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Outline

Why study the 3-D structure of nucleon
Physics in the transverse momentum dependent framework
RHIC, PHENIX, and two particle angular correlations

Recent results on factorization breaking

Future factorization breaking measurements
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Mapping the Structure of the Proton

HERA F,
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1-D Structure

@ Collected data has led to

incredible precision for
partonic structure of
nucleons in the
longitudinal direction!

Collinear parton
distribution functions
(PDFs) are very well
constrained over 4 orders
of magnitude in x
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QCD Cross Sections

@ To account for bound
state nature of
hadrons, cross sections
are factorized

@ Nonperturbative parton
distribution and
fragmentation
functions (PDFs and
FFs) are used to
describe the individual
partons within a hadron

@ Functions are

nonperturbative, must

be constrained by data! o = fi(x, Q2)®f2(x, Q2)®
@ Taken to be process

independent and

uncorrelated

dé 4 5
E@Dq(z7 Q )
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Multidimensional Proton Structure

@ What does the
bound-state proton look
like in terms of the quarks
and gluons inside it?

e Position

Momentum

Spin

Flavor

Charge

Color (1)

@ What about transverse
momentum degrees of
freedom?

= wa
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1D vs. 3D Nonperturbative Functions

@ In reality there must be
transverse structure due
to the confined nature of
the partons and the
additional possibility of
gluon radiation

@ Historically
nonperturbative functions
are approximated as only
dependent on the collinear
momentum fraction x

@ The unintegrated k7 distributions are explicitly dependent on
transverse momentum

Parton Distribution Functions: f(x) — f(x, kT)

Fragmentation Functions: D(z) — D(z, jT)

@ We can also add spin into the picture...
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Transverse-Momentum-Dependent PDF Zoo

Transverse-Momentum-Dependent

(TMD) PDFs
N a U L T
ul # f
L 9 hlLﬁ_
T 5 | on |m ha

N - Nucleon

q - Quark

U - Unpolarized

L - Longitudinally polarized
T - Transversely polarized

@ 8 TMD PDFs at twist-2 describing transverse partonic structure,
spin-spin, and spin-momentum correlations!

J.D. Osborn

Image taken.from Alexei Prokudin Spin 2016
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@ Many transverse-

J.D. Osborn

momentum-dependent
PDFs and FFs correlate
spin with momentum
Beginning to really
explore partonic
correlations within the
nucleon! New era of
nucleon structure

Are these correlations

Transverse-Momentum-Dependent Functions in Nature

Sivers TMD PDF

really present in nature?

Absolutely!

UMich HEP Seminar
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Transverse-Momentum-Dependent Functions in Nature

Boer Mulders TMD PDF
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PRD 87, 012010(2013), HERMES at HERA
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Transverse-Momentum-Dependent Functions in Nature
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Transverse-Momentum-Dependent Functions in Nature
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Transverse-Momentum-Dependent Phenomenology

@ In the collinear framework, nonperturbative functions are taken to be
uncorrelated, universal, process independent functions

@ In the transverse-momentum-dependent framework, it has been
necessary to re-check these assumptions

@ This has led to very interesting predictions...
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Universality in Transverse-Momentum-Dependent Functions

Drell-Yan Semi-Inclusive DIS

b g

@ Sign change in Sivers transverse-momentum-dependent PDF
predicted due to initial-state vs. final-state gluon exchange with
proton remnants between Drell-Yan and semi-inclusive DIS: process
dependent PDF!

@ Factorization of transverse-momentum-dependent PDFs and
fragmentation functions still predicted to hold in these QED processes
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First Measurement of Possible Modified Universality

@ Semi-inclusive DIS Sivers asymmetries have been measured, e.g. by
HERMES and COMPASS collaborations

@ First measurement of Drell-Yan type process from STAR at RHIC!

@ Data support prediction of process dependent
transverse-momentum-dependent PDF

1
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Factorization of Transverse-Momentum-Dependent Functions

o Factorization is still predicted to hold in semi-inclusive DIS and

Drell-Yan
2 2 do h : 2
O-:fl(kaTvQ )®f-2(x7kT7Q )®E®Dq(ZaJTaQ )

@ What about leading-order QCD processes where a colored quark or
gluon is exchanged?

