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Proton Mass

J Nucleon mass — dominates the mass of visible world:
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d m, ~ few MeV Current quark mass
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1 How does QCD generate the nucleon mass?

“... The vast majority of the nucleon’s mass is due to quantum
fluctuations of quark-antiquark pairs, the gluons, and the energy
associated with quarks moving around at close to the speed of light. ...”
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The 2015 Long Range Plan for Nuclear Science
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uark
d m, ~ few MeV Current quark mass
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Higgs mechanism is not enough!!!

1 How does QCD generate the nucleon mass?

“... The vast majority of the nucleon’s mass is due to quantum
fluctuations of quark-antiquark pairs, the gluons, and the energy
associated with quarks moving around at close to the speed of light. ...”

REACHING FOR THE HORIZON
The 2015 Long Range Plan for Nuclear Science

How to quantify and verify this, theoretically and experimentally?



Mass vs. Spin

O Mass - intrinsic to a particle:

= Energy of the particle when it is at the rest
< QCD energy-momentum tensor in terms of quarks and gluons
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© Protonmass m = (pl [ °= T |p)
(p|p)

X. Ji, PRL (1995)

~ GeV  when proton is at rest!



Mass vs. Spin

O Mass - intrinsic to a particle:

= Energy of the particle when it is at the rest
< QCD energy-momentum tensor in terms of quarks and gluons

’ l i —g y ] ’ Y 2
THY = 5 yiDWy"y + 7 g#*"F? — FFFY,

<~ Proton mass: . (p| [ d>x TV |p)
(plp)

X. Ji, PRL (1995)

~ GeV  when proton is at rest!

 Spin - intrinsic to a particle:
= Angular momentum of the particle when it is at the rest
< QCD angular momentum density in terms of energy-momentum tensor

ARIU[I.I/ — -TLll/:]:[l. o -TLl[l.:]:l/ e]l — %(l_]}l /(]3’1‘1“[0-},‘

< Proton spin:

'v <l T - ].
S(u) =Y (P, S|J; ()| P, S) = 5



Hadron Spin

d Proton’s spin:

d Current understanding:
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d Proton’s spin: g

d Current understanding:
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Proton Spin l
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Quark helicity
Best known

%/dm(Au+M+Ad+AJ+As+A§)
~ 30%
Spin “puzzie”



Hadron Spin

0 Proton’s spin: g

d Current understanding:

L 1 1

2
Proton Spin l T

O

Quark helicity @
Best known Gluon helicity

1 ) i I Start to know
5/dac(AquAwAd+Ad+As+As)
~ 30%
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~ 20%(with RHIC data)



Hadron Spin

d Proton’s spin: Q 4

d Current understanding:
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Hadron Spin

d Proton’s spin: Q 4

d Current understanding:

L 1 1
Proton Spin l T ‘
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@

Quark helicity

Gluon helicit
| e knf)wn Start to knovz Orbital Angular Momentum
; / dr (Au-l-M-l—Ad-l-Ad-l—As-l—AE) of quarks and gluons
~ 30% AG = / dzAg(x) Little known

. e . ~ 20%(with RHIC data)
Spin “puzzle

If we do not understand proton spin, we do not understand QCD



Hadron Mass

O Proton’s mass:

< QCD Lagrangian does not have mass dimension
parameters, other than current quark masses
< Asymptotic freedom == confinement:

1
m=) A dynamical scale, Aqcp s consistent withﬁ ~ 200 MeV
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Hadron Mass

O Proton’s mass:

< QCD Lagrangian does not have mass dimension
parameters, other than current quark masses
< Asymptotic freedom == confinement:

1
m=) A dynamical scale, Aqcp s consistent withﬁ ~ 200 MeV
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< Spontaneous chiral symmetry breaking:

d Constituent

que:j rkl . . Massless quarks gain ~300 MeV mass
moael. . when traveling in vacuum

wp M, ~ 3mS" ~ 900 MeV



Hadron Mass

O Proton’s mass:

< QCD Lagrangian does not have mass dimension
parameters, other than current quark masses
< Asymptotic freedom == confinement:

1
m=) A dynamical scale, Aqcp s consistent withﬁ ~ 200 MeV

4

- Bag model. < Kinetic energy of three quarks: K, ~3/R

Bag)

® o < Bagenergy (bag constan4t B): 4 T, = ;7R B
< Minimize K, + Ty M, ~ — ~ ~ 919M

T My~ G V1AMV

< Spontaneous chiral symmetry breaking:

d Constituent

que:j rkl . . Massless quarks gain ~300 MeV mass
moael. . when traveling in vacuum

wp M, ~ 3mS" ~ 900 MeV

< With “heavy” (or slow moving) quarks
Energy concentrated in the gluon junction!

m=) Gluon radius < Charge Radius EIC!

Q1 Lattice QCD:

Mass scale: Lattice space - “a”



Hadron Mass

Martin Savage @ Temple meeting

(1 Nucleon mass from lattice QCD:
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Mpy = 800 MeV + m, Unexpected behavior !!



Hadron Mass

d From Lattice QCD calculation:

2400
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See Richards’ talk on excite states
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Hadron Mass

See Richards’ talk on excite states

d From Lattice QCD calculation:
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A major success of QCD - is the right theory for the Strong Interaction!
How does QCD generate this? The role of quarks vs that of gluons?



Hadron Mass

See Richards’ talk on excite states

d From Lattice QCD calculation:
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A major success of QCD - is the right theory for the Strong Interaction!
How does QCD generate this? The role of quarks vs that of gluons?

If we do not understand proton mass, we do not understand QCD



Hadron Mass

d Three-pronged approach to explore the origin of hadron mass

<~ Lattice QCD
< Mass decomposition — roles of the constituents
<> Model calculation - approximated analytical approach

The Proton Mass

At the heart of most visible matter. .
» Temple University, March 28-29,2016 ;

Phlladelphla Pennsylvama'

https: //phys cst. temple edu/mezuanllproton mass-workshop 2016/



Hadron Mass

d Three-pronged approach to explore the origin of hadron mass
< Lattice QCD

< Mass decomposition — roles of the constituents
<> Model calculation - approximated analytical approach

| : | : |
Rapid acquisition of mass is
¢ _ g2ffect of gluon cloud
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Hadron Mass

d Three-pronged approach to explore the origin of hadron mass
< Lattice QCD

< Mass decomposition — roles of the constituents
<> Model calculation - approximated analytical approach

| : | : |
Rapid acquisition of mass is
¢ _ g2ffect of gluon cloud
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Bowman et al

[ Bhagwat & Tandy / Roberts etal’
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Quark Energy Gluon Energy Quark Mass Trace Anomaly




Decomposition - Sum Rules

1 Roles of quarks and gluons?
< QCD energy-momentum tensor:
TH = Thv 4 Thv
1

Traceless term: Twuv = THYV _ _ gt T,
_— 1 4 Vacuum expectation
Trace term: THy = ZQIWTO& breaks chiral symmetry
with T = 2 [# ’aFﬁy 4+ Z mq(l 4+ 'Ym)@bqﬁbq

29
\ y ] q=u,d,s
QCD trace anomaly 3(g) = —(11 —2n;/3) g°/(47)* + ...




Decomposition - Sum Rules

1 Roles of quarks and gluons?

< QCD energy-momentum tensor:
TH = Thv 4 Thv

Traceless term: Twuv = THV _ 1 gt T
_— 1 4 Vacuum expectation
Trace term: THy = ZQIWTO& breaks chiral symmetry
——
with 79 — %FW’“FFCL‘V — Z Mg (1 + Ym)¥ g
\ ] gq=u,d,s

QCD trace anomaly ((g) = —(11 —2n;/3) g°/(4m)* + ...

< Invariant hadron mass (in any frame):
(| T p) o< p*'p” wp (o] T |p)(guv) x P"P" (gpv) = m?

m? o T ) DO gy

mm) At the chiral limit, the entire mass is from gluons!

