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The strong coupling o,

a, 1s the most important quantity of QCD.

Well understood at high energy where it 1s small: a,~0.1 = pQCD.

Very active research to understand oy at low energy where 1t 1s large:a,~1.

Outline:

®What 1s a coupling constant?

®Why 1s it not constant? (Effective couplings in perturbative QFT.)

oo, 1n pQCD.
eExtension of effective coupling to non-perturbative QCD.

°Experimental determination of the non-perturbative coupling.
e LFHQCD calculation. Comparison with data and other predictions.

éApplication: determination of the hadron spectrum using a,and LFHQCD.
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Coupling constants

When charges are quantized: (coupling constant)!’?2 normalizes the fundamental
charge to 1 (e.g. a.=g?/4n; o=e?/4m).

=> set the magnitude of the force (classical description) or the probability amplitude
to emit a quantum force vector (quantum field description).
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Coupling constants

When charges are quantized: (coupling constant)!’?2 normalizes the fundamental
charge to 1 (e.g. a.=g?/4n; o=e?/4m).

=> set the magnitude of the force (classical description) or the probability amplitude
to emit a quantum force vector (quantum field description).

Force=coupling constantxcharge;xcharge,x1(r)

(2-body static case)
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Coupling constants

When charges are quantized: (coupling constant)!’? normalizes the fundamental
charge to 1 (e.g. a.=g?/4n; o=e?/4m).

=> set the magnitude of the force (classical description) or the probability amplitude
to emit a quantum force vector (quantum field description).

Force=coupling constantxcharge;xcharge,x1(r)
(2-body static case) \

a (QED), a, (QCD), Gr (Weak Force), Gy (gravity).
Tells about the magnitude of the force.
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Coupling constants

When charges are quantized: (coupling constant)!’?2 normalizes the fundamental
charge to 1 (e.g. a.=g?/4n; o=e?/4m).

=> set the magnitude of the force (classical description) or the probability amplitude
to emit a quantum force vector (quantum field description).

Force=coupling constantxcharge;xcharge,x1(r)

(2-body static case) \

Amount of matter. e.g. color charges (QCD),
electric charge (QED), ...

.geff;?son Lab 6

A.Deur 04/14/2021 ILCAC seminar



Coupling constants

When charges are quantized: (coupling constant)!’? normalizes the fundamental
charge to 1 (e.g. a.=g?/4n; o=e?/4m).

=> set the magnitude of the force (classical description) or the probability amplitude
to emit a quantum force vector (quantum field description).

Force=coupling constantxcharge;xcharge,x1(r)

(2-body static case) /
e-mr

— (1-mr) for linear theories.
m 1s the mass of the force carrier. m=0 for

QCD, QED and gravity, m~85 GeV for Weak
Force.

.geff;?son Lab 7

A.Deur 04/14/2021 ILCAC seminar



Effective couplings

Force=coupling constantXchargmXchargezxf(r)\ |
2
Classically (Faraday): 1/r2: dilution of the force flux as 1t spreads

1sotropically through space.

QFT: manifestation 1n the coordinate space of the propagator of the
force carrier.
e- e-
Ex: Electron scattering: \/’/ Virtual photon y*

y*‘-‘ Q2 four-momentum
% squared: -Q2.
Target particle

In momentum space, scattering amplitude « propagator o 1/Q?2.
= Potential in coordinate space « FT(amplitude) o« 1/r.
= Force «1/12.
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Effective couplings

But : 1s a first order approximation.

(not in QED)

The loop Q affects the propagator.

— .
Force=coupling constantxchargeixcharge,x1(r) 4)(%
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Effective couplings

But : 1s a first order approximation.

f (not in QED)

The loop Q affects the propagator.

— .
Force=coupling constantxchargeixcharge,x1(r) 4)(%

We keep 1(r)=1/r? and fold the additional distance dependence 1n the coupling.
= Effective coupling. Now depends on distance (i.e. energy) scale.
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Effective couplings

But ! 1s a first order approximation.

S —

/ —

Higher orders: |
/\ b c d e { (not in QED)

a

\‘/ (QED: Effect of other graphs cancel each
The lOOp Q affects the prOpagatOr. others (“b+c=0") or do not affect definition

! of coupling (d). More complicated for QCD)
— |
Force=coupling constantxchargeixcharge>xf(r) @€~

We keep 1(r)=1/r? and fold the additional distance dependence 1n the coupling.
= Effective coupling. Now depends on distance (i.e. energy) scale.
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Effective couplings

But ! 1s a first order approximation.

S —

/ —
Higher orders: Q : : i .

q f (not in QED)

\‘/ (QED: Effect of other graphs cancel each
The lOOp Q affects the prOpagatOl‘. others (“b+c=0") or do not affect definition

of coupling (d). More complicated for QCD)
— |
Force=coupling constantxchargeixcharge>xf(r) @€~

We keep 1(r)=1/r? and fold the additional distance dependence 1n the coupling.
= Effective coupling. Now depends on distance (i.e. energy) scale.

Loops such as Q lead to infinite probability amplitudes. Theories need to be
regularized and renormalized. (In fact, introduction of effective couplings is central to the
renormalization procedure. This 1s how a(Q?) and 0,(Q?) are formally defined.)
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Effective couplings

But : 1s a first order approximation.

f (not in QED)

; (QED: Effect of other graphs cancel each
The lOOp Q affects the prOpagatOr. others (“b+c=0") or do not affect definition

of coupling (d). More complicated for QCD)
— |
Force=coupling constantxchargeixcharge>xf(r) @€~

We keep 1(r)=1/r? and fold the additional distance dependence 1n the coupling.
= Effective coupling. Now depends on distance (i.e. energy) scale.

