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1. 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 TMDs

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

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



QED corrections to DGLAP kernels
Extending DGLAP equations

' 6 [Introducing 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—}—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<h9®g+P<M®/ Kernels with
leptons
Lepton 7 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 Sborlim
® | hey calculated QED corrections up to O(a?) and O(asa)

® Scveral PDF sets already incorporate them



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 groups already included it in their standard fits



Photon PDF from DIS structure functions (2/3)
LUXqed approach

[Manohar, Nason, Salam, Zanderighi
1708.01256 (JHEP), 1607.04266 (PRL)]

® Main 1dea: write the cross section for an imaginary BSM heavy-lepton
production process (which couples to SM electron and photon) in two ways:

| 1n terms of DIS structure functions F; and Fr
| 1n terms of a photon PDF in collinear factorization

® Photon PDF can then be written in terms of F; and F1, (model independent):




Photon PDF from DIS structure functions (3/3)

Photon becomes the best known parton in the proton

O.8 - -----q L --m; 0_8 v """l L --m - l----m:
up valence R |- _ up valence BS |-
photon x 10 =—— |° photon x 10 =——
- 06 -
& Y From
= . LUXqed
z 04 F
<
=
02 F
M =100 GeV
0

0.001 0.01 0.1 1

From a talk by G. {anderigh

® Similar comparisons with other sets (e.g. G'T'14, MRST2004)
® I.1C will potentially better measure F2 and FL,, thus better constrain photon PDF



Z boson pr distribution

800 I I I 1 I 1 1 I I I I 1 I

600

400

do/dqy (pb/GeV)

200

pp ~Z°+X, Vs=1.96 TeN;
| Mp=Hp=RQ=UR=RQ'=My,
[ 1/2<{up /Mz.Q'/Mz.Q'/ 1 3 <2

NPDF3.1_luxqed

— = = (NNLL+NNLO) g¢p+ (LL) ggp
——— (NNLL+NNLO) g¢p +(NLL+NLO) ggp

| 1 1 1 | | | | 1 I 1 1 1 | | 1 1 1 1

1.04 T T T T I T T T T | T T I T

1.02

1.00

RATIO to (NNLL+NNLO)qcp

0.98

0 10 20 30

RATIO to (NNLL+NNLO)qcp

1.02

1.01

1.00

0.99

0.98

1.02

1.01

1.00

0.99

0.98

|llll|

1T | L

\

\

\

\
\

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

l

Mr=pr=RQ=up=2RQ'=Mz, 1/2<{up/Mz3}<2 —]

\

llll|l
\

N

!

1 | | | 1 | 1 I 1 | |

!

T I I I I I I I I

-

—

Hr=H=RQ=pp=2Q =My, 1/2<(Zq"/Myz}<

N

TTT TTTT TTTT

\

llllll

Fplllllllllllllllllllllll\

0

r

r

[Cieri, Ferrera, Sborlini 1805.11948 (JHEP)]

® | 'hey include QFED corrections in their approach (corrections and photon PDF)
® | 'hey find a ~ few % 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



2. TMDs in QCD: summary



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’I."l: é.n

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

- 0 i
S, (x) = Pexp / dsn-A%(z + ns)t®

10



Proper definition of TMDs in QCD (2/2)

kn ~ Q(1,A%,X) y = %111 II:_J: D.iffe(;”ent (;"api)dities
kn ~ Q(A%,1,)) (mixed under boosts)
b ~ QAN k7, ~kz ~ k7 ~ Q*X?  Same invariant mass!

(a = (p)%e2v
Tn(xA7%nl’SA;CAaH) = jn S
Tﬁ(wBa%ﬁl, SpilBrB) = jﬁ \/g

(g = (p")%e?¥-

Cancel spurious
rapidity divergences

[MGE, Idilbi, Scimem: 1111.4996 (JHEP), 1211.1947 (PLB), 1402.0369 (PRD)]
[MGE, Kasemets, Mulders, Pisano 1502.05354 (JHEP)]

[Collins’ book (2011)] 1



Evolution of TMDs in QCD

TMDs depend on two scales.
Evolution universal for all (un)polarized TMDPDFs and TMDFFs

