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Finding 1: An EIC can uniquely address three profound questions about nucleons-
protons—and how they are assembled to form the nuclei of atoms:

e | How does the mass of the nucleon arise?
e | How does the spin of the nucleon arise?
e What are the emergent properties of dense systems of gluons? — Lectures by M. Sievert, A. Stasto
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Outline

* Lecture 1: Proton spin decomposition
 Lecture 2: Orbital angular momentum in QCD

* Lecture 3: Proton mass and trace anomaly



Notations

Metric ", ¢" = (+1,—1,—-1,—1) S}, 1 & 3 i,7 = 1,2 (transverse)

&
V2

P.z=Ptz + Pz - Pz}

Light-cone coordinates P = PV P { =1 P =P

Vs , antisymmetric tensor 5 = —iq"y1q243 0123 — 1 €2 = g, = +1

(opposite sign from Peskin) (same sign as Peskin)

Coupling constant Dt = o + igA*

dz” At (27, .LJ_))

Wilson line Wz ,y ,z.] = Pexp (—19/
" y_




The proton spin problem

The proton has spin .

The proton is not an elementary particle.

> 1:EAZ AG+ LY+ L7
2 2
[ 4
Orbital angular
Gluons’ helicity Momentum (OAM)

Quarks’ helicity

Note: each term is not RG invariant. The decomposition is scale and scheme dependent. 5



Quark helicity: definition Proton single-particle state,

X
IATSH = 3 (PS|i e PS)
b
spin 4-vector SH = %ﬁ(PS)qu,qf“u(PS) St~ +P! as PT — oo
H . H - J_ _ T
Exercise : show that PES =) u(P, S)a(P,S) = (P + M) rjTfi
S? = —M? -
In the quark model,
Py = —djuud)(2] +4—) — |+ —+) — | — +4)) + perm
L) = ——< |uu —) — —+) — | —
3v/2 P
1 1 1 1
S=5+5-5 ) AY =1

With relativistic effects, AX. ~ 0.7



Deep inelastic scattering

Bjorken variable

Q° Q

CL‘ pu— pu—
2P-q  (P+q)?+ Q% —m?

Q2

5
Q2+mx—mg

NQ_Q (x < 1)
s

Physical meaning of &L : momentum fraction carried by the struck parton

% P +q

p+:§p7 ] (€P+q)2:£2m§—l—2£P-q—Q2:O

| > 5% 261232(1 —




The g1 structure function

Unpolarized

ImQ;fd4ye W(PS|T{I* (4)7* (0)}|PS)

s sYym
()i (= 520) -

Polarized

tmg [ dtye' (PSIT{"(4).1" (0)} PS)

2T

asym

q - SP@

_ o, (58 2 ’
= g (5 (10, Q) 4 a0, @) — I gt




Exercise

Forward Compton amplitude ¢” >0

T = [ diact (PSIT{I#(2) " O} PS) = T¢* + T4
S

symmetric antisymmetric

|

1 : 3
W — - [ d'ze = (PS|[J*(z), J*(0)]|PS) = W§” + iWh”

dar

Hadronic tensor

Show that 2B =W

oImTY” = WH



Relation between g1(x) and polarized quark distribution function

Operator product expansion  c.f, Peskin (18.125)

4 gy T T v Y S 5 y—]_ 23(}6 = :
d ye TPy (y) vy v(0) = Yi(i0s + gu )Y ™y 02 Z 0’ ¥(0)
‘ I I

e swjg——q) Ho

Pick up the antisymmetric part

v (_}cz(_}y _ gpr::: R gpyﬂf_n'_'_gﬂuﬁf_g o hlm'x.u;:,}n,:ﬂ

[ diyemirity)in (o)
' CUETT

. 2qu, - - 2q,, - o
— D ‘mqﬂ Z 52{”_” Ji Vs yai0ft - idfa(0) + -

Tt

When Q? — oo, naively, the most important operators are those with smallest dimensions

(smallest 11)
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Twist expansion

2P-q 1

0 x

=

However, in the proton matrix element, " — P*, and
is not small in the Bjorken limit Q> — oc , & = const.

The most important operators are those with lowest twist

(twist) = (dimension) — (spin)

Twist-2 polarized quark operators
(symmetrized in all Lorentz indices and trace subtracted)

Usy DM DM . . D)y —(traces)

11



Convergent only when
Cven / |I| > 1
I

]_ = 3 i
Im ) : P+)ﬂxn+1(P5'|wqx5«~;+(zD+) v|PS) +
n=>0

9:(2) = 557

gﬁgﬂmﬂi}nﬂ /dw ( )ﬂ'/dI‘E"‘“”_(PSIﬁ( )’?5;+Hv[3:c Jb(z™)| PS)

