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Mathematica tutoria
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Mathematica tutoria

If you haveanycommenton the mathematic@ackagegr the tutorial,
ndme a messagprokudin@jlabrg
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Nucleon landscape

Factonzation theorems help us to relate functions
that describe the hadron structure and the
experimental observables

Factorization Is a controllable approximation and the
goal of theorists and phenomenologists is to test

and improve the region of applicability of

factorization and/or construct new factorization
theorems

Hadron structure is the ultimate goal of
measurements and phenomenology

The polarized proton in momentum
space as ‘'seen’’ by the virtual photon
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Transversé&lomentumbDependent distributions

Individual MDscanbe projectedout of the correlator

Unpol_arizechuarks |
%Tr.!J“ L (X, k) = fq! "Jkl\:{N% fir
Longitudinallgolarizedquarks
%TT "5 (XK ) =S g+ k!MéLST Oit
Tran§versekyolarizedquarks |
%TI’.i!jJ”'+ (X, ki) = SjT hy + S %hllL + #:\;E# h!lT T $|\l;|:lk h!l
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QuarkTMDs

PennState
Berks

Kotziniar{1999, MuldersTangermai1995, Boer,Mulderg1998

TMD distributions

8 functiongn total (at leading
twist)

Each represents different
aspect®f partonicstructure

Each depends on Bjorkenx,
transverse momentum, the

scale

EachHunctionisto be studied



TMD distributions

QuarkTMD FragmentatioRunctions

" H $ 00 8 functionsn total (at leading
twist)

Each represents different
aspect®f partonicstructure

Each depends on Bjorkenrz,
transverse momentum, the

scale

EachHunctionisto be studied

%

Kotziniar{1999, MuldersTangermai1995, Boer,Mulderg1998

-3 PennState
w Berks 8



More at higher twist!
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More at higher twist!

TMD distnbutions

1
=Tr 1! (z,k+) =
: ! |
1 M
I 1] ’ 11
| A | wjkpk $jknklsl )
“Tr 11 (2,ke ) = + "I SE fr+ S S I
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We are in a good company

1 2 3 - 5 6 7 8 9 10 1 12 13 14 15 16 17 18
1 2
1| H Group He
Hydrogen Helium
1.0079 4.003
Metal
3 4 " 5 6 7 8 9 10
, | Li Be el B C N 0 F Ne
Lithium Beryllium Boron Carbon Nitrogen Oxygen Fluorine Neon
6,941 9.012 10.811 120M 14.007 15.999 18,998 20.180
5 1 12 Nonmetal 13 14 15 16 17 18
Na Mg Al Si P S Cl Ar
Sodium Magnesium Aluminum Silicon Phosphorus Sulfur Chlorine Argon
22.990 24.305 26.982 28.086 30.974 32.066 35.453 39.948
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
=] 7 “
S K Ca Sc Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
b Potassium Calcium Scadium Titanium Vanadium Chromium Manganese Iron Cobalt Nickel Copper Zine Gallium Germanium Arsenic Selenium Bromine Krypton
o 39.098 40.078 44 956 47.88 50.942 51.996 54938 55.845 58.933 58.69 63.548 65.39 69.723 72.61 74.922 78.96 79.904 838
5 37 38 39 40 - 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sb Te | Xe
Rubidium Strontium Yttrium Zirconium Niobium | Molybdenum | Technetium | Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Antimony Tellurium lodine Xenon
85.468 87.62 88.906 91.224 92.906 95.94 (98) 101.07 102.906 106.42 107.868 112.411 114,82 18.71 121.76 127.60 126.905 131.29
55 56 57 | 72 73 74 s 76 77 78 79 80 81 82 83 84 85 86
6 Cs Ba La = Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Cesium Barium Lanthanum | Hafnium Tantalum Tungsten Rhenium Osmium Iridium Platinum Gold Mercury Thallium Lead Bismuth Polonium Astatine Radaon
132.905 137.327 138906 N 178.49 180.948 183.84 186.207 190.23 192.22 195.08 196.967 200.59 204.383 207.2 208.980 (209) (210) (222)
87 88 89 | 104 105 106 107 108 109 110 m 112 113 114 115 116 17 118
7| Fr Ra Ac B Rf Db Sg Bh Hs Mt Ds Rg Cn Uut Fl Uup Lv Uus | Uuo
Francium Radium Actinium [ Rutherfordium|  Dubnium Seaborgium Bohrium Hassium Meitnerium | Darmstadtium | Roentgenium | Copemicum Flerovium Livermorium
(223) 226025 227028 | (267) (262) (266) (264) (269) (268) (271) (272) (285) 289 293
[N
| 58 59 60 61 62 63 64 65 66 67 68 69 70 71
Lanthanides Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Cerium Praseodymium | Neodymium | Promethium | Samarium Europium | Gadolinium Terbium Dyspsrosium Holmium 68 Erbium Thulium Ytterbium Lutetium
140.115 140908 14424 (145) 150.36 151.964 157.25 158.925 1625 164.93 167.26 168.934 173.04 174967
¥ 90 91 92 93 94 95 96 97 98 99 100 101 102 103
Actinides | Th Pa u Np Pu Am Cm Bk Cf Es Fm Md No Lr
Y Thorium Protactinium Uranium Neptunium | Plutonium Americium Curium Berkelium | Californium | Einsteinium Fermium | Mendelevium | Nobelium | Lawrencium
232.038 231.036 238.029 237,05 (244) (243) (247) (247) (251) (252) (257) (258) (259) (262)
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Semiinclusivdeep InelastiGceatteringSIDIS)
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(P — VnX Factorizatio
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Semi Inclusive Deep Inelastic scattel