® Renormalization scale:

d l ¢
dln lnT[po ](LE, bJJ SA: CA) ”’) ( s(l-l‘) In A) Knpr at 3-100pS.
© p Numerical at 4-loops
9 Ca
5 (@0 (1053 ) = —Thuap(arg (W) >4 = el (1)
[Moch, Vermaseren, Vogt hep-ph/0507039 (JHEP), hep-ph/0403192 (NPB)]
[Moch, Ruijl, Ueda, Vermaseren, Vogt 1707.08315 (JHEP)]
® Rapidity scale:
d l
dInc . 1HT£ZOJJ (z,b,,54;Cas) = —D;(br;4) Known at 3-loops (almost 4-loops)
dD; T (e () Cusp does not
dlnu cHEpTe completely determine D;
Indirect 2-loops: [Becher, Neubert 1007.4005 (EPJC)] Direct 3-loops:
Direct 2-loops: [MGE, Scimema, Vladimairov 1511.05590 (PRD)] [Li, Zhu 1604.01404 (PRL)]

[Vladimirov 1610.05791 (PRL)]
12



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=4,4,9 Y=
J_g/A (2)(‘179 bT,Caﬂ) Z / h/j(ia bT;C,N) fj/A(w/f; /1')
j=4,4,9 Y=
d:c
THACATANENDY 2 5@ b3 ¢ 1) 954 (2/F; 1)
Jj=qa,4q4,9vx
dr, dz _ _ _
lg/A(l)(m br; ¢ p) = Z / - =2C 57;ers(w1:m2:bT§C:N)TFj/A(wl/wlawz/wz;/J')
3=4,4,9
Unpolarized quark/gluon TMD distribution and Transversely polarized TMDs at NNLO in
ﬁ” agmentationﬁmcz‘ions at NNLO [Gutiérrez-Reyes, Scimema, Vladimirov

[MGE, Scimemi, Vladimirov 1604.07869 (JHEP)] 1805.07243 (JHEP)]

(more to come...) 3



T'MDs n full glory

Tia(z,bp; o p) = Z C';:l:—)j(mbe§N§:Nb)®tj<—>A(x§/1’b)
j=4a,49,9

K dil _ _Dj(BT;P"b)
con | [ ()] (£)

2
L My 'u'b

X Tiﬁi(x’ br; ¢)

® General goal: extract from data all the non-perturbative inputs
® How: only parametrize what cannot be calculated

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

® At large and low bt we need cutoffs (qr<LLambda and qr>Q) regions)

® | 'here are subtleties with the evolution path: [scimemi, Viadimirov 1803.11089 (JHEP)]

®'| 'he determination of nonperturbative pieces is not easy (Fourier transtorm
mixes regions, overlap of perturbative and non-perturbative)

®Several schemes/conventions (thus difficult to be included in TMDIib)

The higher the theoretical precision, the better!

14



3. QED corrections to TMD evolution

15



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 d2yJ_ —i(ly xPt—y -k
z/P(ma nT) 2 (271')3 et (Y Y, kn1)

< 23 (PS| [E WIWE,] 0%y w0 E [WEIWEe,] 0)|PS)
S

d?y Trc
S;(k,1) = (271.)Jé el ks ” ¢ <0| [STTSTSTTT ] o+, 0_’?&) [STTSTS'?L ; n] (0) |0)

n~t,n

0
W, (z) = Pexp [igs / dsn-A,(z+ sﬁ)] & photon

Wim(m) = exp [z’eQi /O dsn - Bn(a; - sﬁ)]

® New photon Wilson lines introduce rap. divs., which cancel as in QCD

®All (un)polarized TMDPDFs and TMDFFs defined similarly

16



QCDxQED evolution of quark TMDs

® l'volution equations in QCDxQED are:

dlcrllulnF (@536, ) = e, (s (), (), 1n“—C2) = —7i(es (1), a(p)) — T (aq (1), (p)) lnu_cz
d
dlnc lnF (z, bT’ C’ “) —DZ (LJ_; s (I“l’)’ a(“)) L, = ln(,uzb%ﬂez'w/‘l)
dliu D;(L,;as(p),a(p) =T;(as(p), a(w))

e )CD & QED scales are not distinguished for simplicity

® QLD corrections break flavor universality of pure QCD evolution

® No relation between as and « holds for all scales (u, integrated over). Either we
1mpose a relation, or consider each contribution independently