Wilson line

il d“ ! ! dz=e™®" = (PS|P(0)ysy W0, 27 |1h(z7)| PS

Analytic continuation from

lz| >1 to 1>2>0 o S

P F : = =
~ BrSt / do~ =P T (PSIp(0)1s7 W0, 27 J(2 )| PS) + (& — —2) +-+

=3 (Aq( )+ Ag(z)) +--- Polarized quark and antiquark distributions

]
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Digression: g.(x) structure function

Return to OPE (page 10)

ETETN

) _ | _ . 5 I-d 2 M1, .. 2 Hn
Anti-symmetrizein A and /1. fl2,... 2> One twist higher (twist-3)

g2() is a mixture of twist-2 and twist-3 contributions

ga(x) = —g1(x) + / %91(3) Figal)

Wandzura-Wilczek part

‘Genuine twist-3’ part
(quark-gluon correlation)

1

: d - . o
/ drz?gy(z) = = (PS|YytgF | PS) = 2dy(PT)%€ S,
Jo

6
Shuryak, Vainshtein (1982)
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AY. from polarized DIS

Longitudinal double spin asymmetry in polarized DIS

A, — MTpi_,quT
MTPT4‘HTP¢

O, 2%91
~ [14+2=
( +0T) by

] . 1 . ] |
/ dzg,(r, Q%) = §Z‘Ef‘/ dz(Aqgs(z, Q%) + Ags(z, Q%)) + - --
+0

J0 f

Flavor SU(3) decomposition

= 1 1
. 9 2 1 1
Y@= & |=pfa] =L Hf=| 1
e i 9
j ( é) ! 6( 0) Bl
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AY.

A
[ \

1

1
[d:cgl(:c) == g(&u—l—&d—l—&&r}
Jo

1
—I—E(&u o &d)
—I—%(&u + Ad — 2As) + O(ay)

isovector axial charge

N{Pls7 Y| Py n = gatin (P)ys7 "t un(P)

8
/ octet axial charge Q;j
nucleon doublet Related by flavor SU(3) symmetry to
the semileptonic decay amplitude

=~ — Ae v
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‘Spin crisis’

In 1987, EMC (European Muon Collaboration) announced a very small value

of the quark helicity contribution

AY, =0.12 -

Recent value from NLO QCD
global analysis

A =0.25~0.3

-0.14 17

0.09 -

A

16



Gluon polarization AG

1
AG:/ dxAG(x)
0

Polarized gluon distribution

?: dy_ i +,,— o ~ _
AG() =~ [ eI (PSP )R ()IPS)
1

n

€R/L — /2

F—I-%F-i- (F+R)TF+R (F—i-L)TF—I-L

(0, 1,4, 0)

[ dnac@) = —5o [areu ) PSIFOF LIPS

Need to specify the prescription of the pole 1/x
Non-local, even after taking a moment.



Determination of AG

Longitudinal double spin asymmetry in pp dot+ — dot-

A —
71'0 LL dot +dot—

o< Y Afe®Afy(z) © Aoay
a,b

Pr

08 T T T T | T T T T | T T T T | T T

}:’ ¢ }1_ - central 0 Vs = 200GeV ]
- - I ]
0.6 — _

ST ST

02 -




Evidence of nonzero AG

DeFlorian, Sassot, Stratmann, Vogelsang (2014)

Result from the NLO global analysis
after the RHIC 200 GeV pp data

—_ IIIIIIIIIII IIIIIIIIIIIIIII
™
1 '? I [ " IJ.:'-\lll--l:'..II-I!I:-:ll .| -
2\ ~o 0.06 E o lpssy
/ dCEAG(.CE, Q ) e O.2:|:007 f-;.E '::‘l:: I mgion
0.05 " = a  DSSW
0.a - e —
(Q* = 10GeV?) [ L
HUGE uncertainty from the small-x region i
05 - g = 10 GeV* -
9 RHlC SloGeV’ |I-I|; L1 I,.I -|| L1 I:ll 11 I,.I.I |. ] I,.I:I ] II,.I3
Electron-lon Collider I:I.*:c";ug[xjm
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QCD angular momentum tensor

QCD Lagrangian = Lorentz invariant " — z* + Wz,
1 1
5¢ = —wh” (5(371/6” - muav)w - g[%ﬁb]‘ﬂ)

- Noether current Q,,M””A =0

CaTt

QCD angular momentum tensor  (Exercise: derive this)
1

M.f;;f‘ = .GCHTC‘L;; — x'}‘Tg:;I — 56““}‘91575%1,0 + FHEAAY — RV AR
f quark helicity gluon helicity

canonical energy momentum tensor

THY = it 0 Vap — FHEQY A% — ghv [

can
- Quark OAM - Gluon OAM



Jaffe-Manohar decomposition

1 1

can can

Based on the canonical angular momentum tensor Af(_,ﬁ‘;“;f

. . take prA = +12
Operators NOT gauge invariant.

