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Importance of measuring o,

The QCD coupling 1s (by far) the least known fundamental coupling:
*QED: Aa/a =1.5x 10710

sWeak: AG,/Gr = 5.1 x 107’
*Gravity: AGy/Gy = 2.2x 107
*QCDZ AC(S/ a, = 7.6 X 10_3 (with Lattice QCD determinations) OI 8.5 X 10_3 without.
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Importance of measuring o,

The QCD coupling 1s (by far) the least known fundamental coupling:
*QED: Aa/a =1.5x 10710

sWeak: AG,/Gr = 5.1 x 107’
*Gravity: AGy/Gy = 2.2x 107
»QCD: Aa/a, ~ % R

Precise knowledge of «a, is needed for:

* Understanding QCD;
* High precision SM and beyond SM studies at high-energy facilities.

Ex. beyond SM physics can be revealed by checking the universality of a,: different processes yield slightly
different a.
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Importance of measuring o,

The QCD coupling 1s (by far) the least known fundamental coupling:
*QED: Aa/a =1.5x 10710

sWeak: AG,/Gr = 5.1 x 107’
*Gravity: AGy/Gy = 2.2x 107
2QCD: Aa,/a, ~ % LK

Precise knowledge of «a, is needed for:

* Understanding QCD;
* High precision SM and beyond SM studies at high-energy facilities.

Ex. beyond SM physics can be revealed by checking the universality of a,: different processes yield slightly
different a.

Most precise determinations of a, are from lattice QCD. But it 1s not directly

applicable for the above as it accounts only for QCD, no beyond SM physics
or other interactions (there is recent work toward including QED).
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Importance of measuring o,

Presently, 8.5 X 1073 is achieved by combining many independent measurements
with larger uncertainties.
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=High precision experimental determinations are necessary.
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Importance of measuring o,
The QCD coupling 1s (by far) the least known fundamental coupling:

High precision experimental determinations are necessary.

We will discuss here the prospect of measuring a, at JLab@?22 GeV with the
Bjorken Sum Rule.

Although the Bjorken Sum Rule 1s important and interesting on i1ts own, but
here, 1t 1s only a mean to our end.
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Definition of kinematic variables 1n inclusive eN scattering

&)
e (p)
*p=(E,p), p'=(E-v.p-q), 4=(v,q) éy*(q)
*y" virtual photons: g2 N(P) _——
vq*<0; O = -¢g*. =

* At high energy, Bjorken scaling variable x= (Q?/2Mv 1s more convenient than v.
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Structure functions

e(p)
e(p)
*p=(E.p), p =(E-v,p-q). 9=(v.q) ¥ (9)
*y" virtual photons: g2 NP) _——
vq*<0; O = -¢g*. =

* At high energy, Bjorken scaling variable x= (Q?/2Mv 1s more convenient than v.

Cross section: O = Oy OLF (X, 0%)+ PF,(x,0%)+ yg,(x,0°)+wg,(x,0’)]

T Y

spin independent  spin dependent

|
Bjorken sum rule: Fllj_n = gf (x, 0?) — g7 (x, 0)dx = ? +pgcd corrections

g4: Nucleon axial charge
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Considering the nucleon inclusive spin structure, a, can be extracted from:

» O%-evolution of g(x, 0?). Complex: involves DGLAP global fit, non-
perturbative inputs: quark and gluon distributions, possibly higher-twists for

low-Q 2 large-x data.

|
« O%-evolution of moment | g, (x, O?)dx. Simpler: no x-dependence,
0
non-perturbative inputs: more-or-less well measured axial charges a,, a; and
ag (+ possibly higher-twists for low-Q? data). Issues: unmeasurable low-x

contribution, a, is O*-dependent and may have contribution from gluon AG
pdf (but not the case in MS).

. O?-evolution of isovector moment ! gf (x, 0%)dx, i.e Bjorken

sum. Simplest. Axial charge a; = g, precisely measured (g, = 1.2762 + 0.0005).
DGLAP-evolution known to higher order than single nucleon case (nowadays, this

is often the limitation in extracting a, ). NO gluon contribution. But low-x issue and
demands measurement on polarized p and n.
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Considering the nucleon inclusive spin structure, a, can be extracted from:

» O%-evolution of g(x, 0?). Complex: involves DGLAP global fit, non-
perturbative inputs: quark and gluon distributions, possibly higher-twists for

low-Q 2 large-x data.

|
« O%-evolution of moment | g, (x, O?)dx. Simpler: no x-dependence,
0
non-perturbative inputs: more-or-less well measured axial charges a,, a; and
ag (+ possibly higher-twists for low-Q? data). Issues: unmeasurable low-x

contribution, a, is O*-dependent and may have contribution from gluon AG
pdf (but not the case in MS)

Qz—evolutlon of 1sovector moment f I8 (x, 0?)dx, i.e Bjorken

sum. Simplest. Axial charge a; = g, precisely measured (g, = 1.2762+0.0005).
DGLAP-evolution known to higher order than single nucleon case (nowadays, this §

.

