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1. Introduction



Electroweak double logarithms
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At high energies @, cross section contains oy In®(Q /My )

[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



Inclusive processes

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

We consider inclusive processes, such as pp — (10~ X
where the final state has invariant mass Q2 > M3,

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

Complications arise because initial/final-state particles are
not electroweak singlets, e.qg. fu # f4

e

. Mj/g .
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2. Factorization



Hard matching

Integrate out hard scattering at scale ) in symmetric phase

Oéz) (L1t 2) (F37ut " qa)
Lhard = ZHiOz‘ Opq = (017"42) (G37,44)
Z Oeu = (v la) (usy,uq)

Remaining radiation is collinear or
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Factorization of collinear and soft

Soft radiation is captured by Wilson lines

. SU(3) SU(?2) u(1)
q— Sq &= Pexp {1/ dsng-|gsAs(sna) + gaWs(sna) + g1ygBs(sna)] }

0y — (115 4"425:05) (335 7t S 1a)
q

There are also collinear Wilson lines (absorbed in PDFs/FFs)

— % w —]




Factorization of cross section

Factorize cross section into PDFs, FFs and a soft function
o~ Z(pp|£hard\u+M_X><M+M_X\£hard pp)
X

~ ‘7'”2 (p|qsqalp) (Pla3q3|P) <0\35515i5351523§54\0>
PDF PDF soft

x> (O[er |~ Xa) (™ Xallalp) D> (0ot Xo) (™ Xolla|p) + ...

X1 X2

FF FF
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Factorization of cross section

Factorize cross section into PDFs, FFs and a
o~ Z(pp\ﬁhard\u+u_X><M+M_X\£hard pp)
X

~ ‘/H‘Q (p|qaqalp) (Plg3q3|D)
|
PDF PDF

X Y (01| Xa) (™ Xallilp) > (0182 |pt Xo) (nF Xollalp) + ..
X1 X2

FF FF

Nonsinglets also contribute:

(p|qat®qq|p)

Can cancel soft Wilson lines without ¢* in between: S1S; = 1
(this is why for inclusive processes in QCD soft function is 1)
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Matching onto broken phase

Singlet and triplet fermion PDF are (essentially)
FSE ~ plaalp) £V ~ (plat®alp)

Tree-level matching at the electroweak scale
fu — fuR
f(y:o) — fuL + de
fusbls=0 = 1¢ ~—L1f,,
1(4{':0) = fw+ + fw- + cOs” Ow [z

+ sin” Ow f + sin Oy cos Ow (fz~ + fr2)

b = e = fu-

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



Matching onto broken phase

Singlet and triplet fermion PDF are (essentially)
FSE ~ plaalp) £V ~ (plat®alp)

Tree-level matching at the electroweak scale
fu — fuR
f(y:o) — f’LLL + de

I1=1,I15=0) _ 1 1
f(§ i )_§fuL_§de

(I=0) _
o =

-+ Sin2 HW fq,

(I=1,I3=0) _
b —

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



3. Evolution



Rapidity divergences

For transverse mom. factorization, rapidity divergences appear

. MZE
S( )(pT) X Us 11 2¢ /dy
Pt
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Rapidity divergences

For transverse mom. factorization, rapidity divergences appear
2€ .M
14

v . _
SM (pr) o« aq pl2etn /dy 2sinhy| ™"
T

We use the n-regulator, which acts very similar to dim. reg.
[Chiu, Jain, Neill, Rothstein]

L4

Soft function contains In pLT -
Collinear function has In 2% ~ In £ @ - A

n-r Q =

=

v-evolution sums single logs of Q /pr JIE
DT — ® ®
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Rapidity divergences

For transverse mom. factorization, rapidity divergences appear
2€ .M
14

v . _
S (pr) o< a, pLr2et /dy 2sinhy| ™"
T

We use the n-regulator, which acts very similar to dim. reg.
[Chiu, Jain, Neill, Rothstein]

Soft function contains In pLT -

Collinear function has In 2% ~ In £ “- A

n-r Q s

v-evolution sums single logs of Q/pr y E
MV[/— ® ®

Electroweak correction to nonsinglets
have rapidity divergences (pr — M) | v
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RG equations

