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Objective of these lectures

Deeply virtual Compton
scattering (DVCS)

Off -forward matrix element

dz—

izPt 2z~ W (—Z = 2 .
ge P <p”8,‘¢(—§)FW(_§j §)¢(§)‘p?s>‘z+=|2]_|=0
|

Non -local operator

What is the physical meaning/content
of such a correlator ?



vo  ASpatial imaging

u-we  ALightfront & phasespace pictures
we  AEnergymomentum tensor

Th-Fr - AMass & spin decompositions

7 AMechanical properties

=» Do not hesitate to ask questions !
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Spatial structure

3D structure is fundamental to understand physical properties

i.e.thermal, electrical , mechanical, é
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Spatial structure through elastic scattering

Example: X-ray diffraction
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Spatial structure through elastic scattering

Example: X-ray diffraction

Diffraction pattern

Incident X-rays Diffracted X-rays
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Relativistic treatment _ | _

in Born approximation © Pi pf €
Spin-0
target
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Nuclear elastic scattering

Crystals & atoms d~107%m = Aw=x10%eV = X-rays

High -energy

. ~ 10—15 ~ 109
Nuclei & nucleons d=~ 10 m = hw~10"eV = electron beams

A Large recoil for light nuclei!
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Nucleon form factors
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Electromagnetic current matrix elements

Normalization  ('|p) = (27)32p° 6 (5" — p)

3 @', 8'[74(0)[p, s) = a(p’, s" )T (P, A)u(p, s)

o ANY
PH(PA) = 7L (Q) + = Fa(@Q?)
N N Dirac N Pauli
p= P — % p’ =P+ % form factor form factor
F1(0) =qn,  F2(0) = kN
Electric Anomalous
charge magnetic moment

Sachs form factors QT B QZA/ AM2 Mass shell constraints
Gr(Q%) = F1(Q%) — TF(Q7) (PLAP A2 o P-A=0
Gu(Q%) = Fi(Q%) + F2(Q7) ’ P2 = MZ(1+ 1)
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Non-relativistic interpretation

3
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Semirelativistic interpretation (Sachs approach)
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[Belitsky, Ji, Yuan, PRD69 (2004) 074014]



Semirelativistic interpretation (Sachs approach)
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Semirelativistic interpretation (Sachs approach)
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Semirelativistic interpretation (Sachs approach)
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Semirelativistic interpretation (Sachs approach)
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[Sachs, PR126 (1962) 2256]
[Friar, Negele, In  Adv. Nucl. Phys., Vol.8 (1975) 219]



Semirelativistic interpretation (Sachs approach)
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Semirelativistic interpretation (Sachs approach)
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P=0 = A= D0 0
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Breit frame distributions
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Breit frame distributions
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Breit frame distributions

Proton Neutron
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Breit frame distributions

Proton Neutron
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Relativistic interpretation (IMF approach)

Probabilistic interpretation

A f ik
- Infinite -momentum frame v
valdly - /D <« |A| < |6p] < P° \ﬁ

domain

P, = A’x~A, <P

[Bouchiat, Fayet, Meyer, NPB34 (1971) 157]
[Soper, PRD15 (1977) 1141]
[Burkardt, PRD62 (2000) 071503]



Relativistic interpretation (IMF approach)

A 5/

Probabilistic interpretation L. f‘) fp
Infinite -momentum frame ww\

P

valdly - /D <« |A| < |6p] < P°

domain

P, = A’x~A, <P

i(Gy X A . .
(' N I0(0)[ps A |1y = 2P° [Snn F1(Q2) + (*“;MN ) FQ(Q2)] Q.. = A?

[Bouchiat, Fayet, Meyer, NPB34 (1971) 157]
[Soper, PRD15 (1977) 1141]

[Burkardt, PRD62 (2000) 071503]



Relativistic interpretation (IMF approach)

Probabilistic interpretation

Validity
domain

W NI T (O)lp, W)y = 2P°

2D charge distribution

1/D < |A] <« |6p] < P°

Infinite -momentum

A f ik
frame  vww
\ﬁ

P, = A’x~A, <P

2 Z
O F1(Q7) + 2

(T \\ X 5 pe -
(O.AA ) F2(Q2)] Q2}IMF:A?L

Galilean symmetry under finite boosts

=2 No recoil correction !

[Bouchiat, Fayet, Meyer, NPB34 (1971) 157]
[Soper, PRD15 (1977) 1141]

[Burkardt, PRD62 (2000) 071503]



Other approaches with similar results

Light -front quantization and Drell -Yan frame A" =0

[Ralston, Jain, Buniy,  AIP Conf. Proc. 549 (2000) 1, 302 ]
[Burkardt, IJMPA 18 (2003) 2,173 ]
[Miller, PRL99 (2007) 11200]
[Carlson, Vanderhaeghen, PRL100 (2008) 032004]
[Freese, Miller, PRD105 (2022) 1, 014003]

The instant form The front form



Other approaches with similar results

Light -front quantization and Drell -Yan frame A™ =0 (noneedio considerlMF)

iiaozl:a?’

V2

a

Tata® e,

a=la",a,a%,a”

[Ralston, Jain, Buniy,  AIP Conf. Proc. 549 (2000) 1, 302 ]
[Burkardt, 1IJMPA 18 (2003) 2,173 ]
[Miller, PRL99 (2007) 11200]
[Carlson, Vanderhaeghen, PRL100 (2008) 032004]
[Freese, Miller, PRD105 (2022) 1, 014003]

The instant form The front form

Method of dimensional counting (IvVFaveragedver all directions)

[Fleming, In  Phys. Reality & Math. Descrip. (1974) 357]
[Epelbaum, Gegelia, Lange, Meissner, Polyakov, PRL129 (2022) 012001]
[Panteleeva, Epelbaum, Gegelia, Meissner, PRD106 (2022) 5, 056019]




IMF distributions
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IMF distributions
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IMF distributions
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Generalized parton distributions
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Generalized parton distributions
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Generalized parton distributions
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Hadron tomography

(2+1)D picture AT =0

[Soper, PRD15 (1977) 1141]
[Burkardt, PRD62 (2000) 071503]
[Burkardt, IIMPA18 (2003) 2, 173]
[Diehl, Hagler, EPJC44 (2005) 87]



Hadron tomography

(2+1)D picture AT =0 tome = « cut »
graphein = « draw/write »
pion cloud quark core elastic limit
x<0.1 x~0.3 x~0.8
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Hadron tomography

(2+1)D picture AT =0

Gauge invariance and spin

O s

tomé = « cut »
graphein = « draw/write »

pion cloud quark core elastic limit

4L
vy '

x<0.1 x~0.3 x~0.8

W="P

2

-5 AT =0
exp ig]_ dy~ A" (y) = 1

’Y+

Leading n
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Hadron tomography

(2+1)D picture AT =0

tomé = « cut »
graphein = « draw/write »

pion cloud quark core elastic limit

4L
vy '

x<0.1 x~0.3 x~0.8

W="P

2

-5 AT =0
exp ig]_ dy~ A" (y) = 1

) vt~ 5)\;)\q Unpolarized quark
Leading n
twist G Y5 (03))\;)\[1 Longitudinally polarized quark

"50'j+75 ~ (O'j))\{qu Tranversely polarized quark

[Soper, PRD15 (1977) 1141]
[Burkardt, PRD62 (2000) 071503]
[Burkardt, IIMPA18 (2003)2, 173]
[Diehl, Hagler, EPJC44 (2005) 87]



Lightfront picture



Forms of dynamics

Space-time foliation

ct
A « Space »
= 3D hypersurface

« Time »
= hypersurface label

Instant form dynamics

Time z°
Space T

Energy P’
Momentum 7]

[Dirac, RMP21 (1949) 292]
[Brodsky, Pauli, Pinsky, PR301 (1998) 299]



Forms of dynamics

Space-time foliation Light -front components
at = \%(ao + a?)