AG ~ eI FTtAI
Lgan ™ QZ’SE X ?’aqr/)
19 ~ Faxx0dA

canr

Default gauge: light-cone gauge A™ = (



Improved (Belinfante) energy momentum tensor

Write MEYA o TIBA. g A F] e

CaT CaT CELTL

. =1 v 1
Define T'UJ — Tclﬁm, —+ apGp/J < One can add a total derivative.

where G = Z(HrH — HMY — []VPH)

o | =

Exercise: Show that T is symmetric and conserved.

- _

Exercise: Show thatin QCD,  THY — ¢@'fy(“ D V)zp — F'“'OF'jO — gt L
_ RJiL
B Tff T Tg

ﬂjr,u;'n"n I;':T;r}h o IJ&T;H—* )



Hint: A useful identity

<—D>H _ DH — 5“
2
R y _ o % R y _
From the Dirac equation (P +iM)y = (D —iM) =0, 3& _ <5M g

0 = 7"y (D + M) — O(D — M)y A"y
= (g g = gy i 506 ) Dy
— D (g7 A+ G — gAY eI sy b+ 2iM g
= 2(F DY — 1 DY+ i D (0570 0)
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decomposition (1997)

1 -

(P|Jggl P) = 77{Ple” / Bz T ()| P)
Ly ' i 3, ig0j ﬁ ﬁ
— F F];!]-E]F<P |E d rr Tq,g(‘THP} é(f) — E’jpdlé(O)E_J;PJI

Gravitational form factors

. PUig" N, Dy, AFAY — gV A2
(P'S|TY|PS) = a(P'S) | Agyy WP 4+ By = 4+ 4 === 4 Gy Mg |u(PS)
A :/ dzz + gz :
e i Tedtem  Reed othe
Ag:/ dzzg(z) oment” pressure’ inside trace anomaly
Ja the proton (= Lecture 3)

Momentum fraction of
quarks and gluons A =0
24



1_

1
) 5 ZJq +Jg Ja.g = 5(14@1,9 + Bg,g)
q

Further decomposition in the quark part possible (but not in the gluon part)

show this)

- — —. = 1 —
- (@ v I v = _pvpo can
Yiy " DVep = ik DVp — 2770, (P5701) (Exercise:
_ 1 q
Jy = 5AS + L,
I |
1] " —— -
All the operators involved are local, 04l { .
gauge invariant S
_ 03f ks 2
—> calculable on a lattice 7o s 2
0.2} #3 S < 7
% c 27
7 = IS %
01t 7 % £7°187
7 1S 13 7
oL Z WS Es7 [ 7
u d s u+td+s g Total

Alexandrou et al. (2017)



Relation to Generalized Parton Distribution (GPD)

GPD definition non-forward matrix element

dy~ . p+. - P _
P [ (PS50 () |PS)

1%
1oFY A,

2m

= H,(z, A)a(P' 'Sy u(PS) + E,(z, A)u(P'S")

u(PS)
Multiply by & and integrate over XI.
[ dn [ L= GOn ety ) = (B iD ) = (1)
Ji sum rule

[Jq — %/dm(Hq(x) +Ey(z)) J9= i/d@’(ﬂg(w) + Eq(x))J

H, E measurable in Deeply Virtual Compton Scattering (DVCS)

26



Deeply Virtual Compton Scattering (DVCS)

VTP,

) TN —--*-E (factorisation)

; / diye' s (P'|T{J ()] (0)}|P)

dx 1 1
— (Mt Y P A 144 H AVa( P~ Tul P
(6"79"" +9""g" —g )/ 5 ($+§_i€+$_§+ie) g(z,m, A)u(P )y u(P) +

Fourier transform A <> b,  Distribution of partons in impact parameter space
27



Digression: D-term—the last global unknown

<P’|Tij ‘P) ~ (A?’Ak — 5ZkA2)D(t) Burkert, Elouadrhiri, Girod (Nature, 2018)

15

D(t = 0) is a conserved charge
of the nucleon, just like mass and spin!

Repulsive
pressure

—>

10

A

3
Fourier transform A — 7 : ®
can be interpreted as ‘radial force’ :
inside a nucleon Polyakov, Schweitzer,... T

Confining
pressure

. ried 1 .. . 5 E
TZJ(T): 2 __6?,3 S(T)—‘I_(S.ij(’r‘) 1 I 1 I e A I |
’r 3 0 02 04 06 08 1.0 1.2 1.4 16 18 20
r (fm)
First extraction at Jlab, large model dependence. » EIC

Need significant lever-arm in Q2 to disentangle various moments of GPDs

28



Two spin communities divided

measured by PHENIX, STAR, COMPASS, HERMES

Jaffe-Manohar j Nonexistent in Ji’s scheme...
1 1 A A q g
§_§ 2.+ G+Lcan+%can

common and not measured yet
well-known

not even well-defined?

Ji &
!

Define rigorously.