/ . L
KP% g TX One canrewrite the crosssectionin
termsof 18 structurefunctions

Each structure function encodes
parton dynamicssia convolutionof
| TMDs when factorization Is
e, L applicable

Mulders,Tangermarn1995,
Boer,Mulders(1998
Bacchettat al (2007)

do

dx dy di dz doy, dPy |

L2 2 2
@ Y , . : COS @
— - 1 + — Foor+cFypr +/2c(1 4+ ¢) cos oy Frrl 7 F

(O u)\ 2();1 N\ e sin ¢y,
+ 2cos(20p) Firp ™" + Ao /22(1 — ) singy, Frp ™" +...

-~ 3 PennState
¥ Berks ™



Semi Inclusive Deep Inelastic scattel

/ - . .
tP T trX One canrewrite the crosssectionin
N termsof 18 structurefunctions

Each structure function encodes

parton dynamicssia convolutionof
TMDs when factorization Is

applicable
Mulders,Tangermarn1995,
Boer,Mulders(1998
Bacchettat al (2007)
@ P& . PaP, o, .
X = 2P aqg Y= Pa *~ Pag’ QT="0
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Semi Inclusive Deep Inelastic scattel

/ - . .
tP T trX One canrewrite the crosssectionin
N termsof 18 structurefunctions

Each structure function encodes
parton dynamicssia convolutionof
TMDs when factorization Is
applicable

Mulders,Tangermarn1995,
Boer,Mulders(1998
Bacchettat al (2007)

The TMD factorizatioms validin the region
Pyr/z < @

Interestin)CD regimewhenrecollishappenindrom alow transverse
momentumbimportantfor studief non perturbativgphysics
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Semi Inclusive Deep Inelastic scattel

/ - . .
tP T trX One canrewrite the crosssectionin
N termsof 18 structurefunctions

Each structure function encodes
parton dynamicssia convolutionof
TMDs when factorization Is
applicable

Mulders,Tangermarn1995,
Boer,Mulders(1998
Bacchettat al (2007)

The TMD factorizatioms validin the region

F ~ /dQELdQﬁLd(Q)(zEL + 71 — Pur)wf(x, ki) D (2,71

Finalransversenomentumisrelatedto transversenomentaof parentand
fragmentingartons

-3 PennState
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What do we know about structure functions in SIC
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Siversfunction

