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Gluon structure

Gluons offer a new window on nuclear structure

@ Past 60+ years: detalled view

of quark structure of nucleons

@ Gluon structure also important

< Unpolarised gluon PDF dominant
at small longrtudinal momentum
fraction

@ Other aspects of gluon

structure relatively unexplored

Parton distributions in the proton

H1 Collaboration
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Gluon angular momentum
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- Orbital angular momentum of gluons
even less understood
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* Gluon TMDs

* Major motivation for EIC




Gluon structure

How much do gluons contribute to the proton’s

- Momentum - Mass

What are the gluon distributions in a proton

- PDFs, GPDs, TMDs - Gluon ‘radius/
o Pressure, Shear radil’

How is the gluon structure of a proton modified
in a nucleus

< Gluon ‘EMC effect ~ Exotic glue




Gluon structure

How much do gluons contribute to the proton’s

~ Momentum ~ Mass
© Spin < D-term

What are the gluon distributions in a proton

- PDFs, GPDs, TMDs - Gluon ‘radius/
o Pressure, Shear radil’



Energy-momentum tensor

Many of these properties derived from Energy-Momentum Tensor
(conserved Noether current associated with Lorentz translations)

Matrix elements of traceless gluon EMT for spin-half nucleon:

a aq 7 ’ P{MUV}PAp A{#AV}
¥, 8'1G1uaG "y lp 5) = U, ) (Ag@) YuPoy + By(t) — i f— + Dy(t) 7= | U(p,s)

Generalised gluon form factors Ay =py—bp Pi=(pu+10,)/2 t = A2

© Three generalised gluon form factors A,(t), By(t), Dy(1)

© Sum rules with quark pieces in forward limit

e Momentum fraction  A,(0) = (z), ==l D Au(0)=1

a=q,9g

e Spin  Ju(t) = L(Au(t) + Ba(t)) —p > Ja<0>:%

a=q,g

e D-terms D,(0) unknown but equally fundamental!



D-term GFF encodes the pressure and shear distributions in the

nucleon (Breit frame)

s(r) = =5 ———=—D(r), p(r)=

~ PF 2
D(r) = “IT D(—p

© Quark and gluon shear forces individually well-defined (i.e., scale-
dependent partial contributions 54 4(7)

© Pressure defined only for the total system (pieces depend also on GFFs
related to the trace terms of the EMT that cancel in the sum)



Generalised parton distributions

GFFs correspond to lowest moments of GPDs:

/0 dz H,(z,&,t) = Ay (t) + 2D, (1), /0 dz E,(z,&,t) = B,(t) — £2D,(t)
1

/_1 do o H,(z,£,t) = Ay(t) + 2D, (), / dz x E,(z,£,t) = B,(t) — £2D,(t)

—1

Quark GPDs: constraints from JLab, HERA, COMPASS, by DVCS, DVMRE
future Improvements from JLab 12GeV

Gluon GPDs: almost unknown from experiment, future constraints are a
central goal of EIC

Leading twist nucleon gluon GPDs: ~_ Cluenfield:
strength tensor A o B .
/ p = Py — Pu P, = (pu+p,)/2
[ e sl U, | GG
1 _ _ ple; V}@Aa
o (Hg(%f,t)U(p’,8’)P{“v”}U(p, s) + Ey(z,6,)U(p, 8) ZgM Ulp, S)) +..

~

GPDs(Bjorken x, skewness, mom transfer)



D-term from JLab DVCS

Recent experimental determination of DVCS D-term

and extraction of proton pressure distribution
V. D. Burkert, L. Elouadrhiri, and F. X. Girod, Nature 557, 396 (2018)
rdld ~ 11 d 5 d ~
s(r)

= Tgral ™ PO =gEg 50

© Strong repulsive pressure near the centre of the proton

© Binding pressure at greater distances.