{ s often the limitation in extracting , ). NO gluon contribution. But low-x issue and I
t demands measurement on polarized pandn. '
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Bjorken sum rule

i i 1 a, a,\’ a,\’ a,\* a,\’
I’ ”Ejgf "dx = —g4[1 - = -3.58( =) —2021( =) —175.7( =) —~893( =
6 T T T T T

T

ar(a,) + 4d,(a,) + 4f,(a,)| + ...
Nucleon’s  Nucleon axial o \
First spin cha}‘ge.z(\{alue pQCD radiative Non-perturbative 1/Q2n
structure of ["™(Q% inthe ~ corrections (MS Scheme.) .
. 5 . power corrections.
function Q° — oo limit)

(+rad. corr.)
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Bjorken sum rule

i _ 1 a, a,\ a,\’ a, " o\’
P = | g dx = —g, |1 ———358( =) —2021( =) —1757( =) - ~893( =
6 T T T T T

| i

o

ar(a,) + 4d,(a,) + 4f,(a,)| + ...
Nucleon’s  Nucleon axial \
First spin charge. (value pQCD radiative . -
structure of ["7(Q% inthe  corrections (MS Scheme.) Non-p erturbatw; 1/Q
. 5 . power corrections.
function Q° — oo limit)

(+rad. corr.)

= Two possibilities to extract a (M,):
eDo an absolute measurement of F’f ~(Q?) and solve the Bj SR for aS(Qz).

«One a,per ["™" experimental data point.
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Bjorken sum rule

i i 1 a a,\’ a;\’ a;\* a,\’
F’i n = g‘l” "dx = —g4|l —— =358 — ) —2021{ — ) —1757{ — ) — ~893| —
6 T VA T 7 7T

| .
Yo

ar(a,) + 4d,(a,) + 4f,(a,)| + ...
Nucleon’s  Nucleon axial \
First spin charge. (value pQCD radiative . -
structure of ["7(Q% inthe  corrections (MS Scheme.) Non-p erturbatlvg 1/Q
. 5 . power corrections.
function Q° — oo limit)

(+rad. corr.)

= Two possibilities to extract a (M,):
eDo an absolute measurement of Fll’ ~(Q?) and solve the Bj SR for aS(Qz).

~

a, /7 CERN COMPASS
a, /n DESY HERMES
agl/n SLAC E142/E143
agl/n SLAC E154/E155
Olp5/Te

agl/:rc CERN SMC
O‘gm)/“ OPAL

«One a,per ["™" experimental data point. <

08 -

cOXx<oD N

The Bj SR allows

DSE (2019)
HLFQCD to extract o ( 0?)
04 - Bjorken sum rul 2
_______ A at any Q- value!

| ozgl/n Hall A/CLAS (2004)
A otgl/n CLAS EG1b (2008)
02 0O O(gl/JT. JLab RSS (2008)
r'v otgl/n CLAS EGldves (2014)
® « gl/ﬂ: CLAS EG4 (2022)
* ozgl/n Hall A/JEG4 (2022)

Q (GeV)
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Bjorken sum rule

i i 1 a a,\’ a;\’ a;\* a,\’
F’i n = g‘l” "dx = —g4|l —— =358 — ) —2021{ — ) —1757{ — ) — ~893| —
6 T VA T 7 7T

| %

+E a(a,) + 4dy(a,) + 4, (a)| + ...
Nucleon’s  Nucleon axial \
First spin charge. (Value pQCD radiative , .
structure  of I?(Q? inthe  corrections (MS Scheme.) Non-perturbative 1/Q
function Q* — oo limit) power corrections.

(+rad. corr.)

= Two possibilities to extract a (M,):
eDo an absolute measurement of F’f ~(Q?) and solve the Bj SR for aS(Qz).

~

a, /7 CERN COMPASS
a, /n DESY HERMES
agl/n SLAC E142/E143
agl/n SLAC E154/E155
Olp5/Te

agl/:rc CERN SMC
O{'g](‘:)/n OPAL

«One a,per ["™" experimental data point. <

08 -
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06 -

The Bj SR allows
to extract aS(Qz)
at all scale!

