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Outlook

e IR and CO cji\/ergences (remincler)

o Fu”g IRC observables

0 Deep inelastic scattering (DIS)

e Polarized DIS and the Proton spin Crisis



IR and CO divergences

/
/ REAL o Divergences appear in real

OOO < and virtual cliagrams

+2a30F dE db
T E 0

o If you are inclusive, you don’t
VIRTUAL i
care about emissions of soFt/

O collinear gluons
_ ,

rea ancl vnrtual
QQSCF dE db

T E 0
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&ivergencc—:s cancel!




IR and CO clivergences

Being inclusive = Observables with NO identified hadrons

Purelg IRC safte observables

Cross sections with identified hadrons are non»-Perturbative

Factorization, Effective field theorg, |_attice...
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How? Collinear Factorization

dep%hX — Z fl‘ (Xl, ,Mfz) X j; (X2, ,ufz) X dG;j—)k ® Dk—>h (Za /’tfz) + 0 (Mf_zn)
ijk




How? Collinear Factorization

PQCD

doPP="X = N i ud) @ £ p?) ® :

ijk

R Dy, (Za//lfz) + @(ﬂf_zn)

x1P1 k Dy (@)
1 ’ \
0ij(as)
x2P> .
J
fil@2)



How? Collinear Factorization

PDIs PQCD




How? Collinear Factorization

_ s PQCD Ff:s




How? Collinear Factorization

FFs

e Non Perturbative — 4 h/ .
But universal He P A (2es@
e Their evolution T .
IS Perturbative e |
A b )



How? Collinear Factorization

FDI's pQCLD FFs

¢ Non Perturbative 7 " / '

But umi\/ersal | | XiP K Dy, (@)

 Their evolution | o
1S Perturbativew-m—b DGLAP |

of. ; 2 prrmesess 3
0 ﬁa(xQzQ L - I® f(x, 0% —{ fi@)
i .

Splitting Functios (PQCD) —
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Fu”g Infrared observables



Fu”g Infrared observables:

ere” —» hacl FOns




5 "‘l a Cl Fons

e Total cross section. Not a spcchqc hadron

, e'e —partons )

| “ete—hadrons

tOt
O¢+e-—hadrons — Z ete~—n Z Z ete"—m m—>n z [ ete —om 2 ;- m—n 2 , - etem—>m

tot
Oc+e- —>part0ns e+e —m

(1)
Gégte—epartons (Qz) = 2 < iﬂ' ) ) c" (Qz"uz)



5 "] 3 d Frons

e Total cross section. Not a spcchqc hadron

, e*e”—partons

| “ete—hadrons

tOt
O¢+e-—hadrons — Z ete~—n Z Z ete"—m m—>n z [ ete —om 2 ;- m—n 2 , - etem—>m

tot
Oc+e- —>part0ns e+e —m

e Partonic cross section computable In PQCD

of 2 "
Gégte—epartons (Qz) = 2 < ;I:_ ) ) c" (Qz"uz)

n
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e Cross section at the lowest order:

dae+e——>qq 1

— M., .-
dt 16702 ‘ c 4

‘ 2

dra
O_ _ 2 em
c- = E ACyto-— g5 = E e N,

q g T 35 \Threshold

Sensitive to the number of colors constraint
9




o Energg Fractlons oF tlﬁe ﬁnal state Partons

F. 2p. .
X, =—— = pi ¢ with i=1,2,3

l
Vs oo

2(1 —x)) = x,x3(1 —cos0y3), cycl + Cl”OSSiﬂg

e Contribution to the cross section

| do a4 2=1=0s=0 or B=E=0

oV dxdx, 2n F(l —x)(1 — x,) x=1-203=0 or E=E=0

Divergent when the gluon is collinear to the quark or

anthuark oritis soFt

Question: How much is Zx ?

I
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hadrons: NLO

e Dimensional regularlzatlon £ = —(4 —n)

_ a
Real 0948 = 9 —L H(e)
27

\/lrtual 0198 = 50 5 H(g)
27

2

2

NLO oNO = 5948 4 5998 = 5V

E

3

T

E

_|__

2 2
 He=— U9 = 1+ 0O(e)
 3=-20)[(2-=2¢)

5 O(e) NO & clepenclencel

IRC safe. | nclepenclent of the choice of the IRC regularization
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Jets

e Jets: same invariant amplitucl + Phase constraints

o SoFt/ collinear gluon emissions do not Change
the direction of the leading parton (JRC safe)

¢ Insensitive to hadronization

o Manyjet algoritlﬂms

e Sterman-Wel nbergjets

, , J
An event has 2 Jets it at least (1 —2¢) of 0 cs=5"
the event energy is contained into two

cones of halF—-angle %)
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OPAL

Run:e
Ebeam 45

)
‘
i
'
i

I FE—

Centre of screen

0,0000,




Jet

A clean Z-—jet event

LEP

ete™ — jet + jet jq¢

o ? we”—-co”imatedjets

o Almost all the energy

contained in two cones




Discoverg of a gluonjet

.