© Peak pressure near the centre ~ 1035 Pascal,
greater than pressure estimated for neutron stars

~ Key assumptions: gluon D-term same as quark term,
tripole form factor model, D.(t, 1) = Da(t, )

Test assumptions in
pressure extraction

DVCS (quark) D-term

d,(t) = d,(0)(1 - t/M?<

d (0
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Gluon structure

First-principles QCD calculations
==§ QCD benchmarks and predictions ahead of experiment

Electron lon Collider:
The Next QCD Frontier

Understanding the glue
that binds us all

Cover image from EIC whitepaper arXiv::1212.1701



Lattice QCD

Numerical first-principles approach to non-perturbative QCD

> Discretise equations of
QCD onto space-time grid

» Calculate physical quantities

=

— |

@ Take limit of vanishing
discretisation afterwards

I ;

gluon quark



Lattice QCD

Numerical first-principles approach to non-perturbative QCD

' QCD equations <@ integrals over the values of quark and
oluon fields on each site/link (QCD path integral)

- ~[0'2 variables (for state-of-the-art) |
Fvaluate by importance

sampling

Paths near classical action

X*/\F* dominate
X
- » Calculate physics on a set

(ensemble) of samples of

the quark and gluon fields
totit2 t €



Lattice QCD

Calculate the nucleon mass

o Create three quarks, annihilate them
far from source

Tie together creation and annihilation
operators in all possible ways

(contractions) .
time >
© QCD path integral adds quark anti- L :
quark pairs and gluons automatically Laf :
- Measure exponentially decaying S * o oo e -
correlation to extract mass = e ® % eeeE
1.1¢
M) =tn [0 _| =% g o e - M
p—  —— i
C(t+1) ’ oof




Lattice QCD

@ Calculations use world's largest computers
> Many millions of CPU/GPU hours

» Specifically designed processors for QCD
(QCDOC precursor of BlueGene computers)




Lattice QCD

Ground state hadron © Predictions for new states with
spectrum reproduced controlled uncertainties
p-n mass splitting reproduced
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Lattice QCD Matrix Elements

Calculate matrix elements

» Create three quarks (correct quantum numbers) at a source
and annihilate the three quarks at sink far from source

» Insert operator at intermediate timeslice

t=1t

© Remove time-dependence by dividing out with two-point
correlators: Cs(t, 7., )

Gl G NEIOW@ING)




Gluon GFFs from LQCD

Construct system of equations for generalised gluon form factors

Ratios of 3pt and 2pt correlation functions:

B (.5t ) = JeBaBItT) \/oﬁp%p:tfT>c§pt<ﬁf,tf>cspt<ﬁ',7> 750 Tr[To(p’ + My)FilAg, By, Dol(p+ M)
ssR,i\PyP sl T) — v

CF (" tr)  \ P (Bt — 1) (Bt £) O (7, 7) 8y/ESVESO (YY) + My)(ES) + My)
1 Pruoyyp AP AuAyy
]:LW[AgaBgaDg] — Ag(t) ’Y{/,LPV} +Bg(t> IM N +D9(t) AM v
Generalised gluon form factors Ay =py —Pu Pu=@u+pl)/2 t =A?

© Operator index choices:

~ Nucleon spin up/down: T's—4 . . .
two different irreducible

© Sink and operator momenta: representations of H(4)
7P < 5(2m/L) o~ {0 0+ 0, 02 p<ra]
IA|? < 18(21/L)?

1
O, 25(0114-022—(9334-(900): R



Gluon GFFs from LQCD

One ensemble, m_ ~450 MeV (physical masses running now)

L/ia T/a B  amy ams a (fm) L (fm) T (fm) m, (MeV) mx (MeV) mzL mzT Nc¢tg Nmeas

32 96 6.1 -0.2800 -0.2450 0.1167(16) 3.7 11.2 450(5) 596(6) 8.5 25.6 2821 203

Clean plateaus in effective masses for |p’|* < 5(2r/L)?
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Gluon GFFs from LQCD

PION: Clean signals in 3pt/2pt ratios (examples)

(3)
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GFFs are averaged equations projected back ~ smeared-smeared 73



Gluon GFFs from LQCD

PION: Clean signals in 3pt/2pt ratios (examples)
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Gluon GFFs from LQCD

NUCLEON: Clean signals in 3pt/2pt ratios (examples)
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Gluon GFFs from LQCD

NUCLEON: Clean signals in 3pt/2pt ratios (examples)
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Gluon GFFs from LQCD

Solve system of equations for GFFs in bins in t = (p’ — p)?

