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Diversion on tensor charge and the Strumia effect...

PHYSICAL REVIEW LETTERS

Highlights Recent Accepted Collections Authors Referees Search Press

Beyond-Standard-Model Tensor Interaction and Hadron
Phenomenology

Aurore Courioy, Stefan BaeRler, Martin Gonzalez-Alerse~angd Simonetig Liuti
Phys. Rev. Lett. 115, 162001 — Published 15 Dctc:b

Setting the record straight:
First evaluation of the impact of the experimental tensor

charge (g;) on the extraction of BSM type elementary tensor
Interacti

———ltshould have been quoted in INT talk on Week 21

—_— =




Impact on BSM searches
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From EW processes € 97/<6.4x10
Pattie et al, PRC88 (2013)

A. Courtoy, S.Baessler, M. Gonzalez-Alonso, S.L, arXiv:1503.06814
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Outline

» Physics goals
guarks and gluons imaging, origin of mass, spin, nuclear structure

» Theory
Energy Momentum Tensor (EMT) and Generalized Parton Distributions (GPDs): probing
the mechanical properties of the proton

» Method
Femtography. Fourier transforms, merging information from lattice,
models/parametrizations

» Disentangling quark and gluon OAM
twist-3 GPDs (Brandon Kriesten, Thursday),
k; dependence (GTMDs) from lattice (Abha Rajan, Friday)

CENTER for
» A concerted effort NUCLEAR FEMTOGRAPHY

Center for Nuclear Femtography at Jefferson Lab
* organizing a variety of approaches /setting benchmarks
« extraction from experiments at EIC = beyond standard
analyses/computational methods/phen. approaches
» Conclusions and Outlook



1. PHYSICS GOALS
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GPDs and Deeply Virtual Exclusive Experiments

A new paradigm that will allow us to both
penetrate and visualize the deep structure of
visible matter ... to answer questions that we

couldn’t even afford asking before

what is the origin of mass and spin? what is the spatial structure of
hadrons?

NA Press, 2013

by Lfm]

visible matte

By Lfm]

M. Burkardt

what is the distribution of Ph. Haegler, M. Diehl
forces/pressure inside the nucleon? C.Carlson,

M.Vanderheaghen
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GPDs connect to complex phase space distributions (Wigner)

...10 observe, evaluate and interpret Wigner distributions
requires stepping up data analyses from the standard
methods = developing new numerical/analytic/quantum
computing methods




2. THEORY: EMT AND GPDS
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How does the proton get its mass and spin?

1

Locp = E iy D¥ —m) 9 — ZFa,WFéw

Invariance of L o5 under translations and rotations

Energy Momentum Tensor

v 1 — v o v 1 v
from translation inv. ml) Tcch =7 Yy DV e+ T {F“ FY — §gM F2}

Angular Momentum Tensor

from rotation inv. ml M“MD = TQCD /\TQCD
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QCD Energy Momentum Tensor and Angular Momentum

Energy density S=EXB _ Conserved quantities

Momentum

PH = / d>x T

Angular Momentum

MM = / d*x MO

Momentum density

// B - /d3X 2T — 2T
Shear stress Pressure

Angular Momentum density

M/nnl :anml _ xIT/nn
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EMT matrix elements

t=(p-p') =D’
s=0 (p-2)

@ | T | p) = 2 [A(t) P 4 C(1)(A%g" — AF)] + C(t)g"

e @
_ _ , 0“’(’/A’/)

(0, AT [ p, A) = AU (P, A" P” + " PHU(p, A) + BT (p', A)i — -
+C(1)[A2g" — AT (p, N YUK, A) + C (1) g U (p', A')U (p, A)

\

forward off-forward

U(p,A)

g and g not separately conserved
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Energy Momentum Tensor in a spin 1 system

N

Angular momentum sum rule for spin one hadronic systems

Swadhin K. Taneja,** Kunal Kathuria,? T Simonetta Liuti,® * and Gary R. Goldstein® 5

PRD86(2012)

y Lo pug o Lo (€P) (€ P)
<p’,A/|T“ p, A) = —§P’LLP (6/ €)G1(t) — ZP“P e

Ga(1)

