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Gluon structure

Gluons offer a new window on nuclear structure

Parton distributions in the proton

Past 60+ years: detalled view 08 e —r—rrrrr—e—H1 Collaboration
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Gluon structure also important -
Unpolarised gluon PDF dominant
at small longrtudinal momentum
fraction

0.4

021

Other aspects of gluon
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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



Gluon Structure from LQCD

How much do gluons contribute to the proton’s

Momentum Mass
© 5pin

What is the 3D gluon distribution of a proton

1 PDFs . TMDs
o GPDs ‘Gluon radius’

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

Gluon 'EMC effect Exotic glue



Gluon radii

1 How does the gluon radius of a proton compare to
the quark/charge radius!?

MIT Bag Model . LQCD with
Constituent heavy quarks
® Quark Model
o S 2 of
gluon radius > charge radius L %

gluon radius < charge radius

gluon radius ~ charge radius

Charge radius: Gluon radius:
slope of electric form factor with 0 slope of gluon form factor with
respect to momentum transfer respect to momentum transfer




Gluon structure of nuclei

Ratio of structure function F, per
How does the gluon nucleon for iron and deuterium

2A
structure of a nucleon B Q)= Y we gl Q) +a(x. Q)

change in a nucleus!? s T
umoer aensity O
partons of flavour g
European Muon he g e
Collaboration (1983): L1 i
“EMC effect” SIRAL {
SupdMay 1
Modification of per-nucleon S ! #’Uﬁj + *
cross section of nucleons | ! ‘Iii» _
bound In nuclel *%.0 01 02 03 0.4 05 06 0.7 06 0.5 10

X

Gluon analogue? Longitudinal momentum fraction



Gluon structure of nuclei

2B Exotic Glue

Contributions to nuclear

structure from gluons not
assoclated with individual

nucleons in nucleus

Exotic glue operator:

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

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



Gluon structure of nuclei

2B Exotic Glue

Contributions to nuclear

structure from gluons not
assoclated with individual

nucleons in nucleus

Exotic glue operator:

nucleon (p|Olp) =0
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Lattice QCD

Numerical first-principles approach to non-perturbative QCD

Fuclidean space-time ¢t — 7

*Finite lattice spacing a

o\/olume L3 X T =~ 323 X 64 r X064

* Boundary conditions

Some calculations use larger- CL
than-physical quark masses (cheaper) \\/

Approximate the QCD path integral by Monte Carlo

()= 5 [ DADTDYO(A, GyleS AT e (0) = = 3~ O]

with field configurations U* distributed according to e >l



Lattice QCD works

Ground state hadron
spectrum reproduced

Predictions for new states with
controlled uncertainties
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p-N mass splitting
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Doing lattice QCD

Correlation decays exponentially

with distance In time: . S
Q ’
Ca(t) = Z Znexp(—Ent)
A all eigenstates with g#'s of proton time X
At late times:
— Zg exp(—Eot) w®
®
3.5F ® _
Ground state mass revealed —~ . L %e, |
( ' ) a:\/B.O F oo ¢ ¢
through “effective mass plot < os ,
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M(t)zln[ 2 ]tﬁEo e
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LQCD 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

Remove time-dependence by
dividing out with two-point
correlators:

C3(t, 7,D,q) o<rt
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sink time g3l
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Gluon transversity

Leading twist gluon parton distribution A(x,Q?)
[Jaffe & Manohar [989]

Unambiguously gluonic: no analogous quark PDF at twist-2

Double helicity flip: non-vanishing in Az QQ) _ 4
forward limit for targets with spin> | ’ ol

1+

Experimentally measurable in unpolarised
electron DIS on polarised target

> Nitrogen target: JLab Lol 2015

> Polarised nucler at EIC




Gluon transversity

Leading twist gluon parton distribution A(x,Q?)
[Jaffe & Manohar [989]

Unambiguously gluonic: no analogous quark PDF at twist-2

Double helicity flip: non-vanishing in
forward limit for targets with spin |

Experimentally measurable in unpolarised
electron DIS on polarised target /

> Nitrogen target: JLab Lol 2015

Measure azimuthal variation

: : , do e*ME
Polarised nucler at EIC A ds = ot | @ Q)+ (- y) B, @)
z(1—y)

2

Az, Q%) cos 2¢




Gluon transversity

Double helicity flip distribution A(x,Q?)

