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Abstract

:

The QCD effective charge    α  g 1    ( Q )    is an observable that characterizes the magnitude of the strong interaction. At high momentum Q, it coincides with the QCD running coupling    α s   ( Q )   . At low Q, it offers a nonperturbative definition of the running coupling. We have extracted    α  g 1    ( Q )    from measurements carried out at Jefferson Lab that span the very low to moderately high Q domain,   0.14 ≤ Q ≤ 2.18   GeV. The precision of the new results is much improved over the previous extractions and the reach in Q at the lower end is significantly expanded. The data show that    α  g 1    ( Q )    becomes Q-independent at very low Q. They compare well with two recent predictions of the QCD effective charge based on Dyson–Schwinger equations and on the AdS/CFT duality.
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1. Introduction


The behavior of quantum chromodynamics (QCD), the gauge theory of the strong interaction, is determined by the magnitude of its coupling   α s  . It is large at low momentum, characterized here by   Q ≡   −  q 2      with   q 2   the square of momentum transferred in the process of electromagnetically probing a hadron. For   Q ≪ 1   GeV,    α s   ( Q )  ≳ 1  , which is one of the crucial pieces leading to quark confinement. For   Q ≫ 1   GeV,    α s   ( Q )  ≲ 0.2  , which enables the use of perturbative computational techniques (perturbative QCD, pQCD) constituting an accurate analytical approximation of QCD. In this domain,   α s pQCD   is well defined and known within an accuracy of 1% at   Q =  M  Z 0   = 91   GeV, the   Z 0   mass, and within a few percents at Q values of a few GeV [1]. However, using pQCD at   Q ≲ 1   GeV produces a diverging   α s pQCD   (Landau pole) that prohibits any perturbative expansion in   α s pQCD   and signals the breakdown of pQCD. In contrast, most nonperturbative methods, including lattice QCD [2], the AdS/CFT (Anti-de-Sitter/Conformal Field Theory) duality [3,4] implemented using QCD’s light-front (LF) quantization [5] and a soft-wall AdS potential (Holographic LF QCD, HLFQCD [6]) or solving the Dyson–Schwinger equations (DSEs) [7] yield a finite   α s  . In fact, many theoretical approaches predict that   α s   “freezes” as   Q → 0  , viz, it loses its Q-dependence [8].



There are several possible definitions of   α s   in the nonperturbative domain (  Q ≲ 1   GeV) [8]. We use here the effective charge approach that defines   α s   from the perturbative series of an observable truncated to its first order in   α s   [9]. Although this definition can be applied for any Q value, it was initially proposed for the pQCD domain where it makes   α s   the equivalent of the Gell-Mann Low coupling of quantum electrodynamics (QED),  α  [10]. With this definition,   α s   can be evaluated at any Q value, has no low Q divergence and is analytic around quark mass thresholds. Furthermore, since the first order in   α s pQCD   of a pQCD approximant is independent of the choice of renormalization scheme (RS), effective charges are independent of RS and gauge choices. This promotes   α s   from a parameter depending on chosen conventions to an observable, albeit with the caveat that it becomes process-dependent since two observables produce generally different effective charges. Yet, pQCD predictability is maintained because effective charges are related without renormalization scale ambiguities by commensurate scale relations (CSR) [11]. CSR are known to hold for pQCD and QED since the latter corresponds to the    N C  → 0   limit of QCD, with   N C   the number of colors. For example, CSR explicitly relate   α  g 1   ,   α  F 3   ,   α τ   and   α R   defined using the generalized Bjorken sum rule [12], the Gross–Llewellyn Smith sum rule [13], and the perturbative approximant for the  τ -decay rate [14] and   R   e +  e −    [15], respectively. In fact, the choice of process to define an effective charge is analogous to an RS choice for   α s pQCD   [16] and the procedure of extracting an effective charge, e.g., from  τ -decay the  τ -scheme is denoted. Here, we discuss the effective charge    α  g 1    ( Q )    (  g 1  -scheme) extracted using the generalized Bjorken sum rule:


      Γ 1  p − n    (  Q 2  )  ≡  ∫ 0  1 −    g 1 p   ( x ,  Q 2  )  −  g 1 n   ( x ,  Q 2  )  d x =   g A  6  [ 1 −    α s pQCD   ( Q )   π  − 3.58      α s pQCD   ( Q )   π   2        − 20.21      α s pQCD   ( Q )   π   3  − 175.7      α s pQCD   ( Q )   π   4  + O     α s pQCD   5   . . . ] +  ∑  n > 1     μ  2 n    Q  2 n − 2    ,     



