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Introduction

@ Typical processes:
Q@ —pu~ Q9@—qq qg—tt qg— WW. ZZ,...

P p§=§ p

%,
s

p p p

%

@ Electroweak logarithms can be important at LHC energies.

@ Last year we did external fermions and scalars.

@ Present work extends work to include gauge boson production.
@ Longitudinal polarization requires the GB equivalence theorem.
@ Looking at fixed angle scattering with

S~ —t~ -0~ QP
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Sudakov Form Factors

@ O = ¢l (Chiu et al. SCET 08)
F(Q) [u< )r#u(m S
o O=FAvFA

%

FQ)|-2¢?(A(pa) - A(p1)) | = —-
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SCET degrees of freedom (modes)

p=(p,pt.pt); pPP=ptp +pi

Power Counting E—
A=M/Q
n-collinear 2
Pt~ Q(1,22,))
n-collinear
Pt~ Q(N%,1, )
“soft” Mass-Modes (l)
P~ QAN A) 5
Ultra-Soft (I1)
Pt = Q(N2, )2, \2) s o7 >kt
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SU(2) gauge theory with massive boson(M)

Full Theory
@ ) ~
SCET (M =0) @
FYSCET
A 4
SCET (M #£0)
D(M, p)
SCET ( no gauge bosons )
R Kelley (UCSD)
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Transverse Gauge Boson Production
Simple Example
@ Wy W7y production (Breit Frame):

7
P2
P SN T,
_ uv q VYWV | /,‘
O = FF, - s e—p,
‘{1

@ An external Gauge field requires matching onto B*.

(Arnesen, Kundu, Stewart and Bauer , Cata, Ovanesyan)

Bl — é[w,t iDEW,], DY = 9+ gA,
n-B, = 0 all orders
P (g — Ry
Br = (A}';L - 7,7 A > A R e
n-io
n-B, = (n A,,—T( A,,)> - power suppressed
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High scale matching

e Full Theory: O = FAwF/

4L

@ EFT: 0T =B, - By, (scaleless)
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High Scale matching

1 loop matching coefficient and anomalous dimension

@ Matching at u1 ~ Q is the finite part of full theory diagram:

2 QZ
0 = |1+ 4L+ 5 ) |20 Lo=toa;

@ Anomalous Dim from E?—R of the Full Theory graphs.

o
YsceT = ECA(‘“—Q —4) + 2y

@ Evolve from pu1 ~ Q1o pp ~ M using

2

Clpe) = Clar) x| / )]

1
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n-collinear diagram at u ~ M

o d% n-(2p2 — k)
! / (27m)? [(p2 — k)2 — MP][—1 - K][k? — M?]

@ Graph is IR divergent even in dimensional regularization with
off-shellness.

@ Use A- regulator:

[ d9k n-(2p: — k) 5= A
! /(27r)"[(pz—k)2—M2—A2][—F7~k—61][k2—M2]’ TR
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Generic Collinear diagram - fermion

[ d% n-(p— k)
In(p?, m?, M?) = / (2m)9 [(p— k)2 — m? — Ag][—n- k — 64][k2 — M?]

@ Three separate scales: p?, m?, M?

In(p?, m?, M?) = 1,(0,0, M?) + In(p?, m?, M?) — I(0,0, M?)

()
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Generic Collinear diagram - fermion

[ d% n-(p— k)
In(p?, m?, M?) = / (2m)9 [(p— k)2 — m? — Ag][—n- k — 64][k2 — M?]

@ Three separate scales: p?, m?, M?

In(p?, m?, M?) = 1,(0,0, M?) + In(p?, m?, M?) — I(0,0, M?)

02
(e 1)
2 2
For scalar and gauge use fs(%, %) instead.

R Kelley (UCSD) EW Gauge Boson Production 12/38



Generic Soft diagram

or

@ After using the A-regulator:

/I'j . d9 (n, . nj)
° / (2m)? [=ni - k= 6i][—n; - k — &][K? — M?]

1 1og (- Mk

:l+ o (n,-~n,-),u2_12_7r_2
e € 20,6;

+ Ly log 2510, 5
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Low Scale Matching

@ After zero-bin subtraction

In— Ing = CA[ +g—glog——2( ~log )LM LM+2—?+fs(1 1)]
@ Low Scale matching from (I, — Ing) + (I5 — lg) + Is + 6Rw
«@ > 572
D(u) = ECA[2LMLQ —Lh—2ly+2- 25 +2f3(1,1)] + 6Rw
@ The ! terms give the anomalous dimension:
o
YsceT = TCA(‘“—Q —4) + 2y
7
@ Regulator Independent (could use analytic regulator)

@ The single log term appears
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Form Factor

@ putting the pieces together:

F(Q) = C(Q)exp [/QM %’yscm} (Do(M) + Dy(M)log %z)

@ using EFT technology, we have summed the following logarthims

(%)” [LG7 201 ... L2,JZ1,JZO}
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Goldstone Boson Equivalence Theorem

@ Gives the relationship between WA and ¢ production.
Cornwall, Levine and Tiktopoulos
Lee, Quigg, and Thacker
Chanowitz, Gaillard

@ Follows from BRST invariance.