Loops such as Q lead to infinite probability amplitudes. Theories need to be
regularized and renormalized. (In fact, introduction of effective couplings is central to the
renormalization procedure. This 1s how a(Q?) and 0,(Q?) are formally defined.)

= Coupling depends on method: renormalization scheme dependence. They
can also become gauge dependent: the coupling 1s not an observable anymore.
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a,(Q?)

0.25 |
02 |
0.15 |
0.1 {

0.05

The strong coupling o at short distances (large Q?2)

0.35
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= y(Mz?)=0.1179 £ 0.0010

.....
= T T i

iy

| o, becomes small at short
T~ distances (large Q?)

1 10 100

Figure adapted from Particle Data Group, 2020.
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T decay (NSLO) rat | O 18 DOt constant due to loops 1n
low Q? cont. (N3LO) e

DIS jets (NLO) ——

Heavy Quarkonia (NLO)
e'e” jets/shapes (NNLO+res) H*
pp/pp (jets NLO) H&-

EW precision fit (N>LOy—e—

pp (top, NNLO)

gluon propagator, fermion self-

1 energy, and vertex corrections:

N
7y

o

| = Asymptotic freedom:

perturbative treatment of QCD

Q[GeV] (PQCD). 0,(Q?) is well defined

within pQCD.

Large Q2 determinations 1n
excellent agreement with
pQCD expectation.
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035 ™ > T —
NO [ T decay (N?LO) +=- ]
Z low Q? cont. (N°LO) e -
SHNN B DIS jets (NLO) -+ ]
Tt Heavy Quarkonia (NLO) .
e'e” jets/shapes (NNLO+res) F*— ]
- pp/pp (jets NLO) H=- 4
25 EW precision fit (N°LO)e—
pp (top, NNLO) v -
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’15 ............................................... ......................
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Fi : adapted from Particle Data Group, 2020.
S p Q [GeV]

The strong coupling o at short distances (large Q?2)
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Here, a 1s iIn MS scheme (most

common choice. It 1s gauge-independent
in this scheme)
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035 a a T T T
NO [ T decay (N?LO) +=-
= low Q? cont. (N°LO) e -
SHAN S DIS jets (NLO) -+ ]
Tt Heavy Quarkonia (NLO)
e'e” jets/shapes (NNLO+res) H*
- pp/pp (jets NLO) H=- 4
025 EW precision fit (N°LO)e—
pp (top, NNLO) v -
0.2 ..............................................
0.15 ............................................... .......
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N oco 1T
= y(Mz?)=0.1179 £ 0.0010 ,
0.05- "i Y oY EE Y R
1 10 100 1000
Figure adapted from Particle Data Group, 2020.
o p Q [GeV]

The strong coupling o at short distances (large Q?2)
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- 0 (Q2)=f(Q?/A%yp) => needs data
| or non-perturbative methods to get

a(Q?), even in pQCD domain.

Lattice calculations: currently

most accurate determination of
o (Mz2).
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The strong coupling o at short distances (large Q?2)

035 . > e
NO [ T decay (N?LO) +=-
= low Q? cont. (N°LO) e -
SHAN S DIS jets (NLO) -+ ]
Tt Heavy Quarkonia (NLO)
e'e” jets/shapes (NNLO+res) H*
- pp/pp (jets NLO) H=- 4
025 EW precision fit (N°LO)e—
pp (top, NNLO) v -
0.2 ..............................................
O. 1 5 ............................................... .......
- A bl
N oo
= y(Mz?)=0.1179 £ 0.0010 ,
0.05 L l g el TR
1 10 100 1000
Figure adapted from Particle Data Group, 2020.
o p Q [GeV]
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- 0 (Q2)=f(Q?/A%yp) => needs data
| or non-perturbative methods to get

a(Q?), even in pQCD domain.

Lattice calculations: currently

most accurate determination of
o (Mz2).

] Otherwise, a,(Q?) 1s extracted
] from data
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The strong coupling o at short distances (large Q?2)

035 — T a2 T T
NO [ T decay (N?LO) +=-
= low Q? cont. (N3LO) e
3 0.3 i DIS jets (NLO) ——
TF Heavy Quarkonia (NLO)
e e jets/shapes (NNLO+res) F* ]
- pp/pp (jets NLO) F&- -
0.25 1 EW precision fit (N°LOy—e— ]
pp (top, NNLO) —— 4
0.2
0.15
L A S, =
0.1 | QED |
= ay(Mz%) =0.1179 £ 0.0010 |
0.05- b — — e =
0 1 10 100 1000
Figure adapted from Particle Data Group, 2020.
g p p Q [GCV]

- 0 (Q2)=f(Q?/A%yp) => needs data
| or non-perturbative methods to get

a(Q?), even in pQCD domain.

Lattice calculations: currently

most accurate determination of
o (Mz2).

] Otherwise, a,(Q?) 1s extracted
] from data, e.g. Bjorken sum rule:

' 1 Ol Ol
: J(gpl'gnl)dx 6 ga(l- n_'3-58(75_ )*-..)

gpl(QZDX)a gnl(Qzax): prOtOIl &
neutron longitudinal spin
structure functions.

x: Bjorken-x
g ,: nucleon axial charge (well

known).

After scheme-independent LO terms, pQCD series 1s expressed 1n a particular
renormalization scheme.= o also 1n that scheme.
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The strong coupling o at short distances (large Q?2)

035 . > T —
NO [ T decay (N?LO) +=- ]
= low Q? cont. (N°LO) e
SHAN S DIS jets (NLO) -+ ]
Tt Heavy Quarkonia (NLO)
e'e” jets/shapes (NNLO+res) H*
- pp/pp (jets NLO) +=-+
025 EW precision fit (N°LO)e—
pp (top, NNLO) v -
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= y(Mz?)=0.1179 £ 0.0010 ,
0.05 L l g el TR
1 10 100 1000
Figure adapted from Particle Data Group, 2020.
o p Q [GeV]
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1At Q2 =1GeV2, pQCD cannot be
Jused to define oy 1f pQCD 1s

| trusted, a,—0o0 when Q—Aqcp.