(1)




where x is the Bjorken scaling variable [17],    g A  = 1.2762  ( 5 )    [2] is the nucleon axial charge,   g 1  p ( n )    is the longitudinal spin structure function of the proton (neutron) obtained in polarized lepton-nucleon scattering [18] and   μ  2 n    are the operator product expansion’s (OPE) nonperturbative higher twist (HT) terms. The integral excludes the elastic contribution at   x = 1  . The series coefficients are computed for    n f  = 3   and in the   MS ¯   RS for the   n > 1      α  s  n   terms [19]. They originate from the pQCD radiative corrections. Although the expansion (1) is only applicable in the perturbative domain, i.e., at distance scales where confinement effects are weak, the HT terms can be related to the latter [20], and one may picture the terms of Equation (1) as coherently merging together at low Q to produce confinement.



The effective charge   α  g 1    is defined from Equation (1) expressed at first order in coupling and twist:


      Γ 1  p − n    (  Q 2  )  ≡   g A  6   1 −    α  g 1    ( Q )   π    ⟶   α  g 1    ( Q )  ≡ π  1 −  6  g A    Γ  1   p − n    ( Q )   .     



(2)







Thus, in the domain where Equation (2) applies,   α  g 1    can be interpreted as a running coupling that not only includes short-distance effects such as vertex correction and vacuum polarization, but all other effects, e.g., pQCD radiative corrections and, in the lower-Q domain of pQCD, HT terms and other nonperturbative effects not formalized by OPE and therefore not included in Equation (2). The latter comes from coherent reactions of a hadron (resonances). In the nonperturbative domain where pQCD radiative corrections and HT effects have merged into global confinement effects,   α  g 1    may approximately retain its interpretation as a coupling if the contribution to   Γ  1   p − n    of nonresonant reactions continues to dominate, as they do at large Q [21].



There are several advantages to   α  g 1    [8]. First, rigorous sum rules constrain    α  g 1    ( Q )    for   Q → 0   (the Gerasimov–Drell–Hearn (GDH) sum rule [22]) and   Q → ∞   (the Bjorken sum rule). They provide analytical expressions of    α  g 1    ( Q )    in these limits (blue dashed line and cyan hatched band in Figure 1). Furthermore, contributions from  Δ  baryons are quenched in   Γ  1   p − n    [23], enhancing the nonresonant reactions contribution to   Γ  1   p − n    relatively to the resonance contribution, which helps toward interpreting   α  g 1    as a coupling. If so,   α  g 1    would remain approximately equivalent to the Gell-Mann Low coupling in the nonperturbative domain, a crucial property that it is not obvious and may be specific to   α  g 1   . Such a property is supported by the agreement between   α  g 1    and calculations of couplings [24,25] using a definition consistent with   α  g 1   .



Former extractions of   α  g 1    [26] were obtained from experimental data on   Γ  1   p − n    from CERN [27], DESY [28], Jefferson Lab (JLab) [29] and SLAC [30]; see Figure 1. Since the results reported in Ref. [26], progress has occurred on both the experimental and theoretical fronts. Firstly, when Ref. [26] was published, the meaning of   α  g 1    in the nonperturbative region was unclear. Thus, the comparison in [26] of   α  g 1    to theoretical predictions of the nonperturbative coupling was tentative. This is now better understood: as just discussed,   α  g 1    essentially retains its meaning of effective charge at low Q [8,21]. Secondly, new data on   Γ  1   p − n    have become available from CERN (COMPASS experiment) [31] and JLab (EG1dvcs experiment) [32] at high Q, and from JLab (E97110, E03006 and E05111 experiments) [33] at very low Q. Finally, new theoretical studies of the nonperturbative behavior of   α s   were conducted, including the first use of the AdS/CFT duality to describe the strong coupling in its nonperturbative domain [24] and the identification of a process-independent (PI) effective charge     α ^  PI   ( Q )    that unifies a large body of research from DSE and lattice QCD to   α s   [25,34]. Connections between the nonperturbative and perturbative effective charges were made [8,16,35], which permitted a prediction of   α s   at the   Z 0   pole,    α  s   MS ¯    (  M z 2  )  = 0.1190 ± 0.0006   at N   3  LO [36] that agrees well with the 2021 Particle Data Group compilation,    α s   (  M Z  )  = 0.1179 ± 0.0009   [2]. In addition to predicting quantities characterizing hadronic structures [3,25,37], the effective charge helps establish conformal behavior at low Q. Through AdS/CFT, this helps the investigation of the physics beyond the standard model [4] or of the quark-gluon plasma [38] in heavy ion collisions [39] and nuclear hydrodynamics [40] for the latter and neutron stars [41].



