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DIS

e > Virtuality of the probe (v, 2%, W¥)
- Q@ =-q¢"=—(ke —kl)*>0
q
> Bjorken variable
, xP w? @ o

X =

2P g Q@+ W2

> Inclusive cross section for ep — €’ X in which (x, Q?) > (E.,0.)

2 2
do__ 2M%m y, (Fz(x,QQ) ~ LR QQ))
Y4

dxd@2 xQ*

> In Feynman's parton model - Bjorken scaling

Fa(x) =Y exlar(x)+a(x)],  F=0

f
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Parton model and QCD

» Partons in QCD: quarks, antiquarks and gluons

v v
q q
X
p A
N : N i \

-}

[

> Scale dependent parton distributions
2 = 2 2
qf(Xvo )’ qf(X‘,Q )’ G(XvQ )

» Collinear factorization: coefficients functions ® universal PDFs

-1
Fa(x, Q2)=/ d ) [6?55(57@ +O‘s(Q2)Cq(f:X)+-~}qr(fzoz)
70 f.f
' 2 2 N
+/ dé [as(o )Ca(&,x) + - | Gr(&, Q) + O(QZ)
0

higher twists
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Leading order structure functions

> |n the lowest order in as in coefficient functions

R @)= @x|ala @) +ax @), F=0

f
> Q2 dependence from evolution equations for PDFs
» From optical theorem:

Fo= Q%0 p =ImA(Y p — 7*p)

| kp
P | P n 1
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Evolution equations - nonsinglet case

» Resummation of gluon emissions with large logarithms (LLA):
oo n
1 Q?
Fa(x, Q%) = Z an(x) — {as In 2]
n! m
n=0
> Ordered configuration of exchanged transverse momenta:
2 2 2 2 2
m* < ki <ki,<...<ki <Q
gives large logarithms
@ 2 K2 2 K2 2 n
/ dk? | /m dku/ﬂ dknag(an?>
2 2 2 = 2
m Kin w Ko S KL n! m

n
a/'S
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Mellin moments

> Mellin transformation
1
l_-_(N):/ dx xN71F(x)
Jo

> Integral convolution factorization

1 1

A(x):/ dz/ dyd(x — yz) B(y)C(z) <+  A(N) = B(N) C(N)
0 0

» Remark
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Evolution equations - nonsinglet case

> In the Mellin moment N-space
oo asyy/(2m)
2oy N el (@/m?) (" faew, @) (@
RN, Q%) = Z n! o) &P 21 In m2 [\ m?
n=0

» Factoriztion with the pQCD scale p2 > A2

QCD
02\ “W/CT) 2 e/ (2m)
F2(N, Q%) = 5 x| =% X Go(N, m)
e m
coefficient function E](N,u%)

> But 6[32/8“% = 0 and from this evolution equation

ag(N,p2)  «

2 K s = 2
— == N,

23 9#% 5 v G(N, pg)

> Setting u% = Q? we obtain

Fa(N, Q%) = a(N, @)
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Evolution as Markov process

@)

> Back to x-space (and setting uf

1
dz as
P [ (2]

» Knowing PDF at @2 and want to know it at Q% + §Q?
> 5 5 §Q? & dz as x s
qa(x, R+ Q) = q(x, Q) + — Paqq q(z, Q%)
Q2 L Z o

> Splitting function Pgq(x/z) gives quark-to-quark transition probab.: z — x
" v
X
brreee?

N

” -
‘H :

> Basis for parton showers in MC after including virtual corrections
http://annapurna.ifj.edu.pl/~golec/data/teaching/files /wyklady/procst.pdf
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DGLAP evolution equations

> In general, more splittings are possible

b

Fraq Pge Peq Fee

» DGLAP evolution equations (Dokshitzer, Gribov, Lipatov, Altarelli, Parisi, 1972-77)

%:qu(@qurqu@G
%:qu(@af‘f‘PqG@G
63('::770022) :PGq®Z(Qf+af)+PGG®G
f
» |nitial conditions at Qg ~1 GeV?:
ar(x, @), ar(x, @), G(x, Q3)

> Global fits to hard scattering data
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Parton distributions from global fits

_ G HERA

» Valence quark distributions

u =u—1u, d =d-—d

“—
3
107 » Sea quark distribution
—— HERAPDF1.0 5:2(L_l+d+§+...)
102 Il experimental uncertainty
["] model uncertainty
[ parametrization uncertainty
103 . .
104 10 102 107! 1
X

> Gluons and sea quarks dominate at small x

> Gluons carry half of proton’s momentum - momentum sum rule

1 1
/ dx x G(x, Qz) +/ dXXZ:)r [Qf(X7 Q?) + gr(x, QZ)] =1
0 0

fc ~ 0.5 fa=1—fg
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Sum rules

» Momentum sum rule

1 SRR T |||||V|' T ||||H“ T |||III|I T IIIHH} T Illlllll TTTITH
E g 1
a3k ]
- u =
A s
s d E
2k u 3
= E 3
R
k] c

2 ot ~
003 J

.001 11 IIIII| 11 HIIIIl 11 I[IIII| 1 IJ_IJ_IJ_IL L1 I|IIII| 11 HIIIIl 11

10" 10° 100 10' 10 10 10" 10°
t [GeV’)