} eContradict the perturbative

| hypothesis;

] «The divergence (Landau pdle) 1s
1unphysical. = Not responsible for
1 quark confinement.
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The strong coupling o at short distances (large Q?2)

g - T decay (N°LO) Ho— ]
-~ : low Q? cont. (N’LO) Fe— - 2 o
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o, at long distance (low Q?2)

Prescription: Define effective couplings from an observable’s perturbative
series truncated to first order in a

$* G. Grunberg, PLB B95 70 (1980); PRD 29 2315 (1984); PRD 40 680(1989).

This definition 1s 1n analogy to o, QED’s coupling definition (Gell-Mann Low
coupling).

Proposed for pQCD. Can be extended to non-perturbative QCD.
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o, at long distance (low Q?2)

Prescription: Define effective couplings from an observable’s perturbative
series truncated to first order in a..

S G. Grunberg, PLB B95 70 (1980); PRD 29 2315 (1984); PRD 40 680(1989).

Ex: Bjorken sum rule:

I(gpl—gnl)dx érlp'n:’é‘ A(l' —= -3. 58( > )?-...) + ;\éz [a,(a,)t4d,(a ) +41,(a,) ] +.

/ Higher Twists: 1/Q2n

Nucleon axial : .
pQCD corrections corrections.

Charge' (gluon bremsstrahlung) Non-perturbative quantities. Express
correlations between parton
distributions and confinement forces.

A 1 agl
= | I'\pr2ega(l-
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o, at long distance (low Q?2)

Prescription: Define effective couplings from an observable’s perturbative
series truncated to first order in a..

S G. Grunberg, PLB B95 70 (1980); PRD 29 2315 (1984); PRD 40 680(1989).

Ex: Bjorken sum rule:

I(gpl—gnl)dx érlp'n:’é‘ A(l' —= -3. 58( > )?-...) + ;\éz [a,(a,)t4d,(a ) +41,(a,) ] +.

/ Higher Twists: 1/Q2n

Nucleon axial : .
pQCD corrections corrections.

Charge' (gluon bremsstrahlung) Non-perturbative quantities. Express
correlations between parton
distributions and confinement forces.

A 1 agl
= | I'\Pr2ega(l- 7
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o, at long distance (low Q?2)

Prescription: Define effective couplings from an observable’s perturbative
series truncated to first order in a..

S G. Grunberg, PLB B95 70 (1980); PRD 29 2315 (1984); PRD 40 680(1989).

Ex: Bjorken sum rule:

gpi-gndx AT 0= y(1- 2 3.58(5)2.) + 5 [ay(0,) 4o 4D o)+

/ Higher Twists: 1/Q2n

Nucleon axial : .
pQCD corrections cotrections.

Charge' (gluon bremsstrahlung) Non-perturbative quantities. Express
correlations between parton
distributions and confinement forces.

= F pn—— (1_

This means that additional short distance effects, and long distance confinement
force and parton distribution correlations are now folded into the definition of a..

Analogy with the original coupling constant becoming an effective coupling
when short distance quantum loops are folded 1nto 1ts definition.
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o, at long distance (low Q?)

The effective coupling 1s then:

sExtractable at any Q2;
°Free of divergence;
sRenormalization scheme independent.
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o, at long distance (low Q?)

The effective coupling 1s then:

sExtractable at any Q2;
°Free of divergence;
sRenormalization scheme independent.

But 1t 1s:
® Process dependent.

=>There 1s a priori a different o, for each different process.
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o, at long distance (low Q?2)

The effective coupling 1s then:

sExtractable at any Q2;
°Free of divergence;
sRenormalization scheme independent.

But 1t 1s:
® Process dependent.

=>There 1s a priori a different o, for each different process.

However these o, can be related (Commensurate Scale Relations).
S. J. Brodsky & H. J. Lu, PrD 51 3652 (1995)
S. J. Brodsky, G. T. Gabadadze, A. L. Kataev, H. J. Lu, PLB 372 133 (1996)

= pQCD retains 1t predictive power.
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o, at long distance (low Q?2)

The effective coupling 1s then:

sExtractable at any Q2;
°Free of divergence;
sRenormalization scheme independent.

But 1t 1s:
® Process dependent.

=>There 1s a priori a different o, for each different process.

However these o, can be related (Commensurate Scale Relations).
S. J. Brodsky & H. J. Lu, PrD 51 3652 (1995)
S. J. Brodsky, G. T. Gabadadze, A. L. Kataev, H. J. Lu, PLB 372 133 (1996)

= pQCD retains 1t predictive power.

Such definition of a, using a particular process 1s equivalent to a particular choice

of renormalization scheme.
(process dependence) < (scheme dependence)

o, = 0 1n the “g1 scheme”.
Relations between g1 scheme and other schemes are known 1n pQCD domain, e.g.
Ay = 27055 = 1.48 Ayom = 1.92A,= 0.84A..
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o, at long distance (low Q?2)

Advantages of extracting o, from the Bjorken Sum Rule:

sBjorken sum rule: simple perturbative series.
sData exist at low, intermediate, and high Q2.

sRigorous Sum Rules dictate the behavior of o, in the unmeasured Q>—0 and
Q2 —o0 regions.

=We can obtain o, at any Q2.
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0, from the Bjorken Sum data

% pOCD leading twist

® JLab EG4

}Q*e;\{&.