Here, we report on new experimental data on   α  g 1    extracted from [31,32,33] and how they compare with the latest theory predictions.




2. Experimental Extraction of   α  g 1   


The new JLab data on    Γ  1   p − n    ( Q )    were taken by four experiments. The first experiment, E97110 [42], occurred in Hall A [43] of JLab. The three others used the CLAS spectrometer [44] in JLab’s Hall B and were experiments EG1dvcs [45], E03006 [46] and E05111 [47] (the two latter being referred to as Experimental Group EG4). The four experiments occurred during the 6 GeV era of JLab, before its 12 GeV upgrade. The experiments used a polarized electron beam with energies ranging from 0.8 to 6 GeV. E97110 studied the spin structures of the neutron and    3  He using the Hall A polarized    3  He target with longitudinal and transverse polarization directions [48]. EG1dvcs, E03006, and E05111 studied the proton, neutron and deuteron spin structures using the Hall B longitudinally polarized ammonia (NH   3   or ND   3  ) target [49]. The main purpose of EG1dvcs was high Q, up to 2.65 GeV (   Q 2  = 7   GeV   2  ), exclusive measurements of deep virtual Compton scattering. Therefore, it provided highly precise inclusive   Γ  1   p − n    data compared to the older data in the same domain [27,28,29,30]. E97110, E03006 and E05111 were dedicated to test chiral effective field theory predictions by covering very low Q domains:   0.19 ≤ Q ≤ 0.49  ,   0.11 ≤ Q ≤ 0.92   and   0.14 ≤ Q ≤ 0.70   GeV, respectively. To reach low Q while covering the large x range necessary for the   Γ 1   integral, high beam energy (up to 4.4 GeV) was needed, and the scattered electrons had to be detected at small angles (down to about   5 ∘  ). In Hall A, the low angles were reached via a supplementary dipole magnet installed in front of the spectrometer [50]. In Hall B, a Cherenkov counter designed for high efficiency at small angles was installed in one of the six sectors of CLAS [47] for which magnetic field was set to bent outward the scattered electrons. In addition, both the Hall A and B targets were placed about 1 m upstream of their usual positions.



The EG1dvcs data on protons and deuterons were combined to form   Γ  1   p − n    over the range   0.78 ≤ Q ≤ 2.18   GeV [32]. The   Γ  1   p − n    formed with the E97110 and EG4 data covers the   0.14 ≤ Q ≤ 0.70   GeV range [33]. The   α  g 1    data, obtained following Equation (2), are shown in Figure 1 and given in Table 1. Also shown in the figure are the older data presented in Ref. [29], including   α  F 3    extracted from the data [51] and   α   g 1   ( τ )     from the OPAL data on  τ -decay [14]. The effective charge   α  F 3    is nearly identical to   α  g 1    [26], and   α   g 1   ( τ )     was transformed from the  τ -scheme to the   g 1  -scheme using the CSR [11]. Consequently,   α  F 3    and   α   g 1   ( τ )     are directly comparable to   α  g 1   . We also show in Figure 1 the theory predictions from AdS/CFT [24] and DSE [25]. Remarkably, both predictions are parameter-free and gauge-invariant.



The AdS/CFT coupling   α  g 1  HLF   is obtained in the HLFQCD approach where QCD is quantized using LF coordinates [5]. The use of the HLFQCD approach incorporates the underlying conformal (i.e., scale-invariant) character of QCD at low and large Q. The deformation of the AdS   5   space is dual to a semiclassical potential that models quark confinement. This potential can be determined with various methods that all lead to the same harmonic oscillator form [3,52,53]. The effective charge   α  g 1  HLF   is dual to the product of the AdS   5   coupling constant by the AdS   5   space deformation term. Since the latter is dual to the CFT confinement force, the meaning of   α  g 1  HLF   is analogous to that of   α  g 1   , which, at low Q, incorporates in   α s   confinement effects. The Q-dependence of   α  g 1  HLF   is controlled by a single scale, e.g., the proton mass. The coupling is normalized to    α  g 1  HLF   ( 0 )  = π   to obey the kinematic constraint that    Γ  1   p − n    ( 0 )  = 0  , i.e.,    α  g 1    ( 0 )  = π  , see Equation (2). This normalization amounts to the RS choice of pQCD [16]. Thus, the    α  g 1  HLF   ( Q )    prediction is parameter-free. Above   Q ≃ 1   GeV, HLFQCD ceases to be valid because its semiclassical potential does not include, by definition, the short distance quantum effects responsible for the running of a coupling. This is palliated by matching HLFQCD and pQCD near   Q ≃ 1   GeV where both formalisms apply, thereby providing    α  g 1  HLF   ( Q )    at all Q [16].