> Valence quark number sum rules, e.g. for the proton

1 1
dx uy(x, Q2) =2, dx dy(x, Q2) =1
0 0

> No total parton number sum rule - could be infinite.
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Unpolarized structure functions
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F> as a function of x

H1 and ZEUS Combined PDF Fit

5 ! - - - g ~
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= 3 \ \
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0.6 18 s N\ kY HERAPDF2.0
%
£
5 08
04 %
xg (% 0.05) § 06
]
[
£ 04
02 _E ® HI+ZEUS '
E A BCDMS (0.98)
xS (x 0.05) @ 02 | O NMC (1.00) A
3 O SLAC (1.00) 2
E v E665 (1.00) AN
0 ! L I ! A
104 10° 102 10" 1 107 10° 107 0’ 1
X
X
» Sea quark distribution seen for x — 0: Fr = x (%Uv + éd‘, + %5)
» Strong dependence on @2 at small x - Bjorken scaling violation due to gluons
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Bjorken scaling violation

> Logarithmic derivative

OF(x,Q%) > | 0gr(x, Q%) | 0gr(x, Q?)
9ln @2 =D e 9nQ2 | anQ

» Using DGALP equations for x — 0

8F2 X Q ) dZ Ozs X _ B
W - 2Zef / or PqG(E) G(z, Q2) ~ XG(x, QZ)

where

Xrox

Poc(w) = 5 [w? + (1 - w)’]

> At small x Bjorken scaling violation is driven by gluons
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Bjorken scaling violation - the tale of gluons
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Longitudinal structure function F;

» NLO QCD collinear factorization formula

2
FL(X7 Q2) = %ﬁf)

13

04

02

[ e (2)rsot @ cr(2)sote 0]+ o)

HI1 Collaboration

[ HERAPDFISNNLO [ ABMI2 NNLO I O zeus

I crioNNLO I ~NNPDF2.3 NNLO
| MSTW08 NNLO JRO9 NNLO
Ll Ll L
10 100 1000
Q*[GeV?]

» Strong sensitivity to gluon distribution at small x. Higher twists at small Q2?7
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Charm and beauty quark contributions to F»

H1 CHARM AND BEAUTY CROSS SECTION FRACTION

iz e R e
g "
“ il s =
10 H1 Data T MSTW08 NNLO E
e .t e
> ¢, b quarks generated radiatively wid 1 LA 1
'
= n E =0.0002 : =0.00032 : =0.0005
v"g —cc, bb 103%: i S o et A
af il et
y* 10 F + 1+ 4
2|
10°F + + 4
s
3 “® x=0.0008 x=0.0013 x=0.002
10 s v R o)
X 4 o et gt
10 b + 1 4
2 -
w0 1 ] v
N g 3 x=0.0032 x=0.005 x=0013
_ gH—— 10 #+ t t + t t + + t
107 vl L ¥
2| A
- - 107 1 S 1;,
> Intrinsic charm?
-3] x=0.02 x =0.032 x=0.05
10 Ml L e

‘
10 10° 10° 10 10° 10° 10 10° 10°
Q%/GeV?  Q?/GeV®  Q%/GeV?

» Charm contribution up to 25 — 30% for small x and large Q2.
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EIC studies
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(PDG Book)

Kinematic plane
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Electron lon Collider

103 | Measurements with A = 56 (Fe): -
o eA/uADIS (E-139, E-665, EMC, NMC)

= vADIS (CCFR, CDHSW, CHORUS, NuTeV)

o DY (E772, E866)

102 |
NA
>
[0}
) 10L
N o
l¢] @\C'A
<
perturbative

non-pertirbative

0.1 L
10 10 102 107 1
X

EIC v/S = 20 — 140 GéV is smaller than HERA /S = 318 GeV

v

v

Nuclear beams from p to Uranium - QCD structure of nuclei

Polarized electron and hadron beams > 70% - spin physics program

v

» Maximum Luminosity 103 cm—2s~1
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EIC Design

Electron
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EIC Landscape

Luminosity versus E.,, center of mass energy
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EMC effect
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» Quark and gluon distributions in bound nucleon - nuclear PDFs

> QCD structure of nuclei is directly probed.

