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Quantum Chromodynamics

1.
L= FFL +q(i7"D, ~m)q

Theory of the strong interaction.
Non-abelian gauge theory based on color SU(3)
Approximate conformal symmetry at the classical level.

Energy momentum tensor (EMT)
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Vanishing trace in the chiral limit

wo
1), = mqq



The trace anomaly

Conformal symmetry explicitly broken by the quantum effects.

7 = B0 E 4m(1 4 ()i

Collins, Duncan, Joglekar (1977)
N.K. Nielsen (1977)

Fundamentally important in QCD. Trace anomaly is the origin of hadron masses

(P|T"|P) = 2P" P

_ 2
(P|TH|P) =2M
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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?



A naive guestion

triggered by correspondence from Maxim Polyakov

The EMT consists of quark and gluon parts.
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T;U Tél,l/
T = (L) + (L)) = - F o mlL 4 )
[ Can we compute (7,)% and (7,)!, separately? }

Is this a well-defined problem?
Maybe yes, but why do we care?



Nucleon gravitational form factors

The QCD energy momentum tensor contains rich information about the structure of the
nucleon.

Nowadays, it is a standard practice to discuss the quark and gluon parts separately
— partonic decomposition of the nucleon mass and spin.

most general parametrization

PlrigeA,, AFAY — ghv A?
+ Dq g
OM ’ AM

(P'|Tyg|P) = a(P") | Agg7" P*) + By g

+ Cy g Mn*" |u(P)

AW — pP'* _ pH

All the form factors should be renormalized A, ,(A%) — A (A% ), etc.

All the form factors are interesting.



Physics of C,, ?
Non-conservation of the quark/gluon parts
(DL e NG,
C,+ C, =0 because the total EMT is conserved.

Related to the quark and gluon parts of the trace anomaly

<P‘(Tq,g)ﬁ‘P> — 2]\42(14%9 + 4Cq,g)

Poorly understood, but potentially very interesting in connection with the
nucleon mass problem!



Renormalization of C,,: a first look

Polyakov, Son, arXiv.1808.00155

Because of the relation (0,7") ~ A”C,, , the scale dependence of C, ,is
governed by the second anomalous dimension of the energy momentum tensor.

a - as {16 dns\ = 5
8]11,_105 e —a (?CF + T) O‘f + O(m) —f—O(OzS)

This implies (in the chiral limit) C’ig(p — 00) — 0 7



Derivation of trace anomaly: a reminder

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 = (1})/, p

In the following, | consider only DR.

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

[\

from ()%, from (75)%



Operator renormalization and mixing

The bare operator F? is divergent c.f. Tarrach (1982)

. 20
F? = (14 Bo = ) (F*)r = =2 (mdq) e + -
F2
T = —QEI + mqq
B(g _ .
= 2(—;(1’2)5: + Ym (MmaGq) r + (Mqq)r
\ Y )
from ()% from (7,)%

For the bare EMT, in DR, the anomaly entirely comes from the gluon part T;"’



Renormalized trace (7.7,)% : my three mistakes (1/3)

RG-invariant in DR
For the bare operators,

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

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

TR ()% = (T,
Does this mean ( ! (M)) ( Q) ??

(Ty*(w))a = (Tg)a



Renormalized trace (7.7,)% : my three mistakes (2/3)

By definition, <P|(T(fg)ﬁ|P> = 2M* (Af,g + 4(759)

Consider the & — OO limit of this.

: . AR __ _3ny R __ 16
Well-known asymptotic formulas: A, (00) = 613, A (o0) = T67m;

According to Polyakov, Son (2018), C, ,(co) = 0 in the chiral limit

Therefore, in the chiral limit,




Renormalized trace (7.7,)% : my three mistakes (3/3)

Repeat the derivation of trace anomaly, but now with the renormalized operators

Tor = —(FMF%)r + T (F*)R

T(% = (YY" DY) R



Renormalized trace (77,)5 : the correct result

Choose the basis of operators
O1 = —F"F%, |
ir 2 L - {*}2
Oy = P F2, T = 0y + — + Os.