_% [AFAY — g" A?] (€*€)G3(t) — i [AFAY — gt A?] (epi\(;z/*P) Ga(?)
1 [ (EP) + (€ P)) P+ 5 0] Gs(1)
_'_i [(6,*M(€P) . E'U,(G/*P)) AY 4+ L v i QQ,LW(EP)(G/*P) . (EI*/J,EV 4+ El*VE,u)A2] Q@(t)

1
+5 [+ e Ga(t) + g (¢ 7€) MG (1)
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Energy Momentum Tensor relations (spin %2)

Momentum

[T )= (o) ooy b

4,9

Angular Momentum

AT +

=1

lfesfarz o) ) das mrffess e !

(Aq,g + Bq,g) —

ang
z

Stress Tensor

(Donoghue et al., PLB 2001, Polyakov Shuvaev (2002) 0207153)
(Goeke Pnl\ml(n\/ ::md QPh\AIp|f7pr(?ﬂn?\ Dnl\/nkn\/ Schweitzer (20

e Gt

T, (F) M/ 0T (AN — A%55) C(t)

C defines the stresses (forces) inside the nucleon
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GPDs and the Energy Momentum Tensor

Jaffe Manohar , The observables
(1990) and Ji e /é for the off-forward
(1997) both saw correlation function
that there was an are the GPDs
off-forward part in
the EMTmatrix

element
p-A
Ji went one step (P — AN | @0)y™W(0,2)q(z7) | P,A)s,—o
forward and
noticed that for MOMENTS
the quark and The EMT off-forward matrix elements
gluon operators coincide with the ones for a specific
defining angular correlation function at z- =0
momentum as

M2 = T ot2q) 4 o {f X (—iﬁ)rw —- {f X (E' X B)

quark field gluon field
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Local operators: OPE&Mellin Moments (X. Ji, 1998)

o"n 1A,

Py - My, (P'|OF 42| P) = T (P') fU(P)Hyn(%, 1) + U(P") U(P)Eg,(&,1)

helicity conserving helicity flip

1
0 dxx”'lHq (x,xt)=H,
Mellin Moments

1
\ n-1 —_
0_1dxx E, (x, X 1) = E,
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2nd Mellin moments

From OPE 4@l From EMT

Nucleon

/d:z:xH(x, 1) = Ago(t) + 200 (t) = A(t) + £2C(t) «—— D-term

B(t) — £C(t)

/dxxE(:B,f,t) = Bao(t) — £2Ca0(1) :

GPDs are the key to interpret the mechanical properties of the
proton
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- Deuteron

>

= From OPE 4@ From EMT

Z/d:m:[Hl(a:,f,t)— %H5(:U,§,t)] = G (t) +£°G(t)  Momentu
2/ dexxHy(x,€,t) = G5(t) gular Momentum
—<Double flip

D-term 2 [ dexHsz(w,&,t) = Go(t) +€°G4(t)  Quadrupole
dependent on

polarization —4/d:va4(x,§,t) = £Gg(1) T-odd

/dx:cH5(x,§,t) -t 5Ge(t) + 1g7(t) Connected to b; SR
8M?2 2

Connecting with observables: work in progress with W. Cosyn and A. Freese
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Momentum/energy, angular momentum and pressure
035 ETMC,'PRD9? (2015‘)
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C2o

Ph. Haegler, JoP: 295 (2011) 012009
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Neutron stars as a laboratory for testing QCD...

» Comparing the QCD EMT with the Equation
of State of neutron stars, after event
GW178017 (see W. Van de Brandt's talk at
SPIN 2018)

» GW178017 is the observation of GWs and
EM waves (gamma burst) from a binary
neutron star merger

» Candidate nuclear matter Equations Of
State (EOS) must now also satisfy the
GW170817 constraints on the Tidal

Deformation of compact stars
V.Paschalidis et al., PRD, arXiv:1712.00451

declination

200.0 195.0
right ascension
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In GR, EMT Is the source of the gravitational field

