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The precision requirements

. w w+
The precision requirements N N N
u uw H

@ The LHC becomes a precision machine.

@ Theoretical cross sections have been achieved at NNLO in QCD, &'(a?), for
many processes.

@ Due to o, ~ ocg, we expect the QED/EW corrections are the same level.

o The photon-initiated processes (vY+ 7, ¢,g — X ) will have observable effects.
Many applications

The SM processes

@ Drell-Yan: ¢T¢~
o W*H
o WHtw-—

BSM scenarios

o Heavy leptons: LT~
("] Charged Higgs: Hi,Hii [2107.13580]
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The existing photon PDFs

The first generation
@ MRST2004QED oa1009 models the photon PDF with an effective mass scale.

o NNPDF23QED psusosess and NNPDF3.0QED (410849 constrains photon PDF with
the LHC Drell-Yan data, qg,yy — £t~
o CT1l4qed_inc fits the inelastic ZEUS ep — ey+ X data psosoeos), and include
elastic component as well.
The second generation
o LUXqed directly takes the structure functions F» 1(z, Q?) to constrain photon
PDF uncertainty down to a percent level [1607.04266,1708.01256]

o NNPDF3.1luxqged pr2oms3 initializes photon PDF with LUX formula at
Up =100 GeV (a high scale) and evolves DGLAP equation both upwardly and
downwardly.

o MMHT2015qed pooroarso initializes photon at g =1 GeV (a low scale) and
evolve DGLAP upwardly. It's updated as MSHT20qed by the recent fit pii1os3sz.

@ Our work incorporates the LUX formalism with the CT18 poi2100s3 global analysis.
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The LUX formalism [1607.04266,1708.01256]
@ The DIS process: ep — e+ X

o~ Ly H" ~ Fy T fo) vax;elh + -
@ Matching these two approaches Ieadzs to the LUX master formula:

1d = d 22%m2
o) e [ 5] f -0 (w27 )

27ta

Fa(e/2,Q%) —2*Fu(a/z, QQ)} a2<u2>z2F2<x/z.u2>}.

The square bracket term corresponds to the “physical factorization” scheme,
while the second term is referred as the “MS-conversion” term.

@ The structure functions F j, can be directly measured, or calculated through
pQCD in the high-energy regime.
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The breakup of (7, Q%) plane: nonperturbative
resources

ok High @? continuum region (pQCD CT18NNLO)

Low QZ continuum region
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o In the resonance region W2 =m?+ ng(l/m —1) < W2 =3 GeV?, the
structure functions are taken from CLAS pso204 or Christy-Bosted (or123731 fits.

@ |n the IOW—Q2 continuum region w2 > W}i =4 GeV?, the HERMES GD11-P
1035704 fits with ALLM (pieiooy functional form.

@ In the high-Q? region (Q? > Q) Fo.1, are determined through pQCD.

@ The elastic form factors are taken from A1l psor.e22n or Ye pror.ose3 fits of world
data.
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Elastic vs inelastic photons

Ratio to total
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high @, due to its rapid evolution (¢ — ¢7).

magnetic one dominates at large z.

1.0

o At a low @, the elastic photon dominates, which inelastic one dominates at
@ In the elastic photon, the electric form factor dominates at low z, while the

@ The neutron’s elastic photon is small, due to its zero electric charge. It is
resulted from the magnetic form factor.
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Two approaches: LUX vs DGLAP

o CT18lux: directly calculate the photon PDF with the LUX formalism

@ CT18qed: initialize the inelastic photon PDF with the LUX formalism at low
scales, and evolve the QEDN1,0®QCDNNLo DGLAP equations up to high
scales, similar to MMHT2015qed.

T T
— CT18lux LUXqed17
CT18qed1.3GeV — NNPDF3.1luxQED

— CT18qed — MMHT2015¢ed
0.98 /
/ —
CT18qed] .3GeV — NNPDF3.11uxQED o (%, 1=100 GeV) ‘
— CT18qed | — MMHT2015ed 0.96f ‘ ‘ ‘ ‘
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1.04

T T
y(x, u=100 GeV)

1.02[

1.00

Ratio to CT18lux
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LUXqed17

0.96 [/

1077
The take-home message:
@ In the intermediate-x region, all photon PDFs give similar error bands.
@ CT18lux photon PDF is in between LUXqed (also, NNPDF3.1luxQED) and
MMHT2015qed, while CT18qed gives a smaller photon PDF.
@ In the large-z region, the DGLAP approach (for both MMHT2015qed and
CT18qed) gives a smaller photon than the LUX approach.
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The difference between LUX and DGLAP
@ The DGLAP only evolves the inelastic photon
d.fE')/inel a .
W = ox (xpyy@@m)/l cl_i_;e?xqu@ﬂ?qi)

@ The first-order solution corresponds to the LO Fs in LUX formalism
. u? a
2y (2, u?) ~ / dlog Qzﬁ Y eZaPyy @ 2f,, — FY© in LUX formula
i

@ It explains CT18qed gives larger photon at small z than CT18lux.

o MMHT2015qed gives smaller photon at small z, because the smaller
charge-weighted singlet quark distributions.