B JLab EG4/E97110
A JLab EGI-DVCS
O JLab EGIb

O JLab RSS

JLab E94010/EGla

O JLab EGla

+ DESY HERMES

SLAC E143
% SLAC EI55

CERN COMPASS (2015)

Bjorken sum I' ,P» measurements

0.15

0*(GeV’)
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0, from the Bjorken Sum data

Bjorken sum I' ,P» measurements

N
Q‘N
F—

02 |
0.15

0.1

0.05

% pOCD leading twist

JLab EG4
JLab EG4/E971105
JLab EGI-DVCS

JLab EGIb

JLab RSS

JLab E94010/EGla
JLab EGla

DESY HERMES

SLAC E143

SLAC EI55

% CERN COMPASS (2015)

$

+ O8> 0 O » m e

*

S .
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HH
S

S @<

ocgl/n DESY HERMES
Otgl/J'lZ CERN COMPASS
ocgl/n SLAC E142/E143
ocgl/n SLAC E154/E155
ocgl/n JLab RSS
ocgl/n CERN SMC
a gl('c)/n OPAL

S Opy/T

04 |-
-l o gl/n Hall A/CLAS (2004) %&
02 A ocgl/n JLab CLAS (2008)
-V Otgl/ﬂ: JLab CLAS (2014)
-® o gl/n CLAS EG4 (2021 prelinL.
R Otgl/ﬂ: Hall A/EG4 (2021 prelim.)
0 1 1 1 1 1 1 1 1 I 1 I
07! I 10
Q (GeV)
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At Q2= 0, a sum rule related to the
Bjorken sum rule exists: the Gerasimov-

Drell-Hearn (GDH) sum rule:

Low Q2 limit

o, (Q)/m

GDH limit

t,, /m Hall A/CLAS (2004)
t,,/m JLab CLAS (2008)
at,,/m JLab CLAS (2014)

o, /n CLAS EG4 (2021 prelim.)]

ocgl/:rc Hall A/EG4 (2021 prelim.

ocgl/n DESY HERMES
ocgl/n CERN COMPASS
ocgl/n SLAC E142/E143
ocgl/:n: SLAC E154/E155
ocgl/:rc JLab RSS

ocgl/n CERN SMC

a ../t OPAL

gl(v)
X ap/n

At Q2= 0, GDH sum rule: 08
202
=% Q
8M2
“Nucleon 6 |-
anomalous mass
magnetic moment
04 |
= Q2=0 constraints: [ |77
-l
021 A
U'gl — T -V
= )
dagl :37'[ (Kn2 ) sz) | &
dQ? 4g M2 Mp2 0] b
Q2=0
32
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Low Q2 limit

At Q2= 0, a sum rule related to the
Bjorken sum rule exists: the Gerasimov-
Drell-Hearn (GDH) sum rule:

oty Q)

At Q2= 0, GDH sum rule: -
_ w202
=59
SM?2
\Nucleon 0
anomalous mass

magnetic moment

04 |-

= Q2= (0 constraints: 366 320

[
] ]

[] ..

GDH limit

t,, /m Hall A/CLAS (2004)
t,,/m JLab CLAS (2008)
at,,/m JLab CLAS (2014)

o, /n CLAS EG4 (2021 prelim.)]
o,/ Hall A/EG4 (2021 pr

elim.

ocgl/n DESY HERMES
ocgl/n CERN COMPASS
ocgl/n SLAC E142/E143
ocgl/:n: SLAC E154/E155
ocgl/:rc JLab RSS

ocgl/at CERN SMC

a ../t OPAL

gl(v)
X ap/n

= dagl _37[ ( an sz)
dQ? 48,

.geff;?son Lab
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1

10

Q (GeV)
First experimental evidence of nearly conformal behavior (i.e. no Q2-dependence) of QCD at low Q=2.
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Low Q2 limit

GDH limit

t,, /m Hall A/CLAS (2004)
t,,/m JLab CLAS (2008)
at,,/m JLab CLAS (2014)

o, /n CLAS EG4 (2021 prelim.)]

ocgl/:rr, Hall A/EG4 (2021 prelim.

ocgl/n DESY HERMES
ocgl/n CERN COMPASS
ocgl/n SLAC E142/E143
ocgl/:n: SLAC E154/E155
ocgl/:rc JLab RSS

ocgl/at CERN SMC

a ../t OPAL

gl(v)
X ap/n

Jargon:
a, freezes.
or
QCD 1s conformal o
at low Q2.
04 -
' m
02 | A
v
@
| %
0
10"
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A 1
j(gpl_gnl)dx =1_‘1p—n:€ gall-—

Large Q2 limit
w3, 58<“MS>2 ) 2ga(l-2)

@ 1
"5
3
0.8
06 |-
04 |-
-l
02 - A
- v
- @
-k

0

O(

Bjorken sum rule
GDH limit

t,, /m Hall A/CLAS (2004)
t,,/m JLab CLAS (2008)
at,,/m JLab CLAS (2014)

o, /m CLAS EG4 (2021 prelim.)]

t,, /m Hall A/EG4 (2021 prelim.)
1 1 1 P T R R B

o, /m DESY HERMES
O(g
O(g
Otg
Otg

>K Ol /0

/1 CERN COMPASS
/1 SLAC E142/E143
/T SLAC E154/E155
/7 JLab RSS

/7 CERN SMC

Oy T)/ﬂ: OPAL

1

= We know a,,; at any Q>.
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Jargon:

a, freezes.

or
QCD 1s conformal

at low Q2.