> In heavy ion collisions, it is probed through initial state formed in the collision.
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Nucleon /nucleus tomography

» PDFs: 1-dimensional parton structure in longitudinal momenta - g(x), g(x), G(x)

» Multidimensional structure - Wigner function W(x, kT, bT)

> Information on transverse momentum ky and transverse spatial by distributions

» Information about spin structure
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EIC perspective

TMDs GPDs
W(x,b, ,k;)
Wigner distributions
~ 4
[db, [d'k,
Fourier trf.
LY %4 b, <A £=0
f(x,k;) fe,by) b} H(x,0,1) {4 1
transverse momentum impact parameter t=-4 generalized parton
distributions (TMDs) distributions distributions (GPDs)
semi-inclusive processes exclusive processes
¢ N - -
[&k; [, Jax [ dxx™
2 K - -
fx) F(@) A, )+ 4§2A"2(t)+....
parton densities form factors generalized form
and =i ive pri elastic scattering factors

lattice calculations

» k7-dependence through TMDs: f(x, k) = (p| Partonic Operators|p)
» br-dependence through GDPs: H(x, ¢, t = —A?) = (p| Partonic Operators | p’)

> Spins of partons and target come into play
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SIDIS

» Semi-inclusive DIS (SIDIS): e + N(5) — € + h(P) + X

(Diehl, Sapeta, hep-ph/0503023)
> Probes 8 polarized and upolarized quark TMDs

> Access to gluon TMDs when h = DD

Krzysztof Golec-Biernat Deep inelastic scattering and EIC Part 11



Quark TMDs

> Correlate intrinsic kT of partons with their spin s and target spin S

Leading TWiSt TM DS O—o Nucleon Spin @ Quark Spin

Quark Polarization

Un-Polarized Longitudinally Polarized Transversely Polarized
L) (L) (T)

‘ I f1 @ 1 nger—Muld@
L = e
0
T ITJ- = — @ gﬂ_i = é) _ @ Transversity
i Sivers h*t= @ = @
| T
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DVCS

» Deeply Virtual Compton Scattering (DVCS): e+ N — €&’ +~v+ N’
ol ¥
T+ E/ \z —¢&
/

p p

» Probes GPDs: H9(x,&,t) and E9(x, &, t)

> Total angular momentum of nucleon carried by quarks
J9 = %/dXX[H"(X,é,O) + E9(x,¢,0)]

> Spin-orbit correlations of quarks and gluons in nucleon
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DVCS studies at EIC

Current DVCS data at colliders:
10”0 ZEUS- total xsec O H1-total xsec
® ZEUS- do/dt B Hi-dofdt

Hi-Acy

Current DVCS data at fixed targets:
A HERMES-A; A HERMES-Acu
A HERMES- Ay, AuL, A

A HERMES-Ayr * HallA-CFFs
¥ CLAS-Aw X CLAS-Au

« 10%F E
> Planned DVCS at fixed targ.: ]
) 7 COMPASS- do/dt, Acsu, Acst 1
(O] = JLAB12- dofdt, Ay, AuL, A ]
=

o J
g

10 |

Lol

> Bridging the gap. More high precision data.
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Nucleon spin studies

> Longitudinal spin of the nucleon - Jaffe-Manohar sum rule:
1
5 =% tLlgt+Sc+Le
» Polarized parton distributions: Af(x, Q%) = f+(x, @) — f~(x, Q?)

1 1
Sq = /dx[Au+Aa+Ad+Aa+...], SG:/ dx AG
0 J0

N =

> g structure function:

1| do= do= 47rozg
- o ~ m 2 _ . 2
2 |:dde2 ddeZ} Q* ¥ v) el @)
» Parton model relation:
1 _ a
fix @) = 3 3 ¢ [Mar(x, @) + 8ar(x, @) - S2A6(x @)
f

> Sum rule:

1
/ dx gi(x, @) = Sq — (LSSG
0 47
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Simulated g7 at EIC energies

50 T T T
DSSV+
x=5.2x10 (+52)
EIC:
¥ 5GeVon 100 GeV
40 8.2x10°(+43) 4 5GeVon 250 GeV -
i o 20 GeV on 250 GeV
1.3x10°* (+36)
oo
2.1x10* (+31)
30

5 i
e 3.3x10% (+27)
G'__e,_e——e——D 5.2x10* (+24)

—or—eA——0 8.2x10" (+21)
20 _‘_%__H‘_e__o 1.3x10°(+19) |
H_“_e__q__,_e 2.1x10°%(+17)

ki Sa—ea—h—o—0 3.3x10°(+15.5)
e ——asao 5:2x10°(+14)
a0 8.2x10°(+13)

9,(x,Q2) + const(x)

e —w—m—er—o—ox—0—0 1.3x107(+12)
21x10° (+121J
L 33x102(+10) i
10 5.2x10%(+9)
8.2x10% (+8)
1.3x10" (+7) = ——er—os—oa
1x107 (+6) +——m—————o—oa.
3.3x107 (45) ¥+ —
5.2x107" (+4) #——+—o—a—ma
I I I I
1 10 10° 10°

Q2 (GeV?)
» Scaling violation due to polarized gluon distribution AG(x, Q?)
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Spin physics at EIC

Current polarized DIS data:
©OCERN ADESY ¢JLab OSLAC

Current polarized BNL-RHIC pp data:
®PHENIXT® ASTAR 1-jet

107 1078 X 1072 1

» EIC will open new opportunities for spin physics studies

Krzysztof Golec-B Deep inelastic scattei

g and EIC Part Il



v

EIC opens new opportunities to study partonic structure of nucleons and nuclei:

v

Nuclear PDFS

v

Nucleon/nucleus tomography
> Spin physics

» Parton saturation studies - pending
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Plan for Part Il

» Small x limit of DIS
» Parton saturation

» Diffractive processes
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