Non universal

Collins function

Universal
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Definrtions

Sivers function: unpolarized quark distribution inside a transversely
polarnzed nucleon

by Sivers 1989
1 L
fomr @, k1, S) = fosn(a, k7) Vi 17 (@, E7)S - (P x kL)
Spin independent Spin dependent

Collins function: unpolarized hadron from a transversely polanzed quark
g h
*5 k

S

Dq/h(z7ﬁJ_> gq) — Dq/h(zvpi)

iy Collins 1992

1
ZMh

Hqu(Z ZM) (k X pl)

'a [!;:::nState 3 O



ky
f(xakTa ST) — fl(xv k’zI‘) — flJ_T(a:a k’zl‘)M
Supposéhe spinisalongY direction Sr=(0,1)

Deformationin momentumspaces

. ), 2 2
Thisisthe Odipole@eformation & - f(2” +y%)

-3 PennState )
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kx

f(@,kr,S1) = filw, k%) — fir (@, k3) 7

Supposehe spinisalongY direction §. — (0,1)

Deformationin momentumspacas o - f(:z:2 + yz)

Thisisthe Odipole@eformation

NoO correlation Correlation

-3 PennState
Berks 32



Tomographiscanof the nucleon

u quark d quark

X f, (X, kg, St)

-0.5 0 0.5 -0.5 0 0.5

ky (GeV) k, (GeV)

45968 ( $)*V4, -
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Tomographiscanof the nucleon

"

Internalmotion of quarkgs correlatedwith the spinof the proton!



Definitions

Siverdunction  f;-¢ describestrengttof correlation S - (P x k)
Sivers 1989

Collinsfunction qu describestrengtiof correlation s, - (k X p7 )
Collins 1992

Bothfunctionsextensivelgtudiedexperimentallypghenomenologically,

theoretically (P—lnX

SiverdunctionandCollinsfunctioncangiverise \

to Single Spin Asymmetries in  scattering

processed-or instancan SemilnclusiveDeep
Inelastiprocess . \
Kotzinian(1995), \% o,
Mulders, \%

Tangermar{1995), \
Boer,Mulders(1999 \

-

do(S) ~ sin(¢n + ¢g)hi @ Hi- +sin(ép — dg) fim @ D1 + ...

'3 PennState 3 5
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Sivergunction

luw _ pld
17T — 17T

. Confirmedby phenomenologicalktractions

Largeb N, result

. Confirmedby experimentameasurements

Relatiorto GPDs(E)andanomalousnagnetianoment

. Predictedccorrectsignof Siverasymmetryn SIDIS

. Shownto be modetdependent

. Usedin phenomenologicaktractions

~ 3 PennState
Yy Berks

Pobylits&2003

Burkardt2002

MeissnerMetz,Goeke2007

BacchettaRadick011

36



Sivergunction

Sumrule Burkard2004
. Conservationf transversenomentum

- Averagdransversenomentunshiftof a quarkinsidea transversely
polarizechucleon

) ) 1(1
(k37) = ed ST fi7 " ()

k2
1) = [ dhu g )

. Sumrule
1
. [0 3 [ e =0
a=—q.,q a=q,g 0

-3 PennState
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Sign change of Sivers function

Colored objects are surrounded by gluons, profound consequence of gauge invariance;
Sivers function has opposite sign when gluon couple after quark scatters (SIDIS) or before
quark annihilates (Drell-Yan)

T Brodsky,Hwang,Schmidt;
| Belitsky,Ji,Yuan;
Collins:
a8 ;;;%;;;.;;; Boer,Mulders,Pijiman;
5 Kang, Qiu;
Mezanzaall Kovchegov, Sievert;
atiractive etc
1LSIDIS _
17 T 17
1o
DY 1 SIDI>S
\ I 7
—00 ’ 0 ? Yy ) +00 -

Crucial test of TMD factorization and collinear twist-3 factorization

Several labs worldwide aim at measurement of Sivers effect in Drell-Yan

BNL, CERN, GSI, IHEP, JINR, FERMILAB etc

Barone et al., Anselmino et al,, Yuan,Vogelsang, Schlegel et al., Kang,Qiu, Metz,Zhou etc
The verification of the sign change is an NSAC (DOE and NSF) milestone

