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from lattice QCD
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Gluonic Structure

Past 60+ years: detalled view
of quark structure of nucleons

Gluonic structure (beyond

oluon density) relatively

unexplored Electron lon Collider:
The Next QCD Frontier

Understanding the glue

Electron-lon Collider | A Rt sl

Cover image from EIC whitepaper arXiv::1212.1701

Priority in 2015 long range plan

“Understanding the glue that
binds us all”

What can LQCD do to help?




Lattice QCD for the EIC

Electron-lon Collider

Precision gluon structure
Timescale~ 2025

Lattice QCD

Gluonic observables challenging!
Few results so far:

o Gluon momentum fraction
[Meyer&Negele; Gockeler et al.;Yang et al.]

© Gluon contribution to helicity

[Liu et al, Alexandru et al.]

Electron lon Collider:
The Next QCD Frontier

Understanding the glue
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K.F. Liu, C. Lorce, arXiv:1508.00911




Gluonic Structure

What does a proton look like™?

Stat_ip Boosted

e )\ PO Bag Model: Gluon field distribution is

e B ‘Bag wider than the fast moving quarks.

® © _o®,/ Gluon radius > Charge Radius

-~ Constituent Quark Model: Gluons and
PR ' %o . seaquarks hide inside massive quarks.
Oy %09 Gluon radius ~ Charge Radius

. Lattice Gauge theory (with slow moving
" ofo quarks), gluons more concentrated
“0%e / inside the quarks:

“w" Gluon radius < Charge Radius

Abhay Deshpande, 2016 National Nuclear Physics Summer School



Gluonic Structure

Studying gluonic structure of hadrons/nuclei is hard

Gluon probed only indirectly in electron scattering from
hadrons/nuclel (does not couple to photon)

Other processes less clean: heavy flavour production
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Gluonic Transversity

Double helicity flip structure function A(x,Q?)
Purely gluonic observable
Well-defined
Hadrons: Gluonic Transversity

Nuclel: Exotic Glue

> gluons not associated
with individual nucleons
N nucleus

» operator In nucleon = 0 (p|O|p) =0
operator in nucleus # O (N, Z|O|N, Z) + 0
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Double Helicity Flip Gluon
Structure Function

Targets with |> | have leading twist gluon parton distribution

A(x,Q?): double helicity flip [Jaffe & Manohar 1989]

Unambiguously gluonic: no analogous quark PDF at twist-2
Vanishes in nucleon: measure of exotic glue in nuclel

Experimentally measurable

> Nitrogen target: |Lab Lol 2015 [J. Maxwell]
- Polarised nucler at EIC [R. Milner]
Moments calculable in LOCD




Double Helicity Flip Gluon
Structure Function

Hadronic tensor for inelastic lepton scat

spin-one target

lering from a polarized

structure
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Double Helicity Flip Gluon
Structure Function

Hadronic tensor for inelastic lepton scattering from a polarized
spin-one target:
structure

., 1 g B M*? q-E M? function
e[ o)) (5 o) ]

2 2
qu.49v q 4 4 /% M 1% 2
o [g,uu _ C]2 + /iVQ (p,u T q_2qM> <pu _ q_QQV)] [E - B + /wzq - B q- E] } A(SB, Q )

Helicity amplitude basis:

W (D, g, B, E') = E"*EPW 4, 05(p, q)

Wivas® @) = ) P(hH,WH )y 0pAnm e (p,q)
hH.h'H'

Changes both photon and target helicity
by 2 units: A(z,Q?%) = ARL 1L




Double Helicity Flip Gluon
Structure Function

Measurable in unpolarised electron DIS on transversely
polarised target as azimuthal variation

Nitrogen target: |Lab Lol 2015 [J. Maxwell]
Polarised nuclel at EIC [R. Milner]



Double Helicity Flip Gluon
Structure Function

Measurable in unpolarised electron DIS on transversely
polarised target as azimuthal variation

Nitrogen target: |Lab Lol 2015 [J. Maxwell]
Polarised nuclel at EIC [R. Milner]