Action =»Einstein Equations

S_/NLG;GRL:?”]@%\

Ricci scalar =»curvature Flat space

" Mass - Radius

0L, N
- 59#7/ —I_glﬂ/ﬁm 2.5 ) \
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—NL ]
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TOV Equations .
dp  Gle(r)+ Ardp(r)/c®)(p(r)/c® H p)| = ot

Mass (M..)

dr r(r — 2Gle(r)[c?) os

)
1
E W Astro+Exp - =SS e
0.0 s iesemen s L B .
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Constraints ook dtumroof GtStatef i &legrarostatarkam High
Energy Deeply Virtual Exclusive Experiments

= [tC(t)=tC,] Equation of state V.Paschalidis et al., PRD, arXiv:1712.00451
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10

Quarks

extracted from model extracted from model

extracted from model

1.1 : : 1 — T 1 T T T 1
" M alsTal
* T A20, — - 3 C20g
3 09 A204 - - d A
0.8 ' A204q — — - -2 C20y.4 i
2.5 07 Nk A20uq = — - 3p C20ua =
2 s 06 -8 4 -
< 05F < Ll |
1.5 0.4 I - sh i
1 0.3 |- - | -
02 -
0.5 01 F = - -8 - n
0 0 I I 9 | ! | 1 1 I |
0 05 1 1 5 3 35 0 05 1 15 2 25 3 35 4

= [Ay,0)]=p(r) = [Ay(t)] = £(r) & [tC(H] = p(r)
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Gluons

Aop(t) gluons Cop(t) gluons

1 1 1 1 1
[ 52 B - % T %

Azg

& [A% (D] = & & [tC95(1)] = py
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Quarks

Gluons
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Energy density (GeV/fm?3)

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

3

2.5

2

1.5

1

0.5

0

“ [Al‘qZO(t)l] = eq

quarks lattice

0.1 0.2 0.3 0.4
r(fm)

= [A(0)] =g,

gluons

0.2

0.4 0.6 0.8
r(fm)

0.5

r2 Pressure (GeV/fm)

Pressure (GeV/fm3)

0.4

0.3 1

0.2

0.1

-0.1

-0.2

0.05
0.045

0.04 |
0.035 i

0.03
0.025
0.02
0.015
0.01
0.005

25

= [tCh(0] =P,

I
quarks lattice

0.4 0.5

“ [t CgZO(t)] = pg




10/17/2018

Consistency checks: causality, 15t law of thermodynamics (energy

conservation)

causality
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GW/neutron stars data have us raising guestions on some
outstanding problems in a new perspective

» Is the GR EMT the QCD EMT?
For internal consistency of the theory GR EMT is symmetric, how do we deal

with anti-symmetric terms
Bakker, Leader &Trueman (2004), Lorce (2017)

» Mass energy density in QCD
X.Ji (1995), K.F. Liu xQCD (2014), Lorce (2017), Hatta (2018)

» Role of gluons
W. Detmold and P.Shanahan (2018), M. Constantinou (2018)

» Interpretation of forces
M. Burkardt
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The nucleon mass In Lattice QCD

(Hmy / My = 9(2)% (Hg) = gmq M- g H
quark mass
""""""""""""""""""""""""" quark energy
{(X)q=50(7)% and
M = —(fy) = (H,) + () 3
4 4 B <Hg> - Z (X)gM
QCD anomaly
""""""""""""""""""""""""""""" glue energy

Y. Yang et al., xQCD Coll
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A closer look at mass
Hocp = (T°)=H,+ H, + H,, + H,

@E(—i D - v)y) quark energy

gluon field energy

* auacmassanomay
= (trace anomal

Ho=(1P0E-5)) | emguonammm

X. Ji (1995)
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Deuteron

Ratio of Gluons/Quarks

W. Detmold, D.Pefkou, P. Shanahan, PRD95(2017)

1.5

1.0f
L I
[ . 1

T ——

Big(Z) Bzg(Z) Bf(z)
qu(Z) ! Bg(z) : BZ(Z)

0.5F

——
o —
||||||||||||||||
I
—

BIY (A?)/BIY (A?) (bare)

_0.55- I S } —— +— -§i=4

Rescaled by 1/10

experimentally... an open field...