Pion Nucleon
OOIIII05IIII10IIII15IIII20 0.0““05““10“"15““20
—t (GeV?) —t (GeV?)

o Colour coding: three momentum transfer A% = (5’ — p)?
o Point size &C number of three-momenta at that A2
o Grey bands:bins In ¢



Renormalisation

Non-perturbative RI-MOM renormalisation of gluon operator

Mixing with quark operator neglected
Found to be small in lattice PT e.g,, Alexandrou et al,, |61 [.0690 |

> One-loop perturbative matching to MS scheme:Yang et al., 1 612.02855

OMS (,LLQ) _ ZCI\Q/IS (,LLZ)Olatt _ RMS (,U27 N%{)Z(%I_MOM (M%)Olatt

Calculate RI-MOM coefficient S :
using Landau-gauge fixed gluon s *
2pt function = ]
G #
2/ _ p2=p? ™ i
ZRI-MOM (| 2 1)1 _4p (OapTr[Ar(p)Ar(—p)]) NSy [T |
o™ k) =R Ao h, = e f
N Be, 2 : -
AL (p) = (O35 Tr[Ar () Ar (—p)]) e, ‘EN“ Y ; % ]
1.m%§§ o—a-BO—T® ¢—Q-uﬁ“€"@ o o—o-g—o—&—
@ Wilson-flowed gluon 2pts § §

75 No flow in 2pts o 2 3 4 5 6 7



Gluon GFFs from LQCD
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Gluon GFFs from LQCD
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LQCD Pion GFFs

Pion gluon GFFs m, ~450 MeV o8 NS (1 = 2 GeV)

Solve system of equations
simultaneously for both hypercubic
irreps for each binned four-
momentum transfer

Dipole-like fall-off with momentum

0.0i
transfer A
| 0.0
e Momentum fraction A,(0) = (x),
» Z A (0)=1 = 9o
a=q,g &
S 100
e D-terms D, (0) related to :
pressure and shear distributions 15 —— Z-expansion
L e dipole
0.0‘ o 0.5 o 1.0 o 1.5 o 2.0

—t (GeV?)
Shanahan & Detmold PRL (2019), PRD (2019)



LQCD Pion GFFs

08— 7 R ——

Pion gluon GFFs m, ~450 MeV f { VIS (41 = 2 GeV)
0.6;

Solve system of equations R h% H%
simultaneously for both hypercubic c= 04 %“H % i % % _
irreps for each binned four- < % \{% {*’ } % :
momentum transfer 021 & Aud com) % .
o AP |
Dipole-like fall-off with momentum ool "

transfer -
] MS (1 =2 GeV) -
e Momentum fraction A,(0) = (x), . % . iﬁ &@f : ;{L% £
= Y A(0) =1 - _0.5’% i ﬂm
| & ot

D-terms D, (0) related to
pressure and shear distributions

gluon: Shanahan, Detmold, PRD (2019) 0.0 0.5 1.0 1.5 2.0
quark: Brommel Ph.D. thesis (2007) m_~840 MeV —t (GeV?)




LQCD pion pressure

tripole fits z-expansion fits
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LQCD Nucleon GFFs

Nucleon gluon GFFs, m, ~450 MeV

Dipole-like fall-off with momentum transfer

1_ I f f I
I MS (u =2 GeV)
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—t (GeV?) oal ’
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Gluon momentum fraction

{ XQCD { XQCD quenched { Meyer/Negele

? ETM | QCDSF quenched quenched



LQCD Nucleon GFFs

Nucleon gluon GFFs, m, ~450 MeV

Tripole-like fall-off with momentum transfer

— i —— ==

=
s —20 v quark BEG 1
S F A quark LQCD
—-3r ¢ gluon LQCD ]
i (modified) ]
—4F Z-expansion L :
: —— tripole MS (=2 GeV) -
-5 L 1., L L N TR B
0.0 0.5 1.0 1.5 2.0
—t (GeV?)