1
2 — §AE _I_ Lgl _I_ Jg Must be related to GPD!
\ T

accessible from GPD measured at JLab, COMPASS, HERMES, J-PARC
also calculable in lattice QCD 29




Gauge invariant completion of JM decomposition

For the gluon helicity, we know how to make it gauge invariant.

1 L 1
Compare F(PSHUFHA}‘PS) = AG = / drAG(x) page 21
0

) du— . _ ~
with  AG(z) = ;+ / 2Lemp+y (PS|FT(0)F* (y™)|PS) page17
i 7

Just replace A" — A, where

phys

1 ()
(x) —F+’“':/ dz Wiz, 27 |F™(z",z,)

AH _
A = o7

phys

30



Gauge invariant completion of JM decomposition

Chen, Lu, Sun, Wang, Goldman (2008)
YH (2011)

(PS|e FHA;,WS

IPS) = 25TAG

hm (P’ S|y D Y|PS) =iSTe ALY

0 pure can
%—%
lim (P'S|F D, AR PS) = —icT AL SYLY,
1 >0
( whirg ) Al (z) = _Fﬂ‘—/ dz Wiz~ ,z [F (2", z))
my choice G

DE,. = DF —iA

pure phys

31



Lecture 2: OAM and Wigner distribution



Wigner distribution in QM

Uncertainty principle: The position ¢ and momentum P are not simultaneously measured.

Still one can define a "phase space distribution’ in quantum mechanics
fw(g.p) = f dxe P plg — x]2)(q + x/ 2\

Reduces to ¢ and P distributions upon integration

o dp | 2
f%fﬁ;{q, P} — |(££f|,-’))|2 i fﬁfﬂrtfj, P} = |<w|ﬁr’)| .

Not positive definite, no probabilistic interpretation

n = J/ﬁ . j

n-th excited state of 1D harmonic oscillator



The QCD Wigner distribution

Phase space distribution of partons in QCD—the ‘'mother distribution’

Belitsky, Ji, Yuan (2004)

W(CI:) EJ_agJ_)

_ / ?2?;2- dz1_6c7lTSZJ_ pir P2 =ik, 21 (P — %m(b — 2/2)v q(b+ 2/2)|P + %)
/dl_ﬁ l l dEJ_
™D  f(z, k1) GPD  f(z,b.) /
dx
/dkl\, ./fdzi
) F([;J_) Form factor

PDF

f i Q) //dli

charge 34



OAM from the Wigner distribution

Lorce, Pasquini (2011);
_ YH (2011);
Define Lorce, Pasquini, Xiong, Yuan (2011)

L? = /dx /d2bld2k¢(5¢ X EL)qu(%ELEL)

Go to the momentum space b| — A | and look for the component

st
W9 = @Ee”kiA‘lfq’g(% ki)+---

Then

Lo9 = / dz / Pk k2 f09(z, k)

Nice, but which OAM is this??



Canonical OAM from the light-cone staple Wilson line  yH (2011)
/ dsz_ (bJ_ X kJ_)I'Jl-';LC(bJ_, ;I{‘J_) — <i‘,_‘le_ X '?:Diure"{‘f-".o D;_ure =D+ — DL;FH‘

”'FLE (bJ_:. -I-.J_) = / dE&LdEZJ_E_ikJ‘ZJ‘ (PW'{E(E?J_}"]r'+1'1';5,5apgflf"f-'(bj_ = ZJ_) |JD>

: —~ +
: 9]
Quick proof: k| — —i— L X
det
& W B ' dz~ W] ] J AT (z7 )Wz, 2]
—Wloo,2” ,z | = —1 Tz W oo, |— T e .2
det ok g. gz
\ )
Y
R e |

= —-z'g/d-.;r:_H”[oo,T_]FH(&:_)H”[:{?_,z_] + igW oo, 27| A;(27)

36



Kinetic (Ji’'s) OAM from the straight Wilson line

Ji, Xiong, Yuan (2012)

/dzkl(bl X k‘J_)Hfrstrm'ght(bJ_} 'ILJ_) — <L_‘E}J_ X TDJ_I-‘>

The difference: Potential OAM

q q i g torque acting on a quark
bpor = Ly = Lrean = /dx (€0 F) Burkardt (2012)

V2FTY = —EY 4+ B® = —(E4+0x B)Y  #=(0,0,-1)

Color Lorentz force

37



Jaffe-Manohar vs. Ji: First lattice result

Engelhardt (2017)

1.0
BT TE  TTTOrTe T 1
= 7 |my=518Mev """ = dquarks |
S N e isoscalar 4
l;';cé 00! ¢=039 ¢ 2u quarks | -
S -
SISttt et ol 1S
";-a —05‘ ” _
- : s *5s E _
_1'0'§ }{i%§?§ ........ ? . ii* b
—o0  —10 -5 0 5 10 o0

nivl/ a
—_—

Staple length
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Parton distribution for OAM

Hagler, Schafer (1998)
Define the x-distribution L., = /da:'Lcan(.’L') : Harindranath, Kundu (1999)
YH, Yoshida (2012)

Lgan = /d:c /d2bj_d2ku_(l_)’l X EJ_)qu(IL', Z_)’J_,EJ_)

I:> Lgan(x) — /d2bJ_d2kJ_(gJ_ X EJ_)qu(ZU,gJ_,EJ_) ??