K (WH ... ) = iA(k2)<£---),

@ At one loop there is a non-trivial, gauge dependent modification

factor.
Ky erto .
A= €M — T3y’ A(k?) =1 at tree level
Bagger,Schmidt
Yao, Yuan
He, Kuang, Li
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Goldstone Boson Equivalence Theorem

o AtE > M,

K+ M,
K phys
L Mphys o ( E )

@ LSZ reduction formula gives the matrix elements.

 ———
—_——

<WL‘S’> E <¢...’“S”‘...>

AME) |R
e (WH-- YRy =i Mp:hy R_W<¢...>1/R¢+.,,
ys

~~
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Goldstone Boson Equivalence Theorem

o AtE > M,

K+ M,
K phys
L Mphys o ( E )

@ LSZ reduction formula gives the matrix elements.

 ———
—_——

<WL‘S’> E <¢...’“S”‘...>

m_ AM) |R -

~~

@ Treat ¢* as a physical particle—evaluated at M2, _ not at £ M?

(o Sl+) = (T ) VR,
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The Equivalence Theorem

@ Generalization to multiple W,’s is straight forward.
<WLA1 ---WLA"---]S|~-> = "EM (MM S
N———— —

n copies n copies

@ The equivalence theorem holds even if the leading terms cancel
against each other as in qq — WW:

H ' A
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Even more on the Equivalence Theorem

<WZ“-~Wf‘”---|S|~-->:inE"<g0A1-~g0A"~~|S|~-->+-~

1 K+a™ Ry
Mphys §(M - rW¢) R«p

E =

@ (W,---|SJ---) is gauge invariant
(p---]S]--+) is not gauge invariant
@ E makes the RHS gauge invariant.

@ E does not run.
%
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E in MS scheme

@ Feynman Gauge, for M, = 2M, and MS scheme:

@ (179 4Tn 9
~ - 2 log 2
£ +16772( 24 123 89

@ E provides additional contribution to the low scale matching.
@ In the literature, a scheme is always chosen so that £ = 1.

R Kelley (UCSD) EW Gauge Boson Production 20/38



longitudinal Gauge Boson Production

e W, W, production (Breit Frame):

U
;P
z R
~@ g +Q
q
\\
e N

2 i

_ ot _ 1 [ ¥ty

O=HH, H= fz( B i )
@ High scale matching and v as in unbroken case. (Chiu et al. 07)
(6% 2 7T2
C(p) = ECF(_LQ +lo—-2+ E)
= " Cr(4Lg-8)
YsceT = yp F\7La
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Collinear Diagrams at yn ~ M

1 /(w) 2—|—i 1
WTHSCET:HSCET+_< nh)/(;P . S0:2)

V2 \ ITh =il
MZ
ma, ma
poo (G
Mm? M2
) 2 M2
" = —CF[QLMIogp——LZ—LM+1——+fs(M2,1)]
m m
A A
m? m? 4 M2 M2 4
a pé 2 1
9 = ECF[szogF—L%”—LMH—§+§fs(1,1)+3fs(
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Low scale matching

@ The soft graph is universal: <

(5 6 2 7T2 \\\‘
s = 47T[ 2Lulog =% + iy —

@ At i ~ M, the doublet breaks into custodial SU(2) representations.

D(“’“p)(,u) 14+ Ilgw) + Ir_gap) + IS‘|‘5R<,0
D™y = 1+ 1"+ 1" + s+ 6Rp

I pen(uyhn

1
[HgCET W][WTHSCET] - §D(W)(M)SOASOA + 5
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Complete the table

Add to the Table | of Chiu et al (PRD 77, 053004 (2008)).

~scer (1)

D()

i
x'x
B.B.

S@A(PA

hh

Cr(dlq —8) + vy
Cr(4lq — 4) + 7«
Ca(dlq — 4) + yw
Cr(4kq — 4) + v,
Cr(4lq — 4) + 1

Cr(2Llulq — Lu® —4Lw + 4 — 22°) + 6R,,

Cr(2lulq — Lu? — 2Lu + 2 — 22) + 6R,
Ca(2Llmlq — Lm? —2Lm +2 — % +2f5(1,1)) + 6Rw

Cr(2Lmlq — Lm? — 2Lm +2 — 5” +4f(1, 1)+ 211 ,W))+JR¢

Cr(2Lulq — L — 2Lm +2 — 222 4 2f,(

M}

M2

1)) + 0Rn

@ EFT results are independent of the y-matrix struture
@ Similar result for scalars.