A “ « Space » A e

= 3D hypersurface

y

« Time »
= hypersurface label

Instant form dynamics Light -front form dynamics
Time z° ot
Space T i,z
Energy P’ p-
Momentum 7 L, p+

[Dirac, RMP21 (1949) 292]
[Brodsky, Pauli, Pinsky, PR301 (1998) 299]



Instant formvslight-front form

Ordinary point of view




Instant formvslight-front form

Light front point of view




Instant formvslight-front form

Initial frame
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Instant formvslight-front form

Boosted frame

/0

/3
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Instant formvslight-front form

Infinite - momentum frame

/0



Lightfront Poincaré algebra

Transverse space-time symmetry

[J'?”jj‘j — [ iapj_] —
[J°, B ] = (B, P~] =
[BiaBi} - [Biap_i_] -

[Kogut, Soper, PRD1 (1970) 2901]
[Burkardt, IIMPA18 (2003) 2, 173]
[C.L., EPJC78 (2018) 9, 785]



Lightfront Poincaré algebra

Transverse space-time symmetry
(73, Tt = ie* 7]
[J3, B] = ie* B/,
[Bi? Bi} =0

[Bj_a P_] — _ij_

[Kogut, Soper, PRD1 (1970) 2901]
[Burkardt, IIMPA18 (2003) 2, 173]
[C.L., EPJC78 (2018) 9, 785]



Galilean/norrelativistic algebra

Galilean symmetry
[T, J7] = ielk g¥
[J*, BY] = ie"I* B*
[Bi? Bj} =0

[B*, P’] = —i6" M
(B, H] = —iP"
[B', M] = [J*,M] = [J*,H] = 0

[Kogut, Soper, PRD1 (1970) 2901]
[Burkardt, IIMPA18 (2003) 2, 173]
[C.L., EPJC78 (2018) 9, 785]



Galilean/norrelativistic algebra

Galilean symmetry

[T, J7) = i€k " (B!, P] = —i6" M
[J*, B] = i€k B* (B!, H] = —iP"
(B, B’] =0 [B', M] = [J°,M] = [J°,H] = 0

Position operator

[R!, P/] = i6Y1
[Ri: RJ] =0
[J¢, R7] = ie"* R*

[Kogut, Soper, PRD1 (1970) 2901]
[Burkardt, IIMPA18 (2003) 2, 173]
[C.L., EPJC78 (2018) 9, 785]



Galilean/norrelativistic algebra

Galilean symmetry

[T, J7) = i€k " (B!, P] = —i6" M
[J*, B] = i€k B* (B!, H] = —iP"
[B',B’] =0 [B', M] = [J°,M] = [J°,H] = 0
Position operator
B'= —-MR' = [R', P7] =691
[Ri: RJ] =0

[J¢, R7] = ie"* R*

[Kogut, Soper, PRD1 (1970) 2901]
[Burkardt, IIMPA18 (2003) 2, 173]
[C.L., EPJC78 (2018) 9, 785]



Galilean/norrelativistic algebra

Galilean symmetry

[J*, J7] = i P "
[J*, B7] = ie"’" B"
[Bi? Bj} =0

Position operator

B' = -MR'

I
<

Galilean boost M’

[B*, P’] = —i6" M
(B, H] = —iP"
[B', M] = [J*,M] = [J*,H] = 0

= [Ri,PI] =il

[Ri: RJ] =0
[J¢, R7] = ie"* R*

[Kogut, Soper, PRD1 (1970) 2901]
[Burkardt, IIMPA18 (2003) 2, 173]
[C.L., EPJC78 (2018) 9, 785]



Lightfront Poincaré algebra

Bl = L(K'+ %) Jl=L(J+K?
B = L(K*-J") TP =P - K"
Transverse space-time symmetry
72, 71 = i 7] (B, P]] = —io7 P*
/7. B1] = ie™ B] By, P7] = —iP]
(B, B)] =0 [BL, PT]=[J%, P =[J%P] =0
Transverse position operator
B, = —-P*R} => [R,P]]=1i6"1
(R, R\ ]=0

[J3, R ] = i3 R,

Transverse boost Pr=p" pl=pL+pTL

[Kogut, Soper, PRD1 (1970) 2901]
[Burkardt, IIMPA18 (2003) 2, 173]
[C.L., EPJC78 (2018) 9, 785]



Lightfront densities

Normalizations (", 5llpT.7L) =
2pt (2m)2 6 (p'T — pT) 8P (B - pL)
Localized states (Pt =
2pt 2w d(p't — pt) 6P (L - 7L
momentum space \p+ 5 ]:ﬁ)

mixed space p*,7L) = / ——

[Soper, PRD15 (1977) 1141]
[Burkardt, PRD62 (2000) 071503]

[Diehl, EPJC25 (2002) 223]
[Burkardt, IIMPA18 (2003) 2, 173]



Lightfront densities

Normalizations (', 5l |pT.71)

_ 2pT 2n)? 5(p't — p) P (Bl - p1)
Localized states (' LT, L) =

ot 2 s(p't —pH) 6B (FL — 7))
momentum space ‘p+ ’ ﬁL)

— d2 D T
mixed space p,7L) = / e

Impact -parameter dependent distributions (IPDs) et =0

W7 / de~ J* (2)|p*, L) =

[Soper, PRD15 (1977) 1141]
[Burkardt, PRD62 (2000) 071503]

[Diehl, EPJC25 (2002) 223]
[Burkardt, IIMPA18 (2003) 2, 173]



Lightfront densities

Normalizations (o', 5l|pT.7L)

_ 2pt (2m)2 5(p"t — pT) 6P (L — pL)
Localized states ('t 7T, L) =
2pt 2mo(p't —ph) 52 (Fl —71)
momentum space \p+ , ]ﬂ)
. — d2pJ— —ip | T g
mixed space |p+,71) = /W6 P ‘p+,pJ_>

&)

2

. /dm iR r oy (PTLSEIT0)| P, -

2P+

Y

Internal distribution

[Soper, PRD15 (1977) 1141]
[Burkardt, PRD62 (2000) 071503]

[Diehl, EPJC25 (2002) 223]
[Burkardt, IIMPA18 (2003) 2, 173]



Lightfront densities

Normalizations (o', 5l|pT.7L)

_ 2pT 2n)? 5(p't — p) P (Bl - p1)
Localized states

Wt Elpt L) =

ot 2 s(p't —pH) 6B (FL — 7))
momentum space ‘p+ ’ ﬁL)

— d2 D T
mixed space Ipt, 7L = / e

X/d2AL _i&i.(i-‘i_fv’i) <P+1A_2L‘J+(O)‘P+1_A2_J_>
2P+

Internal distribution

Drell -Yan frame

NB: /d:r;_ < AT =0 is essential to ensure
probabilistic interpretation !

[Soper, PRD15 (1977) 1141]
[Burkardt, PRD62 (2000) 071503]

[Diehl, EPJC25 (2002) 223]
[Burkardt, IIMPA18 (2003) 2, 173]



Lightfront densities

Unpolarized quark IPD by =d) — 7L
Hy(z,&,t)
N AL R g R ——
x,by —/ e "Lt Ho(x,0,—A 2P+
Q( ) (2m)> ol 1) t =A% =2ATA~ — A2

[Burkardt, IIMPA18 (2003) 2, 173]



Lightfront densities

Unpolarized quark IPD

q(z,b.) —/

d2AL _iA B 79
(27)°

Center of Pt Bl — M*i = / do~ d2, (zT*
2 ! — 42, 7, T+
R de” dx, 7, TT " (x)

:F

1 S pt = e
— P+ T_J_,ﬂpn — :U?‘L T_J_,?‘L
n T

Hq(l',f,t)
A-f—
f - _W

t= A2 =2AtAT - A?

[Burkardt, IIMPA18 (2003) 2, 173]



Lightfront densities

Unpolarized quark IPD by =i — 7L
Hy(z, €, 1)
T d2Ai iA | b A2 £ = _A_+
q(x, by —/ e "=t Ho(x,0,—A T a2pT
) (27{.)2 q( J_) Ao oaia /_{i
Center of P* Bl = M*i= /da:_ A2, (atTH — ol T
> L — 42, =, Pt — Pt
“w_ |,

1 o~ -+ o
— F E rinpb, = E LTl n
n n

pion cloud quark core elastic limit

@ @ [ - LR

x<0.1 x~0.3 x~0.8

[Burkardt, IIMPA18 (2003) 2, 173]



Lightfront densities

Unpolarized quark IPD by =i — 7L
Hy(z, €, 1)
T d2Ai iA | b A2 £ = _A_+
q(x, by —/ e "=t Ho(x,0,—A T a2pT
) (27{.)2 q( J_) Ao oaia /_{i
Center of P* Bl = M*i= /da:_ A2, (atTH — ol T
> L — 42, =, Pt — Pt
“w_ |,

1 St = e
— P+ T_J_,ﬂpn — :U?‘L T_J_,?‘L
e n

pion cloud quark core elastic limit

‘} H l (b1)(x) = [ %, b q(,b.) —_—

Jd?bg(x,b1)
x<0.1 x~0.3 x~0.8

asaresultof x, = 0, Z:cn =1

[Burkardt, IIMPA18 (2003) 2, 173]



Lightfront densities

JLab Hall A JLab CLAS HERMES
| = xg=0.36 e x5=0.25 = x;=0.09

0.2 0.4_t ( Gevz? 0.2 0.4_t ( Gevz)o 0.2 0.4_t (GeV)
Flatin t Steepin t
Narrowin b Wide in b

[Guidal, Moutarde Vanderhaghen, RPP76 (2013) 066202]



Lightfront artifacts

[Burkardt, IIMPA18 (2003) 2, 173]
[Carlson, Vanderhaeghen, PRL100 (2008) 032004]



Lightfront artifacts

Neutron
at rest

aVAVAVAVAVA

S®  pa=-191

Magnetic dipole
moment

[Burkardt, IIMPA18 (2003) 2, 173]
[Carlson, Vanderhaeghen, PRL100 (2008) 032004]