@ Color present in both the initial and final state - therefore soft gluon
exchange possible in both the initial and final state
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Factorization of Transverse-Momentum-Dependent Functions

(TMD) framework for
p+p— h+ h (PRD 81, m
094006 (2010))

@ TMD nonperturbative

functions no longer defined - ® Predicted modified
partons are quantum universality of certain TMD

mechanically correlated PDFs and factorization
across colliding hadrons! breaking from same physical
process - consequences of
color flow in action!

@ Factorization breaking : \ @r
predicted in a transverse- R
momentum-dependent E%

pE L

@ Consequence of soft gluon

exchanges in both the initial
and final state @ Consequence of QCD as a

non-Abelian gauge theory

J.D. Osborn UMich HEP Seminar 11/21/2016 17 / 37



Looking for Factorization Breaking

PRD 91, 032001 (2015)
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Collins-Soper-Sterman (CSS) Evolution

@ CSS evolution first published in 1985. Similar to DGLAP evolution equation,
but includes small transverse momentum scale

@ Has been used to successfully describe global Drell-Yan and Tevatron Z°
cross sections

@ Clear qualitative prediction - momentum widths sensitive to nonperturbative
transverse momentum increase with increasing hard scale
@ Due to increased phase space for hard gluon radiation

E605 Data DO Z Data
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@ \ mucieon
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0

10
P (GeV)
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Drell-Yan/Z and Semi-Inclusive DIS in CSS Evolution

SIDIS - Eur. Phys. J. C(2013) 73,2531
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@ Phenomenological studies

confirm that Drell-Yan and
semi-inclusive DIS follow
theoretical prediction

@ The evolution prediction

comes directly out of the
derivation for transverse-
momentum-dependent
(TMD) factorization
o If TMD factorization,
then CSS evolution. If
not CSS evolution,
then not TMD
factorization!

@ Drell-Yan and semi-inclusive

DIS clearly follow theoretical
prediction

UMich HEP Seminar

Drell-Yan/Z and Semi-Inclusive DIS in CSS Evolution
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J.D. Osborn

Direct Photons and Dihadrons

@ Direct photon-hadron and

dihadron correlations both
predicted to be sensitive to
factorization breaking effects
in PHENIX

Assuming factorization,
direct photon-hadrons probe
three nonperturbative
functions, while dihadrons
probe four

Direct photons offer one less
avenue for gluon exchange
in the final-state:

fewer /different effects?

UMich HEP Seminar
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Relativistic Heavy lon Collider - RHIC at Brookhaven National Laboratory

(

PHENIX
% w

LINAC NBRL.

\EBIS’ %
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PHENIX Detector

e PHENIX central arms
e Ap~m
e |n| <0.35
@ Electromagnetic
Calorimeter (PbSc/PbGl)
provides isolated direct
photon and 7% —

PHENIX Detector
Comal P
Magnet “

~PC3
Pl o |

T

v oz

detection - . - j)[-i:
@ Drift Chamber (DC) and
Pad Chambers (PC) @ New results from

2012/2013 /s=510 GeV

provide nonidentified
p+p runs

charged hadron detection
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Angular Correlation Observables
Direct photon-hadron production

~aSSOC

br

direct photon piF'®

Dihadron production

AaSSOC

br

Pout = pgl_ssoc sin Ag
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A¢ Correlations for 7%-h* and Direct 7-h*

0.5F A p+p at 15=510 Gev |01 O Isolated Direct y-h |
In|<0.35 [ re-h*
8<p; <9 Gevic [0 1 Underlying Event
1<p™°<2 GeVie 8<p<9 Gevic 8<p"%<0 Gevic

3<p™<4 GeVic

5<p:55°°<10 GeVlic

0.5 1

o PHENIX
§ 9<p; <12 GeVic or 1
ig
= 1<p®°°°<2 GeVic 9<p, <12 GeVlc trig
Zg o < s GV 9<p!’<12 GeVic
oI5, T 5<p2**°°<10 GeVic
|2
Z P 2
os- 7 B 7
g
ﬁ?&:jﬁs EVV,/C 0F 12<p"9<15 Gevic] g
Py eVic ko 12<p[<15 GeVl/c
3<py <4 Gevie 5<p™***°<10 GeVic
N
s : P
o P O™ Ofes) FeegaEel | o S|
-1 0 -1 0 1 2 3 45 -1 0 1 2 3 45

