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Motivation



Why care about QED corrections?

® Push theoretical precision to better constrain nonperturbative Physics

® Currently: (N)NNLL TMD evolution and NNLO Wilson coefficients for
various 1'MDs

® Scveral recent theory/pheno improvements for QED corrections to DGLAP
evolution integrated PDFs and photon PDF

®Why not? Formally it’s in any case an interesting issue

® | will write the expansion of any quantity as:

Alage) = 32 Amm(3)" ()"

n,m
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QED corrections to DGLAP kernels (1/2)
Extending DGLAP equations

. 6 JlIntroducing QED corrections
0 DGLAP equations dictate the evolution of PDFs

0 EW interactions connects QCD partons with photons and leptons.

New PDFs New splitting Modified DGLAP

(leptons & photon) functions equations

0 Extend original DGLAP equations to deal with new objects:

Kernels with ) Zng(X)f—l—Z f®f—|—ng®g+Pg7®, |
fermions Kernels with
d’y photons
Photon . pr®f+zpf®f+Pg®9+Pq®’Y
distributions dq
ZPsz®f+Z f®f+P<1z9®g+P%7®' Kernels with
leptons
Lepton dl
distributions Z Py ®f+ Z PLi® f+ Flg® g9+ Py ®7

de Florian, Rodrigo and GS, Eur. Phys. J. C76 (2016) no.5, 282 and arXiv:1606.02887 [hep-ph]
From a talk by GFR Sborlimt

They have calculated QFED corrections to DGLAP
kernels at O(aza) and O(a?)
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QED corrections to DGLAP kernels (2/2)

0 We define a ratio to quantify the effect of H.O. EW corrections

. - plid)
K((IZ’]) = ag a’ Py (2) with Py = ag P(f;’o) +a Pa(g’l)

P (z)

0 Quark-quark splittings

* Pure QCD contribution still
dominant (x103)

* QED corrections introduce
charge separation effects

IS N N 7l (specially at O(a?))
PN T o | * Small corrections in
d’ /]

CD,QED)(%)

Q
q

K;

intermediate x region

de Florian, Rodrigo and GS, Eur. Phys. J. C76 (2016) no.5, 282 and arXiv:1606.02887 [hep-ph]

From a talk by GFR Sborlim

Small corrections
Still, already useful at the LHC (and beyond)
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Photon PDF from DIS structure functions (1/3)

® © LHAPDF public
computer-readable
elastic Iinelastic form?

Gluck Pisano Reya 2002 dipole

MRST2004qed

X
: : model
(only electric part)
NNPDF23qged (& NNPDF30ged) no separation; fit to data

From a talk by G. Salam

Increasing interest on photon PDF
Several PDF groups already included it in their standard fits

Miguel G. Echevarria, INFN Pavia Division -::- INT 18-3 program, 8 Oct 2018



Photon PDF from DIS structure functions (2/3)

LUXqed approach

[Manohar, Nason, Salam, Zanderigh:
JHEPI2(2017)046, PRL117(2016)]

® Main 1dea: write the cross section for an imaginary BSM heavy-lepton

production process (which couples to SM electron and photon) in two ways:
» in terms of DIS structure functions F; and FL

» in terms of a photon PDF in collinear factorization

® Photon PDF can then be written in terms of F7 and F1, (model independent):
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Photon PDF from DIS structure functions (3/3)

Photon becomes the best known parton in the proton

0.8 - -----q L --m; 0_8 v """l L --m - l----m:
up valence FEEE |- _ up valence BS |-
photon x 10 =—— |- photon x 10 =——
06 F -
Y From
LUXqed
04 F "
02 F "
M =100 GeV
0

0.001 0.01 0.1 1 0.001 0.01 0.1 1

From a talk by G. {anderigh

® Similar comparisons with other fits (e.g. G'T'14, MRST2004)

The EIC will potentially better measure F2 and Fy,,
and thus better constrain the photon PDF
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Z boson pr distribution
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[Cieri, Ferrera, Sborlini JHEP03(2018)]

® | 'hey include QFED corrections in their approach (corrections and photon PDF)
® | 'hey find a 1-4% 1mpact on Z production at Tevatron/LHC

We do it systematically, by considering the operator definition of TMDs and
obtaining the new pieces for all (un)polarized quark/gluon TMD PDFs and FFs
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TMDs in QCD
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Definition of TMDs in QCD (1/2)

I take Drell-Yan

production as an
example

do = GO(p’) H(Q27 IJ‘) dy (27‘.)2 /dzy e_quyl (wAa Y, :u’) J’I_’L (wBa Y1, y‘)