04 - Bjorken sum rule
------- GDH limit
| otgl/n Hall A/CLAS (2004)
A otgl/;rc CLAS EG1b (2008)
02 -0 ozgl/n JLab RSS (2008)
r'v otgl/n CLAS EGldves (2014)
® « gl/ﬂ: CLAS EG4 (2022)
* otgl/rc Hall A/EG4 (2022)

KL
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107
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*Poor systematic accuracy, typically Aa,/a, ~10% at high energy —="Not competitive.
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Bjorken sum rule

i _ 1 a, a,\ a,\’ a, " o\’
P = | g dx = —g, |1 ———358( =) —2021( =) —1757( =) - ~893( =
6 T T T T T

| i

o

ar(a,) + 4d,(a,) + 4f,(a,)| + ...
Nucleon’s  Nucleon axial \
First spin charge. (value pQCD radiative . -
structure of ["7(Q% inthe  corrections (MS Scheme.) Non-p erturbat1v¢ 1/Q
. 5 . power corrections.
function Q° — oo limit)

(+rad. corr.)

= Two possibilities to extract a (M,):
eDo an absolute measurement of F’f ~(Q?) and solve the Bj SR for aS(Qz).

eOne a, per Flf ~" experimental data point.

ePoor systematic accuracy, typically Aa./a, ~10% at high energy = Not competitive.

eMeasurement of Q2-dependence of F’f‘”(Qz).
eNeed ™" at several 07 points. Only one (or a few) value of as.
*Good accuracy: 1990°s CERN/SLAC data yielded: oy (M,)=0.120+0.009

Altarelli, Ball, Forte, Ridolfi, Nucl.Phys. B496 337 (1997)
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http://arxiv.org/find/hep-ph/1/au:+Altarelli_G/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Ball_R/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Forte_S/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Ridolfi_G/0/1/0/all/0/1

Bjorken sum rule

i _ 1 a, a,\ a,\’ a, " o\’
P = | g dx = —g, |1 ———358( =) —2021( =) —1757( =) - ~893( =
6 T T T T T

| i

o

ar(a,) + 4d,(a,) + 4f,(a,)| + ...
Nucleon’s  Nucleon axial \
First spin charge. (value pQCD radiative : o
structure of Flf—”(QZ) in the corrections (MS Scheme.) Non-perturbative 1/Q

power corrections.

function 0’ — oo limit)
(+rad. corr.)

= Two possibilities to extract a (M,):
eDo an absolute measurement of F’f ~(Q?) and solve the Bj SR for aS(Qz).
eOne a, per Flf ~" experimental data point.

ePoor systematic accuracy, typically Aa./a, ~10% at high energy = Not competitive.

.Measurement of O°-dependence of Flf (Q?).
L oNeed ["™" at several 07 points. Only one (or a few) value of os
~ eGood accuracy: 1990’s CERN/SLAC data yielded: ar,(M,)=0.120+0.009

Altarelli, Ball, Forte, Ridolfi, Nucl.Phys. B496 337 (1997) §
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Bjorken sum rule at JLab@?22 GeV

eStatistical uncertainties are expected to be negligible:
eJLab 1s a high-luminosity facility;
A JLab@?22 GeV program would include polarized DVCS and TMD experiments. Those imply
long running times compared to those needed for inclusive data gathering;
*High precision data already available from 6 GeV and 12 GeV for the lower Q7 bins and

moderate x.

*Looking at the 6 GeV CLAS EGldvcs data, required statistics for DVCS and TMD experiments
imply statistical uncertainties < 0.1% on the Bjorken sum. For the present exercise we will use 0.1%

on all Q%-points with Q?-bin sizes increasing exponentially with Q2.
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Bjorken sum rule at JLab@?22 GeV

eStatistical uncertainties are expected to be negligible:
eJLab 1s a high-luminosity facility;
A JLab@?22 GeV program would include polarized DVCS and TMD experiments. Those imply
long running times compared to those needed for inclusive data gathering;
*High precision data already available from 6 GeV and 12 GeV for the lower Q7 bins and

moderate x.

*Looking at the 6 GeV CLAS EGldvcs data, required statistics for DVCS and TMD experiments
imply statistical uncertainties < 0.1% on the Bjorken sum. For the present exercise we will use 0.1%

on all Q%-points with Q?-bin sizes increasing exponentially with Q2.

*Use 6% for experimental systematics (1.e. not including the uncertainty on unmeasured low-x).