Ag[rad]

@ Two jet structure visible for 7°-h¥, isolation cut on near side for direct v-h*

@ Direct v-h™ probes smaller jet energy due to emerging from hard scattering at LO
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\/ (p2,:) Extracted from Fits to A¢ Correlations

=y 57 i
S [ Ini<03s y-ht ot ]
> [ ~ ]
g[' 4; p+p at Vs=510 GeV e O 2<p:ssoc<3 GeVic {
5 [ PHENKX * 0 3<p:55°°<4 GeVic 4
5 ¢ n ]
37 | assoc
F M B W+ 2 P
L ] x A pssoc
L B YA T
2— e — A\ ¢ Pout
Fe o o jpall [ merr:
e e e g % * .
- S < &
ob— v 1]
4 5 6 7 8 9 10 11 12 13 14
p"® [GeVic]
-

e \/(p2,:) characterizes away-side jet width in momentum space

@ Decreases with hard scattering scale ps-rig, opposite of semi-inclusive
DIS and Drell-Yan!

@ Sensitive to perturbative and nonperturbative kt and j; fits are to
entire away-side jet
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Pour Distributions

o 0" [Gavi
p+p at V5=510 GeV v TEe Py B (Geviel
In|<0.35 56 (x107)
By
0.7<p:55°“<10 GeVic %

@ poyt shows two
distinct regions:
Gaussian and power
law

@ Gaussian fits clearly

fail past ~1.3 =
GeV/c E

@ Indicates transition R N\ i_
2 4 6 8
from p_. [GeVic]

out

nonperturbative to
perturbative k1 and

JT

@ Note: Curves are Kaplan and
Gaussian fits, not calculations!!
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Gaussian Widths of pou:

@ Extract Gaussian widths
of Pout Vs. ptT”g, hard
scattering scale

@ Sensitive to only
nonperturbative k1 and
J7 in the nearly
back-to-back region
AP~

@ Gaussian widths decrease
with pfr”g also, consistent
with \/(p2,;) and
opposite of semi-inclusive
DIS and Drell-Yan!

o
o
a

Gaussian Width [GeV/c]

o
33

0.45

o
o
I

I

o

o
I

O T10-h*
® y-h'
— 1®-h* Linear Fit
———— y-h* Linear Fit
O.7<pi55°°<10 GeV/c

PHENIX 7

In|<0.35
p+p at Vs=510 GeV |
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PYTHIA p+p Event Simulation

w

PYTHIA PerugiaO Simulation

Drell-Yan Dilepton

piP>1 GeVic ]

In|<0.35

p+p at Vs=510 GeV
1 1

Gaussian Width [GeV/c]

@ To make a comparison,
used PYTHIA event
generator simulation

1 5 10 15 = 2‘5 230
@ PYTHIA reproduces o
expectation from CSS T erriia perugiao Smutaion
evolution in Drell-Yan 8 | ptnpuener |
% Inl<0.35
over large range of M, S hmmsce ]
g ++7

L
20 30 40 50 60 70 80 90 100
M, [GeVic?]
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PYTHIA Event Simulation

o Can construct pout
distributions for

. . . y-h* m-h*  p% [GeVic]
PYTHIA PerugiaO Simulation P

p+p at Vs=510 GeV O sewn

O 67(x10%
0T<pFII0GeVIE L 1) direct photons and
s AT . o)
3 Al 3 . ,y* Sy, O 912 (x109)

1215 (x107

dihadrons in
PYTHIA as well for
direct comparison

o PYTHIA replicates
the nonperturbative
to perturbative
transition in the
Pout distributions

ek
o

|
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PYTHIA Event Simulation

o PYTHIA also
replicates the = 08 .
. § O PHENIX rP-tr —— PHENIX 1°-h* Linear Fit
negative slope of % | ®PHENIXy-h* PHENIX y-h* Linear Fit
. . o, OPYTHIA Perugia0 m-h* —— PYTHIA 10-h* Linear Fit
the gaussian widths ¢ 0.7 WPYTHIA Perugia0y-h* - PYTHIA y-h* Linear Fit _|
. o .
in v—hadron and = Ini<0.35
0 c r p+p at Vs=510 GeV 1
m°—hadron! g mem g 0.7<p2*°<10 GeVic
» R
. =}
o Magnitudes of 8
widths from
PYTHIA show . S [ ]
~15%difFerence 7‘\‘\‘\‘\‘\‘\‘\‘\‘(7
. 4 5 6 7 8 9 10 11 12 13 14
from data despite P [GeV/c]
slope being
replicated
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PYTHIA Simulation

@ WHY does PYTHIA replicate both increasing behavior in p4+p — £¢ and
decreasing behavior in p+p —h+X7?7?