7

— 1 ) - -
Jn (O+7 Yy, yJ_) = 5 Z(Nl (P7 al)IXn (O+a Y, yJ_) 5 Xn (0) INl (P7 01)>Izb subtracted
01

g X7 (y+, 0_, Q’l) |N2 (P3 02)>Izb subtracted

Jn(y™,07,9,) = %Z(Nz(f’, 02)| X7 (0)
= <0| [S=TSZT](0%,0-,7.)[SETST](0) |o)

— W"."; é.n

- O -
W, (x) = Pexp / dsn-A%(z + ns)t*

- 0 i
S, (x) = Pexp / dsn-A%(x + ns)t*
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Definition of TMDs in QCD (2/2)

k,, ~ Q(1,22,)) y = %111 'I:_i Different rapidities
k- ~Q(\2,1,)) (mixed under boosts)
b ~ QA k7 ~ ki ~ k7 ~ Q*X?  Same invariant mass!

Ca = (p*)%e2ve
T (@ a,FnisSasCarm) =J, \/g
Tﬁ(wB,zﬁla SpilBrB) = jﬁ \/g

(g = (p")%e?¥-

—

Cancel spurious
rapidity divergences

[MGE, Idilbi, Sctimem: JHEPI1207(2012), PLB726(2013), PRD90(2014)]
[MGE, Kasemets, Mulders, Pisano JHEP1507(2015)]
[Collins’ book °11]
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Evolution of TMDs in QCD

TMDs depend on two scales: renormalization and rapidity scales

® | 'he dependence on the renormalization scale is:

d [pol] CA
lnTpA(m,bl,SA;CA:#)=’Y'( s(p), In=3 )
dlnp ¢ ? w2 Known at 3-loops.

Numerical at 4-loops

1 (@, 1054 ) = —Tuep(@, (W)In 54 — el (1)

[Moch, Vermaseren, Vogt JHEP0508(2005), NPB638(2004)]
[Moch, Ruijl, Ueda, Vermaseren, Vogt JHEPI10(2017)]

® | 'he dependence on the rapidity scale 1s:

d 0
dinc lnTJ[fiMfl] (2,b,,84;Ca, 1) =—D;(bp; ) Known at NNLO
dD; Cusp does not
it M G N) D N
diny completely determine D
Indirect NLO: [Becher, Neubert EPJC71(2011)] [Li, Zhu PRL118(2017)]

Direct NLO: [MGE, Scimema, Vladimirov PRD93(2016)] [Vladimirov PRL118(2017)]
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T'MDs in full glory

Tioa(@br;Gu) = Y CE (@ brs 3, 1) ®t e 4 (w5 1)
j=q’q_’g

M dﬁ _ C C _Dj(BT;P"b)
X €Xp / 7'73' (as(“),lnA_z) (_2)
u, M K71 \Fp

X Tiﬁi(x’ br; ¢)

® General philosophy: only parametrize what cannot be calculated

® Nonperturbative part of Dj is universal (for all (un)polarized T MDs)

® Higher-order calculations allow better determination of nonperturbative ingredients

® At large and low b'T" we need cutofls (q1'<Lambda and q1T>Q regions)

o

I'here are subtleties with the evolution path: [Scimemi, Viadimirov JHEP08(2018)003]

Ty

'he determination of nonperturbative pieces 1s not easy (Fourier transtorm mixes

regions, overlap of perturbative and non-perturbative)

The higher the theoretical precision, the better!
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I'MDs in QCDxQED
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Definition of quark TMDs in QCDxQED

® We can now consider Drell-Yan where colliding quarks exchange/emit also photons!

® ['actorization follows the same steps as in pure QCD...

dy~d?y,
z/P(a;7 nT) 2 (271')3

- ZS; (PS| [E. WEWE,] 04,57, 3.) WEIWE'E.] ©)1P9)

ety eP -y, k,)

new photon
Wilson lines

X

2y Trc ;
Silker) = | Gryze™ ey O [SaTSTSILSTA] (04,07,y)) [S27STSIST,] (0)10)
W, (z) = Pexp [igs / dsn-A, (x+ sﬁ)] photon field

Wim(w) = exp [ieQi/ dsn- B, (z+ sﬁ)]

® New photon Wilson lines introduce rapidity divergences, which cancel in the T MDs
as m QCD

® (Un)polarized TMDPDFs and TMDFFs defined similarly

Miguel G. Echevarria, INFN Pavia Division -::- INT 18-3 program, 8 Oct 2018
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QCDxQED evolution of quark TMDs

® l'volution equations are:

dlcrilp,lnF (073G, 1) = ( S(“)’a(“)’lnﬂ_cz) = —7;(as (1), a(p)) —I‘rz(ats(u),az(u))ln”—¢2
d
dIng aing "F5(@ 073 & ) = —Di(Li 2, (), () L, = In(u2h2.e?7s /4)
dlcxlm D;(Ly;0s(p),e(p)) =T (s (1), (p))

