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Outline

@ Factorization

@ PDFs and running

@ Soft functions and running
@ EW Gauge boson PDFs

AM, Waalewijn: 1802.08687, Fornal, AM, Waalewijn: 1803.today
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Electroweak Double Logs

Ciafaloni, Ciafaloni, Comelli ~ Fadin, Lipatov, Martin, Melles  Kihn, Penin, Smirnov
Denner and Pozzorini
@ aw In? @2/ M? corrections which grow with energy and decrease
cross section.
@ ~ 10% at the LHC, become ~ 100% at the FCC.
@ A problem in searches for new physics in tails of distributions.
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Inclusive Processes

@ In QCD, inclusive rates such as DIS do not have double
logarithms.

@ Ciafaloni et al. pointed out that EW inclusive processes can have
double logs because particles are not EW singlets.

@ Chiu et al. summed EW double logs using RG evolution in SCET.
Considering EW exclusive proceses

@ Here we consider EW inclusive processes such as DIS or DY
where the final state has invariant mass > M.
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PDFs are QCD singlets

Quark distributions are color invariant. PDFs

Olr) = 4= | ace ™ [a(he) W(Re)] 7 DV!(0)q(0)],

T 4 oo

(Pl Og(xp™)IP) = fo(x, 1)

(Plq- .. alp) = fq(x, 1), (plg...T%...qlp) =0

so equal probabilities to find the different colors g1, g2, g3
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EW Non-singlet PDFs

The action of SU(2) x U(1) on proton states |p) is not defined,

because the symmetry is broken. Only definite property is electric
charge,

Qlp) = Ip)

For weak interactions,

(plg...1%...qlp) #0

In particular

_ 1
<p‘q c t3 e q’p> = E [fUL(XHU’) - de(Xau)] 7é 07 fUL(Xa M) 7é de(X7 /J’)
Bauer, Ferland, Webber: 1703.08562, 1712.07147

AM, Waalewijn: 1802.08687
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Factorization

@ Integrate out hard scale and match onto operators at Q in
unbroken theory

@ Factorize into collinear and soft sectors chiu et al.

© Square the amplitude, and factor into PDFs, Fragmentation
functions and soft functions.

© Run using the RGE to M
@ Match onto broken phase
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Integrating out at the Hard Scale
Consider lepton-hadron interactions such as DIS or Drell-Yan

L= Z'H,’O,‘

- w%%ﬂ@

Oég) = ((417"1%02) (G37ut%qa) , Org = (€17"42) (G37,.G4) »
O = (117"42) (Usy,uls) Oug = (£17*€2) (037, ds) ,
Oeq = (817" €2) (G37.04) ,

Oeu = (817" €2) (U37ula) Oed = (817" €2) (037,04) ,
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Factor into Collinear and Soft
BPS

q—S Wi
~——
still call it g
Collinear Wilson line:

0
W(x) = Pexp {’/ dsn- [QSAn(X + sn) + goWh(x + sn)

+ g1YqBn(x + sn)] } ,
Soft Wilson Line:

0
S =Pexp {// dsn- [g3As(sn) + goWs(sn) + g1ygBs(sn)] } :

—0o0

Operators:

O — (517" 1252t2) (@ SLut540u)
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Squaring (as needed in the cross section)
ODOX 5 (1157"12552) (G5 7ut?S2Ga)
(L2507 125 101) (QaS v tPS3as)
... =1, t9. Also PDFs have additional factors such as v matrices

o~ Y (p1P2| Lraralpt 1™ X) (1" 1™ X[ LharalP1o2)
X

~ |H? (01|85 . GalP1)  (Ps|Ga- - Galp2)
PDF PDF
<0‘51' . ..515; . ..525;‘ . .535‘1' L))

soft

> (04| Xa) (X4 124]0) > (0182|ut Xo) (1t X2|¢2/0)
X1 X2

FF FF
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Cross section is an overall gauge singlet, but can have

(P11G3... 7. . q3lp1)
contracted with
(0[81t28,85t°S, ... |0)

For QCD, t2 — T4 and PDFs vanish unless T4 — 1. STS = 1, so soft
function drops out.
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PDFs