It’s not an ordinary (twist-two) parton distribution function.

Must contain the twist-three part because the relevant operator is ~ Dyt P

Similar to g=(z) (page 13)

39



Deconstructing OAM

Ji's OAM canonical OAM ‘potential OAM’
(b x D) = (1pb X Dpureth) + (¥b X igAphyst))
Ay = D

For a 3-body operator, it is natural to define the double density.
/ dz—dy—ﬁ,i%[ml—l—xng"'y_-l-il[:trl—ﬂ:z]lP'i'z_ {PISIH_J(_y—/Z)]{FD‘!(z—)ﬂrh(y_/gﬂplg)

— Erﬁljﬂjs—kqlﬂ(fﬂljj}g) ‘/B]. T xQ
L1 Lo

P

40



Ji's OAM canonical OAM ‘potential OAM’

(1%’ X 5¢> = <Qﬁg X ﬁpure¢> + <1E[; X Zquéfzohzlszm

C doubly-unintegrate
1

@D(wl,mg) = 5(561 — ZUQ)Lgan(ZIZl) + P (I)F(Clﬁl, 5132)

L1 — L2

Canonical OAM density
YH, Yoshida (2012)

It coincides with L., (z) defined
via the Wigner distribution (page 39)

W™, | N2~V ey yT]

-

=W,y D) + o / dwWla™,w~ |gFH(w ) Ww™, y]

VY

No z= dependence,
> Oz~ Ty)
41



Quark canonical OAM density

YH, Yoshida (2012)

Wandzura-Wilczek part
/ (part that is related to the twist-2 distribution)

elx) J.1 e(x) 7.0 ,
L) =z [ S H ) + B —x [ S5 Aq()

!

T .
e(x) 1 . 3r1 —I9
—-.r/ di‘-1] d;cgfl}p{;rlj;cg]ﬁ’__i ———3
J x —1 -LI{J:'I i‘?)
e(x) 1 ~ 1
—'.L'[ d;i'-j[/ dro®p(xy,z9)P— .
/. 1 r1(r1 — x2)

genuine twist-three part
. (YFT )
First moment: J? = E&E + L2, + Lpot

The bridge between JM and Ji 42



Gluon canonical OAM density

r @) dp “(*) dy/
1@ = [ B+ BE) - [ S AGE)

I

Ef_:r_} dr’ e(z) 1
+21:/ de‘I"F (X, +2i:f d-clf dxy Mp (1, 22)P—
r1(z1 — x2)

211 — Io
z3(z1 — x9)?

e(z) 1
—I—Q:[:f d.Llf drxoMp(xy, x9)P
o 1

<F+iF+j FJD

first moment: J9 + L, = AG+ L? .
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OAM challenges

Defi n itio n O K RI[::;{J‘EI(DIH band - Et[:_llggfnip:?-gilig\}"ndu[a
A lot of theory progress in recent years. O S T

1_5 IIIIIIII T llllllll T IIIIIII| T

BUT

._
T T [ T 17 171
|

Is it numerically important?
Huge uncertainty in AG in the small-x region,
can easily accommodate the missing spin.

Sum of Gluon Spins Above Momentum Fraction
min

Is it measurable? Nothing known from experiments...
People tend to avoid talking about OAM.

44



Spin at small-x?

N = = = =
Consider g-2 qg splitting g ;
unpolarized splitting function polarized splitting function
1 (1-2)? 1 (1-=)
Pyq(x) = CF (E—l_ ( mm) ) APyq(x) = Cp (E - =Cr(2 —z)
1/2 enhancement (soft divergence) No 1/x enhancement,

spin effects are always suppressed by

r ~ (energy) "

HOWEVER, they can be enhanced by double logarithms

2 n Kirshner, Lipatov (1983)
(aS lﬂ 1/33) Bartels, Ermolaev, Ryskin (1996),

Kovchegov, Pitonyak, Sievert (2015")

Resummation very tough, but can be done!
45



Unpolarized Polarized

H 1% = k
p—k
T
Pk
1
u(PS)a(PS) = 5(p = 155)
Trpy"(p — £)7" = 8pt'p” Trys$H(p — )y = —die ** STk,
(p-P) o8 g4p-p‘ki 28
(k2)2 gt (k22 Tkl
Neglect & in the numerator Either [t or v is transverse (sub-eikonal)
— Eikonal approximation d*k | integral logarithmic

46



OAM at small-x

Suppose a quark emits a very soft gluon. =) ) .
Quark helicity unchanged. :

From angular momentum conservation, gluon spin
and OAM have to cancel.