Lightfront artifacts

Neutron
at rest
Jl?est < O
3
Jrest > 0

S®  pa=-191

Magnetic dipole
moment

[Burkardt, IIMPA18 (2003) 2, 173]
[Carlson, Vanderhaeghen, PRL100 (2008) 032004]



Lightfront artifacts

Neutron
at rest
J2 <0
e&,t > 0
= —1.91
Magnetic dipole

moment

[Burkardt, IIMPA18 (2003) 2, 173]
[Carlson, Vanderhaeghen, PRL100 (2008) 032004]



Lightfront artifacts

Neutron
at rest
Jl?est < O
3
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S®  pa=-191

Magnetic dipole
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Lightfront artifacts

Neutron
at rest
Jl?est < O
3
Jrest > 0

S®  pa=-191

Magnetic dipole
moment

! e — 3 dBT
— 7 % j[d __j[
d| =UX [ -

Induced
electric dipole
moment

[Burkardt, IIMPA18 (2003) 2, 173]
[Carlson, Vanderhaeghen, PRL100 (2008) 032004]



Lightfront artifacts

Transverse electric dipole moment

(Cﬁ) = /dzlu bL )OLF(EL) =

[Burkardt, IJMPA18 (2003) 2, 173]
[C.L., EPJC78 (2018) 785]
[Chen, C.L., PRD107 (2023) 9, 096003]



Lightfront artifacts

Transverse electric dipole moment S =5/5 €, © Tivp

(d1) = /dzlu b1 prr(bl) = ——"— kN

[Burkardt, IJMPA18 (2003) 2, 173]
[C.L., EPJC78 (2018) 785]
[Chen, C.L., PRD107 (2023) 9, 096003]



Lightfront artifacts

Transverse electric dipole moment S =25/ €. < Tip
(di) = /d bibypLr(br) = iy N
é’z X S_J_ é'z X S_J_
= —Gu0)— ——GE(0
oy M0 = = GE)

\ J
Y

Expected from Lorentz
transformation

[Burkardt, IJMPA18 (2003) 2, 173]
[C.L., EPJC78 (2018) 785]
[Chen, C.L., PRD107 (2023) 9, 096003]



Lightfront artifacts

Transverse electric dipole moment S =25/ €. < Tip
di)= [ d*bL b b)) = ——
(d1) / 1 b1 prr(by) i N
Electric
charge
A A {—l—]
é’z X S_J_ é'z X S_J_
= —Gu0)— ——GE(0
IR m(0) YV £(0)

\ J
Y

Expected from Lorentz
transformation

[Burkardt, IJMPA18 (2003) 2, 173]
[C.L., EPJC78 (2018) 785]
[Chen, C.L., PRD107 (2023) 9, 096003]



Lightfront artifacts

Transverse electric dipole moment S =5/5 €, © Tivp
dy —/dzfufu LF(bL) = ——— KN
(d1) pue(b1) = =
Electric
charge
— A — a
e, X S_J_ e, X S_J_
= —Gpu(0)— =——GE(0
2M N (0) 2M N (0)
Expected from Lorentz Transverse shift
transformation of center of P*

[Burkardt, IJMPA18 (2003) 2, 173]
[C.L., EPJC78 (2018) 785]
[Chen, C.L., PRD107 (2023) 9, 096003]



Lightfront artifacts

Transverse electric dipole moment S =5/5 €, © Tivp
(di)y= [ d®bLbLprr(br) = =——— kN
2M N
Electric
charge
— ~ — A !_A_\
e, X S 1L e, X S L
= —Gn(0) — —GE(0
ST (0) = =55 Ge0)
Expected from Lorentz Transverse shift
transformation of center of P*
Nucleon
at rest

.*x/\/\/\/\/\

[Burkardt, [JMPA18 (2003) 2, 173]
[C.L., EPJC78 (2018) 785]
[Chen, C.L., PRD107 (2023) 9, 096003]



Lightfront artifacts

Transverse electric dipole moment S =5/5 €, © Tivp
(di)y= [ d®bLbLprr(br) = =——— kN
2M N
Electric
charge
— ~ — A !_A_\
e, X S 1L e, X S L
= —Gn(0) — —GE(0
ST (0) = =55 Ge0)
Expected from Lorentz Transverse shift
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at rest
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Lightfront artifacts

Transverse electric dipole moment S =5/5 €, © Tivp
dr —/dszbL LF(bL) = ——— KN
(d1) pue(br) = <530
Electric
charge
— ~ — a !_A_\
e, X S 1L e, X S L
= —Gnu0)— =—GEg(0
ST (0) = = e (0)
Expected from Lorentz Transverse shift
transformation of center of P*
Nucleon
at rest
P, >0
Centerof P |
P, <0

[Burkardt, [JMPA18 (2003) 2, 173]
[C.L., EPJC78 (2018) 785]
[Chen, C.L., PRD107 (2023) 9, 096003]
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Textbook claim: « R* does not exist »
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Position operator in QFT

Textbook claim: « R* does not exist »

Il n realityé it depends on what you
Canonical Vector under Compatibility of Four -vector
relation rotations components transformation

Position operator
[RY, P =i6Y  [J', R7| = ie"* R” [R\, R =0 R'™ = A* R”

[Pryce, PRSLA195 (1948) 62]
[Newton, Wigner, RMP21 (1949) 3, 400]
[Fleming, PR137 (1965) B188]
[C.L., EPJC78 (2018) 785]



Position operator in QFT

Textbook claim:

7

« R* does not exist »

Il n realityée it depends on what you
Canonical Vector under Compatibility of Four -vector
Center Position operator relation rotations components transformation
[RY, P] =iV | [J', R7] = i7" RF [R\, R =0 R'™ = A* R”
a = (0] )
P Rl = 2 [ o dPa, ot T = DL €9 2D
1 = ﬁ X ryl T = —ﬁ

[Pryce, PRSLA195 (1948) 62]
[Newton, Wigner, RMP21 (1949) 3, 400]
[Fleming, PR137 (1965) B188]
[C.L., EPJC78 (2018) 785]



Position operator in QFT

Textbook claim:

7

« R* does not exist »

2D

3D

Il n realityée it depends on what you
Canonical Vector under Compatibility of Four -vector
Center Position operator relation rotations components transformation
[RY, P] =iV | [J', R7] = i7" RF [R\, R =0 R'™ = A* R”
a = (0] )
) 1 . B
P R = ﬁfdx— doy o\ TH = 5t & &9 & €9
1 B0 g
Energy Ri = ﬁ/d‘”’:z: PT = -5 & & €9 €9

[Pryce, PRSLA195 (1948) 62]

[Newton, Wigner, RMP21 (1949) 3, 400]

[Fleming, PR137 (1965) B188]

[C.L., EPJC78 (2018) 785]



Position operator in QFT

Textbook claim:

« R* does not exist »

2D

3D

Il n realityé it depends on what you
Canonical Vector under Compatibility of Four -vector
. relation rotations components transformation
Center Position operator
[R, P7] = i6" | [J', RI] = i % RF [R', R7] =0 R'"™ = A" RY
a = (0] )
) 1 . B
P R = ﬁ/dgg— doy o\ TH = 5t 2 & & €9
1 B0 g
Energy Ri = ﬁ/d?’x PT = -5 o & €9 €5
Mass Rh, = A", R%| & /] €9 /.

[Pryce, PRSLA195 (1948) 62]

[Newton, Wigner, RMP21 (1949) 3, 400]

[Fleming, PR137 (1965) B188]

[C.L., EPIJC78 (2018) 785]



Position operator in QFT

Textbook claim: « R* does not exist »

Il n realityé it depends on what you n

Canonical Vector under Compatibility of Four -vector

Center Position operator relation rotations components transformation

[R, P7] = i6" | [J', RI] = i % RF [R', R7] =0 R'"™ = A" RY

a = (0] )
T it % ®

1 S0 g
Energy Ry = ﬁ/d?’miToo =25

) . P'RL. 4+ MR
Canonical R = g My

@
% @ (X X

Mass Rjy = A, Ry, % % (X % 3D
@ @ % (X

PO+ M

[Pryce, PRSLA195 (1948) 62]
[Newton, Wigner, RMP21 (1949) 3, 400]
[Fleming, PR137 (1965) B188]
[C.L., EPJC78 (2018) 785]



Position operator in QFT

Textbook claim: « R* does not exist »

Il n realityé it depends on what you n

Canonical Vector under Compatibility of Four -vector

Center Position operator relation rotations components transformation

[R, P7] = i6" | [J', RI] = i % RF [R', R7] =0 R'"™ = A" RY

a = (0] )
T it % ®

1 S0 g
Energy Ry = ﬁ/d?’miToo =25

) . P'RL. 4+ MR
Canonical R = g My

@
@ @ (X X

Mass Rjy = A, Ry, & % (X % 3D
@ @ % (X

PO+ M

Localized states . RE: p .
— on spacelike R.|A =77 M= [ ———¢ "7
hype?surface ¢ ‘ _> ‘ _> ‘ _7 (27.(.)3 /2p0 ‘p> [Pryce, PRSLA195 (1948) 62]
[Newton, Wigner, RMP21 (1949) 3, 400]
=0 [Fleming, PR137 (1965) B188]