~ S
g [l;szn tate 3 9



Processiependencef Siversunction

STAR 2016

. Firstexperimentahint on the signchangeAy InW andZ production

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

1
< 15 STAR p-p 500 GeV (L =25 pb™) < - STAR p-p 500 GeV (L =25 pb™) I
08505 <P} <10 Gevie 08F05 <Py <10Gevie pr S WX
0.6 0.6:‘ /I\ 0
0.4 04F 1 ,_l_‘ p p — Z X
0.2} l ' } | 02F ]
0 --i._-__m-i.;-;*w—- 0 S
-0.2 02 © TTteell_
04k FW =Ty 04 FW =Ty )
0.6F — KQ (assuming ‘“‘sign change”’) 0.6F - - KQ (no “sign change’’)
. Global ¥2/d.0.f. = 7.4 /6 . Global x%/d.o.f. = 19.6 /6
~0.8[ 3 4% beam pol. uncertainty not shown 0.8[-3 4% beam pol. uncertainty not shown
| i I AR S R R I A IR B R R R
05 0 0.5 "os 0 0.5
KQ! KangQiu2009 Y" yY
- Sigrchange x2/d.o.f ~ 1.2 . Largeuncertaintiesf predictions
. No signchange 2/d.o.f ~ 3.2 . No antiquarkSiverdunctions

~ S
g [l;oer::n tate 4 1



Processiependencef Siversunction

I

COMPASS2017

. Firstexperimentahint on the signchangen DrellYan

. Signchange

. No signchange

PennState
Berks

e COMPASS 2015 data

Xp
. COMPASS3esultdhinton signchange

43



Collinsfunction

Schafeiferyaevi999
Schafeiferyaevsumrule MeissnenVietz,Pitonyak2010

. Conservationf transversenomentum

2
i L P
(PiL(2)) ~ HF D (z)  HED(2) = / Pp —PL i p?)

222 M7
1
. Sumrule Z/ dZ<P%(Z)> — 0
h 0

1 1
. Ifonlypionsareconsidered /1 fcw(z) ~ —Hj und (Z)

: : : : Metz2002 Metz,Collins2004 Yuan2008
Universalitpf TMD fragmentatiofunctions GambergMukherjeeMulders2011

Boer,KangVogelsangfuan2010

Hi (z)|sip1s = Hi (2)ete- = Hi (2)pp
. Verynontrivialresults

. Agreeswith phenomenologyllowsglobalfits

'3 [l;jantate ! 4 4



Transversity and Collins FF

SIDIS and e+e-: combined global analysis

Sin((f)h+d)s) . 1 -
Fir ~ hl(-TB-l,A_L)Hl (zh,p1)
transversity Collins
function

dU(S_L) 2 . 2(1 _ l/) sin(¢p+ds)
= rp.y. Fuu + sin(oy, Dg ' Fropn s
dxgdydz,d? Py, | o0(zB,y, Q") | Fuu + sin(dn + os) 14 (1—y)2 VI -
hlhg 1 1
Zcollins ~ Hl (Zlale-)Hl (ZQaPQ_L)
Collins Collins
function function
do.(3+ e —hiho+X N(‘ﬂ-agm
= — 1+ cos?0) ZMh2 4 ¢in? @ cos(2 7 b2 }
dzh-lethQPh_Ld C()S@ 2Q2 |:( ) e ( ¢0) collins

-3 P S
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TransversitgndCollinskFF

KaneP
Anselminget al 2015

Fitted quark transversity and Collins function : x (z) -dependence

—
Q|
o 0.3
\>_<::$ 0.2
=
o 0.1
0
0.05
0
0.05
o

T

0.6 0.8

Collins function : pt-dependence

10'1 S 2
-

(z,p,)

1
|

H

u— T
2z =1(.4

-3 PennState
Berks

......... Q' = 2.4 GeV? ,
- 0.04- e QO'=10GeV? fav :
é — . O = 1000 GeV*
unfav :
unfavy :