(}.1 p— ??_I._:"":-I:.-“ :"I::I‘il_l,[-_!.

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" = TEF



Second condition:

O1 — (trace) and O — (trace) satisfy the usual twist-2, spin-2, RG equation

/

R 16 ~  A4ny R
0 A?e _ 2 3 Cr 3n, A:{% . cf Peskin’s Eq.(18.186)
! 1 .
Olnp \ A, dm \ FCp ——~) \ 4,

BEWARE, in DR, trace operation and renormalization do not commute

nuy(Fﬂ)\FV}\)R # (FM)\F;L)\)R Uuu(@?’“Dyw)R # (?MD?P)R

Introduce more unknown constants

N (FFAFY) R = 2(F?)r + y(miy) g



Result in Ms at one-loop

YH, Rajan, Tanaka, JHEP 1812 (2018) 008
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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
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Result inMsS at three-loops

14 1 Tanaka, JHEP 1901 (2019) 120
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Renormalization of C,,: the real thing

Return to

0 a, {16 dns\ =p 5

Correct result at O(ay,)

86’5‘ g (160F n 4”,)“) ~R
3 3

Oln 4 !
L as [4Ck (PImve)plP) | ny ((Plmid)alP)
ir | 3 JVE 3 20>
O(m) Naively O(a?), but promoted to

O(a,) due to trace anomaly!
a F? ~ O(1)
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Asymptotic value
in the chiral limit

(ny =3)

cf. Cl(u~0)=0.014 from instantons Polyakov, Son (2018)



Applications



"Pressure’ inside the proton from quark and

gl uon su bSyStemS Polyakov, Schweitzer (2018)

1 d 5d -
— 6M7,,2 d,r, T2 %D(Lg(,r) o MCQ:Q (?’.)

Pq,q(T)

15

Burkert, Elouadrhiri, Girod
(Nature, 2018)

Repulsive
pressure

10

rep(r) (x1072 GeV fm™)
(4]

Discussed in Polyakov, Son (2018),
Our result 10 times larger and has an
opposite sign.
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A correction to the Ji sum rule

Decomposition of the transversely polarized proton

1 P _
J9 — 5(AM + B,y) A 2P T ) Coq
Ji (1996) YH, Tanaka, Yoshida (2012)

Ji, Xiong, Yuan (2012) Leader (2012)
Chakrabarti, Mondal, Mukherjee (2015)

Asymptotically,

E(Aq n Bq) (i 18 (—:,q 2 - 1 16 The correction is sizable

9 for a relativistic proton.



Measuring the trace anomaly (P|F*F,,|P) in experiments
The operator F*'F,, is twist-four,
highly suppressed in high energy scattering.

Purely gluonic operator, very difficult to compute in lattice QCD

Instead, we should look at low-energy scattering.

Purely gluonic operator. Use quarkonium as a probe.

- J /1 photo-production near threshold.



Photo-production of J/4 near threshold

Kharzeev, Satz, Syamtomov, Zinovjev (1998)

S itive to th f g Brodsky, Chudakov, Hoyer, Laget (2000)
ensitive to the non-rorwar
(P'|F" Fuy|P)

matrix element

’ J /Y |
2
~ 104
= ]
4
T ]
g i
P / o = HERA (2002)
t P E + Fermilab/E401 (1981)
; 0 Fermilab/E516 (1983)
] o PFermilab/E687 (1993)
: SLAC (1975
Straightforward to measure. ; Cornell((197;)
Ongoing experiments at Jlab. 0,1 g — s
10 100
W (GeV)
Difficult to compute from first principles

(need nonperturbative approaches) Win =~ 4.04GeV



Holographic approach

YH, Yang (2018)

The operator F“"FPV

is dual to a massless string called dilaton in AdS

-_
4

/\

graviton dilaton

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

Non-forward matrix element difficult to deal with.
Relate to the gravitational form factor

<P,‘F”VFW‘P> — Aq.g) Ba,gs Dq,g: Co g



F|tS d nd DFEd iCtionS YH, Rajan, Yang, in preparation
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