*Nuclear corrections:

*D: negligible assuming we can tag the ~spectator proton

o3He: 2% (5% on n, which contribute to 1/3 to the Bjorken sum: 5%/3=2%)
ePolarimetries: Assume AP.. APy= 3%.
eRadiative corrections: 1% L

.70 Adding in
o[") to form g1 from A1: 2% . o
LG T .. . quadrature: ~5%

e, contribution to longitudinal asym: Negligible, assuming it will be measured. We will use 6%
eDilution/purity: >

eBjorken sum from P & D: 4%

eBjorken sum from P & 3He: 3%
eContamination from particle miss-identification: Assumed negligible.
eDetector/trigger efficiencies, acceptance, beam currents: Neglected (asym).
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Under these assumptions:

Sum

g 0220 B FExpected JLab (< 22 GeV)

Bjorke

02+ — Full sum

0.175

0.15
’ Missing low-x part

0.125 (neglected missing high-x part)

0.1

0.075

0.05

0.025

0 L N

1 10 2 2
QO (GeV')
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Comparison with JLab at 6 and 11 GeV

- CLAS EGldvcs (< 6GeV)
-V Expected EGI2 (JLab < 11 GeV)
- Expected JLab (< 22 GeV)

&
)
N
G

&
bo

— Full sum

Bjorken Sum

0.175

Significantly improved measurement

0.15

0.125

0.1

005F

0.025

0 L1 v\i“

1 10 2 2
QO (GeV")
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Comparison with EIC

&
)
N
G

- Expected JLab (< 22 GeV)
- Estimate EIC
— Full sum

Bjorken Sum
S
N}

o %K(grror bars not shown)
S
0.175

Obvious complementarity with EIC

0.15

0.125

0.1

0.075

0.05

0.025

0 N SN N ST o

1 10 2 2
| Q (GeV’)
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Comparison with EIC

S ,
3 L
20225
S B Expected JLab (< 22 GeV)
E) - Estimate EIC
& 0.2 — — Full sum
Obvious complementarity with EIC
0.15 -
’ Further complementarity:
0125 » The Bjorken sum Q?-dependence is up to 50 times
I steeper 1n the JLab covered range than that of EIC.
0.] - Since we access o, via relative Qz—dependence
= High a, sensitivity.
0075 « EIC has essentially no unmeasured low-x issue and
075
i can complement JLab data.
0.05
0.025
0 : NS N N Nt o
1 10 Q2 ( G€V2 )
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Low-x uncertainty

*For the O bins covered by EIC, global fits will be available up to the lowest x covered by EIC.
= assume 10% uncertainty on that missing (for the JLab measurement) low-x part.

Assume 100% for the very small-x contribution not covered by EIC.

*For the 5 lowest Q7 bins not covered by EIC:
*Bin #5 close to the EIC coverage = Constrained extrapolation, assume 20% uncertainty on missing low-x part.

*Bin #4, assume 40% uncertainty, Bin #3, assume 60%, Bin #2, assume 80%, Bin #1, assume 100%.

S
3 L
20225
S M Expected JLab (< 22 GeV)
§ -~ Estimate EIC
& 0.2~ — Full sum
i (Error bars not shown)
0175
0.5
0.125 -
0.1+
0.075
0.05
0.025 -
0 i L L L \ILL P sy e I L L L L L L L ‘ L L L L L L
1 10 2 2
Jefferdon Lab Q" (GeV)
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Bjorken sum rule at JLab@?22 GeV (meas.+low-x)

s 025/
3 L
“ i
S0225 .
= - We separate the total experimental
% 02 uncertainty (i.e. excluding the low-x error) 1n
T . « » » #point-to-point correlated and
i p g ¥ *ox uncorrelated contributions, assuming
0175 z that 40% of the total uncertainty is
P point-to-point correlated (as obtained
0.15 i for EG1dvcs Bjorken sum analysis).
- 3
i % L.
0.125 Low-x uncertainty 1s assumed to be
I fully point-to-point correlated.
0.1 * Exp ec{ed’ 22, Mfit h low-'x corrected, (The above assumptions are not crucial for the
i assuming no missing high-x strength |extraction of a,. Also, the proper separation would
0075 - be determined from analysis of the actual 22 GeV
T Point-to-point correlated uncertainty |data, without assumption.)
0.05 - . . .
- Point-to-point uncorrel. uncertainty
0.025
0 i \
2 2
! 10 0’ (GeV?)
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Extraction of a (M)