Parton model interpretation

A(x, QQ) = —aségQ)TrQQ $2/ % [gﬂ?z (y7 QQ) — 9y (:Ea Qz)}

g9z.5(y, @) : probability of finding a gluon with momentum fraction y linearly
polarised Iin &, ¢ direction

"How much more momentum of transversely polarized particle carried by
gluons aligned rather than perpendicular to it in the transverse plane”



Double Helicity Flip Gluon
Structure Function

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

Moment of Structure Function Reduced Matrix Element
1 2 2
- as(Q°)|An(Q7)
drz" "A(z. Q%)= =2 n=2.4.6...
/0 (2, Q) 3 n+2 T ’

Determined by matrix elements of local gluonic operators

Symmetrize and trace subtract in t1, ..., i
<=

<=
<pE/\§ [G“’“ Dy - D””GV’”MPE Symmetrize and trace subtract in [t1, . - ., ln
— (_Zi)n_2§ uE;a*l _meﬁk)(vauz — P B

£ (110 V)] Py - D An(QP) -

Reduced Matrix Element




LQCD Calculation

First LQCD calculation w bemold & Pes PRD 94 (2016), 0145071
First moment in @ meson (simplest spin-1 system, eventually == nuclei)

Lattice detalls: clover fermions, Luscher-VWelsz gauge action

L/a T/a B amy amsg
24 64 6.1 -0.2800 -0.2450
a (fm) L (fm) T (fm)  jm; (MeV)] mg (MeV)
0.1167(16) 2.801(29) 7.469(77) | 450(5) 596(6)
me (MeV) m. L m, T Netg Nere
1040(3) 6.390 17.04 1042 10°

Many systematics not addressed (yet)!
Quark mass effects Discretisation

Volume effects Renormalisation



LQCD Calculation

Calculate lowest moment of A(x,Q?):

Moment of Structure Function

1
/ drx" Az, Q?)
0

Reduced Matrix Element

@8(Q2)

An(Q?)

37

n + 2

Ratio of LOQCD correlators Rjx(t, 1, D):

Y

n=246...,

OCAQ?

KT



LQCD Calculation

Calculate lowest moment of A(x,Q?):

Moment of Structure Function

T
/ drx" Az, Q%)
0

Reduced Matrix Element

aS(QQ)

An(Q?)

37

n —+ 2

Ratio of LOQCD correlators Rjx(t, 1, D):

, n=246...,
operator
insertion time
x As, 0 |7

<K

sink time

5




LQCD Calculation

More specifically,

CoR'(t,7,p) = ZZ P {n;(t,9) O(7,§) nj(0,0))

—Z e—Etz e (5, M) BN OB N)
AN

2pt tﬁ) Z sz 77] t a:) T(076>>

| =2, (75 + e PT0) S 5 0l (5, V)
ratio depends on AN
polarisations,

CR(t,7,p) + C;t' (T — t,T — 7,p)
C:Pt(t, p)




LQCD Calculation

More specifically,

CHU(t, 7, ) = zz L (t,5) O(7, ) 1;(0,0)

—7 e—EtZ B (5, ) e (5, M) (5, MO, X')
AN

O =2 e e, 1 (0,0))

:Z¢( o —B(T— t)) Y (B) (5. \)elB (5, X)
ratio depends on AN
polarisations,

nglljt(a Y4 ) Cspt( _taT_Taﬁ)
Cjr'(t,P)

All polarisation combinations (},k) (7, \) =

Boost momenta up to (I,1,1) »

Examine all elements of each hypercubic irrep. 5y = m(1,0,0).



LQCD Calculation

Ratio of correlation functions determines reduced matrix elt.
p=(0,0,0)

0 P+ P—
Po( f 0 0 \
P+ 0 mf/‘g?
Ao e




LQCD Calculation

Ratio of correlation functions determines reduced matrix elt.
p=(0,0,0)

P+ P—
PO ( }AQ 0 0 \
P+ 0 _m\2/§2 :
o\ 00y

p=(1,1,1) (lattice units)

Lo




LQCD Calculation

Lattice QCD quantity oc Ao, KTt
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LQCD Calculation

Lattice QCD quantity oc Ao, KTt

0.5

0.4

sink 0.3
time B

0.2

Az in py tsink=5
red
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operator insertion time



Lattice QCD quantity o< Aa,

sink
time

Az in O} tsink=6

LQCD Calculation

0.1+

KL T

0.5/
04!
0.3
02!
01!

