vN =t +X Wes—c 5 001 €x 502
PN = uH +X W12 5 001 £ <02
epetX Y49 593 00001 xS0l
e p=r+X W{d,s] = {u,c) d,s 12001
Collider DIS ~ e*p — e*ct+X ye=oyg=a  of 1074 < x £001
ep—ebh+X yb=byg—bb by 104 < x £001
ep— jet+X il g 0015xg0l
pp— t+X 88.94.99 = 2j 09 001 Sx 505
e P (W* = (£v) +X ud-WHad-w udnd  x2005
pp=(Z=C)+X uu,dd = Z u,d x2 005
pp— i+X qq— it q x201
pp— t+X 88.94.99 = 2j 59 0.001 5 x 505
pp— (W = %) +X ud—Whdn- W wdndg x210°
pp— (Z-6C)+X Q-2 g8 12107
pp—= Z =€) +X,py 290 = Zq@) 00 x2001
pp= (v = €C)+X, Lowmass g3y’ a8 x2107
LHC pp— (y* = £*€)+ X, Highmass g9 ¢ ] x201
pp— W, We g Whe g W 538 x~001
pp—ti+X gt I3 x2 001
pp— D,B+X gg - ct, bb I3 x2 10761073
pp— I, T+ pp ¥(gg) = ct, bb I3 x2 107,107
pp—y+X 890~ 4@ § X 2, 0,005

29

1 Kinematic Coverage:

106 4

105.

Q% (GeV?)

103 4

102 4

101.

Fixed target DIS

Collider DIS

Fixed target Drell-Yan

Collider Inclusive |et Production
Collider Drell-Yan

Collider Z transverse momentum
Collider Top-quark pair production
0 Black edge: New in NNPDF3.1
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4
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M EEE R
P Y YYYWY v ; A Y v T vy v....
e RTIY dvd ey ¥ ¥ 3
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wvwvmv"v JY vvv Y Y Y nAd 2l h
v" ’ L] v ] FoTof s
’ M y Y Y] |
': i T '
vvvn - Y Y 3..
by i si 1!
- nmvwv vy v v y
Yy 'YY§W § Yy v L h{. ial
WWYYYYY W Y Y v v L 1]
T T T T T
10-* 10-3 10+ 10+ 10°
X

Fit Quality:
X2 fdof ~1 = Non-trivia

check of QCD
| 3706 / 2763 | 3267 / 2996 | 2717 / 2663

LO NLO NNLO

All data sets




Unprecedent Success of QCD and Standard Model

Standard Model Production Cross Section Measurements

PP

Jets R=0.4
Dijets R=0.4

Y
w
z

tt

tt—chan

Y4

ts_chan

Y

Zy

ttw

ttz

tty
Wjj EWK
ZjjEWK

2,y

W*sz}’EWK

WZjjEWK

(A
L4 )

my; > 1TeV A
my > 500GeV ©
A
A
[A
oy
e

A
(o]
-
(=}

0.l<pr<2TeV Q

03<m;<5TeV O
pr>125Gev O
pr > 25 GeV A
pr>100 GeV O
m]
o

o a

= LHC pp

LHC pp Vs =13 TeV

LHC pp Vs=7 TeV

Theory

Data
stat
stat @ syst

\/_=8TeV

Data
stat

Data
stat
stat @ syst

ATLAS

Preliminary

Run1,2 s=7,8,

13 TeV

. Ldt
Status: March 2017 {f:b ) Reference

wwwwwwwww
10~* 1073 102 107* 1 10" 10* 10° 10* 10° 10° 10' 051 15225
o [pb] data/theory

30 SM: Electroweak processes + QCD perturbation theory + PDFs works! Jefferéon Lab



Probes for 3D hadron structure

O 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

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

Hard scale: ()1 To localize the probe

particle nature of quarks/gluons

Jransverse momentum

Transverse

position

»
o {,"L o
“ ” .. Longitudinal momentum a partons
Soft” scale: (> could be more sensitive to the kt = aPt *\, o
L ]
hadron structure ~ 1/fm >
o L
L

Hit the hadron “very hard” without breaking it,

L ™~
clean information on the structure!