® )CD vs QLD scales are not distinguished for simplicity
® QLD corrections break flavor universality of pure QCGD evolution

® | 'here 1s no relation between alpha_s and alpha that holds for all scales (mub 1s
integrated over)

® 50 either we fix a relation, either we consider each contribution independently

Miguel G. Echevarria, INFN Pavia Division -::- INT 18-3 program, 8 Oct 2018 17



QCDxQED evolution of quark TMDs

® Pure QED corrections to the soft function at leading order give:

18T (0t,0m,y,) [SATSTSILIST, | (0)|0)
1 )

d?
Sibur) = [ 8o T 0 [s21 7377

(27f)2

Double lines: gluon
Wilson lines

Double dashed:
photon Wilson lines

2L 1
‘|‘ Tn[,l, ‘|‘6

oté~ 71'2]
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QCDxQED evolution of quark TMDs

® Pure QED corrections to the sott function at NLO give:

(0,2) Y 2(0,1) 2 ™2 2(0,1) (0,2)
D; (LL)=W(5 ! LJ_) + 250, (/3 ! LJ_)’I'z' (0)

D2:0)(0) = CrC 4 (@ — 1443) — (&

67 w2 20
2,0)/11,0) — (5 — ?) Cy— 5Tan
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QCDxQED evolution of quark TMDs

® Beta functions:

dlna Q n /s \™M
S — T (n’m) _38 —
dinpy? Bloxs (w), o(m) nZ,:n'B (471') (471')
dlna o~ ~ Q n /o \™M
_ __ (n,m) (%)™ (&
dinpy2 Blos (), (m)) nz’; P (471') (471')
Mixed QCDxQED and
pure QED coethcients
Miguel G. Echevarria, INFN Pavia Division -::- INT 18-3 program, 8 Oct 2018
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QCDxQED evolution of quark TMDs

[ N

] ﬁ
I
I
I
N
~N
‘s
~
4/
z
D z
~

y z m
'S"zl(ksT)= (27T)Jé Y1 leQCD(yT)SQED(yT)‘FO(Ol (8] )‘

n-m>1

§9°D (yz) = e (Ol [ST'5T] (0%,0,9,) [ST'5T] @) 10

S2EP (y1) = (0| [s“f 18T.] (0%,0m,y,) [SF1ST,.] (0)]0)
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QCDxQED evolution of quark TMDs

® Cancellation of QCD & QFED rapidity divergences only possible if:

0té~
2

InS;(br) = A;(Ly;a,,a) +2D;(L,; 0y, 0)In

0té~
2

oté~

2

In§RCP (by) = ARCP(L,;,,0) +2D?CP(L 5 0,, 0)ln

D" P(L,) =0 l

Miguel G. Echevarria, INFN Pavia Division -::- INT 18-3 program, 8 Oct 2018
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QCDxQED evolution of quark TMDs

® Pure QED virtual corrections at 1-loop:

7(1:0) = _6C

Calculation is analogous

to the one in pure QCD

1,0 = 4C

Miguel G. Echevarria, INFN Pavia Division -::- INT 18-3 program, 8 Oct 2018
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QCDxQED evolution of quark TMDs

® Mixed QCD-QED virtual corrections for non-cusp:

1 1172
’)/(2’0) = 012.71 (—3 + 4:71'2 — 48(3) + CFCA (—% — ;T

+ 52C3)

260  4n° )

+ CpTpng (2—7 + 3 no fermion loops

possible at this order

factor 2 needed because of 2
ways of replacing internal g-g YD = 20,,Q2 (=3 + 4n? — 48(5)
with g-photon and photon-g

Miguel G. Echevarria, INFN Pavia Division -::- INT 18-3 program, 8 Oct 2018 24



QCDxQED evolution of quark TMDs

® Mixed QCD-QED virtual corrections for cusp:

9 3 9

(1,1) _ l
no fermion loops I =0

possible at this order

2
2
'(2,0)/1(1,0) — (ﬂ — “_) C,— _OTan

Consistent with

[Kilgore-Sturm PRD385(2012)]
[Kilgore EPJC73(2013)]

Miguel G. Echevarria, INFN Pavia Division -::- INT 18-3 program, 8 Oct 2018
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QCDxQED evolution of quark TMDs

® Pure QED virtual corrections at 2-loops:

1 1172
7(2,0) — 012:' (—3 + A2 — 48(3) + CFCA ( 9267 ;T + 52{3)

260 4m?
‘|‘CFTF’I’Lf (2—7 + T)

79:2) — Q4 (=3 + 42 — 48(3) + Q2[N, ZQ2+lel2] (260

472

3

%)