Low Q2 limit

06 |

04 |-

02 -

GDH limit

t,, /m Hall A/CLAS (2004)
t,,/m JLab CLAS (2008)
at,,/m JLab CLAS (2014)

o, /n CLAS EG4 (2021 prelim.)]

ocgl/:rc Hall A/EG4 (2021 prelim.

ocgl/n DESY HERMES
ocgl/n CERN COMPASS
ocgl/n SLAC E142/E143
ocgl/:n: SLAC E154/E155
ocgl/n JLab RSS

ocgl/n CERN SMC

a ../t OPAL

gl(v)
X ap/n

1

=> One can use tools associated with conformal theories to study non-perturbative QCD.
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The Light-Front holography approximation (LFHQCD)

Review: Brodsky, de Teramond, Dosch, Erlich, Phys. Rep. 05 (2015) 001. arXiv:1407.8131
e[Light-front QCD: Rigorous and exact formulation of non-perturbative QCD. Yields a

relativistic Schrodinger-like equation for hadrons. Confining potential calculable 1n
principle but not tractable in 3+1 dimensions.
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The Light-Front holography approximation (LFHQCD)

Review: Brodsky, de Teramond, Dosch, Erlich, Phys. Rep. 05 (2015) 001. arXiv:1407.8131
e[Light-front QCD: Rigorous and exact formulation of non-perturbative QCD. Yields a

relativistic Schrodinger-like equation for hadrons. Confining potential calculable 1n
principle but not tractable in 3+1 dimensions.

ePractical (3+1)D calculations: use correspondence between gravity in AdSs space
and QCD on the light-front Brodsky, de Téramond, PRL 96, 201601 (2006), PRL 102, 081601 (2009)
LFHQCDI semi-classical model for QCD (no short-distance quantum fluctuations)
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The Light-Front holography approximation (LFHQCD)

Review: Brodsky, de Teramond, Dosch, Erlich, Phys. Rep. 05 (2015) 001. arXiv:1407.8131
e[Light-front QCD: Rigorous and exact formulation of non-perturbative QCD. Yields a

relativistic Schrodinger-like equation for hadrons. Confining potential calculable 1n
principle but not tractable in 3+1 dimensions.

ePractical (3+1)D calculations: use correspondence between gravity in AdSs space
and QCD on the light-front Brodsky, de Téramond, PRL 96, 201601 (2006), PRL 102, 081601 (2009)
LFHQCDI semi-classical model for QCD (no short-distance quantum fluctuations)

*QCD conformal = only one possible LF conﬁnin% potential: harmonic oscillator
rodsky, de Téramond, Dosch, PLB 729, 3 (2014)

eHarmonic oscillator on light front = linear potential for static quarks in usual instant form.
Trawinski, Glazek, Brodsky, G. F. de Téramond and Dosch, PRD 90, 074017 (2014)

*Only harmonic oscillator yields m;=0, as expected from chiral symmetry.
Dosch, de Téramond, Brodsky, PRD 91, 085016 (2015)
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The Light-Front holography approximation (LFHQCD)

Review: Brodsky, de Teramond, Dosch, Erlich, Phys. Rep. 05 (2015) 001. arXiv:1407.8131
e[Light-front QCD: Rigorous and exact formulation of non-perturbative QCD. Yields a

relativistic Schrodinger-like equation for hadrons. Confining potential calculable 1n
principle but not tractable in 3+1 dimensions.

ePractical (3+1)D calculations: use correspondence between gravity in AdSs space
and QCD on the light-front Brodsky, de Téramond, PRL 96, 201601 (2006), PRL 102, 081601 (2009)
LFHQCDI semi-classical model for QCD (no short-distance quantum fluctuations)

*QCD conformal = only one possible LF conﬁnin% potential: harmonic oscillator
rodsky, de Téramond, Dosch, PLB 729, 3 (2014)

eHarmonic oscillator on light front = linear potential for static quarks in usual instant form.
Trawinski, Glazek, Brodsky, G. F. de Téramond and Dosch, PRD 90, 074017 (2014)

*Only harmonic oscillator yields m;=0, as expected from chiral symmetry.
Dosch, de Téramond, Brodsky, PRD 91, 085016 (2015)

eTo produce the harmonic oscillator potential (i.e. the confinement forces), the
AdS space 1s deformed. This done by distorting the AdS metric.
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The Light-Front holography approximation (LFHQCD)

Review: Brodsky, de Teramond, Dosch, Erlich, Phys. Rep. 05 (2015) 001. arXiv:1407.8131
e[Light-front QCD: Rigorous and exact formulation of non-perturbative QCD. Yields a

relativistic Schrodinger-like equation for hadrons. Confining potential calculable 1n
principle but not tractable in 3+1 dimensions.

ePractical (3+1)D calculations: use correspondence between gravity in AdSs space
and QCD on the light-front Brodsky, de Téramond, PRL 96, 201601 (2006), PRL 102, 081601 (2009)
LFHQCDI semi-classical model for QCD (no short-distance quantum fluctuations)

*QCD conformal = only one possible LF conﬁnin% potential: harmonic oscillator
rodsky, de Téramond, Dosch, PLB 729, 3 (2014)

eHarmonic oscillator on light front = linear potential for static quarks in usual instant form.
Trawinski, Glazek, Brodsky, G. F. de Téramond and Dosch, PRD 90, 074017 (2014)

*Only harmonic oscillator yields m;=0, as expected from chiral symmetry.
Dosch, de Téramond, Brodsky, PRD 91, 085016 (2015)

eTo produce the harmonic oscillator potential (i.e. the confinement forces), the
AdS space 1s deformed. This done by distorting the AdS metric.

Harmonic oscillator on light front = in AdS space, ds?z — exp(«?z2)ds?
z is the 5th dimension of AdS space. z2 is the scale at which the hadron is probed, i.e. 1/QZ.
K 1s the universal scale factor of LFHQCD.
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o, from LFHQCD

Perturbative QCD:
pQCD effective coupling a(Q?): small distance QCD effect are folded into the

definition of the coupling constant ..
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o, from LFHQCD

Perturbative QCD:
pQCD effective coupling a(Q?): small distance QCD effect are folded into the

definition of the coupling constant ..