PDFs with Q = 0 in unbroken phase:

0.q | 1700 ) | 171570 x, )
u o | 1700 p)
d.d | £00xp)

w00 ) | 70 () | 15720 (x, )
B | #2n)

wB, BW 5= (x, )
HoA | 70000 | 8750 (x 0
Ty O (I=1,l=1)

HH, HH o (X, 1)

PDFs in broken phase:

u, U, di, dr
Wi, W, Zr, Zry, vZr, v
Wi, W, 2., Zih, hZ,, h

Aneesh Manohar 19.03.2018 SCET 12/29



Anomalous Dimensions

dli i(X, 1, v Z/ dz v,,5(2, p.v) ( NN )

mf/(x,uﬂ/) = V,i(Z, V) i (X, 1, )

dIn S, v) = s, v) S(p,v)

d

ms(ﬂa v) = %,S(Ma v) S(u,v)

4: drop overall /7
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Collinear Anomalous Dimensions

Graph A A
2
Q@%@% (1Ez)+—2—25(1—2)|n;,7, —In 4>
mEmT 1-2z 0
Total (1Ez)+—z—1 —2In756(1-2) | —In{z
k 2
§ T 2(In#5 +1)3(1 - 2) In £
£y —35(1-2) 0
Total (22 +3)i(1 - 2) In 4
double logs and rapidity divergences for non-singlet PDFs.
Color factors Cr — Ca/2 and Cr for adjoint PDFs.
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Soft Anomalous Dimensions

8538 o=t [(S1S])(S2t%S]) ... (Sm ™S}

n; = number of indices
1 2
A ——n;c In
FYV,S 2 I A M2
2
n M
7#,512 = CA[In ; - L121| )

. 3 2 A
At S1og = CA[E In % - §(L12 + Ly3 + Lzs)] ,
where
N LU}
Li=In 5

imaginary parts cancel.
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Angular Dependence of Soft Anomalous Dimension

2 Lio + Laq 0 0
Viu,Siass = CA 21N 2 0 Lz + Lo 0

0 0 Lig + Log

0O —w w
—|l-v 0 v|,
-u u 0

using the conformal cross ratios (which depend on angles)

—n (M -mp) (N3 - nyg)
u=ln (ny-ng)(n2-ny)’

1 (M -mp) (N3 - nyg)
v=In (ny - ng)(n2-nz)’

i (mong)(np-ng)
w=1In (7 1) (7 - 1) =Vv-u
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Evolution

soft

hard

collinear

Aneesh Manohar

w« anom dim of soft:

2
DL az
=n—In=.
Tus = MmN 2
1 anom dim of PDF:
Q

DL 2

U, Nexp[ 22 n Mw]

7T

At single-log, get angular de-
pendence from soft running.
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Comparison
Bauer, Ferland, Webber: 1703.08562, 1712.07147

d

1=M/p 1~
(I=1,5=0) _ 2 ! (I=1,5=0) ( X
i 700 =22 [ az | - 4Poo(2) #7470 (S0)
1.3 I=1,l=0) [ X
+ZNCPQG(z)f|(,V 5 )<E’“)+”']'

and add a correction that follows from sum rules

1-M/p
(l:17l3:0) — % (l:17l3:0)
dln,ufq (X,,U,) Wfq (Xau)/o dzz

[_ gﬁoa(z) - %}560(2)} +...

S M I ((I=1,=0)
2In'u+8)fq (X, )+ ...,
z < 1 are the same, and the Sudakov double logs agree.
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Matching to Broken Phase

At i = Mz, match onto unbroken theory:

(P05 p) =
(PIOYIp) = fu + fy,
wm”*m>1 ;m
)=

+ sinfy cos Oy (fz7 + f,yz)
(P10 " Ip) = fw — fy-

Tree-level matching enough for NLL order.
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Higgs Sector

o (H_ 1 ([ iva2e®
—\HO /2 v+h—ig®)”’

Equivalence theorem: o* — W, ¢® — Z.

