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1. Introduction



Electroweak Sudakov logarithms
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At high energies Q, cross section contains ! w IN“(Q/M w )

[Ciafaloni, Comelli; Kuhn, Penin; Fadin et al; Denner, Pozzorini; Chiu et al; ...]

O(10%) effect at LHC, O(100%)at FCC

Problem for finding new physics in tails of distributions

EW corrections automated at NLO [Frederix et al



Inclusive processes

Exclusive production usually assumed: all W and Z resolved
— only virtual corrections = EW double logs

We consider inclusive processes, such as pp — ¢7¢~ X,
where the final state has invariant mass Q%! M2,

Inclusive production also involves EW double [0gs (ciataloni et al
whereas QCD corrections only involve single logs



Electroweak resummation in inclusive processes

We find that EW resummation is achieved by:
(Modified) DGLAP of PDFs and Fragmentation Functions
Soft function evolution: new, contributes at NLL

Complications arise because initial/final-state particles are
not electroweak singlets, e.q. fu # fd4
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Electroweak gauge boson PDFs
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We calculated EW gauge boson PDFs, using LUXged
approach developed for the photon PDF manohar et al

Polarization effects are sizable, provides input for evolution



2. Factorization



Factorization of hard

Integrate out hard scattering at scale Q in symmetric phase

O = (A"Ht715) (%" ut* )
Lhara = ¥  H;0; Oiqg = (A""12) (&" )
i Oy = (B"H1) (33" 1 ug)

Remaining radiation is collinear or
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Factorization of collinear and soft

Soft radiation can be described by emissions from Wilson lines

_ 0 SUE) SU@) u(1)
q! Sqg S=Pexp I dsnza gzAs(sng) + Ws(sna) + diygBs(sna)

O 1 (AS,"H2S,15) (@S, " ut3Stp)

There are also collinear Wilson lines (make PDFs/FFs gauge inv.)
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Factorization of cross section

Factorize cross section into PDFs, FFs and a soft function
L "ppllparg [ X# U R XL hara [PP#

X
I I 01,5155y S:5: 10
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Factorization of cross section

Factorize cross section into PDFs, FFs and a
| "PPIL hard [U ) X# U W X |L hara |PP#

' IHI Pl e ng Ploe @ I,

| PDF PDF |
$  UO"i| Xi#W Xq|9lp# OB Ut Xo# U Xo|" p# ..
R N 7 VoL S 7
FF FF

Nonsinglets also contribute for EW:
(pl@t®qalp) ac
Can cancel soft Wilson lines without t* in between: S/ S; = 1

EW factorization violation effects recently pointed out Baumgart et af



Matching onto broken phase

Singlet and adjoint fermion PDF are
fg > !" pledp#  f§'=) 1" pletiq|p#

Tree-level matching at electroweak scale (h = helicity)

fu="Tug

1:C(IIZO) = fu|_ T de
fC(I|:1,|3:0) — %fUL | %de

(1=0) _

fw, =~ =

| Sinzlwf!h

£ (1=1.15=0) _
Wh

Nonsinglet thus accounts for SU(2) breaking in initial & final state



3. Evolution and resummation



Rapidity divergences

For transverse mom. factorization, rapidity divergences appear

21 n
SO (pr)! 1g—tre dy[2sinhy|
pr*

We use the ! -regulator, which acts very similar to dim. reg.

[Chiu et al; Other choices possible, see e.g. talk by Scimemi or Sapeta]

Soft function contains In p’—T !

Collinear function has In 6 Q- A

' -evolution sums single logs of Q/p T

collinear

PT — ® Jo
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Rapidity divergences

For transverse mom. factorization, rapidity divergences appear

21 n
SO (pr)! 1g—tre dy[2sinhy|
pr*

We use the ! -regulator, which acts very similar to dim. reg.

[Chiu et al; Other choices possible, see e.g. talk by Scimemi or Sapeta]

Soft function contains In p’—T

Collinear function has In 6 Q- A

' -evolution sums single logs of Q/p T

collinear

Electroweak correction to nonsinglets
have rapidity divergences: pt ! Mw | !
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RG equations

PDFs (and FFs):
a

dinu

d
din!

Soft function:
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Fermion PDF anomalous dimension

Singlet and adjoint:

F0=0 1
JOONEE

Virtual diagrams have cg

qd p#

at* | p?