See Dima’s talk on Wednesday



Decomposition - Sum Rules

X. Ji, PRL (1995)
J Sum rules for Proton Mass: His talk this afternoon

Sum rules are only useful if individual terms can be measured independently

Relativistic motion Quantum fluctuation
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X. Ji, PRL (1995)
J Sum rules for Proton Mass: His talk this afternoon

Sum rules are only useful if individual terms can be measured independently

Relativistic motion Quantum fluctuation

(| [ d*T™|P)

My (PP}

A
[ | I | |
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Quark Energy Gluon Energy Quark Mass Trace Anomaly

<> Hadron state:
|P)  With the normalization: (P|P) = (E/M)(2m)**(0)
< Hamiltonian:
Hoep = [dFT™(0,3)  (P|HqeolP) = (E/M,)(2m)°6*(0)



Decomposition - Sum Rules

X. Ji, PRL (1995)
J Sum rules for Proton Mass: His talk this afternoon

Sum rules are only useful if individual terms can be measured independently

Relativistic motion Quantum fluctuation

P| [d3x TP [ ) . |
at rest/ ﬂ \

Quark Energy Gluon Energy Quark Mass Trace Anomaly

M,y

<> Hadron state:
|P)  With the normalization: (P|P) = (E/M)(2m)?6*(0)
<> Hamiltonian:

Hoep = [dFT™(0,3)  (P|HqeolP) = (E/M,)(2m)°6*(0)
< QCD energy-fnomentum tensor:
THY — Tuv 4 ’_fu\V (P|T"|P) = P*PY /M, No ¢"" term!

I alnkd v 1 v Sy 1 v
wp (P|T"|P) = (P*P" — M} g")/M,  (P|T" P) = Mpg"

4
- (P| [ dB2T"|P) 3 (P| [ &3z T%|P)
<P|P> at rest <P’P> at rest 4

1
= Z M p — - M P
“Traceless” term “Trace” term




Decomposition - Sum Rules

4 Identities:
(P| [ d*xT|P) _, (P|[d*xT*P)

(P|P) (P|P)

(P| [ d3T"|P)
(P|P)

at rest at rest

4
3



Decomposition - Sum Rules

4 Identities:
(P| [ d*xT|P) _, (P|[d*xT*P)

(P|P) (P|P)

(P| [ d3T"|P)
(P|P)

at rest at rest

4
3

1 Traceless terms:

=—1v2% ==11% =114 LY 1_-' L) 1 w7 ' T 1 L Y v
T'u = T';L + TZ T‘r; = 521%(]_))(/ Y )U) - Zgl ymy, 7—‘; = Zgl F2 - F° 'Fu:'
_ 1
224 _ v v
(PIT}"|P) = a(u®) (PP — L M2 ") [M,

(PITS|P) = [1 — a(u®)|(P*P* — M2 g)/Mp



Decomposition - Sum Rules

4 Identities:

(Pl [ d*xT5|P) _ (PI[d«T™P)| 4 (P|[d*T"|P)
(P|P) (P|P) o3 (P|P) _—
O Traceless terms: 1
T T AT T = By - pgtimy, T = g F - PR,
(PIT™|P) = a(u2) (P*P* — = M2 g) /M,

4
(PITS|P) = [~ a(u®)|(PHP" — M2 g)/Mp

Let , -+ v — +
Total momentum fraction carried

1
a(p?) = 3 fo x[qy(x, u?) + Gp(x, u*)ldx  py the quarks - reasonably known!
.

) 3 (Pl [d*T, |PY| 5.3
= a(p”) — M, PIP) =[1—a(p )]4

at rest at rest

(P| [ d*= T, |P)
(PP)

M,y

=~ |




Decomposition - Sum Rules

 ldentities:
(Pl [ d*xT5|P) _ (PI[d«T™P)| 4 (P|[d*T"|P)
(P|P) (P|P) e S (P|P) N
1 Traceless terms: 1
T =T, +T," T = ;n—)zﬁ(' I — lg"”wmw T} = 79"F ?— F'F",
(PIT™|P) = a(u)(P“P” — S M2 g) /M,

4
(PITS|P) = [~ a(u®)|(PHP" — M2 g)/Mp

Let , -+ v— +
Total momentum fraction carried

a(p?) = Z[ xlgp(x, ) + G, (x, pn?)]dx by the quarks - reasonably known!