9, a, [tdz
N AG { 5 ~ _b pr— 2( X Al . .. AZ ks Z ..o
d1n (2 o g j[ (+2Cp + - -+ )AX(z/2) +

P T
T AG(z) .~
10; (,)’ _
- -~ f Significant cancellation at small-x
e
SN "~ ! - from one-loop DGLAP
_10;_ == ﬁg)) Lg(m)"\ YH, Yang (2018)
[ -== Lg(Y) \, _
20— % Inl/g
0 2 4 6 8 10

47



Double logarithmic resummation

All-loop resummation of small-x double logarithms oy, o
7 K
(cs In® 1/2)™ via InfraRed Evolution Equation )
Kirshner, Lipatov (1983) %_%
Bartels, Ermolaev, Ryskin (1996), | \Q ‘ g
1+ + o ,1:'5* c
%JO-) i oo mu-.,ung (b‘j%é
Boussarie, YH, Yuan (2019) f 3 )
. ‘;\‘cﬂﬁ@\ \ \\

/

e J

. 5%
/ T RSO

7
s
P

Helicity at small-x is more than canceled by OAM.

Resolution of the spin puzzle > OAM at medium to large x
48



Ji, Yuan, Zhao (2016)

IVI eaSU rl ng OAM at E I C YH, Nakagawa, Xiao, Yuan, Zhao (2016)

Bhattacharya, Metz, Zhou (2017)

Exploit the connection between OAM and the Wigner distribution

149 _ /dw /d?zmz?,zﬂ(?;l X BL) WS (2,5 1)

Longitudinal single spin asymmetry in diffractive dijet production

k; proton recoil momentum

|

o7 — o0 xsin(¢op — o)

|

dijet relative momentum

H

gooaolo,

;

L

oo™

I
O
1l
|
IL-
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Lecture 3: Proton mass and trace anomaly

Finding 1: An EIC can uniquely address three profound questions about nucleons-
protons—and how they are assembled to form the nuclei of atoms:

* | How does the mass of the nucleon arise?
e How does the spin of the nucleon arise?
e What are the emergent properties of dense systems of gluons?
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Nucleon mass: What’s the issue?

M[MeV]

Lattice QCD can reproduce hadron masses very precisely.

Durr, et al. (2009)

2000 -
E +0
1500 - E+E—Z‘j5*
] S - $ A
i —— A
] P
500_’ e K — experiment
. == width
| o input
e T & prediction
0
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Proton mass crisis

u,d quark masses add up to ~10MeV, only 1 % of the proton mass!

i

guark mass

Higgs mechanism explains quark masses, but not hadron masses!
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The trace anomaly

Approximate conformal symmetry of the Lagrangian explicitly broken by the quantum effects.

[ B(g) 2 ~ Collins, Duncan, Joglekar (1977)
TM 29 I + m(l + Tm (‘g))qq N.K. Nielsen (1977)
Alg) = C,}g(‘u) Beta-function
' dlnp
10 .
— ) Mass anomalous dimension Vi = 0

Im(g) = m Jlnp

Fundamentally important in QCD. Trace anomaly is the origin of hadron masses
(P|T"|P) = 2P" P
(P|T}|P) = 2M?
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Proton mass decomposition

Ji (1995)
Traceless and trace parts of EMT
n"" n""
T = (T - ST ) + T
kinetic energy trace anomaly

Work in the rest frame. Mass is the eigenvalue of the Hamiltonian H = /d%TGO
. A Tkt A Tki . .
M = M*" + M*" 4+ M, + M,

(Plid - Dy|P)

quark/gluon kinetic energy ﬂ{f” —

2M
B8 2
gluon condensate A — (Plsg F*|P)
’ 2M
quark mass M. — (Plm(1+ 2=)|P)

2M -



ki .
M, measurable in DIS

172 3 1
Mpn = M A, Agy() = (@)gg = / dvaf, (. 1)

kin . .
M, M,, calculable on a lattice, but M is very hard.

= 0.40-
Q
©0.351
2
S 0.30-

2 0.251
£ Yang, et al. (2018)

(@]
< 0.209 (xQCD collaboration)

(7]

£ 0.15;
S 0.101
& 0.05-

0 T T T T T T T T
0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175
m? (GeV)?
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The EMT consists of quark and gluon parts.

1%
THY — _FM)\FV)\ + 774 F2 + ZCTY(MDV)Q

[z 3%
Tg Tq

T = (T,) + (T,)! = %fﬂ (L + Yo )1

Exercise: Compute (73,)}, and (7,)!, separately.

Note: This is equivalent to computing the @q,g gravitational form factor (cf. page 24)
__ 2 S
(P|(T4,9)|P) = 2M"(Aqg +4Cqq)
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Trace anomaly in perturbation theory

First choose a regularization scheme.
e.g., dimensional regularization (DR), Pauli-Villars, etc.

Trace anomaly shows up by exploiting the pathologies of the chosen scheme.