0.0+

1135333333138

| | | | | |

10 15

T

operator insertion time

20



LQCD Calculation

Lattice QCD quantity o< Ao, KTt

05—

0.4+

sink 031
time B

o.2§ ! ;
WIS ! %
B! ] *

0.1+

Az in o} Lsink=7

operator insertion time



LQCD Calculation

Lattice QCD quantity o< Ao,

sink
time

Az in o} tsink=8

0.1+

KL T

0.5/
0.3 %
02"

0.1+

IIIIIIIIIIIIIIIIIII

0.0+
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operator insertion time



Lattice QCD quantity o< Ao,

sink

£
AN
<
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Lattice QCD quantity o< Ao, IR

operator insertion time
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Lattice QCD quantity o< Ao, IR
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Lattice QCD quantity o< Ao, IR

.. IIHHH
P ] |
. T

operator insertion time



LQCD Calculation

A,, various sink times t

sink time t

|

operator insertion time 1
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operator insertion time 1
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0.08
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0.04

0.02

absolute statistical error
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Gluonic Radii

Off-forward matrix elements are complicated

Fo: moments of A(x,Q?) related to many form factors

<p/E/ pE>

< <>
S {GM D, ... DMGW@]

_ Z {Ag@; 3(t, 1) S [(PuEy, — EuPu)(PyES — EFP)A o Ay (P o Py ]
m odd
m=3
+ A5 ot 12) S [(ApEu, — EuAu)(AVEY —EFAL)AL . Ay Pu ... P.]
+ AT o (t,12) S [(AuEuy — Byl )(PE — B P,,) — (A E? — E*A,)(PyE,y, — By Pyy))
XAy Ny Py Py
+ AT st u2) S [(BuEY — B EX) (P Ay, — PiyA)Ay o Ay (P o P
+ Aé”z’bg\jg’”%s (B P)(PuAy, — AP )(ALES —EFA,,)
+ (B™ - P)(PuAy, — AP ) (AVE,, —E,AL) Ay oo Ay Py .. Py ]
+ A; ’)”]\;it ) g [((E- P)(P,A,, — AyPu ) (PyES — EI*P,,)
— (E™-P) (P,A, — AP ) (P Ey, — ELP,)) Ayy ... Ay, Pury - P
N Ag%;\;gt,ﬁ) (E™ - E)S [(PulAy, — AP ) (PAy, — AyPL )ALy o Ay, (P .. Py, ]

Aén%S(t“)EPE’*P P.A A, P, ) (P,A A, P, A A, P P
+ MA ( ' )( ' )S[(u p1 T Sp Ml)( vy T S uz) ps s P 1 ey - un}}




Gluonic Radii

Off-forward matrix elements are complicated

Fo: moments of A(x,Q?) related to many form factors

<p/E/ pE>

= > {AF) s @128 [(PuBy, — BuPu)(PoBL, — B Py - Ay Py - P

° Hm—1 llfn:l

<

<>
S {GM Dy, ... DMGW?]

+ Aétlfr)n—?)(t? /’1’2) S T o E/*‘Aﬂl)(AVE//,L*Q T EI/J*A,UQ)ANJS e Aﬂm—lplufm e P,uni|
+A‘g,,l721 3(t7 - . A/viwﬂl -
A\A .

(n) —
i ﬁ’& K= i

VP E* —E*P )= (NE™ — BN MPE. = E/P,))

Many gluonic radii:
- Detined by slope of each
. pft) form factor at Q?=t=0 } ;

PP . — AP (P E; —ESP,)

o (El* (PMAIM o AMPIM)(PVE/Q o EVPM2)) Aus s Aum_lpum <. P,un]
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Gluonic Structure circa 2025

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
(PDFs, GPDs, TMDs)

A(X,Q2> has an interesting role 3

Purely gluonic

Non-nucleonic: directly probe nuclear effects 2 W
Compare quark and gluon distributions in hadrons and nuclel

Lattice QCD calculations in hadrons and light nucler will be
avallable