2
2
[‘(2,0)/[‘(1,0) = (6_7 — 7’_) C,— EOTan

Miguel G. Echevarria, INFN Pavia Division -::- INT 18-3 program, 8 Oct 2018
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QOCDxQED evolution of quark TMDs: summary

D Y(L,) =0
O(a,e) 1Y =207Q2 (—3 + 4n2 — 48(;)

Y =0

(0,2) Tt 0,1) ™ (0,1) (0,2)
D) = 430,1) (BVLL) 23(0,1) (BODLL) +D7(0)
(0,2) 112 2 - 2 2
'Dz (0)=_(2_7)QZ[NCZQ3 +lel]7
0.2) ;01 _ 200 O
O(a?) e /Ty =_§[NcZQ§+"1Q?]
J
260 4
7% = QF (-3 +4n* —483) + Q[N, EQ2+an]( + 5 )
0,2) (1) _ 200 R o ;
L, /T =—§[NCZQ3- + n,Q;
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Evolution of gluon TMDs in QCDxQED

® Gluon TMDs are defined as in pure QCD: no photon Wilson lines!
® Glue-Glue bilocal operator 1s already QED gauge invariant
® QLD effects appear only as higher-order corrections

® No pure QED corrections for anomalous dimension nor D term

® Mixed QCD-QED virtual corrections for anomalous dimension:

No contribution of soft
function at this order

692 256 2w

Y — 8T ZQz I (No factor Nc here)

® No mixed QCD-QED corrections for cusp nor D (soft function zero at this order)

Miguel G. Echevarria, INFN Pavia Division -::- INT 18-3 program, 8 Oct 2018
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QCDxQED evolution of gluon TMDs: summary

O(a?)

Miguel G. Echevarria, INFN Pavia Division -::- INT 18-3 program, 8 Oct 2018
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QED corrections to f11 at large pr
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Refactorization of TMDs in QCD

® | MDs contain perturbative information when transverse momentum 1s large:

Tieoa (@b ¢, p) = > CZ,;(@,br; &, 1) ® t;., 4 (x5 1) + O(brAgep)

Jj=4,4,9

® ['or ecach TMD we have a different OPE. For example:
q/A(w, bT,C;P’) Z / f/j(i7 bT;C7p').fj/A(x/a_7;N)

j=q,q,9 /=
A _ _
J_g/ (2)(‘179 bT,Caﬂ) Z / h/j(za bT;C,N) fj/A(w/w; /1')
j=q,q,9 /=
d:c
THACATANENDY 2 5@ b3 ¢ 1) 954 (2/F; 1)
Jj=qa,4q4,9vx
A dr, dz szvers = = - -
lg/ (1)(5’3 br; ¢ p) = Z / e g/g (Z1,Z2, 013G ) T jja (@1 /%1, T2 /To5 1)
7=4,4,9
Unpolarized quark/gluon TMD distribution and Transversely polarized TMDs at NNLO in
ﬁagmenmﬁonﬁmcz‘ions at NNLO [Gutiérrez-Reyes, Scimemi, Vladimirov
[MGE, Scimemi, Viadimirov JHEP09(2016)004] JHEP07(2018)172]

(more to come...)
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OPE of unpol. ¢ TMDPDF: QED contribution (1/2)

fi/A(w, br; Gy 1) = Z éi/j(my br; 1) ® fi/a(ms ) + O(bTAQC’D)

j=q’q_’g”7

QFED rapidity divergences cancel in
the properly defined TMDs

2 71.2

a,bri ) = @3 (61— 0) (~L3 +3Lp +2Linl; = ) —2LrPic i +20-3)]
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OPE of unpol. ¢ TMDPDF: QED contribution (2/2)

ﬁi/A(w: br; Gy 1) = Z éi/j(wa br; 1) ® fi/a(ms ) + O(bTAQC’D)

j=q’q_’g”7

G0\ (@, brs ) = N.Q3 | — 2L (2 + (1 — 2)?) + 42(1 — 7))

™, Factor Nc due to Consistent with

color multiplicity [ Ci]elr;g;;;z;gzl]);;]lini
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Conclusions & Outlook

® Theoretical precision is needed at EIC (and beyond) to properly extract
nonperturbative Physics

® EIC will better constrain photon PDF through DIS structure functions (LUXqed)
® QED corrections to TMD evolution obtained at O(a,a) and up to @((){2)

® New results are universal for all (un)polarized quark/gluon TMDPDFs and
TMDFFs up to the flavor of the considered parton

® QED corrections to flq at large pr obtained at O(a)

® Corrections to other T’MDs can be obtained similarly

D?'

® ““I'MD community” 1s catching up with the “PDF community

® ToDo: study numerical impact on pheno (found to be around 1-4%o for Z-boson
pr distribution at Tevatron/LHGC [Cieri, Ferrera, Sborlini JHEP03(2018)])
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