P+ (Ty,)h is scheme dependent.

The decomposition T = (T,)4, "

In the following, | consider only DR in the MS (modified minimal subtraction) scheme.

In 4 — 2¢ dimensions
4 F2
I’L _ —
1), = 26—4 + mqq

from ()%, from (75)%



Operator renormalization and mixing

Ay = /244"

Under renormalization, bare fields are renormalized - etc.
WR = ,’Zt,:ur

Local, composite operators like F"“F),,(z) gets additional renormalization

Fi=ZpF +. . Zp2# (VZ4) = Za

anomalous dimension f = —7

In general, operators with the same quantum numbers and the same (or lower)
dimension mix.

Off = Z1101 + Z1209 + . ..

The anomalous dimension becomes a matrix.
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Renormalization of F? Tarrach, Nucl. Phys. B196 (1982), 45

The bare operator F? is divergent

0

. 270
F? = (14 Bo = ) (F*)r = =2 (mdq) e + -
F2
3 _ )
= M(1’2)5: + Ym(Mmaq)r + (mqq)r
29
from (Ty)" from (7,)%

For the bare EMT, in DR, the anomaly entirely comes from the gluon part Té“’



Renormalization of the trace

RG-invariant in DR
For the bare operators,

(T,)t = (mqq)r = mqq

B oo _ B o _
(Ty);, = %(F )R + Ym (MGq)m = %F + Ymmaq

What about the renormalized trace operators?

(P|(T;5(1)a| Py = 2M*(AZ (1) + 4CT (1))



Renormalized trace: naive look

Now consider the energy momentum tensors renormalized in DR
KV (T 2
TgR — (F " )R + - (F )

Té’ﬁ — i(?/;V‘LDV?/J)R

(TR = (md)n  *F



Renormalized trace: naive look
Now consider the energy momentum tensors renormalized in DR
vo__ A 2
Tyr =—(F"F5 )R+ T —(F)r

Té’ﬁ — i(?/;ﬁ/“Dy?ﬂ)R

(TR = (md)n  *F

This is wrong because, in DR, trace operation and renormalization do not commute

T],uy(FMAFU)\)R 7A (FMAFLL)\)R nuy(&VuDyw)R 7é (U}Ew)R



Renormalization = trace

. (Zﬁjd (}ﬂ +A)2 d § (2?-[—)0{ (pz+L\.)z

pv 1
— / (_ —vp +Indr — In &) A

2(47)2 \ e
g= —

- g mda  Ms

4
— 2(4ﬂ)2(_1n A)A trace
Trace = Renormalization
dp P d (1 __
/ 2n)i (2 + A~ o \¢ e Timar—ina A trace

4 L 4
= : (——5— ;‘E—l—lnélﬂ—ln&)ﬁ
€

gy & (—i—]ﬂ&)ﬂ\ MS



Renormalized trace (7)7,)% : calculation

Choose the basis of operators
O1 = —F"FY, |
ir 2 L - {*}2
s = " F=, ™ =01 + — 4+ 0.

Oy = " manb.

Mixing under renormalization

Of = ZrOy + 2305 + Z; 05 4+ Z50,,
OF = Zp0s + Zo0y,

0% = Z,03+ ZO4 + ZgOy + ZpOa,
0 = 04.

Impose two conditions. First condition is simply 1" = TEP



Second condition:

Al = OF — (trace)
Make the operators twist-2 by subtracting the trace AR = OF — (trace)

They satisfy the usual RG (DGLAP) equation for the twist-2, spin-2 operators.

g [AF

o EE,I[_ 41t § ;IH

q _ &1 3vF 3 “tg

AR | — 16 v 4n g A R

Olnp \ A dm \ FCp —=% A

i

cf. Peskin’s Eq.(18.186)

Be careful when subtracting the trace.
Renormalization and trace operation do not commute.

N (FPAFY )R = 2(F?) R + y(midy) g

Introduce more unknown constants = =1 + O(a,) y = O(ay)



Result in Ms at one-loop

YH, Rajan, Tanaka, JHEP 1812 (2018) 008

L as { 11C 14Cp , -
o Ty = I ( 5 L (F)r + 3 () m>

s [ Tp, . ACE . -
MuwTyp = (M) g+ — ( H‘F (F?)r + 3 i“-"”t'-"".i-’llr-z)

I

7Ly termin the 1-loop beta function

lim (TR(M))a # (Ty)q
p—r00 Finite renormalization

lim (T,%(n))a # (Ty)a

M—> OO



Result inMs at two-loops

YH, Rajan, Tanaka, JHEP 1812 (2018) 008

a

., 14 . 11, oy 2

o (1) = 52 (0 (i)~ 508 (F),) + ()
L [812C, 22n;\  85C% - 28Cany 17C5  5Cpng 5
{.-' o - (ML) - - F