[C.L., EPIJC78 (2018) 785]
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Phase-space representation
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Spatial distributions (general formalism)

Phase-space representation

d°P L
WO = [ Gz PR (R P) (0) 5@
Miswouion PvBP) = /d?’ze_iﬁ YR - R+ ) () —/ (;I)Jg ePT ()
d3 s e o o - (pl)
- / (2«?3 e RPN (P + DYP(P — 3) T

[Wigner, PR40 (1932) 749]

[Carruthers, Zachariasen, PRD13 (1976) 4, 950 ]
[Hi Il 1l ery, O6Connel |, Scully,
[Bialynicki -Birula, Gornicki, Rafelski, PRD 44 (1991) 1825]



Spatial distributions (general formalism)

Phase-space representation

d*P L
WO = [ Gz PR (R P) (0) 5@
Mectuton. el P) = /dgze_iﬁ%*(é— (i +3) %Z’(F)—/(gi?g 7T ()
Bo Gty
= [ G B+ HIP - e
2
Quasi-probabilistic interpretation ) [Y(R)]
R py (R, P) = [(P)[?
/3 py (R, P)
BP . )
P) = 2
[ s pul P = (R

[Wigner, PR40 (1932) 749]

[Carruthers, Zachariasen, PRD13 (1976) 4, 950 ]
[Hi Il 1l ery, O6Connel |, Scully,
[Bialynicki -Birula, Gornicki, Rafelski, PRD 44 (1991) 1825]



Relativistic spatial distributions

Internal distribution ¥ =0

@)= [ L4 maon (£ OO - 3)
(27)° VAP = (&)

[C.L., Mantovani, Pasquini, PLB776 (2018) 38]
[C.L., EPJC78 (2018) 9, 785]
[C.L., Moutarde, Trawinski, EPJC79 (2019) 89]



Relativistic spatial distributions

Internal distribution ¥ =0

@)= [ L4 maon (£ OO - 3)
(27)? VA(PO)Z —(A0)?

= (0)g p(7), T=T-R

[C.L., Mantovani, Pasquini, PLB776 (2018) 38]
[C.L., EPJC78 (2018) 9, 785]
[C.L., Moutarde, Trawinski, EPJC79 (2019) 89]



Relativistic spatial distributions

Internal distribution ¥ =0

2 A
(0),5(7) —/ A ix@-m P+ 2100)P - F)
R, (27{')3 \/4(130)2 . (AO)Q
= (0); 5(F), T=7-R
Elastic frames A= P-A 0 (no energy transfers=» same initial and final boost factor)
PO
L 5! A /4, f‘) fﬁ
Ww ———> T =
P \ ‘ﬁ
i IMF

[C.L., Mantovani, Pasquini, PLB776 (2018) 38]
[C.L., EPJC78 (2018) 9, 785]
[C.L., Moutarde, Trawinski, EPJC79 (2019) 89]



Relativistic spatial distributions

Fundamental features

1) The notion of spatial distribution relies on  simultaneity
2) Probabilistic interpretation requires  factorization of P-dependence

[C.L., EPJC78 (2018) 9, 785]
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Relativistic spatial distributions

Fundamental features

1) The notion of spatial distribution relies on  simultaneity
2) Probabilistic interpretation requires  factorization of P-dependence

Condition 2) is satisfied by Galilean symmetry
é b wmat Lorentz symmetry ! P = /P2 M3 (14 7)

Traditional perspectivee maintain strict probabilistic interpretation by

A neglecting recoil corrections
A restricting to Galilean subgroup

Phasespace perspective relax to quasi-probabilistic interpretation
but fully account for frame dependence !

[C.L., EPJC78 (2018) 9, 785]
[C.L., PRL125 (2020) 232002]



Relativistic spatial distributions

. _5, /17'
Elastic frame VWMV
P.A \ﬁ
D — 0o 2z
P=Pe, = A"= 70
A =0 = A, =0 < /dz

[C.L., Mantovani, Pasquini, PLB776 (2018) 38]
[C.L., PRL125 (2020) 232002]
[Panteleeva, Polyakov, PRD104 (2021) 1, 014008]
[Kim, Kim, PRD104 (2021) 7, 074003]



Relativistic spatial distributions

A /ﬁl
Elastic frame T

P=Pe,
A% =0

= A= PA,

PO
= A, =0 & /dz

Abel
transform

-

¥ line of
< sight

[C.L., Mantovani, Pasquini, PLB776 (2018) 38]
[C.L., PRL125 (2020) 232002]
[Panteleeva, Polyakov, PRD104 (2021) 1, 014008]
[Kim, Kim, PRD104 (2021) 7, 074003]



Relativistic spatial distributions

' é /ﬁl £(bL) \
Elastic frame VWV
\f)’ Abel < \
P.A transform
]3 — P.¢e = AO _ Lz
- PO Fr) gl
- > b
2D charge distribution PEE (b P,) = /dz <JD>E,Pz5Z ()
_ / CAL iz g, W 51T00)p, 5)
(27)? 2P0 -

[C.L., Mantovani, Pasquini, PLB776 (2018) 38]
[C.L., PRL125 (2020) 232002]
[Panteleeva, Polyakov, PRD104 (2021) 1, 014008]
[Kim, Kim, PRD104 (2021) 7, 074003]



Relativistic spatial distributions

A p’ Fb \
Elastic frame Yy / (b.)

AVAVAVAV]
N A \
D __ = 0 2=z
P=Pe, = A= 70 £r) )
L b,
A’ =0 = A,=0 < /dz
2D charge distribution | p5F (b, ; P.) = /dz (J°) 5 p.e. (T)
N / CAL xp 081°0)ps)
(27)? 2 PO op

Interpolates between BF and IMF
P (b150) = f dz pg’ (F) }

EJ_ = ZTU'J_ — RJ_
EF /1 . _ IMF /7’
pe (bi;00) =pr (b1)
[C.L., Mantovani, Pasquini, PLB776 (2018) 38]
[C.L., PRL125 (2020) 232002]
[Panteleeva, Polyakov, PRD104 (2021) 1, 014008]
[Kim, Kim, PRD104 (2021) 7, 074003]



Fourcurrent amplitude

Lorentz transformation of an off -forward amplitude

’ y "= A,
(', '[T*(0)|p, ) # A", (plp, "7 (0)|ps, 5) y ;

P = A,



ThomasWigner rotation

/\ Relativistic boosts do not commute ! (K", K] = —iek gk

[Thomas, Nature 117 (1926) 514]
[Wigner, ZP124 (1948) 665]
[Wigner, RMP29 (1957) 255]
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ThomasWigner rotation

/\ Relativistic boosts do not commute ! (K", K] = —iek gk

p,s = 0)

st g
Prest; 0) [Thomas, Nature 117 (1926) 514]

[Wigner, ZP124 (1948) 665]
[Wigner, RMP29 (1957) 255]



ThomasWigner rotation

/\ Relativistic boosts do not commute ! (K", K] = —iek gk

Z[R(pB?Aboost)}sBs \p, S = O')
A

Aboost (PB — P)

‘pBaSB — O'>

— PB)

st g
Prest; 0) [Thomas, Nature 117 (1926) 514]

[Wigner, ZP124 (1948) 665]
[Wigner, RMP29 (1957) 255]



Fourcurrent amplitude

Lorentz transformation of an off -forward amplitude

<p,a'9,“]ﬂ ‘p? Z D Js)f pB? Dggs(pBaA) AM;/ <pranB‘JU(O)‘pBaSB>

[Durand, De Celles, Marr, PR126 (1962) 1882]



Fourcurrent amplitude

Lorentz transformation of an off -forward amplitude

@, s |.T74(0)p, ) Z D30, (0, VDY), (pp, A) A, (plg, $51.7 (0)|ps, 55)

[Durand, De Celles, Marr, PR126 (1962) 1882]

Confirmed by explicit evaluation of spinors A=A/|A] Q*|er = A%
®, & 17°O0)lp, )] oy = 2Mn 7 { | | en(@?)
+ 3 [ } \/FGM(QZ)}
#5172 O0)lp, ) o = 2M 7 {5 | | u@?)
| | (@)
B, 8" T(0)Ip, 8) | e = 2M N VTGu(Q?)