PDFs (and FFs):

d dz a
dIn u fi(z, u,v) Z/O fV,uZJ )f]( y My V )

‘ fi(.CC,,LL,V): %&V,i(M,V)fi(ZC,/L,V)

dlnv M
Soft function: . hi{d
o SU) = S s o0) S,
V) = — :
dln,u Hs T Vi, S\ , -
d s e ’ soft J.
dlnv Slp,v) = ;7%3('“7 v) S(u,v)




Fermion PDF anomalous dimension

Singlet and triplet: Graph N
féI:O) ~ <p q_q‘p> &66661
_ ® & O —2— —2—-2-20(1—2)InL
FIED ~ (plgtqlp) T
| . ° , ©
Virtual diagrams have cp - .
g @66061

Real diagrams have

- Total o —2-20(1-2)In
't = CF @E%
5 ®
2In = 4+ 1)o(1 —
Pt = (cp—Sea)t® 7 Pt
iz
& 5(1—2)

Totaly (2In 2 +2)4(1 — 2)




Fermion PDF and FF

A vV 3
35 = aa(B)Pyq(2) + [er — cqq(R)] (2 I —— + 5)5(1 = 2)
R p
%S q) = [cF — cgq(R)]|In 172
, 1
Group theory: cqq(1l) =cp, cqq(adj) =cr — 5CA -

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

A vV 3
35 = aa(B)Pyq(2) + [er — cqq(R)] (2 I —— + 5)5(1 = 2)
R p
%S,q) = [cF — cgq(R)]|In 172
, 1
Group theory: cqq(1l) =cp, cqq(adj) =cr — 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::z:DC(]I_jh) (x, u,v) =1 Z/ d:z::z:D((Jl_ﬂi) (x, u,v) =0
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Gauge boson PDF anomalous dimension

V. 't | d h Graph I eNen Pa.a_
irtual diagrams have c4 - . L
. ééél
Real diagrams have %@6@6 8 2 ismmsucs  |-ms| o |o
T =
2
(I=0) e 73
W . CA g / % 1 2 -
go“o“o“ommog S+1-—2 0 =10
f(I:1) 1 e . 3
w - 32CA 8 L8
266666 = —1—2z 0 0 |0
W | Totaly ﬁ—i—%—l—z—zz—ﬂn%d(l—z) —lnﬁ—z @ 0
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= 2
S 2=
S 2
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£ =
0= Q
S 3
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Totals <b70—|-26141n%)(5(1—2) 0141](1]\’“2—22 0 0
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Gauge boson PDF anomalous dimension

Virtual diagrams have c4

Real diagrams have

éé:o) . CA
FiED L ey
f‘%:z) . —1

Fermions and gauge
bosons of same rep Mix

Evolution polarizes
gauge bosons, due to

mixing and fu, 7 fux

Graph Po,a, Po.c.
;3/,“ ;5/1/ ﬁ,u,
é@ﬂ
S 2 v 2
%@é = =y — 1277001 —2) —Indy | 0
q
€y 9 o .
L AL 141—z 0 _
AS =}
e 7 3
@ 6666@
Em@g - ~1-2 0 0
S
Totaly —|—%—1—z—22—21n%5(1_z) —ln]\’g—i (1—;)3
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q
%@@ 3 —5cad(1 - 2) 0 0
g 3
= Q
S 3
”m@’m\ (% —ca)d(1—2) 0 0
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PDF evolution in Standard Model

Includes:
SUBIXSU(2)xU(1
Yukawa’s
Spin dependence
Higgs
Longitudinal W, Z

~vZ Interterence
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Soft function anomalous dimension

Graph Yo Ay

$200009
=3

aa02--0m — (Qtr[(S1t7ST)(Sat®2S)) . .. (St S},)]|0)

Wilson line direction of S; denoted by n; = £(1, n;)

. . , . 1 1
v -evolution cancels against collinear: 7, = —§m ca ln 7z
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Soft function anomalous dimension

Graph Yo Ay

$200009
=3

aa02--0m — (Qtr[(S1t7ST)(Sat®2S)) . .. (St S},)]|0)

Wilson line direction of S; denoted by n; = +(1, n;)
1 1
v -evolution cancels against collinear: v, = —— In —
voluti gai inear: -~y 2chnM2
For two Wilson line directions
t o pbet A p n1-m2
(0|S51t985] Sat”S5|0) = 4, =ca {ln — = ln| 5 H
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.:

(0t
(O]tr
(0tr

S$1t°ST Syt ST
S1t°ST SsteST

tr
tr

S11°S] Sut? S]] tr[Sot? ST S5t°S1|0)

S3t°S! S,t1811(0)

Sot*S! 84t4S]1(0)

These mix under renormalization and depend on angles

2

’S/M:CA 2111%—

Lio + L3y 0 0 ]
0 L3+ Loy 0 +
0 0 Lis+ Laz) |

0 w —w
v 0 —
u —u 0

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

v-evolution vanishes for u = My (at NLL)

U, = exp

numlber of triplets

p-evolution gives rise to double logarithms [see Giafaloni et al

@ dp 2
UEL:exp / —Mmﬂln# X~ exp —m%m
J Mw 9! s n-rTr. i 70
hard
Single logarithms for nonsinglets: @ A

collinear

Different coefficient splitting function

Mw— @ JQ

Angular dependence through soft

'/Q v [ ), @

— V5| = = In —% In -——
PR R B e T v

Q

My
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4. Comparison and extensions



Comparison with Bauer, Ferland, Webber

They cut off soft singularity in PDF evolution

d o o L=M/p 1~ T (T
T i T ) = /O dz | = 7Paq(2) f{I7H=0 (2 )

1~ 1.1,=0) (T ]
—I_ZNCPQG(Z) Isé b O)(;mu)_l_

Fix 0(1 — z) contribution from momentum sum rule

d o (1=1,1,—0) ag (3. M

9
- 2 (2] | —) (I=1,13=0) (4.

Agrees with our result for z < 1 and at LL. Differences at NLL

They do not account for polarization of gauge bosons
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Some extensions

ngher orders: Matching Non-cusp Cusp
LL tree - 1-loop
NLL tree 1-loop 2-loop
NLL' 1-loop 1-loop 2-loop
NNLL 1-loop 2-loop 3-loop

Jets: fragmentation function for jets, match at scale © = pr R
[Kang, Ringer, Vitev; Dai, Kim, Leibovich]

I1=0 I=1,I5=0 [=2,15=0
D1(/Vi—)>jet($nuvy) =01 —x), DI(/Vi—>jzt )(%MW) =0, DI(/Vi—>th )(x,,u,u) =0,
DSz, mv) =61 —2),  DYTuET0(x, ) =0,

Dyt (2, 1, v) = 6(1 — 2)

=1
: ' Rb,.—"“/“‘/ ."l
INnclusive beams and exclusive AW%”m

central (detector) region
[Chien, Hornig, Lee; Becher, Neubert, Rothen, Shao]
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5. Electroweak gauge boson PDFs



Transverse gauge boson PDFs

o
&)

o

x fox,u) » 10° x%4/(1-x)*

X f(x,u) * 103 x0'4/(1-x)4

o
o

¢ = 1000 GeV

10° 107 1073 1072 < 0.1 3 5 7 9

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

At higher energies comparable to photon PDF

33



Polarized gauge boson PDFs

x f(x,u) * 10° x24/(1-x)*

02— —T —T T T T T T T T T 1 T ] 0.5 | ’
0.1 p=M, : : 4 =1000 GeV |
: : 0
oFr [
- #A L
o X [
0.1 —z 05
[ <> L
-0.2 3 C>.><
03 - ) 1
04 F 3
04 F X -15
-0.5 F x
06 [ Ayz, —— ; 2
0.7 F ] [
--5 N N I-4 N N -3 N N -2 N N N N N N C _2.5 -5 M M I-4 M M -3 M M -2 M M 1 M M M M
10 10 10 10° 0.1 3 5 7 9 10 10 10 107 0.1 3 5 7 9

Polarization effects size-able, 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

02F
107° 107 1073 1072 y 0.1 3 5 7 9

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 SU(2) nonsinglets
— soft functions, double logs, rapidity logs

Beyond LL: modified DGLAP, angular dependence (through
soft function), evolution polarizes gauge boson PDFs

Can also consider mixed inclusive/exclusive setup and jets
Matched the EW gauge boson PDFs at one-loop

Coming soon: phenomenology

Tack!

36