( ’r ( AT )+ 2 ) et (5 3 T ) e

/

T f terms contributes to
the gluon part

2

T kg '1 -4 T 1 %
w (T37) = (md) , + - (Ei«r (mi) , + 37 {FE)H) T (:hr)

. (61C,y  68ngY\  4AC% - 17Cany;  49CEn; .
K[({""( I 2?) 97 ){”””*'}“Jr( A )(F )k




Result inMsS at three-loops

14 1 Tanaka, JHEP 1901 (2019) 120

) v 2 Chg 2

e (T.;;-W)R —1?T ( 3 Cf (mpﬁ) R ?Ci (F }H> + (E)
. (812C4  22n,\  S5CR\, - 28Cun;  17C3 5c'f.|nf) ) }

i [(C"( 7 o )+ 27 )(qn'?*'?*')f”L( 27 T 5 ) U

a,\3 363¢(3) 25220\ , 2 J ,

32¢(3 01753 294929  32((3 554
+ ( f’:( } N ) C"-‘{C_En + ( o (':{ )) CT‘%C'}-‘ - Cf; 'J‘I}'

3 1458 1458 9 243
95041 64¢(3)\ 5 -
+( 79 9 )C‘" ()
1123 52¢(3) . 203 655C,  361CkE 2857C%
+ {ﬂf (( 162 - %l[ ) CACI-‘ + (‘1@(3} + 6 ) .-.29{81‘:( } ~)+n§-( 2016 - 720 ) - 108 . (FQ)H

~ a, (4 1 ey 2
M (T3) g = (M) p + A (3Cf (my) p + E (F2), ) + (E)
' 6161 B 68?1‘-_;' B 4(:'_;31 Toals 17(‘1]"1}' 496’;.1?1-1' 9
. [(C" ( o7 ) 37 ) (m*"")fﬁ( 7 B )(F )H]

g3 64¢(3) 8303
+(§) [{nf(( ‘E__l”— m)cﬁ - 43{854g[3j+1 }c,icp)

(ot ' 2 32¢(3) 6611\ , -6
_?29{9?2§f3)+143)6_*“10!.1_’_( 0 + 720 CiCp — 2-130;711'
8 -
oo (G50(3) — 125)C | (mi)

52¢(3) 401\ 134 2107 16¢(3)\ .
o (B2 -am) cxor+ (37 4w e+ (35 - =52 )

697C,  169Cy
2 A F 2
e (_ 70 1458 )}{F}H} ‘




Scale dependence of C, (A =0)

_ 1 n n 1 {2n (P| (myn)) ,, |P)
R _ 2 f f il it "R
Coli) = = (4{3‘;.~ + ny * z;rn) T3 (3,3.3 " 1) 2M?2

 4CEAR () + s (AR (o) — 1) (2200 )—@—L
4(4CF + ny) as(pn)

‘ 34 4 49C
gl LL f ( 27 27 ) Ain f

Am 46 633

T4 157C g Thal
1 nf( a4 g?f‘) L ACE _ 2Bing | (P (mi) p|P)

b | P
/-I—[D.&(]E-I—D.ﬂﬂna{#}} il (ﬂ;;*g}”l }:

Asymptotic value
in the chiral limit

(ny = 3)

TR



Force inside the proton from quark and gluon
subsystems

Fourier transform of the D-term - radial force inside a nucleon (page 28)

One can decompose it into quark and gluon contributions  Polyakov, Schweitzer (2018)

Poa(r) = 202 p () — MGy y(r)

- 6 M r? drr dr P9

rp(r) (x1072 GeV fm™)

N 1 A I
0 02 04 06 08 1.0 12 14 16 18 20
r (fm)



Toward measuring the gluon condensate (P|F*|P) in experiment

Photo-production of J/v near threshold

Kharzeev, Satz, Syamtomov, Zinovjev (1998)
Brodsky, Chudakov, Hoyer, Laget (2000)

100 —
g
~ 104
= 1
P 2
<
t P’ 7
£
5 = HERA (2002)
Sensitive to the non-forward matrix element ] . Eermfl}aggg?é gggg
/ 0O ermila
(P ’FHUF,UJV‘P> o Fermilab/E687 (1993)
e SLAC (1975)
Straightforward to measure. o * Cornell (1975)
- . » T T T T | T T T T T T T |
Ongoing experiments at Jlab. 10 100
\ W (GeV)

Difficult to compute from first principles

(need nonperturbative approaches) Win ~ 4.04GeV 71



Holographic approach b Yang (2018

Our universe

The operator F'*F,,, isdualto a
massless string called dilaton in AdS

Suppressed compared to graviton exchange
at high energy, but not at very low energy.

Data from GlueX collaboration 1905.10811

0.10}
0.05§

5th dimension

o(nb)

_ L

/f/:x

= Cornell(1975)

GlueX (Preliminary)

' ' ' ' E,(GeV)
9 10 11 12 13

Red: with gluon condensate. Blue: without