Hadrons: Gluonic Transversity (parton model interpretation)

2 L g
Az, Q%) = —%ég )TrQQa:Q/ y—i 93 (y, Q%) — 95(y, Q%)]

92.5(y, @%): probability of finding a gluon with momentum fraction ¥ linearly
polarised in £, ¢ direction in a target polarised in Z direction

Nuclei: Exotic Glue

. (plOlp) =0
oluons not associated
with individual nucleons ~ (IV, Z|O|N, Z) # 0
In nucleus




Gluon transversity

Calculating lightcone distributions Is challenging in Euclidean space

Moments of A(x,Q?) are calculable in lattice QCD

Moments of distribution Reduced Matrix Element
1 2 2
s (Q°)|An(Q%)
drx" 'A(z. Q%)= =2 n=2.4.6...
/ (@, Q)= e im0

Determined by matrix elements of local gluonic operators

Gluon field strength tensor Polarisation vector (spin-1)
E'|S [G D,... D, } E
<p_ |— KA1 3+ o 229 Lfﬁ# Symmetrise in (1, ..., ILr, , trace subtract in all free indices
_ N\ N —2 / * / %
— (_22) § ,uEul _p,ulE,u )(pVE,UQ _p,quV)

F (1 )] P - P A (@)

Reduced Matrix Element




Gluon transversity

Discrete lattice: rotational symmetry = hypercubic symmetry

Take linear combinations of operators that transform irreducibly
under hypercubic group

0 T 4
Rt , . i“‘}, 0 ¢ .
ik (6, T, D) = adSs ~ Matrix
R " i element
‘ operator
insertion time
Calculate ratio for < T_<k<t.t
SINK Time

All source-sink polarisation combinations (j,k)

Boost momenta up to (I,1,1)

All operators in each hypercubic irrep.



Gluon transversity
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LQCD calculation

W. Detmold, PES, PRD 94 (2016), 014507
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Gluon radii

1 How does the gluon radius of a proton compare to
the quark/charge radius!?

MIT Bag Model . LQCD with
Constituent heavy quarks
® Quark Model
o S 2 of
gluon radius > charge radius L %

gluon radius < charge radius

gluon radius ~ charge radius

Charge radius: Gluon radius:
slope of electric form factor with 0 slope of gluon form factor with
respect to momentum transfer respect to momentum transfer




Gluon radii

Off-forward matrix elements (momentum transfer through operator)

Moments of A(x,Q?%) related to many generalised form factors

<p/E/ pE>

< <
S [GW@'DMB . .z'DMnG,,m]

" A/polﬁrisation vectog‘s Average momentum
Z (AL, _o(8) 8 [(PuBul = BB ) (PoEL, — B Pu)Au, - A, NN

m even

Momentum transfer

+ AT (DY) S [(ApBu; — EuAu ) (AVEY — EFXA)A - Ay P oo Py
+ A (A% S [((AME — B A BB — BB, (AMEL1 ~ E¥A)(PE,, — E,P,,))
X Apy oo Dy Py P
+ AT _5(A%) 8 [(EME’ E,“E; V(PyAy — PayA)Ay o Ay Py oo Py ]
N Ag%\—;;AQ)S [((E P)(PyA,, — Aﬂpﬂl)(AVE//L*Q _E*A,)
+ (B™ - P)(Pulyu, — ApPu)(AvEy, —EAL)) Ayy oo Ay Py - P
. Aé%M22(A2)S (B P)(PuBp — AuPu)(PE — I P,,)
— (B P) (PuBy, = AuPu ) (PuEy, — EvPu,)) Ay - Ay Py - P,
+ A%]\;(A?) (B™ - E)S [(Puly, — AuPu)(PAy, — AP )A,, .. Ay Py, ... P, ]
n Aé%]\}24(A2> (E-P)(E™-P)S[(PuA,, — AP ) (PoAL, — AyPL)A, o Ay Py o Py }



Gluon radii

Off-forward matrix elements (momentum transfer through operator)

Moments of A(x,Q?%) related to many generalised form factors

<p/E/ pE>

< <
S [GHNIiDMB . .z’DunG,,m]