Will derive now QED corrections to:
D and anomalous dimension

Ala,,a) = %A(n’m) (Z_;)n (%r)m




Pure QED corrections to the soft function at LO

d*y TrC _
Silker) = [ Grsett e 5= (O [STTSESTLTE] 00,07,w,) [STTSTETLST.] 0 10

Double lines:
gluon Wilson lines

Double dashed:

photon Wilson lines

S (bT: Hs 5+ 07) =

18



Pure QED corrections to the soft function at NLO

) (BOVL,) + D™ (0)

Results in pure QCD

D@0(0) = CpC,y (% - 14g3) _ (%

67 w2 20
[‘(2,0)/[‘(1,0) = ( 9~ 3 ) C,— KTan

19



QCD and QED beta functions

dlno,

dinp? — Blay(p),o(p) = =) g™ (%)

™

dl - X S
i = Bla,,000) == 3= Fom (§2)

Mixed QCDxQED and
pure QED coefficients

20



Mixed QCDxQED corrections to the soft function (1/2)

Sample diagrams

Si(ksT) = (2702 eiyl kg J_SQC'D(yT) SQED(yT) + 0(0( am)‘

n-m>1

§eoD(y, ) =T"° o] [sZ15T] (0+,0-,5,) [ST1ST] (0) [0)

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

21



Maixed QCDxQED corrections to the soft function (2/2)

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

ot~

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

® And we already know that for each soft function we can write:

~ 0o~
In§CP(by) = AP (L ;0,,0) +2D9CP (L, 0)In "2

5 6t~
1rlellQED(bT) = AiQED(LJ_;asaa) + 2D1',QED(LJ_;asaa)1n “2

Then we have:

DY(L,) =0 |



Pure QED corrections to the anomalous dimension at LO

7(1:0) = _6C

Calculation is analogous
to the one in pure QCD

1,0 = 4C

23



Pure QED corrections to the anomalous dimension at NLO

961 1172
7(2:0) = C%, (—3 + 472 —48(3) + CrC4 ( o7 ; + 52(3)

260 471'

260 47r
3

(o 2) _ = Q% (-3 + 4% — 48(3) + Q?[N, ZQ2+anz2](

)

I'(2,0) /1(1,0) = (%7 _

24



Mixed QUDxQED corrections to the anomalous dimension

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

2

+ 52g3)

20  4n2 )

+ CrTrn; (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-y and y-g

25



Mixed QUDxQED corrections to the anomalous dimension

® Mixed QCD-QED virtual corrections for cusp:

67 w2 20
'(2,0)/1(1,0) — (? — ?) C,— 5Tan

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

possible at this order

Consistent with

[Kilgore, Sturm 1107.4798 (PRD)]
[Kilgore 1308.1055 (EPJC)]

26



QCDxQED 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) /0D _ 201 XA .
O(a*) /Ty =_§[NcZQg’ + 1, Q7]
J
260 4
7% = QF (-3 +4n* —483) + Q[N, EQ2+an]( + 5 )
0,2) (1) _ 200 R o ;
L, /T =—§[NCZQ3- + n,Q;

27



Definition & Evolution of gluon TMDs in QCDxQED

® Gluon TMDs are defined as in pure QCD: no photon Wilson lines!

® Glue-Glue bi-local 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 corrections for anomalous dimension:

No contribution of soft
function at this order

692

b = 8T, ZQ I (No factor N here)

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

28



QED corrections to fi1 at large pr

fi/A(a?, br; Gy 1) = Z éi/j(w’ 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

Nz, by ) = Q2 [5(1 — ) (—L + 3L, + 2LTln@ — F) —2L4P,, ; +2(1— :c)]

G, 1)(50 by ) = N Q2[ 2L (22 + (1 — )?) + 4z(1 — a:)]

(Factor N, due to

color multyplicity)
29



Conclusions & Outlook

® Theoretical precision is needed to extract nonperturbative Physics

®New: QED corrections to TMD evolution obtained at O(asa) and up to O(a?)
(universal but flavor-dependent)

® QED corrections to f; at large pr obtained at O(a). Similarly for other TMD:s.
® “TMD community” is catching up with the “PDF community”!

® ToDo: phenomenology (study numerical impact of higher-orders and QED)

® Need more experimental data! (Jl.Lab, RHIC, EIC, Fixed-target@l.LHC,...)



