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The form of Kμ𝛎 and (in the following, Wμ𝛎) follows from proton charge conservation and Lorentz invariance.
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19 18. Structure Functions

Figure 18.8: The proton structure function F p
2 measured in electromagnetic scattering of electrons and

positrons on protons, and for electrons/positrons (SLAC,HERMES,JLAB) and muons (BCDMS, E665,
NMC) on a fixed target. Statistical and systematic errors added in quadrature are shown. The H1+ZEUS
combined values are obtained from the measured reduced cross section and converted to F p

2 with a HERA-
PDF NLO fit, for all measured points where the predicted ratio of F p

2 to reduced cross-section was within
10% of unity. The data are plotted as a function of Q2 in bins of fixed x. Some points have been slightly o�set
in Q2 for clarity. The H1+ZEUS combined binning in x is used in this plot; all other data are rebinned to the
x values of these data. For the purpose of plotting, F p

2 has been multiplied by 2ix , where ix is the number
of the x bin, ranging from ix = 1 (x = 0.85) to ix = 26 (x = 0.0000085). Only data with W 2 > 3.5 GeV2 is
included. Plot from CJ collaboration (Shujie Li – private communication). References: H1 and ZEUS—
H. Abramowicz et al., Eur. Phys. J. C75, 580 (2015) (for both data and HERAPDF parameterization);
BCDMS—A.C. Benvenuti et al., Phys. Lett. B223, 485 (1989) (as given in [187]); E665—M.R. Adams
et al., Phys. Rev. D54, 3006 (1996); NMC—M. Arneodo et al., Nucl. Phys. B483, 3 (1997); SLAC—
L.W. Whitlow et al., Phys. Lett. B282, 475 (1992); HERMES—A. Airapetian et al., JHEP 1105, 126
(2011);JLAB—Y. Liang et al., Je�erson Lab Hall C E94-110 collaboration, nucl-ex/0410027, M.E. Christy
et al., Je�erson Lab Hall C E94-110 Collaboration, Phys. Rev. C70, 015206 (2004), S. Malace et al., Je�er-
son Lab Hall C E00-116 Collaboration, Phys. Rev. C80, 035207 (2009), V. Tvaskis et al., Je�erson Lab Hall
C E99-118 Collaboration, Phys. Rev. C81, 055207 (2010), M. Osipenko et al., Je�erson Lab Hall B CLAS6
Collaboration, Phys. Rev. D67, 092001 (2003).

1st June, 2020 8:28am

γ✴ ->q
γ✴ ->qg QCD corrections

Michael  Gold
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6 18. Structure Functions

property is related to the assumption that the transverse momentum of the partons in the infinite-
momentum frame of the proton is small. In QCD, however, the radiation of hard gluons from the
quarks violates this assumption, leading to logarithmic scaling violations, which are particularly
large at small x, see Fig. 18.2. The radiation of gluons produces the evolution of the structure
functions. As Q2 increases, more and more gluons are radiated, which in turn split into qq pairs.
This process leads both to the softening of the initial quark momentum distributions and to the
growth of the gluon density and the qq sea as x decreases.
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Figure 18.2: The proton structure function F p
2 given at two Q2 values (6.5 GeV2 and 90 GeV2),

which exhibit scaling at the ‘pivot’ point x ≥ 0.14. See the captions in Fig. 18.8 and Fig. 18.10 for
the references of the data. The various data sets have been renormalized by the factors shown in
brackets in the key to the plot, which were globally determined in a previous HERAPDF analysis
[13]. The curves were obtained using the PDFs from the HERAPDF analysis [14]. In practice, data
for the reduced cross section, F2(x, Q2) ≠ (y2/Y+)FL(x, Q2), were fitted, rather than F2 and FL

separately. The agreement between data and theory at low Q2 and x can be improved by a positive
higher-twist correction to FL(x, Q2) [15,16] (see Fig. 8 of Ref. [16]), or small-x resummation [17,18].