The DSE effective charge    α ^  PI   [25] is obtained starting with the pinch technique [54] and background field method [55]. They allow us to define a process-independent QCD coupling in terms of a mathematically reconstructed gluon two-point function analogous to the Gell-Mann Low effective charge of QED. The    α ^  PI   is then computed by combining the solution of DSE compatible with lattice QCD results. The definition of    α ^  PI   explicitly factors in a renormalization group invariant interaction, thus causing it, like    α  g 1    ( Q )    and    α  g 1  HLF   ( Q )   , to incorporate confinement [56]. Like them,     α ^  PI   ( Q )    freezes at low Q with a predicted infrared fixed-point of     α ^  PI   ( 0 )  =  ( 0.97 ± 0.04 )  π  . The mechanism at the origin of the freezing in the DSE framework is the emergence of a dynamical gluon mass    m g   ( Q )    [54,57] that (A) regulates the Landau pole and (B) decouples the dynamics at scales   Q ≲  m g   ( 0 )   , thereby causing the coupling to lose its Q-dependence [58]. Like   α  g 1  HLF  ,    α ^  PI   is parameter-free and gauge-invariant but, in contrast to the former and   α  g 1   ,    α ^  PI   is also process-independent. No parameter is varied to predict the infrared fixed-point     α ^  PI   ( 0 )    since it is largely fixed by the value of    m g   ( 0 )   , nor is a matching necessary to ensure agreement with the perturbative determination of   α  g 1  pQCD   from the renormalization group equations and the Bjorken sum rule. Crucially, the practical determination of     α ^  PI   ( Q )    consistently incorporates the extensive information from Lattice QCD on the gluon and ghost propagators, thereby connecting this technique to   α  g 1   .



The new data on   α  g 1    agree well with the older data and display a much improved precision over the whole Q range covered. In addition, the data now reach clearly the freezing domain of QCD at very low Q. That   α  g 1    freezes could be already inferred with the old data but only by complementing them with the GDH sum rule or/and the    α  g 1    ( 0 )  = π   constraint. For the first time, the onset of freezing is now visible with data only. One notes that only three of the lowest Q points agree with the GDH expectation. This may signal a fast arising Q-dependence beyond the leading behavior given by GDH. The data agree well with the   α  g 1  HLF   and    α ^  PI   predictions. That such agreements would occur was not obvious and is a significant finding. The possible tension between the data and    α ^  PI   for the range   0.3 ≲ Q ≲ 0.5   GeV may be because   α  g 1    and    α ^  PI   are not exactly the same effective charges (e.g., at high Q,     α  g 1     α ^  PI   ≃ 1 + 0.05  α s pQCD  ≠ 1  ), but it is noteworthy that it occurs only in the moderately low Q domain where the ghost-gluon vacuum effect as computed in the Landau gauge contributes the most to    α ^  PI  .
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Figure 1. Effective charge    α  g 1    ( Q )  / π   obtained from JLab experiments E03006/E97110 [33] (solid stars), E03006/E05111 [33] (solid circles) and EG1dvcs [32] (solid triangles) and from COMPASS [31] (solid square). Inner error bars represent the statistical uncertainties, and outer ones represent the systematic and statistical uncertainties added quadratically. The open symbols show the older world data [27,28,29,30] with the error bars the quadratic sum of the systematic and statistical uncertainties. Also shown are the HLFQCD [24] (red line, using the HLFQCD scale   κ = 0.534   GeV [59]) and DSE [25] (magenta line and hatched band) parameter-free predictions of effective charges. The dashed line and hatched cyan band are    α  g 1    ( Q )  / π   obtained from the GDH and Bjorken sum rules, respectively. 
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3. Summary and Conclusions


We used the new JLab data and COMPASS datum on the Bjorken sum to extract the QCD effective charge    α  g 1    ( Q )    in the Q-range   0.14 ≤ Q ≤ 2.18   GeV. The new result displays a significantly higher precision compared to the older extractions of    α  g 1    ( Q )   , and improve the low Q reach by about a factor of 2.