[Chung, Polyzou, Coester, Keister, PRC37 (1988) 2000]
[Rinehimer, Miller, PRC80 (2009) 015201]

[C.L., Wang, PRD105 (2022) 9, 096032]

[Chen, C.L., PRD106 (2022) 11, 116024]



Fourcurrent amplitude

Lorentz transformation of an off -forward amplitude

(p',s'|7"(0)|p, ) Z D) (W, MDY (5. A) A, (plg, s517 (0)|ps, 55)

[Durand, De Celles, Marr, PR126 (1962) 1882]

Confirmed by explicit evaluation of spinors A=A/|A] Q*|er = A%

@', s'17°00)p, 8)| o = 2Mn { [5sfscosﬁ’ + (Fys x A1), sin 9} Gr(Q?)
+ 3 [—5“ sinf + (Gys X iA L), cos 9} \/FGM(QZ)}

8| TO)p, 8| o = 2My 5 {[5 [5 cos 0+ (Gos X iAL), sin 9] G (Q?)

+ [—5513 sin 6 + (Fyrs X iA L) cos 9] \/FGM(Q2)}

<p/7 Sl‘Ji(ONp’ SHEF - 2]\JN (GZ)S’S (gz X iAl)i \/;GM(QZ)

[Chung, Polyzou, Coester, Keister, PRC37 (1988) 2000]
[Rinehimer, Miller, PRC80 (2009) 015201]

[C.L., Wang, PRD105 (2022) 9, 096032]

[Chen, C.L., PRD106 (2022) 11, 116024]



Fourcurrent amplitude

Lorentz transformation of an off -forward amplitude

(p',s'|7"(0)|p, ) Z D) (W, MDY (5. A) A, (plg, s517 (0)|ps, 55)

[Durand, De Celles, Marr, PR126 (1962) 1882]

Confirmed by explicit evaluation of spinors A=A/|A| Q%|pr = A2
/40 B - A . 2 Boost parameters
(', '7°(0)[p, )|y = 2Mn 5 { [5815cos(9—|— (Gors X iAL), sme} G (Q?)

N 0
5 [0 sin0+ Gy x 1A L) cos0] V7GI(Q?)) g L

P T

8| TO)p, 8| o = 2My 5 {[5 [5 cos 0+ (Gos X iAL), sin 9] G (Q?)

. Wigner rotation
+ [F0vssing + (Gus x A1), cos0] VTG(Q?)) & !

PP+ My(1
cosf = mak L5 i)

T (0)|p, )] e = 2My (02)ars (82 % IA L) VTG (Q?) o M\I/V;Pl -
- (PO + MNn)VI+T

[Chung, Polyzou, Coester, Keister, PRC37 (1988) 2000]
[Rinehimer, Miller, PRC80 (2009) 015201]

[C.L., Wang, PRD105 (2022) 9, 096032]

[Chen, C.L., PRD106 (2022) 11, 116024]
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Local probes

Photon exchange Graviton exchange
(~1) (~10-%9)
e k k' e e k K’
% lA ? lA
N N N N
Electromagnetic Energy-momentum
current tensor
Electromagnetic Gravitational

form factors form factors



A non-local probe

Deeply virtual Compton scattering (DVCS)

Y

€
High -velocity quark
along z-direction

[Ji, PRL78 (1997) 610]
[Ji, JPG24 (1998) 1181]
[Diehl, PR388 (2003) 41]
[Belitsky, Radyushkin, PR418 (2005) 1]



A non-local probe

Deeply virtual Compton scattering (DVCS)

Y

rf-\j;:-velocity quark

along z-direction

V(=5 WY(5) =~ 0y v0) +

b

Jtoc JV 4+ J?

Electromagnetic

current [Ji, PRL78 (1997) 610]

[Ji, JPG24 (1998) 1181]
[Diehl, PR388 (2003) 41]
[Belitsky, Radyushkin, PR418 (2005) 1]



A non-local probe

Deeply virtual Compton scattering (DVCS)

€

D TWe(ES) ~ B0 TR0) + 2 B0y DT(0) +

{ {

J+ X JO T J3 T++ o TOO 4 T03 + TBO 4 T33
Electromagnetic Energy-momentum
current tensor

[Ji, PRL78 (1997) 610]
[Ji, JPG24 (1998) 1181]
[Diehl, PR388 (2003) 41]
[Belitsky, Radyushkin, PR418 (2005) 1]



Mellin moments

Local LF operators

dz= . p+ - — _ _
fd:m:n ;Tezxp z w(_%)l"ww(%):

[Ji, PRL78 (1997) 610]
[Ji, JPG24 (1998) 1181]
[Diehl, PR388 (2003) 41]
[Belitsky, Radyushkin, PR418 (2005) 1]



Mellin moments

Local LF operators

[ daan [ GBI ) = e BOTGD ) (0

[Ji, PRL78 (1997) 610]
[Ji, JPG24 (1998) 1181]
[Diehl, PR388 (2003) 41]
[Belitsky, Radyushkin, PR418 (2005) 1]



Mellin moments

Local LF operators

2T

dz= . o - — _
f dea” | S P P— ) TW(5) =

First moment '=~"

[ w60 = Fr)
[ e B0 = P2

Electromagnetic
form factors

[EPB8 (v'|O(x)|p)
x, A
(plO(x)|p) [BBES] B '|0lp)
T A
—— A=0
(plOlp) [[Charges] — dz

[Ji, PRL78 (1997) 610]
[Ji, JPG24 (1998) 1181]
[Diehl, PR388 (2003) 41]
[Belitsky, Radyushkin, PR418 (2005) 1]



Mellin moments

Local LF operators

dz= . o - — _
f dea” | S P P— ) TW(5) =

2T

First moment '=~"

[ w60 = Fr)
[ e B0 = P2

Second moment I =~"

Electromagnetic
form factors

/dm:Hq(x,g,t) = A, (t) + 42 C,(t)

[ dwa S 1H, + Bg0) = 7,0

Gravitational
form factors

[Ji, PRL78 (1997) 610]

[Ji, JPG24 (1998) 1181]
[Diehl, PR388 (2003) 41]
[Belitsky, Radyushkin, PR418 (2005) 1]



Mellin moments

Local LF operators

[ daan [ GBI ) = e BOTGD ) (0

Spin-dependent operators

I'= fy+fy5 == Longitudinal polarization and spin -orbit correlation

[C.L., Pasquini, PRD84 (2011) 014015]
[C.L., PLB735 (2014) 344]
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Mellin moments

Local LF operators

[ daan [ GBI ) = e BOTGD ) (0

Spin-dependent operators

I'= fy+fy5 == Longitudinal polarization and spin -orbit correlation

[C.L., Pasquini, PRD84 (2011) 014015]
[C.L., PLB735 (2014) 344]

I'= ,}/i% == Transverse spin and color Lorentz force

[Burkardt, PRD88 (2013) 114502]
[Aslan, Burkardt, Schlegel, PRD100 (2019) 9, 096021]

I' = O'?:+"}/5 == Transverse polarization and spin -orbit correlation

[C.L., Pasquini, PRD93 (2016) 3, 034040]
[Bhoonah, C.L., PLB774 (2017) 435]



Energymomentum tensor (EMT)

Mass, spin and pressure are all encoded in the EMT

Energy Momentum
density density
) * 701 702 03
THY — g;g —  Shear stress
i T30 1 Normal stress  (pressure)
Energy Momentum

flux flux



Energymomentum tensor (EMT)

Mass, spin and pressure are all encoded in the EMT o33

>

Energy ou
density

'* 701 02 703 ]

T10 1
720
TSO

TH =

—  Shear stress

Normal stress  (pressure)

Central object for A Nucleon mechanical properties
A Quark -gluon plasma
A Relativistic hydrodynamics
A Stellar structure and dynamics
A Cosmology
A Gravitational waves
A Modified theories of gravitation

Ae




Gravitational form factors (GFFs)

l A Poincaré symmetry constrains the form
of the EMT matrix elements
p P
Symmetrized variables p="? P A=p —p, t = A2
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[Pagels, PR144 (1966) 4, 1250]
[Ji, PRL78 (1997) 610]



Gravitational form factors (GFFs)

l A Poincaré symmetry constrains the form

of the EMT matrix elements
/

p p

Symmetrized variables P =

Spin-0 target T = Y T

PHPY | ARAY - g A2
M

Calt) + Mg C, (1)

[Kobzarev, Okun, JETP16 (1963) 5, 1343]
[Pagels, PR144 (1966) 4, 1250]
[Ji, PRL78 (1997) 610]



Gravitational form factors (GFFs)

l A Poincaré symmetry constrains the form

of the EMT matrix elements
/

p p

Symmetrized variables P =

Spin-0 target T = Y T

PHPY | ARAY - g A2
M

Calt) + Mg C, (1)

0 = (p'|0,T"" (x)|p) = iA,(p"IT*" (x)Ip)

[Kobzarev, Okun, JETP16 (1963) 5, 1343]
[Pagels, PR144 (1966) 4, 1250]
[Ji, PRL78 (1997) 610]



Gravitational form factors (GFFs)

l A Poincaré symmetry constrains the form

of the EMT matrix elements
/

p p

Symmetrized variables P =

Spin-0 target T = Y T

pep” | ARAY - g A2
M

Calt) + Mg C, (1)