Gluon GFFs: Shanahan, Detmold, PRD (2019) PRL (2019)
Quark GFFs: P. Hagler et al. (LHPC), PRD77,094502 (2008)
Expt quark GFFs (BEG): Burkert et al, Nature 557,396 (2018)
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Nucleon D-term GFFs

Nucleon gluon GFFs, m, ~450 MeV

Tripole-like fall-off with momentum transfer

=
s —2 quark BEG 1
~ F A quark LQCD
=3[ | ¢ gluon LQCD 7
i (modified) ]
—4F Z-expansion _ ]
: —— tripole MS (1 =2 GeV) |
-5 I L T S S S S S N
0.0 0.5 1.0 1.5 2.0
—t (GeV?)

Gluon GFFs: Shanahan, Detmold, PRD (2019), PRL (2019)
Quark GFFs: P. Hagler et al. (LHPC), PRD77,094502 (2008)
Expt quark GFFs (BEG): Burkert et al, Nature 557,396 (2018)

Key assumptions in pressure
extraction from DVCS

Gluon D-term same as quark
term in magnitude and shape

Factor of ~2 difference in
magnitude, somewhat different t-
dependence

© Tripole form factor model

LOQCD results consistent with
ansatz, but more general form is
less well constrained

Isovector quark D-term vanishes
Dy —q(t) ~0 from other LQCD
studies



LQCD proton pressure

Nucleon pressure using LQCD results for quark and gluon GFFs, m_~450 MeV

tripole fits z-expansion fits
g 10 ] total I ]
i — — = gluon cont.
E | - --- quark cont. | | //\\
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Gluon GFFs: Shanahan, Detmold, PRD (2019), PRL (2019)
Quark GFFs: P. Hagler et al. (LHPC), PRD77,094502 (2008)



LQCD + Expt proton pressure

Nucleon pressure using LQCD results for gluon GFF JLab results for quark GFF

tripole fits z-expansion fits
1.0r total N E total LQCD
HI/_\ I total BEG | |
= — — = gluon cont.
o i - - - = quark cont.
% 050 f 1t
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X
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—0.5r 1 T
0.0 05 1.0 1.5 20 0.0 05 1.0 1.5 20
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Gluon GFFs: Shanahan, Detmold, PRD (2019), PRL (2019)
Quark GFFs: P. Hagler et al. (LHPC), PRD77,094502 (2008)
Expt quark GFFs (BEG): Burkert et al, Nature 557,396 (2018)



LQCD + Expt proton pressure

Nucleon pressure using LQCD results for gluon GFF JLab results for quark GFF

r*p(r) (x1072 GeV fm ™)
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z-expansion fits
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1 f total LQCD

gluon contribution shifts
peaks, extends region over

which pressure I1s non-zero

r (fm)

Gluon GFFs: Shanahan, Detmold, PRD (2019), PRL (2019)
Quark GFFs: P. Hagler et al. (LHPC), PRD77,094502 (2008)
Expt quark GFFs (BEG): Burkert et al, Nature 557,396 (2018)
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LQCD proton shear

z-expansion fits

Tangential shear , 2 ¢
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: j vector field
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Gluon GFFs: Shanahan, Detmold, PRD (2019), PRL (2019)
Quark GFFs: P. Hagler et al. (LHPC), PRD77,094502 (2008)
Expt quark GFFs (BEG): Burkert et al, Nature 557,396 (2018)



Gluon structure from LQCD

LQCD calculations of proton and pion energy momentum tensor
' Gluon and quark gravitational form factors
» Shear and pressure distributions
» New physical mass calculations are ongoing
v Complements recent experimental studies
» Support analysis assumptions

» Suggest target kinematics for future model independent
extractions at |Labl2 and EIC



Next: pressure in nuclei

Pressure in light nuclei
c.f. pressure in the nucleon?