@ Unlike analytical pQCD calculation, PYTHIA forces all particles to color
neutralize in the event, including remnants

@ PYTHIA allows initial and final state soft gluon exchanges!

@ PYTHIA authors confirm that it is plausible that PYTHIA would be
sensitive to such effects

Image taken from http://home.thep.lu.se/ torbjorn/talks/karlsruhe10a.pdf
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Relations to Other QCD Studies?

Fraction of events

@ Color coherence studies at

@ Color coherence studies at
the Tevatron

(b)
oan
_ isET
et
W, 4
e ¢
e RIS

« DATA
_ PYTHA+

@)

Phys. Rev. D 50, 5562 (1994) (CDF)
Phys. Lett. B 414, 419-427 (1997) (DO)

J.D. Osborn

MC/Data
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Future Measurements

Recent RHIC run in 2015
delivered one of the most

unique data sets to
PHENIX and STAR

RHIC collided pT+p,
p'+Au, and pT+Al at
V/s =200 GeV

PHENIX recorded ~10x
the amount of /s = 200
GeV data from previous
analysis

Possibility to compare
p+p at y/s = 200 and
510 GeV

UMich HEP Seminar

@ Possibility to compare
p+p to p+A (stronger
gluon fields in nucleus??)

@ Does transverse spin
change anything??

11/21/2016
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Future Measurements - sPHENIX

T T T T T T ]
Ll PHENIX: | ‘ SPHENIX: ]

pT(GeV/c)
@ Future detector at RHIC,
sPHENIX, has been
proposed
@ Dedicated jet detector at
RHIC

@ Golden measurement - ~y-jet

@ Allows full kinematic event
reconstruction
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Conclusions

o Extending the knowledge of nucleon structure from 1 dimension to 3
dimensions (and more!)

@ Transverse-momentum-dependent nucleon structure offers a richer
description of the nucleon with many interesting phenomenological
predictions

@ Factorization breaking has been predicted in hadronic collisions where
a final-state hadron is measured in a
transverse-momentum-dependent framework

@ PHENIX has just released the first measurement studying these
predicted effects - arXiv:1609.04769

@ Data show the opposite evolution trend in the nonperturbative
momentum widths from semi-inclusive DIS and Drell-Yan, where
factorization is predicted to hold

@ More measurements planned in the future... stay tuned!
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v/s=200 GeV Results from PHENIX

e Previous PHENIX result 8w ;j:%lijjf;j;;m_‘
at +/s=200 GeV with £ ] Bead <t coviex 0° |
larger errors (Phys. Rev. Z 0 o §
D 82, 072001 (2010)) ,‘ TT? Tﬁ

o Next step: analyze recent % AT VL T N i |
Run 15 /s=200 GeV PrutCovel
p+p and p+A data from I T o
RHIC! "%ELEWL ‘ . yh -

@ 6x luminosity in Run 15 : T
p+p, as well as first result L, % ]
from p+A ﬁb

o Can also look at

L L L L L
5 6 7 8 98 10 11 12 13
p';'“[eav/c]

2 < passoc <5

transverse spin
dependence in Run 15!
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J.D. Osborn

@ Previous PHENIX result

at \/s=200 GeV to lower
p''® (PRD 81, 012002
(2010))

Shows (pgut) over lower

t
range of p7 rig

Also can plot away-side

width in angular space -

same trend over large
trig

range of p;

Away-side Width [rad]

v/s=200 GeV Results from RHIC
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¢ ® jet-h* 0.2<p!***<17 GeV/c (PRL 112, 122301)
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(zr) with Gaussian Widths

= 0.65
N O 10-h*
. ST ey PHENIX
t . o i U
o (zr) p7® correction was g oo Il et
. . = - 0.7<p®%°°<10 GeV/ B
also applied to Gaussian = br e In<0.35
'dth trig g 0.55— p+p at Vs=510 GeV |
widths vs. p+ g | ﬁ |
]
@ (z7) more or less amounts 0S5
to a scale factor of 2 I ﬁ
. . 0.451—
difference in the slope AT & N