Non -conserved

0= (|0, T (@)lp) = il (P [T (2)lp) = | D Cult)=0

a

[Kobzarev, Okun, JETP16 (1963) 5, 1343]
[Pagels, PR144 (1966) 4, 1250]
[Ji, PRL78 (1997) 610]



Gravitational form factors (GFFs)

Spin-1/2 target

(P, s'|TE(0)|p, s) = u(p', s")TL (P, A)u(p, s)

[Pagels, PR144 (1966) 4, 1250]
[Ji, PRL78 (1997) 610]
[Bakker, Leader, Trueman, PRD70 (2004) 114001]



Gravitational form factors (GFFs)

Spin-1/2 target

(P, s'|TE(0)|p, s) = u(p', s")TL (P, A)u(p, s)

pHpY ALAY — g A? .
D (PA) = —— Aa(t) + = Ca(t) + Mg Ca(t)
PligVIAA PlujgVIA A,
+ Wi Ja(t) T Wi Sa(t)

[Pagels, PR144 (1966) 4, 1250]
[Ji, PRL78 (1997) 610]
[Bakker, Leader, Trueman, PRD70 (2004) 114001]



Gravitational form factors (GFFs)

Spin-1/2 target

(P, s'|TE(0)|p, s) = u(p', s")TL (P, A)u(p, s)

pHpY ALAY — g A? .
D (PA) = —— Aa(t) + = Ca(t) + Mg Ca(t)
PlrigVIA A, PlujgVI A
+ Wi Ja(t) — Wi Sa(t)

:L-{My'/} = aty” + ¥yt

x[‘“yy} = ghy” — ¥yt

NB: Because of the Dirac equation, alternative but equivalent parametrizations
maylookquite different !

Gordon _ _ PH oY A,
o ulps) = W) | T + (e

[Pagels, PR144 (1966) 4, 1250]
[Ji, PRL78 (1997) 610]
[Bakker, Leader, Trueman, PRD70 (2004) 114001]



Fourmomentum conservation

: P
Expectation value (Pl') = WP p) _

‘ {plp)




Fourmomentum conservation

: PH PITO2(0
Expectation value (PH) = (| P4 p) — (PIT*(0)]p)

{p|p) 2p0



Fourmomentum conservation

(p|PYlp) _ (PIT.*(0)Ip)

Expectation value (Py) = wlp) 250

(p|TH (0)|p) = 2p"p” Ao (0) 4+ 2M?gH" Cy, (0)



Fourmomentum conservation
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Fourmomentum conservation

: PH PITO2(0
Expectation value (PH) = (| P4 p) — (PIT*(0)]p)

{p|p) 2p0

(PITL (0)|p) = 2p"'p” Aq(0) 4+ 2M?gH C, (0)
_ <P£L> = p’U’Aa (0) + — gO,u,Ca (O) Not a four -vector !

Lightf M?*
Ightfront <P£LF> — p;U«Aa (O) 4+ g-l—#ca(o)

version

p = (" £p%)/V2



Fourmomentum conservation

H Ope
Expectation value (PHY = (| P4 p) — (PIT*(0)]p)

{p|p) 2p0

(p|TH (0)|p) = 2p"p” Ao (0) 4+ 2M?gH" Cy, (0)

_ <P’u> = p’U’Aa(O) + — gO”Ca(O) Not a four -vector !

a

Lightfront B M?
version <P£LF> =P AL(0) + — 9+#Cﬂ(0) = <P¢:,_LF> = A4(0) p*
l—Y—J
pt =" £p%)/V2 g9 = N /d:m:f{‘(as)

Deep-inelastic
scattering



Fourmomentum conservation

: PH PITO2(0
Expectation value (PH) = (| P4 p) — (PIT*(0)]p)

{p|p) 2p0

(p|TH (0)|p) = 2p"p” Ao (0) 4+ 2M?gH" Cy, (0)

=D <P£L> — p’U'Aa,(O) + p—o QO“CQ(O) Not a four -vector !
2
Lightfront M -
\g/]ersion <P£LF> =P Aa(0) + p—+ g Ca(0) = <P;,_LF> = A,(0)p*
++ _ '
bt = 0 )/ o - @ s

Deep-inelastic
scattering

Four-momentum sum rules

D Al0) =1
a Y Ca(0)=0




Fourmomentum conservation

H Ope
Expectation value (PH) = (| Palp) _ (PIT57(0)lp)

{p|p) 2p0

(p|TH (0)|p) = 2p"p” Ao (0) 4+ 2M?gH" Cy, (0)

_ <P’u> = p’U’Aa(O) + — gO”Ca(O) Not a four -vector !

a

Lightfront M? _
\g/]ersion <pﬂﬁLF> ="' Aq (O) +— 9+#Cﬂ(0) = <P;,_LF> - AG(O) P+
= /d:r:rff(:r)

Deep-inelastic
scattering

pe = £p%)/V2 9=

Four-momentum sum rules

D Al0) =1

pH = ZUD#) N - Why two sum rules ?
- Zé (0) =0 What is the meaning of C,(0) ?




Mechanical equilibrium

Physical interpretation is simpler in target rest frame

A (0) + C,h(0) 0 0 0
(rese| J 2 T8 (2) |prest) _ o 0 —Ca(0) 0 0
(Drest|Prest) N 0 0 —C4y (0 0

0 0 0 C,(0




Mechanical equilibrium

Physical interpretation is simpler in target rest frame
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0 0 0 C,(0
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Olpe O O
& V
O 0 ps O
010 0 p,

=» —(,(0) measuresthe average stress (or pressure)
exerted by subsystem «a



Mechanical equilibrium

Physical interpretation is simpler in target rest frame

A (0) + C,h(0) 0 0 0
<prest‘ fdg‘x Té’”” (Zu”)‘prest> _ M 0 _OQ(O) _0 0
<prest ‘prest> 0 0 —Ca, (O) _0
0 0 0 C,(0
ca!l O 0 O
Olpe O O
& V
O 0 ps O
010 0 p,

=» —(,(0) measuresthe average stress (or pressure)
exerted by subsystem «a

Mechanical equilibrium implies D pa=0 = > C(0)=0
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Hadron spectroscopy

Lattice QCD reproduces very well the light hadron spectrum

M[MeV]

2000 -
| e
1500- EE-;—E*
| 3 |FHa
1000- A
_ EK* —— N
: 1P
5001 K —_ xermen
o input
—— T & QCD

[Durr etal , Science 322 (2008) 1224]



Hadron spectroscopy

Lattice QCD reproduces very well the light hadron spectrum

M[MeV]

2000
] 0
1 =
1500 - =
; S
: B Lk
1000- |+
: Ealy
500_' e K —— experiment
1 == width
o input
—~—n # QCD
0
[Durr etal , Science 322 (2008) 1224]
€ but this does not tomginl

of the hadron masses

One of the goals of the EIC is to provide clues
to this fundamental question

us



What Is mass ?




What Is mass ?

In relativity, there are essentially two equivalent
definitions of mass -




What Is mass ?

In relativity, there are essentially

definitions of mass

« Formal » definition

/\ Not additive !

two equivalent

p*p, = M?

' =py +py =

A global Lorentznvariant quantity
characterizing the physical system

M? = p? + p; +2pq - Py



What Is mass ?

In relativity, there are essentially two equivalent
definitions of mass

« Formal » definition p*p, = M? A global Lorentznvariant quantity
characterizing the physical system

/\ Not additive ! pr=ph4pt = MP=pl4pi+2p,-p,
« Physical » definition plu, = M Proper inertia (i.e. resframe energy)
y "
T of the system

CM four - o
velocity ur=r /M

= pg + pg Rest frame
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What Is mass ?

Poincaré symmetry tellsusthat  (p|T"(0)|p) = 2p"p”  (¥|p) = 20°(27)*6@ (5" — )

« Formal » definition <p‘T ,U,(O)‘p> =2M In the literature one often
introduces arad hoc;
) .. lization fact
« Physical » definition <prest‘TOO (O)‘prest> — 2M2 normalization factor

/\ Only expectation values correspond to physical quantities !
(State normalization is a pure human convention)

= « Formal » definition

dvTH
(| J W (@)lp) M, dv—ud
(p‘p> Proper volume

element

_ <p1"ef5t‘ fdngOO(x)‘prest>

Test <prest ‘prest>

_ (ol [ d*2T™(z)|p)
(p|p)

= « Physical » definition (H)| — M

ut = p" /M (P'”’)u# #:M
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Trace decomposition