1979 TASSO
Gtracks - -6 tracks
4.) GeV L3 Gev
>
\ E
N 4 tracks
N\ 7.8 Gev

W\
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o [rst §-jet event

Sterman-Wel nberg Proceclure becomes

complicatecl for multijet events



Typical e*e~

[ ECcAL
] HCAL

E/GeV” .~

B CTRK  pAL. Run 2542 Event 63750 - CTRK/ECAL/HCAL .

-jets




Z-jet cross section in ete-

o Z—jet in QCD

0y _iet = Ogz(1 + 1o, + ¢,a))  with 1,62 ~1

e Sterman-Wel nbergjets

0 , >
O)—iet = O l—CF; In6Iné"+ 31no A 3 -5/2 S E,

| /\
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Jets nowadags



-
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G
Ced S L e
o A Y

Around 300-400 Particles
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Somejet algoritlﬂms

SEQU

CNTIAL R

CCOMDBINATION ALGORITHMS

Define: d; = min (

d:p

l

l

— 2
_pTl'n

e fd., removei

A2
4]
PT-2na pTzn )

)/ R

o Ifd. combineianclj

J

Go on until exhausting the list

n=1 k-, n=-1 anti~‘<~r) n=0 C/A
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Jets in Heavg lon collisions

Jet quenclning

50

G ATLAS

Run: 169045
Event: 1914004
Date: 2010-11-12
Time: 04:11:44 CET

1P, (GeV]

arXiv:1011.6182 [hep~e><]

Higlﬁlg asgmmetric clﬂet event
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See Abhiiit Majumcler lectures



What happens it we are

NOT inclusive?



Exclusive processes

e How to test QCD in a reaction with identified hadrons?

e Hadronic scale is NON—-Per‘curbative

e Solution: Factorization

o |solate the calculable clgﬂamics in terms of q and g (Partomc

cross sections

e Quark and gluons are connect to hadrons via universal collinear
distributions

Provide information about the Par’tonic structure of hadrons

24



Deep Inelastic Scattering
(DIS)



DIS . T

v.Z2(q) W=(q)

p(P) , \ 4 p(P)

N : X(P)
X

e DIS kinematic variables
2 _P-q

= y =
2p - q p-k

o (% gauge boson virtualitg. Transverse resolution at which the

Proton structure i1s Probe&

e x: fraction of longituclinal momentum from the Proton carried ]:)9

the interacti ng c]uar|<

o Ys momentum Fraction |os’t bﬂ the elcctron (n Proton rest Framc)
20



DIS at LO

At LO, considering onlg the Plnoton cxchange

¢ Scatteringamplitude: M= ﬁ(k’)ieqyﬂu(k)ég””(Xl j0)P)

do
dxdQ?

x | M| L,ww

LePton' tensor (QED)
L, = 4¢* (kK + ki, = g,k k')
e Hadronic tensor:

. my Fo P-qqy P-qq
Wiw = Fi (—gzw T q_z) Ty (Pu - q—z) (Pv - q—2) Structure

+ p - V)‘o_q)‘sa + )2 G,LLI/)\O'qA (p . qso — S - qpa) ‘FUﬂCthﬂS

Polarizecl Iepton and target

2/



DIS at LO

At LO, considering onlg the Plnoton cxchange

e EM Cross section at LO:

dQO' 47‘-043771 yQ em 2 yQ em 2

4a® M*
Q?

Ffm(a,Q?) = ™ (2, Q) (1 ; ) 2 F (2, Q)

e Inthe Bjorken limit: 0% > oo, x finite

Fy(x) = 2xF(x) Callan-Gross relation
I‘Sjorken scaling Quarks: 5Pin 1/2
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DIS and PDFs

o Begoncl 1O, the structure functions are not IRC safe

o Divergences (excep’t collinear ones) cancel when Pemcorming

dimensional regularization

R (e @?) = Yact | 4@

a (’52( Py () 108 % + i) )+ 0

e Collinear clivc—:rgences are absorbed into the Parton distribution

functions (PDFs) at the factorization scale Ur

e PDFs are non~!:>ertur]:>ativ<-:. But their evolution with resl:)ect to
The factorization scale is Perturbative (DGLAP)