3. FEMTOGRAPHY
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Facing the next challenge....images at the femtoscale

five orders of magnitude below
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The Proton Relativistic Wave Function: Poincaré Invariance

Center of P*

» P*plays the role of mass

» “The subgroup of the Poincaré group that leaves the surface z*=const
Invariant, is isomorphic to the Galilean group in 2D”

» We can disentangle the transverse components from the longitudinal
components in boosts
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Implication
We can map out faithfully the spatial quark distributions in the transverse plane
(no modeling/approximation)
- dn
q(x,b)=——=
dxd b

Soper (1977), Burkardt (2001)
Already a surprise: re-evaluation of nucleon charge distribution

s what dees regetive - Ngutron “textbook” density
o(b) (fm2] 1| \ proton ()= [ ond = |7 -
0.5 charge density must have both -v net charge = 0
0 - integral is wgh‘rdwThZ—)ﬁ gT hg T|9 radius
0 0-5 1 1-5 2 47r2 X (charge density)
b[fm] L
0.1
0 —— ;

-01

o(b) [fm2] _0.2
-0.3 neutron
-0.4

0 0.5 1m1.5 2 GE L S S A e 7 S
MG, Miller(2007) o
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7-

loffe time

Two distinct distance scales

Z+

q(x,b) =

dn
dxd*b
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GPDs involve two types of distance

dz_ . —
H(2,0,8) = [ €= (P— AN | g0)7" (=) | P, Abasco

X distribution‘Fourier transform of non-diagonal density distribution in z-

A distribution ‘ Fourier transform of diagonal density distribution in b

B t=0.1 GoV2 Q¥4 GoV?
T(O b)q-l-(z ) )_} p(oab;z :b) H(x.é.t), ' “—"‘“f-

loffe time reconstruction
A. Rajan, SL (LC Meeting, 2018)




3. OAM AND OTHER
GENERALIZED WANDZURA
WILCZEK RELATIONS

Abha Rajan, Friday
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Definition: Wigner Distributions

vy Hatta Burkardt
LZ‘ = /d:E/d2kT/d2b (b x k)., Wu(w,kT,b) Lorce, Pasquini,
A Xiong, Yuan
Mukherjee,
Courtoy,
Engelhardt, Rajan.
SL
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Possible Observable for Lq

1
M/dsz k% Fia(x,0,k%,0,0) L4(X)
0)

k: moment of a GTMD
(Lorce and Pasquini)

Is there any observable that we can identify OAM with?



Q-

A. Rajan, A. Courtoy, M. Engelhardt, S.L., PRD (2016) arXiv:1601.06117
A. Rajan, M. Engelhardt, S.L., PRD (2018) arXiv:1709.05770

A New Relation

1 1 F
7 /ko‘T k% F14(33,O,k%7070) — _/ dy {EQT +H E}
\ / ’

\ twist-3 GPD

OAM: twist 2 GTMD
>Genera|ized Lorentz Invariance Relation (

T
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M. Engelhardt, PRD (2017)
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Simonetta Liuti

Quark sector :
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EIC =» Adding gluons: Present data consistent with L,<0

1 1
JMN|_ 7JM |+
> — (AG+ L) = LJM + 2AR,
Gluons 08 ———mr—
0.6
0.4 Using the “estimated”
:F’ S ssssssssssssssssl measured value of AG
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Other correlations: quark and gluon spin-orbit
A. Rajan et al, arXiv:1709.05770, PRD

Beam Target Spin Correlation: longitudinally
_— polarized quark density in an unpolarized

proton

chiral odd magnetic moment Chiral symmetry breaking test!
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Interpretation of gauge link
M,(v)

. . 1 1 _ )
/dx/d2kT ./\/l;’X;gA = geqgu” 2P+/ ds (p', A" | (0)y U (0, sv)E (sv)U (sv,0)1(0)|p, A)
0

. 1 1 _ .
/dx/d2kT Mj\f.l/\ = —gv~ 2P+/ ds <p’,A’|w(O)fy+’y5U(O,sv FT(sv)U(sv,0)(0)]p, A)
0

: Force acting on quark
Non zero only for staple link Jond

Ms(v=0)

[dea [ e M = L 0 MO FH OB 0. A)

[dee [ M = 1 0 N0 FH 000, A)
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A more profound understanding of quark-gluon-quark correlations

Z',.ZT 02
0,0 - / >V
Two types ’ =,0

- Difference between JM and Ji (LIR violating term)

) 1
LM(3) L' (x) = M, — M) o= — [ dy s, 3).