. polarisation vectors Average momentum
(n) 2 A/ ’ ‘ /% x/>|< x
-y {Aljm_2(A WS [(PLE. = ELPL)(PEY —EFPL)Ay . Ay Py o Py

- Momentum transfer

+HASY, o (A?) N, — EuA

o . < Many gluonic radlii: . Pa)

Defined by slope of each
form factor at Q2=A2=0

Hal _,a?)f

AL 2(A?)
= _ _ .
1 (or linear combinations) |, |
+ M2 > [( g )(P# 1 _AMP,U&)(PVE;LQ _El/ Puz)

— (E"4P) (P,AL — AP )(PE,, —E,P)) Ay Ay Py vy Py
Arin_5(A7) E* #)S [(P.A,, — AP, )(P,A,, — AP A, ...A, P P
+ M2 [( B=pr = ,ul)( ve_pg T2y /,1/2) JTEIIRS VYIS Ry Mn]

. /'l/m

+ ’ E- P)<E/* 'P)S [(PMA/M o AMPM)(PVAM T AVPMQ)AMS LA PMm+1 ---Pun] }



Gluon radii

Discrete lattice: rotational symmetry = hypercubic symmetry

Take linear combinations of operators that transform irreducibly
under hypercubic group

0 T 4
Rt , . w““g, 0 ¢ .
ik (6, T, D) = A ~ Matrix
R " i element
| operator
insertion time
Calculate ratio for < T_<k<t.t
SINK Time

All source-sink polarisation combinations (j,k)

Boost momenta up to (I,1,1)

All operators in each hypercubic irrep.



Gluon Generalised FFs

Complicated over and under-determined systems of equations (different

choices of polarisation and boost at same momentum transfer)

Some GFFs suppressed by orders of magnitude

Some GFFs related by symmetries at some momenta

.604

.592
.485

.481
.475

.353
.347
258
.258

.253
.239
.238

.228
.228

0.0590
0.0578
0.0338
0.0183
0.0155

OO0 0000000 OO0 00 0

.549

.546
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.480
.429

.424
412
412
.409
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.0656
.0514
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1.59 x 10— 3

1.19 x 103

0.0424

—2.45 x 103
0.0429

0.0431
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0
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6.61 x 1095
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0
0
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~0.0393
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0

—0.0123
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—1.35 x 10~ °
0

—3.86 x 10—3
0

—-3.33 x 10~ 3
0

5.55 x 109
0
—2.85 x 1073
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Af())(n
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Ag?())(l)
Af())(n
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Ag?())(n
Aé?())(l)

Simplest example:
Transversity GFFs
One basis (2 vectors)
Mtm | (lattice units)
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0.001(29)
0.005(18)
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Gluon Generalised FFs

Complicated over and under-determined systems of equations (different

choices of polarisation and boost at same momentum transfer)
Some GFFs suppressed by orders of magnitude

Some GFFs related by symmetries at some momenta
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Target a subset of
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Simplest example:
Transversity GFFs
One basis (2 vectors)
Mtm | (lattice units)

.179(36)
.150(38)
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.129(32)
.056(31)
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.056(35)
.069(21)
.093(36)
.028(32)
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0.001(29)
0.005(18)
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Gluon transversity GFFs

Detmold, Shanahan, PRD 94 (2016), 014507, Detmold, Pefkou, Shanahan, PRD 95 (2017), 114515

Calculate (' E'|O|pE)
for all accessible p, E, O

d(ss) meson
(simplest spin-| system):

One transversity
generalised form factor can
be resolved at all momenta

Dipole-like fall-off vs |A?]