Non-perturbative QCD:
Likewise for a,,,(Q?) at long distance, confinement forces and PDF correlations

are folded into the definition of a (Q?).
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o, from LFHQCD

Perturbative QCD:
pQCD effective coupling a(Q?): small distance QCD effect are folded into the

definition of the coupling constant ..

Non-perturbative QCD:
Likewise for a,,,(Q?) at long distance, confinement forces and PDF correlations

are folded into the definition of a (Q?).

General Relativity Action: Soc/d4x Jg L R, with R the Ricci scalar and g=det(gv)
Y G

AdS Action: Soc[d5x 48 é F2, with F the gauge field and gs the coupling
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o, from LFHQCD

Perturbative QCD:
pQCD effective coupling a(Q?): small distance QCD effect are folded into the

definition of the coupling constant ..

Non-perturbative QCD:
Likewise for a,,,(Q?) at long distance, confinement forces and PDF correlations

are folded into the definition of a (Q?).

General Relativity Action: Soc/d4x Jg L R, with R the Ricci scalar and g=det(gv)
Y G

AdS Action: Soc[dSx 48 Lz F2, with F the gauge field and gs the coupling

Deformed AdS Action: Socfdsx /8" 2%2 g125 F2
Confinement potential
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o, from LFHQCD

Perturbative QCD:
pQCD effective coupling a(Q?): small distance QCD effect are folded into the

definition of the coupling constant ..

Non-perturbative QCD:
Likewise for a,,,(Q?) at long distance, confinement forces and PDF correlations

are folded into the definition of a (Q?).

General Relativity Action: Soc/d4x Jg L R, with R the Ricci scalar and g=det(gv)
Y G

AdS Action: Soc[dSx 48 Lz F2, with F the gauge field and gs the coupling

Deformed AdS Action: S OCJ d>x

— Deformed AdS Action: SOCI d>x
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o, from LFHQCD

Perturbative QCD:
pQCD effective coupling a(Q?): small distance QCD effect are folded into the

definition of the coupling constant ..

Non-perturbative QCD:
Likewise for a,,,(Q?) at long distance, confinement forces and PDF correlations

are folded into the definition of a (Q?).

General Relativity Action: Soc/d4x Jg L R, with R the Ricci scalar and g=det(gv)
Y G

AdS Action: Soc[dSx 48 Lz F2, with F the gauge field and gs the coupling

Deformed AdS Action: S OCJ d>x

= Deformed AdS Action: Soc/dSx
- Effective coupling at large distance

Transforming e
to momentum space: aSLFH(Qz):aSLFH(szo)e('Q K2)

Brodsky, de Téramond, Deur.
Phys. Rev. D 81, 096010 (2010)
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o, from LFHQCD

Perturbative QCD:
pQCD effective coupling a(Q?): small distance QCD effect are folded into the

definition of the coupling constant ..

Non-perturbative QCD:
Likewise for a,,,(Q?) at long distance, confinement forces and PDF correlations

are folded into the definition of a (Q?).

General Relativity Action: Soc/d4x Jg L R, with R the Ricci scalar and g=det(gv)
Y G

AdS Action: Soc[dSx 48 Lz F2, with F the gauge field and gs the coupling

Deformed AdS Action: S OCJ d>x

= Deformed AdS Action: Soc/dSx
- Effective coupling at large distance

Transforming

to momentum space: aSLFH(Qz):aSLFH(QZZO)e(-Q2/41<2) OLSLFH(O)EW:: (xSLFH(Qz) in the

g1 scheme.
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o, and LFHQCD: Comparison with data

0ty (Q)f

aLFH(QZ)

N2/4.2
=€Q/4K

0.6 —

k= MyN2

04

02

] =----

— LFHQCD

i

Bjorken sum rule
- GDH limit

agl/rc Hall A/CLAS (2004) |

at,,/m JLab CLAS (2008)
a,,/m JLab CLAS (2014)

ocgl/n CLAS EG4 (2021 prehn
ocgl/n Hall A/EG4 (2021 prelim.

(1@< qp >

0} gl/ﬂ: DESY HERMES
a gl/ﬂ: CERN COMPASS
(xgl/:n: SLAC E142/E143
ocgl/n SLAC E154/E155
ocgl/n: JLab RSS

ocgl/:n: CERN SMC

O agl(r)/n OPAL

X

ocF3/n

LFHQCD
not valid

1

| = Predlctlon for Qo at long dlstances. No free parametérs (—Mp/\/z)

f; Agrees very well Wlth the o, extracted from JLab’s Bjorken sum data.
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o, and LFHQCD: Comparison with data

One can also fit the a,,,(Q?) data to get k: k=0.513+0.025 Ge V.
Or use the relation between k and Agcp (latter slides):
PDG value for AQCD ylelds K=0.5 12i0 030 Ge{

0 Brodsky de Teramond Dosch Lorcé, PLB 759, 171 (2016)
It
>
O
<)
< - - - - - R S
05 i e +- ; - | o
0.3}
0.1}
0.f

o 7 5 K K g

[
(1]

N A A =z 3

gl

Agree with other determinations of k. ~10% universality of k confirms that LFHQCD 1s
a good model for QCD. (Also, nucleon or pion Form Factors provide compatible k.)
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Comparison with process-independent o, from SDE calculation

Binosi et al. PRD 96, 054026 (2017) |
'— LFHQCD

o, (Q)/

0.6 |-

04 -

02 -

SO @[>

SDE Binosi et al.