° The updated MMHTZOqed gets very closed to all others pii1.osss7.

1.04F y(X, /1_100 GeV) i
=1 0
2 1.02f J i
) A R\
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3] — |\l Y TR TR YT i
2 100 N
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Z 098 ———— T s — B e
— CT18lux — LUXqed17 = CT1 — MMHT2
— CT18qed1.3GeV — NNPDF3.11uxQED
096/ — 0T18qed — MMHT2015qed
R ¥ M TE——— 1 o3 e, p=100 Gev
107° 1071 10’ 1072 107! 10° oot - . -
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The large = behavior: nonperturbative contribution

o At large z, the LUX approach gives significantly larger PDF than the DGLAP
one.

@ It is resulted from the non-perturbative Fs at low energy (resonance and
low-@Q? continuum regions).

@ It induces a big uncertainty with the DGLAP low initialization scale approach,
because scaling violation is not well behaved in the non-perturbative Fs.

@ It can be rescued with a slightly higher initialization scale above the pQCD
matching scale Qppr ~ 3 GeV, as compared to CT18's 1.3 GeV.

— éT 18lux ‘
— CT18qed1.3GeV
— CT18qed3GeV
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Photon PDF uncertainties

Ratio to CT18lux central
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@ Al pol. unc.: the uncertainty of the Al fit of the world polarized data

Al unpol.: Switching to Al fit of the world unpolarized data

CB: Changing resonance SF from CLAS to Christy-Bosted fit
Variations of Ry, )7 = 61/067 by 50% p7os 01256

HT: Adding higher-twist contribution to Fj, prsoise) and Fo [is02031s4).
Q2 changing the matching scale 9 — 5 GeV?

MHO: varying the scale to estimate the missing high-order uncertainty

TMC: adding the target mass correction to the SFs.
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Global fit with QCD+QED evolution (“QEDfit”)
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Fitting quality: x>

» Experimental dataset Referonces N, CTiSlx__ CTisqed  QED fit
160 HERAI + 11 1 fb™', H1 and ZEUS combined 611 1120 1406 1405 1405

101 s [60] 337 375 381 3

102 621 250 281 283 281

104 1631 123 126 126 126

108 s 1641 5 86 366 366

109 CDHSW 1% 1641 % 864 871 360

10 CCRR Ff 165] 6 74 76 77

1 CORR yFf 1661 % 34 23 39

124 NuTeV e SIDIS 1671 B 186 188 184

15 NuTeV o SIDIS 1671 B s 385 08

126 CCFR uu SIDIS 681 w0 28 207 28

127 CCFR iy SIDIS 168] 38 19.8 197 198

s Hic 1691 0 68l 631 691

147 Combined HERA charm production 1701 a7 87 571

169 HIE, i 9 10 170 169

201 E605 Drell-Yan sd%/(dy/7dy) 721 119 103 104 103

203 E866 Drell-Yan a,/(2a,,) 1731 15 162 164 166

204 E866 Drll-Yan Q' /(d0dx,) 174] 8 2u 245 246

25 CDF Run-l lepton Ay, pr, > 25 GeV 1751 1 04 930 T Experimental dataset Ref. Ny CTISx _ CTisqed  QED fit
27 CDF Run2 clectron A pre > 25 GeV 1761 1 135 1238 134 e — - -

B Db 7 G T e O B B I
200 781 2 163 163 168 549 CMS 8 TeV 18.8 b, mu 158 1 124 155 17
21 179 R 05 901250 LHCh S TeV 20 b forward W/Z [87) 34 732 092 726
26 muon Ay, pre > 35 GeV 80) wooom 823 790 253 ATLASSTeV203m7LZ p 88] 2 300 204 311
267 CMS 7 TeV 840 b, electron Ay, py, > 35 GeV 81] " 10 124 2o 542 CMS 7 TeV 5 ), single . jet R=07 89] 158 195 193 195
268 ATLAS7TeV 35 pb', W/Z cross sec. A 821 4w a1 w0 W ATAST Ic\"c)fmm“ sngle o je R 00 por o 2 0 24
81 DO Run-2 9.7 b, clectron Ay, pr, > 25 GeV. 1831 3 29 26 24 33 CMS 8 eV 197 5 1 (1/o)dto) (dpidy’) o) o oo oy 5o
504 CDF Run-2 inclusive et production 1841 7 125 126 14 580 ATLAS 8TeV 203 ol 1 do/dp) and dojdm; 93] I 951 9.49 970
514 DO Run-2 inclusive jet production 851 110 114 13 114 Total ;° for all 39 datascts 3681 4293 1302 4296

o The CT18lux share the same x2 as CT18, as quark and gluon PDFs remain the
same.

o CT18QED gives a small corrections to up and down quark PDFs, which
increases x2 a little.

e Global fit with QCD+QED evolution (“QEDfit") pull the PDFs and x? back,
very closed to CT18lux.
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PhOton content Of the neutron s

Proton Neutron
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@ The proton’s photon PDF uncertainty is about 1% level.
@ The neutron’s photon is (2 ~4)% in the moderate-z region.