§ 0.25 : Fit and procedure:
e B
S 0225
=2 i
~
S
QT 02+
L . . x * % Kk *
I T f 3
0.175 - . L3
i
0.15 L
B %
i  §
0.125 -
- F
0.1 *  Expected, 22, with low-x corrected,
- assuming no missing high-x strength
0.075 - . . .
- Point-to-point correlated|uncertainty
0.05 - . . .
- Point-to-point uncorrel. yncertainty
0.025
0 i \
1 10 QZ (G€V2 )
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Extraction of a (M)

§ 0.25 ] Fit and procedure:
A - e Main fit function: Bjorken sum approximant at
S 0225 - N4LO+twist-4, for main
E result.
Q' 02- 1 a a )\’ a\° a\*1 M2
- J‘Flf_” = —gu [1 — — —3.58 <—S> —20.21 <—S> — 175.7 <—S> + — [aq((xy) + 4d,(a,) + 4f,(a,)
- 6 V 72' V) V 28 | o
0.175 - ; T E
i
0.15 i
- X
i  §
0.125 -
- F
0.1 *  Expected, 22, with low-x
- assuming no missing high
0.075 - . .
- Point-to-point correlated
0.05 - . .
- Point-to-point uncorrel. y
0.025
0 i \
1 10 QZ (G€V2 )
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Bjorken Sum
&
N}
¥

&
b

0.175
0.15
0.125
0.1
0.075
0.05
0.025

0

Jeffe20n Lab

DThomas Jefferson National Accelerator Facility

Extraction of a (M)

Fit and procedure:
e Main fit function: Bjorken sum approximant at
N4LO+twist-4, with a; at 4-loop (1.e. f;), for main

Point-to-point

Point-to-point

13—3 In’(In(Q*/A))) —

result.
2 3 4
=L, [1 _ & 3.58(ﬁ> —20.21<ﬂ> _ 175.7<ﬁ> +
1 64 T T T T
3 X X |
P () =7 [ By 1n(1n(Q2/A2))
L T BpIn(QAD T B In(Q2A2)
X ﬁlz 2 2742 2 2) ﬂzﬂo
F02D) <ln (In(Q*/A2)) — In(In(Q*/A2)) — 1 +7)
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Extraction of a (M)
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&
N}
¥

&
b

0.175

0.15

0.125

0.1

0.075

0.05

0.025

Fit and procedure:
e Main fit function: Bjorken sum approximant at
N4LO+twist-4, with a; at 4-loop (1.e. f;), for main
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Extraction of a (M)
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Extraction of a (M)

s 025 Fit and procedure:
3 i e Main fit function: Bjorken sum approximant at
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N - result.
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Extraction of a (M)
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Extraction of a (M)
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Comparison JLab@22 GeV and EIC
JLab@?22 GeV EIC

»Covers region with strong Q?-dependence: best
sensitivity to a,.

*Small Higher-Twist uncertainties.

*Finer Q2 binning (19 bins (JLab) vs 7 bins (EIC)).

*Best low-x coverage.
*No Higher-Twist uncertainties
eSmaller pQCD uncertainties.
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Comparison JLab@22 GeV and EIC
JLab@?22 GeV EIC

»Covers region with strong Q?-dependence: best
ensitivity 1o a *Best low-x coverage.
Small Hy h S”.F - (int; *No Higher-Twist uncertainties
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Comparison with current best world experimental data (PDG 2021):
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Comparison with current best world experimental data (PDG 2021):
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_Conclusion

? Under reasonable assumpt1ons JLab@22 GeV can |
 yield a compelling 1.2% measurement of a(M,). ¢
| Input from EIC data is important ow.s nesded for momens). §
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Summary
« Of the 4 fundamental couplings, a, has by far the lowest accuracy: :%

 Accurate experimental determinations of a (M) are crucial for QCD, SM and beyond SM studies.

« The Bjorken sum F’i Q=] gf ~"(x, Q?)dx offers a simple and competitive method to determine a,.

 This preliminary study indicates that JLab@?22 GeV can provide a determination at the 1% level.

« This assumes available polarized data at low-x from EIC. On-going studies indicate that a EIC-only
determination of ay(M,) with the Bjorken sum would reach a ~2% accuracy.

 Possibilities of further improvement:
1. Improved knowledge of pQCD series: a(My) at f5, already available. Preliminary NSLO results for [7/™" available.

2. Improved perturbative methods, e.g., Principle of Maximum Conformality, a method minimizing pQCD truncation, has
been worked out for I'"™".

3. Used conservative 6% for total systematics uncertainties. 5% or below may be reachable.

e This 1s but one of several ways to determine a, with JLab@?22 GeV. Others, e.g., global fits of
(un)polarized PDFs may also provide competitive measurements. Put together, they have the potential
to be provide a leading contribution toward a better determination of o
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