In QCD, the above processes are described in terms of scale-dependent parton distributions
fa(x, µ2), where a = g or q and, typically, µ is the scale of the probe Q. For parton distributions x
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59. Quark masses 17

Figure 59.3: The values of each quark mass parameter taken from the Data
Listings. The points are in chronological order with the more recent measurements
at the top. The shaded regions indicate values excluded by our evaluations; some
regions were determined in part through examination of Fig. 59.2.
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=0GURE ofi);c gADRON SPECTRUM FROM LATT0CE +],) ]OMPREHENS0VE RESULTS FOR MESONS AND BARYONS
ARE FROM l-k] b7fi: 77[: 1�]rh]r b7;[: &lv b7e[: +],r= b7n[: AND d/l b;z[) ’ESULTS FOR δ AND
δ◦ ARE FROM ’&] a 2J+], boz[: gADRON rPECTRUM b;o[ pALSO THE ONLY ψ MASS(: 2J+], b;3[:
AND l0CHAEL: 9TTNAD: AND 2RBACH b;t[) ’ESULTS FOR HEAVYhL0GHT HADRONS FROM =ERM0LABhl-k] b;fl[:
g1+], b;fi: ;7[: AND lOHLER AND vOLOSHYN b;;[) ]0RCLES: SQUARES: D0AMONDS: AND TR0ANGLES STAND
FOR STAGGERED: v0LSON: TW0STEDhMASS v0LSON: AND CH0RAL SEA QUARKS: RESPECT0VELY) �STER0SKS REPRESENT
AN0SOTROP0C LATT0CES) 9PEN SYMBOLS DENOTE THE MASSES USED TO ffiX PARAMETERS) =0LLED SYMBOLS pAND
ASTER0SKS( DENOTE RESULTS) ’ED: ORANGE: YELLOW: GREEN: AND BLUE STAND FOR 0NCREAS0NG NUMBERS OF
ENSEMBLES p0)E): LATT0CE SPAC0NG AND SEA QUARK MASS( &LACK SYMBOLS STAND FOR RESULTS W0TH 3.o.o
5AVORS OF SEA QUARKS) gOR0ZONTAL BARS pGRAY BOXES( DENOTE EXPER0MENTALLY MEASURED MASSES pW0DTHS()
ah5AVORED MESON MASSES ARE OfSET BY �flzzz lEu)

PROV0DED BY r) lE0NEL beo[) /HE STATE RECENTLY ANNOUNCED BY kg]B bt7[ 0S ALSO SHOWN) ¯OTE THAT
THE LATT0CE CALCULAT0ONS FOR THE MASS OF TH0S STATE WERE PRED0CT0ONS: NOT POSTD0CT0ONS)

’ECALL THAT LATT0CE CALCULAT0ONS TAKE OPERATORS WH0CH ARE 0NTERPOLAT0NG ffiELDS W0TH QUANTUM NUMh
BERS APPROPR0ATE TO THE DES0RED STATES: COMPUTE CORRELAT0ON FUNCT0ONS OF THESE OPERATORS: AND ffiT THE
CORRELAT0ON FUNCT0ONS TO FUNCT0ONAL FORMS PARAMETR0ZED BY A SET OF MASSES AND MATR0X ELEMENTS) �S
WE MOVE AWAY FROM HADRONS WH0CH CAN BE CREATED BY THE S0MPLEST QUARK MODEL OPERATORS pAPPROh
PR0ATE TO THE L0GHTEST MESON AND BARYON MULT0PLETS( WE ENCOUNTER A HOST OF NEW PROBLEMSc E0THER
NO GOOD 0NTERPOLAT0NG ffiELDS: OR TOO MANY POSS0BLE 0NTERPOLAT0NG ffiELDS: AND MANY STATES W0TH THE
SAME QUANTUM NUMBERS) /ECHN0QUES FOR DEAL0NG W0TH THESE 0NTERRELATED PROBLEMS VARY FROM COLLABh
ORAT0ON TO COLLABORAT0ON: BUT ALL SHARE COMMON FEATURESc TYP0CALLY: CORRELAT0ON FUNCT0ONS FROM MANY
D0fERENT 0NTERPOLAT0NG ffiELDS ARE USED: AND THE S0GNAL 0S EXTRACTED 0N WHAT AMOUNTS TO A VAR0AT0ONAL
CALCULAT0ON US0NG THE CHOSEN OPERATOR BAS0S) -N ADD0T0ON TO MASS SPECTRA: WAVE FUNCT0ON 0NFORMAT0ON
CAN BE GARNERED FROM THE FORM OF THE BEST VAR0AT0ONAL WAVE FUNCT0ON) 9F COURSE: THE SAME PROBLEMS
WH0CH ARE PRESENT 0N THE SPECTROSCOPY OF THE L0GHTEST HADRONS pTHE NEED TO EXTRAPOLATE TO 0NffiN0TE
VOLUME: PHYS0CAL VALUES OF THE L0GHT QUARK MASSES: AND ZERO LATT0CE SPAC0NG( ARE ALSO PRESENT) vE
BR0E5Y TOUCH ON THREE D0fERENT K0NDS OF HADRONSc EXC0TED STATES OF MESONS p0NCLUD0NG HYBR0DS(:
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