N
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QCD & hadron structure needs lepton-hadron facility

(J Hadrons are produced from the energy in e+e- collisions:

= No hadron to start with
= Emergence of hadrons

= Partonic structure
= Emergence of hadrons
= Heavy ion target or beam(s)

= Colliding hadron can be
broken or stay intact!

® Imaging partonic structure

= Emergence of hadrons

= Heavy ion target or beam

nucleon

One facility covers all!
32
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Why a lepton-hadron facility is special?

J The new generation of “Rutherford” experiment:
e

electron = .
/// <> A controlled “probe” — virtual photon
-, .

- bl - D res

< Can either break or not break the hadron

nucleon

One facility covers all!
(JLab, COMPASS, EIC, ...)

<> Inclusive events: e+p/A = e’+X

g\
Detect only the scattered lepton in the detector ¥
(Modern Rutherford experiment!) P
<> Semi-Inclusive events: e+p/A 2 e’+h(p,K,p,jet)+X ,
h
Detect the scattered lepton in coincidence with identified hadrons/jets 9N
X

(Initial hadron is broken — confined motion! — cleaner than h-h collisions) p

<> Exclusive events: e+p/A 2 e’+ p’/A’+ h(p,K,p,jet)

Detect every things including scattered proton/nucleus (or its fragments)

(Initial hadron is NOT broken — tomography!
33 — almost impossible for h-h collisions) .ge/ff/egon Lab



The Electron-lon Collider (EIC) — the Future!

A A sharpest “CT” - “imagine” quark/gluon structure =
without breaking the hadron

— “cat-scan” the nucleon and nuclei
with a better than 1/10 fm resolution

— “see” proton “radius” of quark/gluon density
comparing with the radius of EM charge density

‘ To discover color confining radius, hints on confining mechanism!

d A giant “Microscope” - “see” quarks and gluons by breaking the hadron
1/(xp)
- = Vs.
2R(m/p)
€ P 1/Q
—> } - 4 <1/10 fm

‘ To discover/study color entanglement of the
non-linear dynamics of the glue!

34 .!gfggon Lab
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Backup slides

Drell-Yan Factorization
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Drell-Yan process in QCD - factorization

O Factorization — approximation: Collins, Soper, Sterman, 1988

<> Suppression of gquantum interference between short-distance (1/Q) and
long-distance (fm ~ 1/Aqcp) physics

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

/d.4p 1 1 — 00
“p2 +ic p2 —ic

Perturbatively pinched at pg =0

mmm) Active parton is effectively on-

shell for the hard collision
<> Maintain the universality of PDFs:

Long-range soft gluon interaction has 5 o 5
to be power suppressed on-shell: p, py < Q7
collinear: p2p, Pipr < Q%
higher-power: p, < ¢ ; and
Cancelation of IR behavior K qr
36 Absorb all CO divergences into PDFs Jefferson Lab

< Infrared safe of partonic parts:



Drell-Yan process in QCD - factorization

[ Leading singular integration regions (pinch surface):
P -

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: et ~ kM

< The sum of the effect can be

represented by the eikonal lines,

which are needed to make the PDFs gauge invariant!

0
37
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Drell-Yan process in QCD - factorization

 Trouble with soft gluons:

(zp + k)* +ie o< k™ + ie
(1 —x)p—k)* +ieox k™ — ie

<> 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 i~ not

I”

too small. But, ¥ could be trapped in “too small” region due to the

pinch from spectator interaction: kT ~ Mz/Q Lk ~M

Need to show that soft-gluon interactions are power suppressed J )e/fffe?so N Lab



Drell-Yan process in QCD - factorization

1 Most difficult part of factorization:

0(%)

<> 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

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

<> Collinear factorization: Unitarity ===sp soft factor =1

All identified leading integration regions are factorizable! 2
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