L | L | L
6 8 10 12 14 16 18 20,22 24
[ﬂT [GeV/c]
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<pgut> Vs. p];t

2 F y-h* ro-h* ]
% - o  02<pI<3 Gevic 3
~3 [ B s 0 3<p:55°°<4 Gevic 4
& 3= In|<0.35 -
F p+p at {5=510 GeV
e L4 PHENIX 3
n g + ]
E ¢ 4 & Y B
L < ]
£ ° &0 @ e © <
ol | L | | L | | | |

6 8 10 12 14 16 18

20 22 24
P [Gevic]

o Examined \/(p2,;) as a function of p" as well

° 'Tet = ptT”'g for direct photons

o Pt = p'& /(z1) for 7%, with (z7) estimated using PYTHIA
_ prE
° <ZT> - ﬁfr"'g

e The \/(p2,.) distributions almost form a continuous function?
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More about Color Coherence

ol

@ See the following

@ Radiation “drags” color
away from vertex

@ Destructive interference
occurs away from emitted
gluons

@ Soft radiation inhibited in
certain areas

@ Leads to certain regions
of phase space where
gluons constructively or
destructively interfere

J.D. Osborn UMich HEP Seminar
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SIDIS and eTe~ Annihilation Momentum Widths
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Partonic Contributions to Processes at LO

s T b)
g — e
Elat ]
= 08— —
c 3 5 oal 1
Lol ppoTPX —grg-grg @ ] [ShfE p+py+X —atgevia 7
2 osl “”r|<°-35 q+q-0+q ] T 0.6 /€035 gt Toyty
08— 5=510 GeV - Q+g-q+g N S o5 . n
g2 F ] g 05 (5=510 GeV
So7  CTEQBLIPDRSALO .. gig_qsg b & ol CTEQBL1 PDFs at LO ]
S o | T 04 -
8 0.6 N 0.3 N
% 0.5 . 02l B
& o ul B 2 =
Z ot 7 oal B
03— ] ) P P O R Y O A B I B S A Y
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L i p [GeVic]
01l e
R é91011121314151’6”17”181920 Di h
o [Gevi] @ Direct photon
0 bt A contribution dominated
@ 7 contribution changes b QCD C
Y ompton

from gluon dominated at
low p7 to mix of quark
and gluons at high pr

scattering at all pr

@ NLO corrections small at
midrapidity (Phys. Lett.
B 140,87)
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Analysis Methods

o Correlated 7°—h= or
isolated y—h¥ are collected
and corrected with:

@ Charged hadron
efficiency
@ Acceptance correction

@ Direct photons undergo
additional statistical
subtraction to remove decay
photon background,
estimated with Monte Carlo
probability functions

@ Isolation and tagging cuts
remove decay photon
background and NLO
fragmentation photons

J.D. Osborn

UMich HEP Seminar

Probability for a 7° to decay to a
photon which could not be tagged
with 5 < pr < 7 GeV/c in PHENIX

°
N
|

o Probability
s 3 <
T T
|

T

1

iso __
Ydir - Riso 1
o

iso yiso iso
(R'y \/inc - Ydec)

PRD 82,072001 (2010)
PRC 80,024908 (2009)
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R° Measurement at /s=510 GeV

22

° Rﬂ’f" measured for >
statistical subtraction of o
isolated decay photon Lot
contribution Lo
@ R, measured in PHENIX L B
and corrected by tagging a B pep . 5=510 Gev
and isolation efficiencies L PHENIX
iso indi 1 B I o
° F\’.7 >1 indicates |so|arted o [Cevid
direct photon production
Riso _ R’Y Nl!rsrg
v tag i .
(1 - 6dec)(]' - Eglesé)) Ninc
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PDF Review

\ 3 bound valence quarks
A point particle |, g 3 _>
_O—‘Té’—
34 34

1/3 1
XBjorken 1 3 bound valence quarks + some  xgio0n

low-momentum sea quarks| Sea

3 valence quarks
e b Valence

=

1/

VJ 1/3 1

M Smallx
1/3 1 XBjorken
XBjorken
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