The behavior under spacetime dilations is determined by

gn=T"z, = Oy = ™,

Quark mass and quantum corrections break conformal symmetry

w ,8(9') 2 — — [Cr.ewthe_r, PRL28 (1972) 1421]
T = [— G 4+ vm, ?,Dm?,b] + YPmap [Chanowitz, Ellis, PRD7 (1972) 2490]
K 29 [Adler, Collins, Duncan, PRD15 (1977) 1712]
: Y ’ T [Collins, Duncan, Joglekar, PRD16 (1977) 438]
Trace anomaly Quark mass [Nielsen, NPB120 (1977) 212]

matrix



Trace decomposition

The behavior under spacetime dilations is determined by

gn=T"z, = Oy = ™,

Quark mass and quantum corrections break conformal symmetry

Tr”“ |:ﬁ(g) G2 + E w] _|_ E ¢ [Crewther, PRL28 (1972) 1421]
= | === m m [Chanowitz, Ellis, PRD7 (1972) 2490]
H 29 F}/m [Adler, Collins, Duncan, PRD15 (1977) 1712]
L Y J 1 [Collins, Duncan, Joglekar, PRD16 (1977) 438]
Trace anomaly Quark mass [Nielsen, NPB120 (1977) 212]
matrix
_ B(g) 2 N vy — Nucleon -
= M = ([dV (52 C? 4y dmep)) + ([ AV Ypmy)) () Moo meson

Near -threshold
2
<G ) heavy meson
production

[Shifman, Vainshtein, Zakharov, PLB78 (1978) 443]
[Donoghue, Golowich, Holstein, CMPPNPC2 (1992) 1]
[Kharzeev, PISPF130 (1996) 105]
[Hatta, Rajan, Tanaka, JHEP12 (2018) 008]



Trace decomposition

The behavior under spacetime dilations is determined by

gn=T"z, = Oy = ™,

Quark mass and quantum corrections break conformal symmetry

Tn [ B(g) o2 E " E " [Crewther, PRL28 (1972) 1421]
= | 2A\9L + m ] + vm [Chanowitz, Ellis, PRD7 (1972) 2490]

H 29 Ym [Adler, Collins, Duncan, PRD15 (1977) 1712]

\ Y J 1 [Collins, Duncan, Joglekar, PRD16 (1977) 438]
Trace anomaly Quark mass [Nielsen, NPB120 (1977) 212]

matrix
_ ) 2 oly —- Nucleon -meson
L )
Y
= 2GeV ~ 92% ~ 8% Near -threshold

2
<G ) heavy meson
production

Based on this picture, one often concludes that

most of the hadron mass comes from gluons !
[Shifman, Vainshtein, Zakharov, PLB78 (1978) 443]
[Donoghue, Golowich, Holstein, CMPPNPC2 (1992) 1]
[Kharzeev, PISPF130 (1996) 105]
[Hatta, Rajan, Tanaka, JHEP12 (2018) 008]
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Trace decomposition

The physical interpretation of the « quark » and « gluon » contributions

| S however not so cl ear e

Rest frame (f B T%} = (f d>z TOO> — Z(f dz T?:i)

\ J . \ J

Y Y J 7 Y
=M =M =0
Mechanical
equilibrium
(virial theorem )

T =N T
= ([dPTl) = ([T -3 (P TE)
Canbe - (H,) #0

Partial pressure -
volume work

a=4q,9

[C.L., EPJC78 (2018) 2, 120]



Trace decomposition

The physical interpretation of the « quark » and « gluon » contributions
i s however not so clear &

Rest frame (f B T%} = (f d>z TOO> — Z(f dz T?:i)

\ J J . \ J
Y Y 7 Y

Mechanical
equilibrium
(virial theorem )

T =N T
= ([ PaTh) = ([PTO) -3 (JPTH)  a=q.qg
Canbe ~ (H.) #0

Partial pressure -
volume work

The « gluon » contribution is amplified because
the gluon pressure -volume work is negative (attractive forces)

[C.L., EPJC78 (2018) 2, 120]
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Energy decomposition

v I ’l:(_)V
Ty = PyHE D"y

Renormalized QCD operators T = T;"" + Tgfu A 1 2
T = —-G*G¥\ + 9" G

[C.L., EPJC78 (2018) 2, 120]
[ Metz, Pasquini, Rodini, PRD102 (2020) 114042 ]
[C.L., Metz, Pasquini, Rodini, JHEP11 (2021) 121]
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— .
. T8 = pv*5 D%y
Renormalized QCD operators T = TH 4 TH ! :
! 7 T = —GMGYy + 1 9" G?

Rest-frame energy
M = (Hy) + (Hy)
= ([ Pz ¢y %iDP) + ( &’z 3(E* + B?))

[C.L., EPJC78 (2018) 2, 120]
[ Metz, Pasquini, Rodini, PRD102 (2020) 114042 ]
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Energy decomposition

— .
. T8 = pv*5 D%y
Renormalized QCD operators T = TH 4 TH ! :
! 7 T = —GMGYy + 1 9" G?

Rest-frame energy

M = (Hy) + (Hg)
= ([ &*zPpy%iD ) + (f Az $(E* + B?)) Aa(0) = (@)

b , ’ 00(0) = fal(x)y, (Wmab))

[44(0) + C(0)] M [4g(0) + Cy(0)] M

Known but scheme
and scale-dependent !

[C.L., EPJC78 (2018) 2, 120]
[ Metz, Pasquini, Rodini, PRD102 (2020) 114042 ]
[C.L., Metz, Pasquini, Rodini, JHEP11 (2021) 121]



Energy decomposition

Renormalized QCD operators T = Tg"' + T;“

Rest-frame energy
M = (Hy) + (Hy)
= ([ Pz ¢y %iDP) + ( &’z 3(E* + B?))

J L J

[44(0) + C(0)] M [4g(0) + Cy(0)] M

Refinement

uy - [..t,’l-.HV
TP = §y* Dy
Tgp,v _ _Gp.AGV)\ + %gp.u G2

Aa(0) = (2)q
0a(0) = fa((x)q: (b))

Known but scheme
and scale-dependent !

M = ([ d®z 7 -iDy) + ([ Az Ppmap) + ([ &z L(E? + B?))

[C.L., EPJC78 (2018) 2, 120]

[ Metz, Pasquini, Rodini, PRD102 (2020) 114042
[C.L., Metz, Pasquini, Rodini, JHEP11 (2021) 121]
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Energy decomposition

— .
. T8 = pv*5 D%y
Renormalized QCD operators T = TH 4 TH ! :
! 7 T = —GMGYy + 1 9" G?

Rest-frame energy

M = (Hy) + (Hg)
= ([ &*zPpy%iD ) + (f Az $(E* + B?)) Aa(0) = (@)

b , ’ 00(0) = fal(x)y, (Wmab))

[44(0) + C(0)] M [4g(0) + Cy(0)] M

Known but scheme
and scale-dependent !

Refinement

M = ([ d®z 7 -iDy) + ([ Az Ppmap) + ([ &z L(E? + B?))

\ J \
Y

J \ J
Y

~ 21% (MS) ~ 8% (MS) ~ 71% (MS) p=2GeV

[C.L., EPJC78 (2018) 2, 120]
[ Metz, Pasquini, Rodini, PRD102 (2020) 114042 ]
[C.L., Metz, Pasquini, Rodini, JHEP11 (2021) 121]
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Combination of features from  both trace and energy decompositions

[Ji, PRL74 (1995) 7, 1071]
[Ji, PRD52 (1995) 1, 271 ]
[Ji, FP16 (2021) 6, 64601]
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Combination of features from  both trace and energy decompositions

L sy T =T — LM T Twist2
Step 1 THY =THY +TH . ) _
T = 7 g"T°, Twist-4

Poincare symmetrensures that this separation sshemeandscaleindependent

[Ji, PRL74 (1995) 7, 1071]
[Ji, PRD52 (1995) 1, 271 ]
[Ji, FP16 (2021) 6, 64601]



J1 0s decomposition

Combination of features from  both trace and energy decompositions

T = TH _ %g““To‘a Twist-2

Step 1 TH = TH T ) ; _
T = 7 g"T°, Twist-4

Poincare symmetrensures that this separation sshemeandscaleindependent

T — v 4 T
Step 2 " v
j\-:,(w _ T#lu + T}aﬂv Ty = 19" ymy

1
4
74 = £ [52 6% + 3 i)

[Ji, PRL74 (1995) 7, 1071]
[Ji, PRD52 (1995) 1, 271 ]
[Ji, FP16 (2021) 6, 64601]



J1 0s decomposition

Combination of features from  both trace and energy decompositions

T = TH _ %g““To‘a Twist-2

T = % g, Twist-4

Step 1 TH = TH 4 THv

Poincare symmetrensures that this separation sshemeandscaleindependent

THY = Thv 4 T

Step 2 - L —
T puv | v Ty = 3 9" ymap
"o P — L guv {ﬁm) G2
a — 219 29 + Tm wm¢:|

Rest-frame energy

= M= ([ (TP - 3Pmy)) + ([ EoPmy) + ([ 2 TO) + ([ @ 1)

« Quantum anomalous energy

[Ji, PRL74 (1995) 7, 1071]
[Ji, PRD52 (1995) 1, 271 ]
[Ji, FP16 (2021) 6, 64601]
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The physical interpretation of the « quark » and « gluon » contributions
I s however not so clear e

[C.L., EPJC78 (2018) 2, 120]
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J1 0s decomposition

The physical interpretation of the « quark » and « gluon » contributions
I s however not so clear e

00 00 00 _
Tw = T, + T, a=4q,q .
( . J ( . J Z(f d wTa > fé 0
_ 3 00 1 i _ 100 1 it i
4 Ta + 4 Z Ta T4 Ta 4 L Tﬂ Partial pressure -
2 z volume work

[C.L., EPJC78 (2018) 2, 120]
[ Metz, Pasquini, Rodini, PRD102 (2020) 114042 ]
[C.L., Metz, Pasquini, Rodini, JHEP11 (2021) 121]



J1 0s decomposition

The physical interpretation of the « quark » and « gluon » contributions
I s however not so clear e

Tgo = TQO + TG?O a=4q,q .
L . J L . J Z(f d wTa > ?é 0
_ 3400, 1 ii 1400 1 it ¢
=il +3 Z Ta =i1la 4 Z Ta Partial pressure -
* o volume work

Also, it is tempting to write the classical relations

= — ? s R
TP — 3 Ymyp = 47 - iDy
T £ L(E? + B?)