29




DGLAP equa’tion

e PDFs are non—-per’curbative. But universal
}

o Their evolution is Perturbative: DGLAFP CVO!UtiOﬂ CquaﬁOﬂ

Dokshitzer-Gribov-L i Patov—-AItarc”i—-Parisi
30



DGLAFP cquatlon

e DGLAP

SPlitﬁﬂg]CUﬂCtiOﬂS (PQCD)

o Splitting functions at LO:

2
P = Crot " f95(1—a)
L= ) L) — £(1)
1 X Jr — x) — p
Fag = 9 [172—'—(1_17)2] ) o (I—x), ’ 0 T—x
1+ 1—:172
qu - CF (11’ ):| y

T 1 —x 1IN, — 2n
P,, = 2N, r(1—x ‘ )6 (1—a
55 '[(1—;17)++ T o l)]+( 6 ) (1—2)

Known up to NNLO, NNNLO some limits known (Work n Progress)
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Global analgses

e PDFs are non Perturbative. But universal

o Theg can be extracted from experiments:
DIs, DY, SIDIS,jets, W/Z...

/ See Pavel Naclolskg lectures
e How? Global analgsls

e Parametrize your PDFs at the initial scale
o Evolve to the scale of the cxPeriments with DGLAP

e Fit to the data

32



PDFs from DIS

) H1 and ZEUS HERA I+II Combined PDF Fit H1 and ZEUS HERA I+I1I Combined PDF Fit
S — 1 ‘ .
L %, L B =
i 2 ]
—— HERAPDF1.5 (prel.) I exp. uncert.
08 08
i B exp. uncert. [ ] model uncert.

:XS (x 0.05) [[] parametrization uncert.

‘:l model uncert.

0 I [ ] parametrization uncert. g‘ I L T HERAPDFL.0 g
S S

I 20
: :
: :
04 - E E
’ E z
S 5
: :
L B Tt
02 g £
0 : :
= : 3
B =

Q4 clel:)encjence IS PQCD

33



Scaling violations

™ 7.
> 10 :
' x = 0.000032, i=22 +
S ovew | x=00005 21 ® HERAIe'p (prel)
2 10%F ,oee—®  X=000008 =20 1 Fixed Target
R B P I 0.00013, i=19 . .
b E Y _esese  x=0.00020,i=18 H1 and ZEUS Combined PDF Fit
- e x = 0.00032, i=17
10°) ,,.::':::.. x = 0.0005, i=16
N X = 0.0008, =15
E “_.:—""M x =0.0013, i=14
104 )w._,...n“"‘“‘ x = 0.0020, i=13
E .M"‘“ x = 0.0032, i=12
E & W x =0.005, i=11
103, W x = 0.008, i=10
: W x=0.013,i=9
2| W x=0.02,i=8
0°F GuBgCess—e— e sseeteseesses  x=0032i~7
E OREGE 0000 ttreterietye.  x= 0.05, =6
IO L Wm X - 0.08. =5
OB A HHIINI + —vseovoslog e o o x=0.13, i=4
: ' , e _ i 7"""&- x=0.18, i*3
: i ¥y x=025,i=2
107", ) N x=040,i1
2 .
10 x = 0.65, i=0
10 .3 1Ll
1 10 10° 10° 10° 10°
Q% GeV?
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Lines: Predictecl
scale depenclence from

PQCD



Polarized DIS and

the Proton sPin Crisis



The Proton sPin Crisis

o Origina”g all

the Proton sl:)in was thoug}wt to be carried bﬂ its

valence CIUBF‘(S

® ) valence

quark wit

® Sea quar

quarks with sPin Para”el to Proton spin and 1 valence

g sPin anti~|:>ara”el

S and glUOﬂS arrangecl to ha\/e SPiﬂ O

. Angular momentum assumed to be zero

e 1987 EMC exPeriment at CERN: PLB 206, 364 (1988)

Overall spin coming from quarks compatible with O (large

uncertainties)
30



How do we obtain info
on the sPin content of the

Proton?



Polarized DIS

® Lcl:)ton beam and target nucleon Polarizecl in the longituclinal

direction

o Asgmmetries

d*ct™t d?c™ 8ra’ME 2 ) .