Bjorken sum rule
GDH limit

L, /m Hall A/CLAS (2004)
at,,/m JLab CLAS (2008)
a /7 JLab CLAS (2014)

oc /m CLAS EG4 (2021 prelim.)] £
OL /:rc Hall A/EG4 (2021 prelir

O(gl/J'IS DESY HERMES

t,,/m CERN COMPASS

ocgl/n SLAC E142/E143
ocgl/rc SLAC E154/E155
ocgl/n JLab RSS

a, /m CERN SMC

/m OPAL

Olp,/TC

Y1)

n.)

1
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Predictions of the hadronic mass spectrum

ocgl/n DESY HERMES
agl/:rc CERN COMPASS
a gl/n SLAC E142/E143
ocgl/n SLAC E154/E155
agl/rc JLab RSS
a, /T CERN SMC
glm/n OPAL
X og/n

SH@® <o >

lE3d:

— LFHQCD

04 Bjorken sum rule
------- GDH limit

|“|

n|
il
|u l l
\ EA o

- o, /7 Hall A/CLAS (2004) §
02 — A oc /n JLab CLAS (2008)
-V agl/ﬂ: JLab CLAS (2014)
-® « gl/:n: CLAS EG4 (2021 prelim.)
¢ ocgl/n Hall A/EG4 (2021 prehm.)

0 | | | | | ‘
107 i

10

Q (GeV)

LFHQCD
not valid
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Predictions of the hadronic mass spectrum

1 } a gl/ﬂ: DESY HERMES
a gl/:n: CERN COMPASS

o gl/n SLAC E142/E143

O(gl/ﬂ: SLAC E154/E155

ocgl/:n: JLab RSS

o gl/n CERN SMC

Oy T)/n OPAL

X op,/n

0ty Q)

pQCD not valid

0.8

pQCD

04

0.6

0.2

0 1

0
1
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Predictions of the hadronic mass spectrum
pQCD not valid LFHQCD not valid

X gl/J'lZ DESY HERMES

X gl/ﬂ: CERN COMPASS
X glln SLAC E142/E143
xgl/n SLAC E154/E155
lgl/J'I: JLab RSS

X gl/n CERN SMC

X .../t OPAL

gl(v)
KX o/

pQCD and LFHQCD
both provide a good
description of o, (1..

the Bjorken sum)

@) (@) @) @) (@) @) @)

\
\

i
Ilp‘
|
|

l‘
I| ||
454‘ /'{D
n

- ; \ | I
elim.) iiu'!.
elir T
\ | ! L
0" i 10
Q (GeV)

Match LFHQCD and pQCD expressions of o, and its B-function:
=> Relate hadronic masses to fundamental QCD parameter A ¢y,

n

Jefferdon Lab 54 A.Deur 04/14/2021 ILCAC seminar



Connecting x to Agcp

B
S ! s = 1 ,,/m DESY HERMES
= da 7 o, /m CERN COMPASS
S - % o /m SLAC E142/E143
: gl
pQCD and LFHQCD : Ak o o, /m SLAC E154/E155
both provide a good === , 0t/ JLab RSS
description of o, (1.. * @ 3 Gyt CERN SMC @&@
he Biork i N : 0 OLgl(r)/Tc OPAL O\
the Bjorken sum) f N X amn o
06 - QSJQ 09
- &
i A
LFH N2 — LFHQCD [ pOCD( ()2
a, (Q ) — 04k _ < 4= Q7 _ (1+higher orders)
i 04 - Bjorken sum rule ,BO In(Q? /AQCD)
T e GDH limit
M o, /mHall A/CLAS (2004) iy "
02 A a /m TLab CLAS (2008) | 3 Q W,
v a JmJLab CLAS (2014) = 4. i T
- @ oc /:rc CLAS EG4 (2021 prelim.)|
-k oc /n Hall A/EG4 (2021 prehm)
0 L | | o
10" ] 10

Q (GeV)

Kk =1.607Az AtNLO

Deur, Brodsky, de Téramond, PLB 750, 528 (2015)

e(a+1)(a /2)1/2 AtLO
S e ramencd a=4(NIn(2)2-1+Po/4-1n(2))/Po

55
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Predictions of the hadronic mass spectrum

0 M2(GeV2) n—=2 n=1 n=0

Y 1700) / :
I - - Cl4(2040) ]
N B Am%)

1 P(:‘%mo)

o P770) Orbital angular momentum [,

Kk =1 6O7A1\TS
k= MyN2

0 1 2 3 4
: LFHQCD predictions with Agcp from Part. Data Group as only input.
_~ : Slopes predicted by LFHQCD.
e : Measurements.

Baryon spectrum obtained from hadronic supersymmetry or from proton mass.
Brodsky, de Téramond, Dosch and Lorcé, Int. J. Mod. Phys. A 31, 1630029 (2016)

For hadrons with heavy valence quarks, heavy mass quarks are also needed as input.

Analytic determination of hadron spectrum with Agcp as only input (+heavy quark mass if needed)
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Predictions of the hadronic mass spectrum

Otgl/ﬂ? DESY HERMES
o gl/n CERN COMPASS
ocgl/n SLAC E142/E143
Otgl/J'lZ SLAC E154/E155
ocgl/n: JLab RSS

pQCD and LFHQCD
both provide a good

description of 0Ly (1.e. ] ocgl/n/Cl(E)lg EMC
. - ! O | o/ T0
the Bjorken sum) * | T
: F3

— LFHQCD

04 Bjorken sum rule
------- GDH limit

H o gl/J'E Hall A/CLAS (2004)

02 — A a, /m JLab CLAS (2008)

-V oc /m JLab CLAS (2014) - .
®
*

|\| i
N

oc /:rc CLAS EG4 (2021 prelim. )
OL ,/m Hall A/EG4 (2021 prelim.)

10 I ‘ 10
Q (GeV)

Conversely, one can use k, from hadron masses or form factors and apply
the same matching procedure to predict QCD’s fundamental parameter Aqcp.