ATH(A%) (bare)

Complicated
* Extract GFF
analysis o )

0.4

0.3

0.0

, / momentum transfer

Radius: slope at zero

|A?%| (GeV?)
Squared momentum transfer



Gluon distributions

Parton model L ocal gluon operators
. <= <=
Transversity @ _ @ S G Dy D 1, G|
quentum @ $[Gua D D061
(spin-independent)

Helicity ®_, _ @_. 5[0, D, ... Dy
(spin-dependent)



Spin-indep. gluon GFFs

Matrix elements of the spin-independent gluon structure function
“Gravitational form factors’ for n=0
Gluon momentum fraction in forward [imit

Similarly complicated

<p’E’ S [Guaiﬁm...iﬁunGyo‘} pE>
- ¥ {B§7£2>(A2)M2S [ELES A, o Dy Paoi oo P
mme;/(e)n

HBS 2 (AN [(E-E*)P,P A, .. Ay Py - Py ]

HB T (AYS [(E-E™) AN A, .. Ay Py Py

HBIH2 (ADS [((E™ - PYEP, + (E- P)EYP) Apy o Ay Py o P
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Spin-indep. gluon GFFs

Detmold, Pefkou, Shanahan, PRD 95 (2017), [ 14515

“Gravitational form factors”

Similarly complicated decomposition
Three GFFs can be resolved
for all momenta
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Spin-indep. quark GFFs

Detmold, Pefkou, Shanahan, PRD 95 (2017), [ 14515

GFF decomposition has precisely
the same structure as in the z
spin-independent gluon case a
=
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Spin-indep. quark GFFs

Detmold, Pefkou, Shanahan, PRD 95 (2017), [ 14515
C0.2

Gluon vs quark radius depends
strongly on which aspect of
structure Is being probed
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Nucleon spin-indep. gluon GFFs

Nucleon, m, ~450 MeV

Three spin-independent
oeneralised form factors,
one can be resolved from
zero at present statistics

Dipole-like fall-off vs |A2]

Renormalisation +
comparison with quark
GFFs In progress
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Gluon structure of nuclei

Ratio of structure function F, per
How does the gluon nucleon for iron and deuterium

2A
structure of a nucleon B Q)= Y we gl Q) +a(x. Q)

change in a nucleus!? s T
umoer aensity O
partons of flavour g
European Muon he g e
Collaboration (1983): L1 i
“EMC effect” SIRAL {
SupdMay 1
Modification of per-nucleon S ! #’Uﬁj + *
cross section of nucleons | ! ‘Iii» _
bound In nuclel *%.0 01 02 03 0.4 05 06 0.7 06 0.5 10

X

Gluon analogue? Longitudinal momentum fraction



Nuclear physics from LQCD

Nuclei on the lattice;: HARD

Noise:

Statistical uncertainty grows @

exponentially with number

of nucleons

Complexity: |

Number of contractions :::f” =

orows factorially

Calculations possible for A<5



Nuclear glue,

L ook for nuclear (EMC-type)
effects in the first moments
of the spin-independent
oluon structure function

Doubly challenging

Nuclear matrix
element

Gluon observable
(suffer from poor
signal-to-noise)

my; ~450 MeV

Deuteron gluon momentum fraction

Ratio oc matrix element
for 0 < [1]1«<[t

Ratio of three-point to two-point functions

operator insertion time

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

1 10% bounds
R 5 S— S o A % ----- % --------------- .
s 08 Normalised to %

06l proton result ]

m, ~450 MeV m, ~800 MeV




Gluon structure of nuclei

2B Exotic Glue

Contributions to nuclear

structure from gluons not
assoclated with individual

nucleons in nucleus

Exotic glue operator:

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

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



Non-nucleonic glue in deuteron

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

\ t =2
First moment of gluon transversity e : m :
distribution in the deuteron, —
t =
m, ~800 MeV
N_@/mﬁﬁgiﬁmmﬁiiig

First evidence for non-nucleonic gluon
contributions to nuclear structure

t =41 |

§§§§§§§§§§§§*

Hypothesis of no signal ruled out to Py
better than one part in 10’

Magnitude relative to momentum |
fraction as expected from large-N / ST

ﬁ%uﬁ?ﬁ Ratio & matrix element N . 11 rih
i ' for 0 <[]t B ‘

0 5 10 15




Gluon structure from LQCD

Electron-lon collider will dramatically alter our knowledge of the
sluonic structure of hadrons and nuclel

© Work towards a complete 3D picture of parton structure
(moments, x-dependence of PDFs, GPDs, TMDs)

o A(x,Q?) has an interesting role

Purely gluonic

Non-nucleonic; directly probe nuclear effects

> Compare quark and gluon distributions in hadrons and nuclel

Lattice QCD calculations in hadrons and light nucler will complement
and extend understanding of fundamental structure of nature