Pl (BT P 3 (P| [ 32T |P 3
PUSTTAR| o3y, PUSTTIR) 3y,
<P|P> at rest 4 <P|P> at rest
1 Trace terms: | |
THY = THY 4 Th (PITE | P) = bZMp g (P|T}V|P) = [1 —b] ZMp 7
P| [ d3xTY|P 1 P| [ d3xT®|P 1
(P| [ d&xT))|P) i, (P| [ >z T,°|P) — -t iMm,
<P’P> at rest 4 <P’P> at rest 4




Decomposition - Sum Rules

1 Roles of quarks and gluons?

<> Quark enerqy contribution:

H, = /dBf U (—iD - a)v, M, = <P<§;l>P> = (a—b) %Mp
< Gluon energy contribution: (PIH.|P) b est ;
1 P H,|P
H:/d3?—E‘~’ B2 M, = g —(1—a)SM
’ 2( " ) ’ <P‘P> at rest ( ) 4 g
< Quark mass contribution:
o [ v (PHRIPY
" / i " <P |P > at rest g
< Trace anomaly contribution: (P|H, P} .
9oy P|H,|P
H,= [ $P7==(E2-B? M,= =(1-b) ;M
/d ’ 167 ( ) <P’P> at rest 4 g




Decomposition - Sum Rules

1 Roles of quarks and gluons?

< Quark energy contribution:
H, = / &3z H(—iD - ),

< Gluon energy contribution:
H,= [&F S(E? + B?)

< Quark mass contribution:
Hyp = / B3F Pma

< Trace anomaly contribution:

as
Ha:/d?’f&(Ez—Bz)
167

(P|Hq|P) 3
M, = = (a —b) ~ M,
! <P’P> at rest 4
(P|H,y|P) 3
M, = =(1—a)- M,
! <P‘P> at rest 4
a, = PHEHP)
<P|P> at rest
(P|Hq|P) 1
M, = =(1-b)-M
<P’P> at rest 4 g

Relativistic motion

Quantum fluctuation

|

(P [ d®xT™|P)

-
M, =

(P

P)

| | I | |
= M, + M, + M,, + M,

at rest / ﬂ \

Quark Energy

Gluon Energy Quark Mass

Trace Anomaly

=) Need to find the “b” independently!




Decomposition - Sum Rules

O Quark mass contribution — the b-term:
b M, = (P|m,iu + mgdd|P) + (P|ms3s|P) + ...(heavy flavors)
d The first term - 7N o-term:
o-n = m{N|iu + dd|N) with = (m, +my)/2

Both lattice QCD and phenomenological analyses give

oxN ~ 45 — 50 MeV

See talks by Cloet,

Liu, Roberts, Yang, ...



Decomposition - Sum Rules

O Quark mass contribution — the b-term:
b M, = (P|m,iu + mgdd|P) + (P|ms3s|P) + ...(heavy flavors)
d The first term - 7N o-term:
o-n = m{N|iu + dd|N) with = (m, +my)/2

Both lattice QCD and phenomenological analyses give

oxN ~ 45 — 50 MeV

d The second term - strange scalar charge:
Light strange quark:

ocrn = (M + my){Nliu + dd + 28s

N)/4
Both lattice QCD and phenomenological analyses give

oxnN ~ 360 — 400 MeV

See talks by Cloet,

Liu, Roberts, Yang, ...



Decomposition - Sum Rules

See talks by Cloet, Roberts,

1 Key to proton mass sum rule: Liu, Yang, ...

< Chiral symmetry breaking
< Trace anomaly



Decomposition - Sum Rules

1 Key to proton mass sum rule:

< Chiral symmetry breaking
< Trace anomaly

d From Ji’s original paper:

See talks by Cloet, Roberts,
Liu, Yang, ...