.geff;?son Lab 57 A.Deur 04/14/2021 ILCAC seminar



Prediction of Agocp from hadronic observable

0.339(19) GeV

QCD =

AdS

A
e

Deur, Brodsky, de Téramond, J. Phys. G 44,10,

105005 (2017)

0.332(19) GeV

Particle Data Group, 2015

PDG
AQcp

A A% AdS/QOCD, series at same order

N A% AdS/QCD with B-series at 3,

7

6
Series order

<
%

e
%

6KKy

58S

3RS
K5

&
S
%5
ol
3R

&

2339888 A% World data (2015)

0.75
0.7 -

)\

0.65 |-

0.6 [~
0.55 |
045

0.35
0.3
0.25

3,
5-loop as calculation,

nf=—

K from hadron masses.

Determination of Aqcp 1n excellent agreement with PDG world average and with

similar uncertainty.
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Summary

o0, 1s the fundamental parameter of QCD.

sMeaning of coupling constant and running coupling (including in non-pert. domain).

eBjorken Sum Rule 1s advantageous to define an effective coupling o,

»Data and sum rules allow us to know o, at all Q>.
o0, freezes at low Q> = Application of AdS/CFT to non-perturbative QCD.

oq, obtained with LFHQCD.

*Form 1mposed by respecting QCD’s basic (approximate) symmetries: either
conformal symmetry of QCD Lagrangian (mass scale emerging in QCD’s Action: dAFF
mechanism), or chiral symmetry (massless pion). Arises also from observed hadronic
supersymmetry.

sNo free parameters (uses only one parameter, k, known from very different phenomenology).

sRemarkable agreement with o, data and recent SDE calculation.
sAnalytic determination of hadron spectrum with Aqcp as the only input.

°High precision determination of Aqcp.
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Coupling constants

When charges are quantized: (coupling constant)!’? normalizes the unit charge to 1
(e.g. o =g2/4m; a=e2/4mn).

=> set the magnitude of the force (classical domain) or the probability amplitude to
emit a quantum force vector (QFT).

Force=coupling constantxcharge;xcharge,x1(r)

70

(static case) 50 7r
N\ . BUSY Gravity
a (QED), o, (QCD), Gr (Weak Force), Gn (grav1ty).§* of
Quantum effects induce an energy dependence. =2 | QED
(effective couplings: the couplings are “running”)
_ Weak —
- “Strong
1 10 10 10 10 10 10 10 1}01. (1(0}6{0/)
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The many values of 0.(0) (from literature)

= AT AR ©<—>
ES?: -1 2 A|Y B Effective charges @& Hadron spectrun 4
> O & .
| § ,_g > A SDE A Quark-Hadron duality
- E _Z %_. éé ® Lattice O ¢4 to Yang-Mills mapping
(@]
8 é é il © g vV FRG ar  Bogoliubov comp. princip.
- § 'g =§ 1; *  Gribov-Zwanziger approach
lom 1> | I<| = % Stochastic Quantization
i O BPT w Curci-Fermi Model
6 - 0 OPT B8 Analytic coupling
i A
A
i o
s A 5
! Al A
- om P 7 " X A A A A }
i A
A
, L 1
i *
{) PK
i O O RER A ;
A Mo o 0 A SmgEET g
o HL-o—e—e—0— —0 o+ 0 —4—-
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The many values of 0.(0) (from literature)

S "= N d |
~ ] < . e
= -1 2 A|Y B Effective charges & Hadron spectrum -
> O & .
| § ,_g > A SDE A Quark-Hadron duality
o -+
- E _Z 3 éé ® Lattice O ¢4 to Yang-Mills mapping
(@]
8 é S| lelll VY FRG ar  Bogoliubov comp. princip.
= vle o
| O 2 > 1; *  Gribov-Zwanziger approach
= O C
-lom '~ < | WL ¥ Stochastic Quantization
i O BPT w Curci-Fermi Model
6 [~ O OPT BR  Analytic coupling
A
4
2
0
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0, (0)

10

"4

\’I:"' 4

Y S N N
-1 2 A|Y c B Effective charges @& Hadron spectrum

5 O
- : § ,_g > A SDE A Quark-Hadron duality
] %:) _Z g-- éé ® Lattice q>4 to Yang-Mills mapping
— 5 | |o c FRG o Bogoliubov comp. princip.

-+ -+ O

| O 2 > 1; *  Gribov-Zwanziger approach

par O c
-lom '~ < | WL X Srochastic Quantization
i O BPT > Curci-Fermi Model
— O OPT BR  Analytic coupling
i A

A

i ® N
B PK
i A

‘ ®
- O i " X A A A A +
i A -

A =S
i *
4} BK

i O R R A *
1 o 9o o o o0 o -
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T Mostly calculations
using V scheme.
(problematic because
of multi-gluon
H-diagram divergences)

Calculations mostly
using MOM scheme.

Calculations mostly
«— using MS scheme.

«— (Separate and coexistent
solution of SDE and
Lattice. Unphysical?)
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4

AdS/QCD results can be used to
obtain 0 (0) 1n a given scheme:

Use o(0) and Qo as free

parameters rather than
A, (or ¥ or Mp) and Qo

= (Quantify scheme-dependence
of a(0) in the non-perturbative

domain.
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Comparison with literature

—~ 10 RN
. = 8 A § B Effective charges ® Hadron spectrum
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arXiv:1601.06568
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Also compatible with o (0)—o0 results: based on Vr: linear static quark-quark

potential. AdS/QCD harmonic oscilator potential on Light-Front form equivalent
to linear potential in usual frame (Instant-Front form).

=> Discrepancy in non-perturbative o, behavior seen 1in literature can be explained
by scheme-dependence, mismatch in coordinate system used.
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