- = 2 2391 (.17, )
dzdy dzdy Q

AM ,
E ' - Suppressed
e Polarized structure function: (x.0%)
As
A||(-x9 Q%) ~ =

Fl (X, QZ)



Polarized DIS

e The Polarized structure function g

o Hehcntu distributions (APDFS): Ag(x, Q ) = T(X Qz) — l(X Qz)

e

SPm Para”el

to the Protons one Spm ant|~]:>ara”e|

q = q —+ q Usual (st averages) PDFs sg to the I:)roton’s one



5 Pl n See Barbara Pasquini lectures

e The first moment of a Polarizecl PDF gives the net sl:)in carried bg
that helicitg distribution

SU® singlet:  AX = | dx (Au+ Adi + Ad + Ad + As + AF)(x, 0?)

Gluon sPin AG = |dxAg (x, Q2)

rbital angular

* Proton spin " momentum

40



Determination of Ag

e Polarized DIS in onlg sensitive to the sum of quark and antiquark

helicities. How do we separate quarks from antiquarks?

W Production at Polarizecl PP collisions at RHIC

e W5 are left-handed. They select left-handed quarks and right-
handed antiquarks

Forward W+ AW o ~ Au(zy) <0 g == =
(backward e) " u(xy) Be) wlwm) v $e)
4 v
—= W+ = Sw
Backward W+ Ad(x = = 5=
W~ ( 2) < 0 o * =0 e" et §'=xn Ve

(forward e*) B d(z2)

41



ea quar‘( Polarization

002 | XAu 000

't N . — 0
002 | ]
| =emrmemem DSSV ] 0.02
- DSSV+
-004 + | 0.
| B DSSV++ with proj. W data 1 0.04

ll 1 1 1 llllll 1 1 | I |

10 ) 10 -1 10 . 0 1
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DSSV global analgsis

De Florian, Sassot, Stratmann and Vogelsang, Phgs. Rev. Lett. 113, 012001 2014)

02

XAg

01

01

Red line: RHIC data on Pion ancljets Procluction from 2009 AG = |dxAg ~ 0.20

i 2
i 2 2 ] ~—
T Q" =10 GeV~ - &
N - <
e | ! : =
3 e L R v, —
i f R I . i - =
et et et . .\;‘4:-.‘;_‘77," o e S
e l M .- " . \. -.. —
Lot B TRRPTRRTRAY 25 L . 05
- . .(L e s |,j,;}'\ -
- . '_...'.?”._.‘g'!‘ '''''''''' .] .—.;.v.l_q _?. N

';' OE '::_.—.'.—"".‘.-._—» -r_ s I "4" -
¢ - —— \ ’
Sl adald 2 T
- I~ | 7 0
- |RHIC x range| )
= —— NEW FIT —
- incl 90% C L vanasons _|
'_ —e—_— DSSV* n _05
. - —— DSSV -

Lo Lol L1

3 2 -1

10

10 X 1
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1 1 1 1 l 1 1 1 1 l 1 1

1 l L I | I L L |
| @ NEW FIT
' 90% C L. region
| ® DSSV*
90% C L. region
| 4 DSSV
A
2 2
- Q =10GeV"
1 I i 11 I L1 11

02 -01 -0

01, 02 03
[ dx Ag(x)

0.05




The Proton sPin Crisis

Nowa&ags

e Proton SPin: See Barbara Fasquini lectures

e Quark helicitgz
AY = |dx (Au+ Aii + Ad + Ad + As + As) ~ 0.30

e Gluon helici’ty
AG = |dxAg ~ 0.20

o Orbital angular momentum cnc quarks ancl g‘uons: |ittlc lmown

44



The future: the EIC

50 I T T T L L L l T T T T 17TTT ] 1 T T T 17TrTT I

I DSSV+ |

x=5.2x10" (+52) |

8 7}’ EIC: -

T llllll T T T llllll T T T llllll T T T T 1T = Y 5Gevon 1OOGeV N

103}~ Current polarized DIS data: - 40 - 8.2x10° (+43) 4 5GeVon 250 GeV .

[ 0CERN ADESY oJLab 0SLAC g - °/+ & 20 GeV on 250 GeV :

| Current polarized BNL-RHIC pp data: i 1.3x10 (+36) |

® PHENIX7® ASTAR 1-jet " -

o 10°F I 2.1x10 (+31) y

> I 30 | oo ° i

S i e e o—e— 3.3x10™ (+27) -

(aV]

@)

‘*__e_.__o-——-e——-o 5.2x10™ (+24)