@ We can compute any process by considering the Sudakov form

factor and weighting with the appropriate group theory.
(see Chiu et al. PRD 78)
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Multiple Particles

high scale matching

@ Full theory processes match onto EFT operators:
M d,u
(---| 8- = Z Ci(Q)exp /O T’YSCET Di(M){O;)
i

) is numerically small. 2% QCD and 0.2% for EW

XX
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Multiple Particles

running

@ Full theory processes match onto EFT operators:

M
(| S]-) = Z Ci(Q)exp [/Q (LMVSCET D;(M)(O;)

@ The running provides the largest contribution.

67-97% for QCD corrections at 1-5 TeV
5% for EW corrections at 1 TeV
30% for EW corrections at 5 TeV
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Multiple Particles

low scale

@ Full theory processes match onto EFT operators:
M d,u
i

@ There is no low scale matching for QCD

EW corrections are 2%
Not very dependent on Q

@ 7scer and D(u) are matrix valued and the ordering is crucial.
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qq — WrWr n

p2. B P, A /
N 1 ) Y
puq

7 <

@ SCET operatorS' Marcantonini, Stewart
= [&Wa]r G"B[W]gs) By BE ¥

01 = Y1

Op = NiABCTC
O3 = 7A7”'7p5AB1
Os = Y7riePeTC
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qq — WrWr: High scale matching

@ Tree matching (common factor of ig?):
Ct = — P3G + 2P0
Cz = L(p2x — P12)Guv — 1PsuGrw + 2P3uGr
Cs = 17,01,\.Cmegpy
Cs = 1p2AGovGou
@ QCD graphs are most important for one loop matching. (in progress)

— —

A A

— ——

@ EW matching can be done, but numerically small.
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qq — WrWr: EFT anomalous dimension

@ There are 4 collinear diagrams and 6 soft diagrams.

@ The matrix anomalous dimension (overall - removed):
Yscer = 111 +7s

Y= CA(4LQ — 4) + 2’YW + CF(4LQ — 8) + 2’7,;,

_< 0 —4Lyy )
Vs = _8Lt/u 2CALu1‘/52
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qq — WrWr: low scale matching

@ The matrix low scale matching (overall £ removed):

0 —-2L
D _ (p¥) 4+ pww))q ( tu )L
('u) ( + ) + *4|—t/u CALut/52 M

@ Similar result worked out for QCD, Kidonakis.

@ Kuhn, Metzler, Penin performed similar calculation for
ete” — WW.
» Method of regions.
» Same toy theory with M, = M
» QCD inspired evolution equation

R Kelley (UCSD) EW Gauge Boson Production 31/38



qQq — W W,
@ Use Equivalence Theorem and consider instead qg — HH

P2 B p1A P2 P

A\ ) AN S

/Q\
I’;/%’ P pg/ ‘\1)4

@ At i ~ Q, match onto:
O1 = [EWaln" TAIWS &S] [HL W2 (iD}, — iD1,) TAIWS Hi] + h.c.

iDj =P —g(ni - Wh,q)5

@ Only QCD is important at one loop. AN

ia?
C(1) = - Faoo(P)

R Kelley (UCSD) EW Gauge Boson Production 32/38



qq — W, W,: running

/ ;

\\ ,/ \\ ,}

AN e 4 \\\ 4 6

X x X
/7 \\ // AN
4 N 7z N\,
7 \ A
/ N 7« R

@ Mixing results in two color structures:
Oy =T "o TA O, =1%1
@ The matrix anomalous dimension (overall ;- removed):

Yscer = Y11+ 7s
11 = Cr(4Lo — 4) + 27y + Cr(4Lg — 8) + 24,

- < 2Cal 2 8Ly )
s SLiju 0
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qq — W W,: running

wLwW, v1 = Cr(4bg — 4) + 27, + -+
WrWr 71 =Ca(4lg—4) + 29w + -

Important numerical implications.
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qq — W, W,: low scale matching

@ At u ~ M, the operator breaks into SU(2) custodial invariants.
N i A i
TAeTA— O1=TCo 0" O =T%w 5¢h
191 — @3=1®%¢A¢A @4:1®%hh
@ The matching for these operators is:

D(u)= DW¥M,,4 + Diag(D¥?), Di#M plee) plhh))

Caluyse 4Lisy 1100
+< Sy O Ll 0 0 1 1
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longitudinal Gauge Boson Production

@ Take the matrix element of

A i A 1
O;=TC% EGABCSOASOB Os =1 E(’DASDA

@ Equivalence theorem

1 2
P2, B p1, A \\\ "
N 2l N .

= PE%x /O\
< ” <
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Numerics
EW only

0. 95¢
0. 9¢
0. 85¢

Al oop

Airee 0.8;
0. 75}

0.7t
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uu — WL WL
uu — WrWe
2 4 6 10
S[TeV]
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Summary

@ We have demonstrated the use of EFTs to sum the EW logarithms
in gauge boson production.

@ We can now use EFT’s to compute EW radiative corrections for
any energetic inital and final state.

@ Extension to the standard model is straightforward.
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