* Genuine twist 3 term (Generalized Qiu Sterman)

k2 k
/ Phy 0 M — [ e 35 F = Te(r, 2, A)

An experimental measurement of twist 3 GPDs is sensitive to

OAM but it cannot disentangle the difference between JM and Ji
decompositions
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Relations between gauge links derivatives

d 1,5 (n=2 . i,A(n=3
d’U—_MAAg ) B — Z(ZP—I_)MAA/( )
d | i A(n=2 . i.S(n=3

Jo— MAA’( ) ) = _Z(2P+)MA ( )
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Proton transverse spin configuration
n=>2 n=3

Slope of Sivers function in staple length Genuine twist three d,

0.01— H‘
0.6 . . N
_— Siversg Shifl. ud - quaris o “old” lattice result ;
1 [ 7 [Tt ‘ DIIRRRREEERREEL . SRRl Gh i iy
2 \\ - - e 'Y °
= D2 52 Ll TR ] -
=4 e e 001
'T: (] \ < N O Lattice QCD ©  E01-012 (Resonance + DIS)
= P ¢ C % Sum Rules A E155x
= =041, (™ 0.02 % . .
= =0z . L™ 0 “Ular % Chiral Soliton N ) :
r|_I: lbr| = 0.34 fm, \\ 5 3 o | S o DagModds E9-9 117 + E155x (Combined)
_0.4 DWE \\ il ] C ¥ RSS (Resonance) ®  This Work (CN)
l‘f- oY \ SI0IS 003y 0 e Elastic Contribution (CN) 4 This Work (with low-x, CN)
PRE =LA — s
_w _Iu _5 u 5 Iu W ?:‘ L L L L I L L 1 1 I 1 L 1 1 ‘ 1 1 1 L | 1 L 1 1 I L 1
-0.04
niv| (lattice units) 1 2 3 4 5 6
Q’ [GeV?]

Work in progress: W. Armstrong, F. Aslan, M. Burkardt, M. Engelhardt, SL
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4. ANEW EFFORT

Brandon Kriesten, Thursday
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Multi-process, multi-variable analysis

v' Deeply Virtual Compton Scattering ¢

v Deeply Virtual Meson Production |

v Timelike Compton Scattering

v Double DVCS
v DVCS, TCS with Recoil Polarization
v Exclusive DY

(BTW...NEED EIC TO CARRY OUT THIS PROGRAM)
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All the channels

~N._

~N._

DVCS TCS DDVCS

o

) H EH =

P

P

Exclusive pion induced DY (EDY), T. Sawada et al., PRD93 (2016)
accessible at LHC SPIN = P. Di Nezza’s talk
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)

Because we are able to describe it as a GPD,
OAM can be disentangled from data

\

A. Rajan et al, PRD (2016) arXiv:1601.06117
A. Rajan et al, arXiv:1709.05770



How do we detect all this?

» Need to handle unprecedentedly  Venue: Center for Femtography
large and varied volumes of data 4t jJefferson Lab

from different sources

» The analyses requirements call
for an evolution of the standard
physics methodologies.

» Infusion of Data Science methods
Into the physics analysis workflow
provides that evolution.

» No centralized hub!

» White paper with benchmarks is
needed!

Announcing Uva Symposium on Imaging and Visualization
December 10-11, 2018







Symposium on
Imaging and Visualization
in Science

December 10-11,20186
University of Virginia

B This symposium will bring together
scholars and researchers from Virginia
universities and research institutes

® to discuss recent developments and
future opportunities in the imaging
and visualization of scientific data.

https://pages.shanti.virginia.edu/femtography/
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