Compatible with LO extraction
Anselmino et al 2009, 2013, 2015

rokudirSunrYuan2015

wu—

d— 7t
S — T

46



Complementarity of SIDIS, e-sand DrellYan, and hadremadron

Variousprocessesallow studyandtest of evolution,universalityand extractionsof distributionand fragmentation
functionsWe needinformationfrom all of them

SemilnclusivddISD
convolution of distribution functions and
f(aj) & D(Z) fragmentatiofunctions

(+P—V+h+X

f(xl) ®f(:132) DreltYan B convolution of distribution
functions

P+P, =+ X

D(Zl) X D(Z2) e+ e- annihilatio® convolutionof
fragmentatiofunctions

¢ +0— hy+ho+ X

Hadronhad luti f d
Fa1) ® f(rs) ® D(z)  jadionhadion® convoluionsof POF an

hi + hy — hg(%jet, W, ) + X

Combiningneasurementom allaboveisimportant

-~ 3 PennState
¥ Berks . I"#$#%E&' () *+,%-



Why TMDs, factorization, and evolutit

'a [!;:::nState 5 6



Why QCD evolutionisinteresting?

Studyof evolutiongivesusinsighion differentaspect@andoriginof confinedmotion of partonsgluon
radiationpartonfragmentation

—

COnflned Gluon 4 ~
motion shower -

\J 7>
P I B y
P, /‘""I Y Emergence of a
| hadron
¢ [,; hadronization

Evolutiorallowsto connectmeasurementat verydifferentscales

TMD evolution hasalso a universal non-perturbative part. The result of evolution cannot be
uniquely predicted using evolution equations until the non-perturbative part is reliably

extracted from the data.

'3 PennState 5 7
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TMD factorization

e'e” Collins, Soper (1983) 1 Drell-Yan
s Collins, Soper, Sterman (1985) : :
electron AL piOn Collins (2011) roton
P X electron
TMD e\_fhc_)lution equations mnn

pion
positron =
Collins, Soper (1983) XRY pOSitrOﬂ
Collins (2011) proton
Collins, Soper, Sterman (1985)
' Ji, Ma, Yuan (2004)
SIDIS Collins (2011)
lepton lepton
- pion
0’0:0 \g
NOK mee
proton T

Meng, Olnes, Soper (1992)
Ji, Ma, Yuan (2005)

Collins (2011)

-3 PennState
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eted
electron e
**' pion
pion
positron =
Collins, Soper (1983)
Collins (2011)
i SIDISI
lepton lepton
lon
0’::0 -“0 p
proton "o

Meng, Olness, Soper (1992)
Ji, Ma, Yuan (2005)

Collins (2011)

-3 PennState
Berks

TMD factorization

Collins, Soper (1983) l Drell -Yan I
Collins, Soper, Sterman (1985) :

Collins (2011)

TMD evolution equations

electron

e positron
P roton
7 Collins, Soper, Sterman (1985)

. Ji, Ma, Yuan (2004)
\ Collins (2011)

59



TMD factorization

5 . -
e'e Collins, Soper (1983) ’ Drell -Yan I
Collins, Soper, Sterman (1985) : :

electron X pion Collins (2011) ‘oton
P X electron
_ TMD evolution equations muw
plon

. -,

pOSItI’Oﬂ :‘.\:
Collins, Soper (1983) w positron
Collins (2011) proton
I Collins, Soper, Sterman (1985)

i SIDIS !
lepton lepton

- Ji, Ma, Yuan (2004)
Collins (2011)

: roton N :
- pion P plon
0’0:0 \g
e mee
proton T | Twist-3 factorization
Meng, Olness, Soper (1992) ___DGLAP equations P roton {;:
Ji, Ma, Yuan (2005) ot
Collins (2011) Qiu, Sterman (1990)

¥ Twist-3 functions are related to TMD via OPE

¥ TMD and twist-3 factorizations are related in high QT regio
¥ Global analysis of TMDs and twist3 is possible: Work in progress

All four processes can be used.