Real diagrams have

Pt = cr

t't* " = (cp—3ca

Here n-r = 2 F.y
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Fermion PDF and FF

w

Bk = Cqq(R)Pgq(2) +[Ce ! cqq(R)] 2 In - + o #H1! 2)
2
B = [ | Cq(R)]IN %

1
Group theory: cgq(l) =cp, cqq(adj) =cp — 5CA -

Adjoint representation has double logs and rapidity logs
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Fermion PDF and FF

w

#H1! 2)

bﬁﬁgg = Cyq(R)Pqq(2) +[Cr ! cyq(R)] 21In - + o

H2
BT =[ce ! cqq(R)]IN Y

1
Group theory: cgq(l) =cp, cqq(adj) =cp — 5CA -

Adjoint representation has double logs and rapidity logs
At one loop, anomalous dimensions of FF related to PDF

If final-state particle not observed, completeness gives

Z/ da:ajD((JI_:h) (x, p,v) =1 Z/ d:z:a:Déij) (2, ) =0
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Gauge boson PDF anomalous dimension

Virtual diagrams have ca

Real diagrams have

f\S\I/:O) Ca
| =1

f\sv ) : %CA

O 1

Fermions and gauge
bosons of same rep Mix

Evolution polarizes
gauge bosons, due to
mixing and fu, E fug
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PDF evolution in Standard Model
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Comparison with Bauer, Ferland, Webber

They cut off soft singularity in PDF evolution

d i} s, * 11 M/ 1 _ #X N
dlnufé' D(x,u)= == O dz | ZlPQQ(z)fcg' 1) K
1 #x $ 7

(1=1)
+ ZNCPQG (Z)fW E,u + ...

Fix 1 (1! z) contribution from momentum sum rule

d (1=1,15-0) az (3. M
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Agrees with our result for z < 1 and at LL. Differences at NLL

They did not account for polarization of gauge bosons,
or soft evolution
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Soft function anomalous dimension

Graph Yo Yo
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Wilson line direction of S; denoted by n; = +(1, 7;)
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Soft function anomalous dimension

Graph Yo Yo
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a202--0m — (Qtr[(S1t"ST)(Sat®2S)) . .. (St S},)]]0)

Wilson line direction of S; denoted by n; = +(1, ;)
. 1 °
' -evolution cancels against collinear: b = ! Em Cca In %
For two Wilson line directions
a QT b T 2 ’UQ 1T
1%

In- vs. outgoing Wilson line does not matter
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Mixing and angular dependence

For four Wilson line directions, there are multiple SU(2) reps.:

(O]tr
(0tr
(O]tr

S1t°ST S, ST

S1t°ST SsteST

S11°S] Sut?S]] tr[SotP ST S5t¢S1|0)

tr
tr

S3t°S! S,t1811|0)

SotPST 84t%S11(0)

These mix under renormalization and depend on angles

’A)/,UJ:CA 2In — —

L1o + Ly 0 0 ]
0 L3 + Loy 0 +
0 0 Lis+ Lo/

where L;; = In |n; - n; /2|, and u, v, w, are conformal ratios
J J
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EW resummation

' -evolution vanishes for 1 = My (at NLL)

Q Hi " ; 2
U =exp dl— s =exp ! m#Z(”) ni H

NN 2
Mw - ‘\$ Mw M W
numlber of adjoints

H-evolution gives rise to double Iogarlthms [See Ciafelon et a

T T

Q d |
ULt = exp Hm P exp " mi2 In? Q.
M w u @ ar Mw
H
. hard
Single logarithms for nonsinglets: 7 i
Different coefficient splitting function JE
. ’ soft ’
Angular dependence through soft |
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4. Electroweak gauge boson PDFs



Transverse gauge boson PDFs

. 6
e U 5
@y &)L - - wg [
* [ 4T
I - I [
£ : g 5t
%[ =
g [ g of
N i = [
&+ I & -
] o
(&) -
of
A ( T u =1000 GeV
V$%& ™ - - -
(. . . 1 . . 1 . . I . . . 1 . 1 . 1 . _1 L L L L L L L L L L L L
0% % e %' %8 & & &+ &, 107 107 107 107 0.1 3 5 7 9

X

Tree-level matching vanishes, first contribution at one-loop
Does not have to be positive (MS subtraction)

At higher energies comparable to photon PDF
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Polarized gauge boson PDFs
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Polarization effects sizable, especially at largish x

Proton contains more quarks than anti-quarks, and
left-handed quarks preferably emit helicity -1 gauge bosons
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Longitudinal gauge boson PDFs

%&F
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Similar in size to transverse PDFs at low scales

L -independent at this order
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Summary

Electroweak resummation for inclusive processes involves
double logs because initial/final particles are not SU(2) singlets

Factorization in symm. phase, but includes nonsinglet operators
— modified DGLAP: double logs and rapidity logs
— soft functions: angular dependence

Evolution polarizes gauge boson PDFs

EW gauge boson PDFs determined at one-loop
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