— 1
(PO 1P) = fuy + 5+ Tz, + Tz + z,)

Longitudinal gauge boson emission given by scalars and equivalence
theorem. Used already in previous results Chiu et al.
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W,Z PDFs

In the broken phase:

Oy (1) =~y [ d6e ™ B W () W(RE)] DY (0) W5 (0).
OL(r) =~ [ dce™ " R, PR L FA(0).

where W is a QED Wilson line. Similarly for W—, Z and Z~.
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Can compute it in terms of proton structure functions, similar to the

analysis for the photon PDF AMm, Nason, Salam, Zanderighi

2
_ap(p) ['dz /“d@ Q!
Xy (% 1) = 167r/x z | [ @8 (@ M)
2x2mj

X <—22FL(’7)(X/Z, Q?) + (zpw(z)Jr 7

)A/2.0%) )|

2 2
+Zz In — F. ,
p”"’(z)( Me(1—2)+p2 Me(1—2)+pu2) 2 (x/2.17)

- 2H /208 | +0(08).
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W in proton: h= 1,0, —1 states.

g = (h= 1)+ (h = —1)
faw; = (h=1)—(h=-1)
fWL =(h=0)

faw, # 0 even in unpolarized proton because of parity violation in the
weak interactions.

Can compute AW in terms of the F3 structure function,

qggu) i( ”_P'(;quu)( V_p-quu)
iFs

p-q
_ A O
2p‘q€,u1/)\a'qp )

W..(p,q) = Fi ( — G +

Aneesh Manohar 19.03.2018 SCET 23/29



Longitudinal PDFs

2
g (60 = ot [~ ag e (plIA- W (R WRO DVI(0)F- W (O)]p).

and similarly for W=, Z, Zh [Not Z+] and h. Cannot be writen in terms of
field-strength tensors, but in terms of Higgs using equivalence theorem.

Ou(r) = o= | dee™ (A W(agls VI(O) HO)T".

WIH(X)H(x) = P {—i/O<> dsn-[g2W(x + ns) + g1B(x + Fis)]} H(x)
0
_L /\f(p X) v 92 n- W+t(x + ns)
ﬁ<V+h() i > / / ( 39z 7 Z(X+f?$))+
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Using integration by parts, we rewrite

/_ng e’ /Ooodsh-Z(thrhs)

= % d¢ e " n. Z(ne),

As a result,

WH(AE)H(AE) = = (

v2ligt(ne) - ffen- wime)] )
. g+

v + h(R€) — [igp3(r_7§) ~Mzp. z(n

So the ¢ PDFs turn into longitudinal gauge boson PDFs.
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Transverse

1

05f - - RS

x f(x) » 10° xXO4(1-x)*
°
==
4 a%

05 z‘ —_
i 2
- Zr T (6%
p_,MZ ) ) ) ) v’VOIJ'," WT O( 2 In—2
Yo 10t 100 102 ot 3 5 7 9 M
¢ Tl w Does not have to be positive
B a W —

1 because we did a MS sub-
1 traction.

x f(x) » 10% xXO4(1-x)*

4 =1000 GeV

10° 104 102 102 0.1 3 5 7 29
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Polarize

0.2 T

0.1F

0
-0.1F
02F
03 F
-04 F

x f(x) » 10° xXO4(1-x)*

-05F

2
. ] ag
06 AW —= In—
N T4 e

0s . . . ———— More quarks than antiquarks
. u=1mcev 1 jn @ proton, and left-handed
quarks tend to emit h = —1
1 W bosons.

[ Aawg ——
AW —
P azp —

AyZy —

x f(x) » 10% xXO4(1-x)*

o

25 *
10 10

0.1 3 5 7 9
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Longitudinal

{ Smaller by Inu?/M? relative
{to Wrand AW.

Scale independent at this or-
02 , , , , ... qder

10° 10 10° 102 0.1 3 5 7 9

x fx) » 10% x4(1-x)*
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Conclusions

@ Factorizing EW cross sections leads to EW soft functions and EW
non-singlet PDFs

@ Computed the anomalous dimensions — rapidity divergences and
Sudakov double logs

@ Angular dependence in soft anomalous dimension
@ Compute the matching onto the broken phase
@ Calculated the EW gauge boson PDFs
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