Nucleon Pion
NI s 1 ,
—~ : total : | | Pion & Nucleon
| — — - gluon cont. ! ]
é - - - - quark cont. | 1.0__ | qua‘rk and gluon
?.5 0.5F ] 1 | momentum
~ 14" | sk . fractions consistent
= N\ \\ i ' within uncertainties,
= YITNNT — . 0%:?’ . but very different
= ~ e | : e
= | pressure
-~ L 4 o o o '
_05k Vsl distributions!
00 05 1.0 15 20 00 05 10 1.5 20
r (fm) r (fm)

Gluon GFFs: Shanahan, Detmold, PRD (2019), PRL (2019)
Quark GFFs: P. Hagler et al. (LHPC), PRD77,094502 (2008)



Next: pressure in nuclei

Pressure in light nuclei
c.f. pressure in the nucleon?

Nucleon Pion Light nuclei
1‘0 ] I I I I | 1.5_ T T T T

g i total | '
h — — = gluon cont. 1

é | - quark cont. | 1.0__

% 05¢ : |
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Gluon GFFs: Shanahan, Detmold, PRD (2019), PRL (2019)
Quark GFFs: P. Hagler et al. (LHPC), PRD77,094502 (2008)



Gluon structure of nuclei

Ratio of structure function k. per
How does the gluon nucleon for iron and deuterium

structure of a nucleon Ba(z,Q) = S zeq(z, Q) +q(x, Q)]

change in a nucleus!? S N oty o
partons of flavour g
European Muon S AN MMM |
Collaboration (1983): 11| ]
“EMC effect” N +‘*’ﬁcﬂ’+¢$ {
T 1
Modification of per-nucleon S ¢ t’hij + +
cross section of nucleons | ! ‘I,Jf¢+ _
bound in nuclel .0 01 02 03 04 05 0.6 0.7 08 0.9 10

X

Gluon analogue? Longitudinal momentum fraction



Nuclear glue, m; ~450 MeV

Deuteron gluon momentum fraction

Look for nuclear (EMC-type) Ratio o< matrix element
effects in the first moments for 0 <[]« [?

of the spin-independent
oluon structure function

Doubly challenging

© Nuclear matrix
element

© Gluon observable
(suffer from poor
signal-to-noise) o 5 10 1 2

operator insertion time

Ratio of three-point to two-point functions

NPLQCD Collaboration PRD96 094512 (2017)



Gluon momentum fraction

NPLQCD Collaboration PRD96 094512 (2017)

» Matrix elements of the spin-independent gluon operator In
nucleon and light nuclel

© Present statistics: can't distinguish from no-EMC effect scenario
» Small additional uncertainty from mixing with quark operators

Ratio of gluon momentum fraction in nucleus to nucleon

"*710% bounds

s, =l
S os Normalised to %
0.6 proton result |

b + S

1 2 3 1 2 3

m, ~450 MeV m, ~800 MeV



Gluon structure of nuclei

Exotic Glue

Contributions to nuclear

structure from gluons not
assoclated with individual

nucleons In nucleus

Exotic glue operator:

nucleon (p|O|lp) =0
nucleus (N, Z|O|N, Z) # 0

Jaffe and Manohar,“Nuclear Gluonometry
Phys. Lett. B223 (1989) 218

b



Non-nucleonic glue in deuteron

NPLQCD Collaboration PRD96 094512 (2017) atio Of 3ptand 2pt functions

A -
First moment of gluon transversity o~
distribution In the deuteron, \ ’
t=31] |
m, ~800 MeV
—@-§-§—§—§—§—§—§—m-§-§-§—¢—§‘
~ First evidence for non-nucleonic gluon \
contributions to nuclear structure \ =
: : SRREEEEESE S OTEE B ELAL 21 BF SYSPREST S
 Hypothesis of no signal ruled out to by g - :

better than one part in [0’

© Magnitude relative to momentum ¥x\§§§§¥§§§¥ 5
fraction as expected from large-Nc / S8 EL/\ %
D Ratio o< matrix element S =
| ' for 0 <«[7]<[t IH\.