¥ Data are from HERMES, COMPASS, JLab,
w Pennstate BaBar, Belle, RHIC, LHC, Fermilab 60
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Why TMD Evolution?

~ S
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TMD factorization in a nut-shell

Drell-Yan: p+p—= [y =)+ X

Factorization of regions:
(1) k/IP 1, (2) k/IP 2, (3) k soft, (4) k hard

Factorized form and mimicking Oparton modelO

l . ‘) ‘) ‘) . > <)
.,( v o X / (IMA'I l (l-’l‘.'.’. (l-/\ ! H(Q)/(’l l"l | )/(’_’ l"‘_’_ )S()\l )()-(A'l | - /"'_’l t- /\1 — (| )
dQ=dyd=q .

B / (‘(.2[;,))'-’(“/' YH(Q)f(x1,b) f(22,b)S(b)
| d  Fb) = f(a.)/SO)

mimic Oparton modelO

@ PennState slide courtesy of Z. Kang 62
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TMDs evolve

Just like collinear PDFs, TMDs also depend on the scale of the probe

= evolution
Collinear PDFs

F(z,Q)

' DGLAP evolution

|  Resum [(Ts 111((22//1’2)] :

I Kernel: purelyperturbative

F(:l.'. Q,)

R(‘O]l (I*Q, ’ Qf)

F ("ny)

-3 PennState
Berks

TMDs
F(.’I?, k_L; Q)

CollinsSoper/rapidity evolution
equation

Resum [(} Q 1112((22/l‘i)} :

Kernel: can benon-perturbative

when ki ~ Aqcp

F(x,ky,Q;)
RT‘\”)(-‘I’- k1,Qi,Qr)

M

F(z,k1,Qf)

slide courtesy of Z.Kang 63



TMD evolution and non-perturbative component

Fourier transform back to the momentum space, one needs the
whole b region (large b): need some non -perturbative extrapolation

Many different methods/proposals to model this non :
perturbative part

1
PXI.k_JQ)::CMﬂzj/(lbU‘ YF(z,b;Q) =

Collins, Soper, Sterman 85, ResBos, Qiu, Zhang 99, Echevarria, Idilbi, Kang, Vitev, 14,
Aidala, Field, Gamberg, Rogers 14, Sun, Yuan 14, DOAlesio, Echevarrla Melis, SC|mem| 14, Roger:

15, Vladimirov, Scimemi 17E

t/ dbbJo(k b)F (. b: Q)
0

Eventually evolved TMDs in b -space

. ? dp : \
F(z,0;Q) ~ C® F(z,¢/b")| x exp{ — Aln— + B X €Xp (—Snon-pert(bv Q))

c/b= H Il:
longitudinal/collinear part transverse part ' Non-perturbative: fitted from data
I The key ingredienBIn(Q) piece is
Since the polarized scattering data is still limited kinematics, we can spin.independent

use unpolarized data to constrain/extract key ingredients for the non-
perturbative part

-3 P S
G Beer::n tate 64




I"#

>?@ A)B3"-$C)3IDIR) BWSESIB "% Py /2 < Q
G3HEB)#, I-"+#,%]

KO-E,- 3"E,&B-$+ B-"888&,B3$"%% HSE,-,.$'% "A3-)%&6,-& **,%3L* "%,
%,,E& 3")EE ) M3,-*

do ( do >
— LY
do dPpr APhtT ) 701D

d Py

K*-"6,E )II-")BD 3D

Pyr/z < Q
HASNE) Q1N 2)3" 4%, )-5S6BY:; 5:9=8
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TMD relatedstudieshavebeen extremelyactivein the pastfew years,|ots of progress
havebeenmade

We look forwardto the future experimentaresultsirom COMPASSRHIC Jeffersoh.ab,
LHC, Fermilabfuture Electronlon Collider

ManyTMD relatedgroupsare createdthroughoutthe world:

Italy NetherlandsBelgiumGermanyJapanChinaRussiaandthe USA
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