@ A significant improvement in comparison with the 1st generation of photon
PDFs.
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Isospin symmetry violation __ _ jdw@@m)-rir @)
Jdaz(§uiy P (e ud)-3d 20 (2.013))

@ Model the initial isospin violation with QED interaction

e D
Bdy (@, 83) = dv.n(2,148) = u (2. 3) = € (1= d)u(vQE (@, 113).

e ED
Buy (o, 1d) = wy o (o,13) = dv o) = & (1= %) i3 (@, 413).

@ The € parameter can be self-consistently determined through sum rules.
@ Our ISV is Smaller than MSHT20qed due to only ¢! in & ps0510007
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The applications
W™ H production Exclusive yy — W W~
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=0 W lih T 104 —CT18lux elastic
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T ! 2
= 107 }'2 1T
J %300 500 1000 2000 200 500 1000 2000
107f - - 10~
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@ At a large invariant mass, the photon initiated processes make a significant
contribution

o CT18lux elastic photon (. running includes both quarks and leptons) is
smaller than MMHT2015qed one (where only quarks are included).
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W boson production in v-A scattering i : i
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@ IW-boson production can be measured at in high-energy neutrino telescopes,
e.g., lceCube, KM3NET, as well as collider, i.e., FASER and future FPFs

@ Our photon PDF directly contributes to the photon-initiated sub-process psos 10407
@ The photon PDF uncertainty is reduced to a percent level.
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Summary and conclusions

Ratio to CT18lux
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@ Photon PDF is esxsential for the precision NLO EW calculat)i(ons.

@ Photon PDF can be precisely determined by mapping the structure functions to the
PDF, the LUXqed formalism.

@ We published two photon PDF sets, CT18lux and CT18qed [http://cteq-tea gitlab.io/project /00pdfs/],
based on the LUX and DGLAP approach, respectively.

@ The photon PDF precision is significantly improved, up to a percent level.

@ The overall uncertainties agree with the LUXqed (also NNPDF3.1luxQED) and
MMHT2015qed.

@ The isospin symmetry violation due to the QED effect is within (a few) 1% at a
(large) small z 230510007,

@ Many phenomenological implications have been explored [2106.10299, 2107.13580, 2305.10497].
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The cancellation in a higher order calculation

@ Suppose we want to calculate a process y+ X — Y.

@ At one order higher, both photon and quark parton will participate.

@ The PDFs are related with the DGLAP evolution, with divergence properly
canceled.

@ This can be also achieved in the LUX approach, with proper MS conversion
terms order by order.
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The scale variation of the MS conversion term

o In the default scale choice u?/(1— z), the MS-conversion term is
Ty ~ <_Z2)F2($/z7“2)’
which is negative

@ When varying the scale as u2 the conversion term should be change as well,

14z 22 2
T 2| S o, o Pt/ @)

With M2[z] = 2, we have [, = sz = log 1.

e The central MMHT2015qed corresponds to M2[z] = u? choice at low scale
Mo = 1 GeV.

@ The DGLAP approach at low scale DOES give larger uncertainty due to the
large non-perturbative contributions to structure functions.

@ One method to avoid it is to start ¥ PDF at a higher scale in the pQCD region,
; 2 2
ie., Uy > Qppp-
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The DGLAP approach gives smaller PDFs at large =

o MMHT2015qed divides the integration into two regions:

2

n
13 =
g+ [0 ]
Y= T

The second part is integrated semi-analytically:

i& 2 2,2
-z d@° o 2z7my 2 2,2 1
/ug ?0‘ <Zp7q+Qz Fa(z/z,1p) = o (1g) ZPYqIOgEJri

The Fp, is dropped because Fp ~ O(as) < F.

o In contrast, we integrate over Fy(z/z, Q?)
rather than Fa(z/z,u3).

o It explains the MMHT2015qed gives smaller
photon at large  than CT18qed.

@ MMHT15 does not include the uncertainty
induced by g variation.
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The NLO QED evolution and momentum sum rules

110 g Nt e A 1.005
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| | 1 | i ) ‘ ‘ ‘
[]'8150"" 10 107 102 107! 10° 0'981()11"’ 107 107 102 107! 10°
* X

@ The NLO QED corrections to splitting functions
o L01), & As p(1) ( o )2 (02)
p.. = —pl = Z5 plL — ) p\
EEED? o2m 2w W o2n/) Y
@ The NLO QED correction is negative.
@ The momentum sum rules: the impact is ¢(0.1%), negligible compared with
higher order QED evolution.

<x(2+g+,yinel+el> -1
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