[C.L., EPJC78 (2018) 2, 120]
[ Metz, Pasquini, Rodini, PRD102 (2020) 114042 ]
[C.L., Metz, Pasquini, Rodini, JHEP11 (2021) 121]



J1 0s decomposition

The physical interpretation of the « quark » and « gluon » contributions
I s however not so clear e

T, = T, + 1. a=4q,yg L
( . J ( . J Z(f d ITa > ?é 0
_ 3400, 1 ii 1400 1 it ¢
=il +3 Z Ta =i1la 4 Z Ta Partial pressure -
v £ volume work

Also, it is tempting to write the classical relations
— R ? —_0 L=
T - 3 dmy =97 - iDy
_ ? — —
T, = 3(E* + B?)
€ but t hoeschemeiwkere both are simultaneously valid !
[C.L., EPJCT78 (2018) 2, 120]

[ Metz, Pasquini, Rodini, PRD102 (2020) 114042 ]
[C.L., Metz, Pasquini, Rodini, JHEP11 (2021) 121]



Mass decompOoSItIONS b2 scheme g, (1) = [4,(0) + 4, )] = o, )

Trace decomposition

M = ([ @z Ppm) + (/ &z (5L G2 + v bmap))

Energy decomposition

M = (f 32 (T — dmap)) + ([ APz pmep) + ([ PPz T°)

Ji 0s deco|mposition

M = (] P (T — 3 Tmp) + ([ e Pmp) + ([ P2 TO) + (f &z 12D 6 4 4, Fmo))



Mass decompOoSItIONS b2 scheme g, (1) = [4,(0) + 4, )] = o, )

Trace decomposition

1 independent input

M = ([ & Tmy) + ([ P (32 G+ ymiom)

Tq

Energy decomposition

T
M — o,

M = ([ &z (T)° = pma)) + ([ PPz ypmy) + ([ P2 Ty°)

M = ([ &z (T)° — 3 9map)) + ([ Pz dmap) + ([ PPz T,") + ([ d*x

Ji 0s deco|mposition

l(M
4\ 2g

G* + 'Ymamw) )



Mass decompOoSItIONS b2 scheme g, (1) = [4,(0) + 4, )] = o, )

Trace decomposition

1 independent input

— (f dgazamw), + (f A3z (%g) G? + 'ymamzb))'

Tq

Energy decomposition

M = ([ d%a (T} — Jmu)) +

T
M — o,

2 independent inputs

([ Pz ymy) + ([d°=T,)°)

7700
q
[44(0) + C’()}M—Uq

= ([ Pz (T}° — F¥my)) +

7% [44(0) + C, (0)] M

Ji 0s deco|mposition

([ Pz vmy) + ([ P2 T") +

D G2+ pmap))



Mass decompOoSItIONS b2 scheme g, (1) = [4,(0) + 4, )] = o, )

Trace decomposition 1 independent input

M = ([ & Tmy) + ([ P (32 G+ ymiom)

T
oy M — o,

Energy decomposition 2 independent inputs
o A A (0)+ Ay (0) =1
M = R ) ) Hoer
[A44(0) + C(0)] M — o oq [A4(0) + Cy(0)] M

Ji 0s deco |mp G Iglepergdeqt iguiy

M = ([ & (T — 3 ) + (f o Tmp) + (&2 T) + (] P 2L G + i)
1144(0) M — 04 c;q %Ag('()) M (M - aq)

(f &2 (T30 = Fomy)) + ([ P2 T%) = 3 ([ P2 T)°)




Mass decompOoSItIONS b2 scheme g, (1) = [4,(0) + 4, )] = o, )

Trace decomposition 1 independent input

M = ([ & Tmy) + ([ P (32 G+ ymiom)

oy M — o,
Energy decomposition 2 independent inputs
— — A, (0) + Ay(0) =1
M = (] @ (T ) + (] @ Tm) + (] F2T) o
[A44(0) + C(0)] M — o oq [A4(0) + Cy(0)] M

Ji 0s deco |mp G Iglepergdeqt iguiy

M = (] P (T — 3 Tmp) + ([ e Pmp) + ([ P2 TO) + (f &z 12D 6 4 4, Fmo))

1144(0) 2 7] o $44(0) M 1(M = ay)

Mechanical ( deTii> =0 == | A3z (T;)O _ %Emw» +(f A3z T;()) =3([ d3x TBOO>

equilibrium
(virial theotem )
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Trace decomposition Energy decomposition Ji 0s decolmpos

n=2GeV
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Gluon
« tensor »
energy Quark

S
Quark

Trace kin+pot kin+pot

7aTrace epergy
anomaly

anomaly energy

~ 920 ~ 23%
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~ 8% ~ 8%

Gluon
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energy Quark
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Quark
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Trace
anomaly

energy

~92% ~ 23%

Scale dependence No Yes Yes

Amplitude Operator Operator
level level level

Relation to mass



Mass decompOoSItIONS b2 scheme g, (1) = [4,(0) + 4, )] = o, )

Trace decomposition Energy decomposition Ji 0s decolmpos

n=2GeV
~ 8% ~ 8%

Gluon
« tensor »
energy Quark

S

Quark
kin+pot

kin+pot
Y4 Trace enefgy

anomaly

Trace
anomaly

energy

~ 929 ~ 23%

Scale dependence No Yes Yes

Amplitude Operator Operator
level level level

Relation to mass

Virial theorem Dependent Independent Involved
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Spin sum rules (1992008)

Canonical

Gauge fixed ! At =0

[Jaffe, Manohar, NPB337 (1990) 509]

oL
ov




Spin sum rules (1992008)
Canonical

;L

P= 97

Bl S -
L, =
- S;g':

f d3rapT 150
fd37" W x (—iV)Y

/ & B x Ao

Bl - f Pr ¥ (7 x V)AY

Gauge fixed ! At =0

[Jaffe, Manohar, NPB337 (1990) 509]

Kinetic

3|
I
3
<y

I
Ty
+
Ne)

]

S, = fdi’*m/ﬂ%izp

L,= f dPr oyt x (iD)

J, :/dSTfo (E* x B%)

« Incomplete » AG ?

[Ji, PRL78 (1997) 610]




Spin sum rules (2068ow)

A

—

—

- Apure + Aphys

Kinetic

Canonical

-Dpure = -V - légApure

S, :/d%zp’r%iw

L, = / APr 7 x (iDyyre )t

Sy = f d3r B x A%

L,=— f d3r B(7 x D )AL

Gauge invariant !

[Chen, Lu, Sun, Wang, Goldstein, PRL100 (2008) 232002]

3|
I
3
<y

I
Ty
+
Ne)

]

S, :fd%/ﬂ%iqp
L,= f &ryti x (iD)y
Jy = /dSTfo (E* x B%)

« Incomplete » AG ?

[Ji, PRL78 (1997) 610]




Spin sum rules (2068ow)

A= Apure + Aphys

Canonical

-Dpure = -V - légApure

S, :/d%zp’r%iw
L, = / APr 7 x (iDyyre )t
Sy = f d3r B4 x A%

L,=— f Br BY(7 x D% ) A%

pure phys

Gauge invariant !

[Chen, Lu, Sun, Wang, Goldstein, PRL100 (2008) 232002]

Kinetic

S, = /d%w%fzw

L,= f d*rtF x (iD)y
Sy = / d3r E@ x A7)
Eg = Eg — /dSTp“Fx A?

phys

« Complete »

[Wakamatsu, PRD81 (2010) 114010]




Spin Sum rUIeS (ZOQBOW) jszure"'gphys

Canonical Kinetic

<y ¥

Sy = f d3r T Lsy

L,= f d%r t7 x (iD)y

§g=/d3rﬁax/f“

phys

Eg:—deTEm(Fxﬁ“b ) A%

pure/“*phys

—

« Potential » Lpot - deT paT—,»X Ae

angular momentum phys

[Wakamatsu, PRD81 (2010) 114010]
[C.L., Leader, PR541 (2014) 163 ]