L o or—oi—o— 8.2x10™ (+21) |
20 + ‘__n..——ei——ei-—e———" 1.3x10° (+19) .
i H_—eu——e-—*—'e—_° 2.1x10 (+17) il
i T__‘.__.‘__“__e..—Ok—Q———o 33)(10 (+155) i
'__‘__‘__.‘__J.__o-_o_o 5.2x10° (+14)
o e ————ou—Ok———0 B8.2x10° (+13) -
' e e O O ©® 1, 3%x107° (+12)
" 2.1x10° (+11) ke Th— O A—Oa—O—0 1
10 3.3x10? (+10) gk Tk OO k—O—O
5.2x10%(+9) —x Ak GO —O0—O
| 8.2x102 (+8) F—F——h— Tk —CTh—OA—0
13x101(+7) ~—u—n—u—eu—e*—eA
N 2.1x10™ (+6)*—u—u—n—eu—eA

3.3x10° (+5) *—V—H—u—u
L 5.2x10" (+4) ¥———w——m E

g,(x,Q?) + const(x)

lI 1 1 llIIlII L 1 IIIIIII 1 L lllllll

] 10 102 10°

Q2 ‘GeV2‘

Plots from the EIC White paper 45




The future: the EIC

0.04

-0.02

-0.02

Plots from the EIC White paper

0.02f

-0.04F

0.04}

0.02}

-0.04f

P rrrr L |
~ XAuU

all uncertainties for Ax2= 9

| SRR DSSV
. B DSSV and

& 5 GeV on 250 GeV

EIC 5 GeV on 100 GeV _ ;

4 0.04

4 0.02

1-0.02

1-0.04

- Q%=10 GeV?
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Q% =10 GeV?

current
data

I DSSV+
- EIC 5x100
5x250

EIC 20x250

all uncertainties for Ay’=9 |

0.3

0.35 0.4 0.45
1
f AZ(x,Qz) dx
0.001




Summarg

e QCDis very successiul Predicting high energy exPerimental data

e QCD factorization is the tool to computecl cross sections with

identified hadrons

o We clo not |<now much 36‘[ about hacﬂron structure

* TMDS, GPDS give insiglnt on the 3D hadron structure. The EIC

, . 1
Wl” ma|<e them more BCCCSSIBIC. See Barbara Pasquini lectures
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Thanks!



Backup



5D Proton structure



3D Partonic structure

Momentum Coordinate
Space Space
TMDs GPDs
Confined Spatial
motion distribution

f(x,k;) | Two-scales observables

w

SIDIS: Q>>P; 51 - DVCS: @2>> |t




Relations

W(x 9bT ’kT )
Wigner distributions
N
[, / N Jdk
K R4
f(x,k;) f(x,b;)
transverse momentum impact parameter
distributions (TMDs) distributions
semi-inclusive processes
_( /\
2 '\\\ //.// )
[ &k, /[,
R4 X

f(x)
parton densities
inclusive and semi-inclusive processes

Fourier trf.

b, <A

——p

o2

H(x,0,t)
t=-A*

.
- Jdx
P
F(¢)

form factors
elastic scattering

E=0

generalized parton

distributions (GPDs)
exclusive processes

|
f dex™! ]

©
A, (6)+4E°A, 5 (E)+ e

generalized form
factors
lattice calculations




l M D s " Natural extension of their f

: associate collinear distributions :

Quark TMDs ey

Ieon Spin @ Quark Spin

Quark Polatization

Leading Twist TMDs””

Un-Pola’ ized Longitudinal’y Polarized Transversely Polarized

(T)

=@ - @

Boer-Mulders

larizatior

o (o) - ®

Sivers

. Nucleon FcC

Similar for gluons -



TMDS at the EIC

103 Current data for Sivers asymmetry:
e COMPASS h* P, <1.6GeV, z>0.1

O HERMES =% K% P,;<1GeV,02<2<0.7
®m JLab Hall-A =" P,; <0.45GeV, 0.4 <z <0.6

T lllllll

T

Planned:
102F B9 JLab 12

lllllll

T IIIIIII

o4




TMDS at the EIC

(1) (X)

u
T

u, (1)
LV (x)

1T

EIC with c.o.m energy of 45 GeV and luminositg of 10 fb-

o4



GPDs at the EIC

103

C

— 0O ZEUS- total xsec
® ZEUS- do/dt

I

x

- Planned DVCS at fixed targ.:
] COMPASS- do/dt, Acsy, Acst
" <o JLAB12- do/dt, ALU, AUL- A|_|_

urrentIDVCé dlat.la at coIIidersl:

CLAS-ALy

[0 H1- total xsec
B H1-do/dt
B Hi-Acy

A HERMES-ACU

X CLAS- Ay

Current DVCS data at fixed targets:

A HERMES-A;
A HERMES-A_y, AuL, AL
A HERMES-Ayr * HallA-CFFs

N
lllllll

0o