The new data show that    α  g 1    ( Q )    “freezes”, viz, loses its Q-dependence, at small Q, saturating at an infrared fixed-point    α  g 1    ( Q ≃ 0 )  ≃ π  . This was already apparent with the older data when combined with the GDH sum rule expectation, but the new data explicitly display the behavior without needing the sum rule and with significantly higher precision. The freezing of    α  g 1    ( Q )    together with the smallness of the light quark masses makes QCD approximately conformal at low Q. The conformal behavior vanishes when transiting from the low-Q effective degrees of freedom of QCD (hadrons) to the large-Q fundamental ones (partons) where conformality is then restored (the long-known Bjorken scaling [17]). This transition is revealed by the drastic change of value of the effective charge. It occurs at a Q value indicative of the chiral symmetry breaking parameter,    Λ B  ≃ 1   GeV. The breaking at low Q of chiral symmetry, one of the crucial properties of QCD, is believed to cause the emergence of the global properties of hadrons.



The new data agree well with sum rule predictions and with the latest predictions from DSE and from a AdS/CFT-based approach. They show that a strong coupling can be consistently defined in the nonperturbative domain of QCD, namely as an effective charge analogous to the definition used in QED, and that it can then be used to compute a large variety of hadronic quantities and other phenomena in which the strong interaction plays a role.
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Table 1. Data on    α  g 1    ( Q )    from JLab experiments EG4 (top, from   Q = 0.143   GeV to 0.704 GeV), EG4/E97110 (middle, from   Q = 0.187   GeV to 0.490 GeV) and EG1dvcs (bottom, from   Q = 0.775   GeV to 2.177 GeV).






Table 1. Data on    α  g 1    ( Q )    from JLab experiments EG4 (top, from   Q = 0.143   GeV to 0.704 GeV), EG4/E97110 (middle, from   Q = 0.187   GeV to 0.490 GeV) and EG1dvcs (bottom, from   Q = 0.775   GeV to 2.177 GeV).





	Q (GeV)
	     α  g 1   ± stat . ± syst .    





	0.143
	3.064   ±  0.043 ± 0.018  



	0.156
	3.129   ±  0.046 ± 0.019  



	0.171
	2.955   ±  0.046 ± 0.023  



	0.187
	3.083   ±  0.044 ± 0.024  



	0.204
	3.022   ±  0.049 ± 0.024  



	0.223
	3.002   ±  0.052 ± 0.027  



	0.243
	2.988   ±  0.055 ± 0.031  



	0.266
	2.947   ±  0.060 ± 0.035  



	0.291
	2.983   ±  0.065 ± 0.035  



	  Q  (GeV)
	    α  g 1   ± stat . ± syst .   



	0.317
	2.961   ±  0.062 ± 0.038  



	0.347
	2.730   ±  0.070 ± 0.044  



	0.379
	2.853   ±  0.077 ± 0.040  



	0.414
	2.745   ±  0.076 ± 0.041  



	0.452
	2.779   ±  0.090 ± 0.043  



	0.494
	2.451   ±  0.094 ± 0.044  



	0.540
	2.397   ±  0.092 ± 0.039  



	0.590
	2.349   ±  0.101 ± 0.040  



	0.645
	2.431   ±  0.109 ± 0.043  



	0.704
	1.996   ±  0.131 ± 0.104  



	  Q  (GeV)
	    α  g 1   ± stat . ± syst .   



	0.187
	3.016   ±  0.009 ± 0.027  



	0.239
	2.973   ±  0.015 ± 0.035  



	0.281
	2.952   ±  0.021 ± 0.041  



	0.316
	2.929   ±  0.017 ± 0.048  



	0.387
	2.815   ±  0.021 ± 0.076  



	0.447
	2.704   ±  0.025 ± 0.086  



	0.490
	2.575   ±  0.031 ± 0.053  



	0.775
	1.743   ±  0.007 ± 0.071  



	0.835
	1.571   ±  0.007 ± 0.101  



	0.917
	1.419   ±  0.009 ± 0.132  



	0.986
	1.341   ±  0.010 ± 0.147  



	1.088
	1.272   ±  0.010 ± 0.156  



	1.167
	1.121   ±  0.013 ± 0.153  



	1.261
	0.955   ±  0.016 ± 0.146  



	1.384
	0.874   ±  0.016 ± 0.269  



	1.522
	0.730   ±  0.012 ± 0.280  



	1.645
	0.708   ±  0.009 ± 0.257  



	1.795
	0.617   ±  0.007 ± 0.254  



	1.967
	0.581   ±  0.006 ± 0.223  



	2.177
	0.636   ±  0.003 ± 0.187  
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