Mass type H; M, m, — 0 (MeV) m, —  (MeV)
Quark energy SH(—iD - a)y 3(a — b)/4 270 300
Quark mass | ymaifs b 160 110
Gluon energy 5(E? + B?) 3(1 — a)/4 320 320
Trace anomaly Ja, 190 210

s (E* — B?) (1 — b)/4

|

a(p®) = Zfo xlgr(x, u?) + Golx, u?)]dx
f

bM = (P|m,iu + mydd|P) + {(P|m,5s|P)



Decomposition - Sum Rules

O Kevt t le: See talks by Cloet, Roberts,
ey 10 proton mass sum ruie. Liu, Yang, ...

< Chiral symmetry breaking
< Trace anomaly

d From Ji’s original paper:

Mass type H; M, m, — 0 (MeV) m, —  (MeV)
Quark energy S (—iD - @)y 3(a — b)/4 270 300
Quark mass wmy b 160 110
Gluon energy S(E? + B?) 3(1 — a)/4 320 320
Trace anomaly (T’é% (E? — B?) (1 — b)/4 190 210

; ' 5 S O Trace
a(u”) = Zjo xlgr(x, u%) + G;(x, u)]dx Anomaly @ Quark
f 20% T

Energy

bM = (P|m,tiu + mydd|P) + {(P|m,5s|P) 29%

1 Lattice QCD calculation:

Total quark fractional momentum
a(p?) ~ 0.55

0O Gluon B Quark
Energy Mass
34% 17%

Test the scale dependence on lattice?



Measurement of Trace Anomaly?

See Kharzeev’s talk, ...

d Trace anomaly:

< Recall: m? o (p|T%, |p)  wmp @ (p|F?|p)
d Theory background: ’

Brodsky, Schmit de Teramond ’90

Quarkonium-proton interaction Luke, Monohar, Savage ‘92



Measurement of Trace Anomaly?

d Trace anomaly:
< Recall:

m? o (p|T, |p)

d Theory background:

Quarkonium-proton interaction

See Kharzeev’s talk, ...

= 29 iy,

29

Brodsky, Schmit de Teramond ’90
Luke, Monohar, Savage ‘92

O Quarkonium production near threshold:

dovdt (1=0) [nbyGeV?)

—
o
[
i

L YN JwN

ﬁmﬁ

%_#;ﬁ*f

o CAMERINI 75 (SLAC)

o GITTRLMAN 75 (CORNELL)
¢ AUBERT

v BINKLEY 82

+ AID 04 (HERA HI)

A BREITWEG 97 (KERA ZEUS)

P | 5
107
W, GeV

Y*VH‘L ’,"
=
—>— >

Kharzeev, Satz, Syamtomov
Zinovjev, EPJ ‘99



Measurement of Trace Anomaly?

See JP Chen’s talk, ...
d Trace anomaly:

< Recall: m? o (p|T%, |p)  wmp blg) (p|F?|p)

10 — e

Wang, Liu, Zhang
arxiv:1508.00339
100}
Kubarovsky,
Voloshin

total arxiv:1508.00888

..... Pomeron

Y A L -
c\3 But, the cross section

may be much smaller —

b O(pb)

P S S SR Gobbi, Boffi, DK ‘94

o (yp—J/¥p)(nb)




“Summary”

 The proton mass closely connected to quantum anomalies

Non-perturbative QCD generates a new scale:  (() | F? |0> #* 0

d Three-pronged approach to explore the origin hadron mass

lattice QCD
mass decomposition - roles of the constituents
approximated analytical approach

1 Questions:

< What can lattice QCD do to explore the role of “individual” constituent
in making up the proton mass?

< What can the mass decomposition teach us?

< How well can we control the approximation of the analytical or
model approaches

<.



“Summary”

 The proton mass closely connected to quantum anomalies

Non-perturbative QCD generates a new scale:  (() | F4 |0) #* 0

d Three-pronged approach to explore the origin hadron mass

lattice QCD
mass decomposition - roles of the constituents
approximated analytical approach

1 Questions:

< What can lattice QCD do to explore the role of “individual” constituent
in making up the proton mass?

< What can the mass decomposition teach us?

< How well can we control the approximation of the analytical or
model approaches

< ...
Let’s work together at this workshop



