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@® Pole Approximation: NLO EW O («)

® Pole Approximation: NNLO QCDXEW O (a.«)

@ Summary and Outlook
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Motivation and Introduction jﬁ%

W+ and Z production at the LHC

Large cross section & clean experimental signature
— One of the most precise probes to test the Standard Model (SM)

P=0 0 qq — Z — Lt
e wd — wTt — vy s
db v [2 g B -
p u = W — 0" Uy
Standard candle Precise measurement of My & I'y
» detector calibration » Tevatron: Mw = 80.387 = 0.016GeV
» luminosity monitor » LHC: aimed precision of AMw < 10MeV
» constraining quark PDFs » fits to kinematic distributions

= Precise theoretical predictions mandatory!

Alexander Huss Mixed QCD x EW corrections to Drell-Yan processes in the resonance region 03-Dec-2013 3/16



Theoretical Status

» NNLO QCD O (a?)
[Hamberg, v. Neerven, Matsuura '91] [Harlander, Kilgore '02] [Anastasiou, Dixon, Melnikov, Petriello '04]
[Melnikov, Petriello '06] [Catani, Cieri, Ferrera, de Florian, Grazzini '09]
[Gavin, Li, Petriello, Quackenbush '11] [Gavin, Li, Petriello, Quackenbush '13]
» NLOEW O (o) W
[Wackeroth, Hollik '97] [Baur, Keller, Wackeroth '99] [Dittmaier, Kramer '02] [Baur, Wackeroth '04]
[Arbuzov, et al. '06] [Calame, Montagna, Nicrosini, Vicini 07] [Brensing, Dittmaier, Kramer, Muck '08]
» NLOEW O (a) Z
[Baur, Keller, Sakumoto '98] [Baur, Brein, Hollik, Schappacher, Wackeroth '02] [Dittmaier, Huber '10]
» Approaches to combination
[Cao, Yuan '04] [Richardson, et al. *12] [Bernaciak, Wackeroth '12] [Barze, et al. "12, '13] [Li, Petriello '12]
» Steps towards NNLO QCDXEW O (asa)  (far from complete)
[Kotikov, Kiihn, Veretin '08] [Bonciani '11] [Kilgore, Sturm ’12] [Kara '13]
» NLOEW O (a)to V + 5
[Kthn, Kulesza, Pozzorini, Schulze '07] [Kihn, Kulesza, Pozzorini, Schulze *07] [Hollik, Kasprzik, Kniel *08]

[Denner, Dittmaier, Kasprzik, Mick 09, "11]

» NLOQCD O (as) o V + v
[Smith, Thomas, v. Neerven '89] [Ohnemus ‘93, '95] [Dixon, Kunszt, Signer *98] [Campbell, Ellis *99]
[de Florian, Signer '00] [Hollik, Kasprzik, Kniehl '08] [Campbell, Ellis, Williams '11]
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@® Pole Approximation: NLO EW O («)



Pole Approximation: Overview

[Stuart '91] [H.Veltman '94]

Aim: Improve the theoretical prediction in resonance region ;... oienborgh, Wyler '94]

s Expansion about complex pole %, = Mg — iMy Ty

Leading pole approximation (PA): ~ (p? — p2,) "

Factorizable corrections: Non-factorizable corrections:
Ga Ga I
v v i
% : : Lo v g 2y
production : propagator : decay production decay
» on-shell production & decay » connect production & decay

— fact. ini 2 — 1) resonant contribution
— fact. fin 1 — 2) <> only soft-photon exchange
< propagator (1 — 1) — non-fact. 2 — 2)

(taken care by on-shell scheme)

= Simplifications compared to the full off-shell calculation (2 — 2) [pitmaier, Kramer 01}, etc.
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Virtual Factorizable Corrections

Cut a V propagator — two disconnected diagrams

daqp—V V—t10y daqp—V V12
Mqaqﬁzlzz o M%Jif—’ (\) “Mlaﬁ 2O+ /M?a PN Mve_v: 2N
ow fact _Z 2 2
x Py — Ky
Ga 0y Ga 0y
- +
a Iy a 0y
~~ fact. ini ~~ fact. fin

» explicit propagator (pi- — i)
> > .:spin correlation
» gauge invariance <> on-shell projection (p;, = A7)

Alexander Huss
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Virtual Non-Factorizable Corrections

Manifestly non-factorizable

y
@ o L
> no “explicit” propagator (p?, — ;i) !
14 ~
Qv Ly

Not manifestly non-factorizable

W » explicit propagator (p?, — u?)~

> gauge-invariant definition: [full —fact.]

p?, M2

infrared regularization (1/¢)

> origin: { VS. } do not commute!
on-shell limit (p7, — M)

factorizable non-factorizable

Only soft region (|¢"| < I'v) leads to resonant contributions!

Qa (ja el
\%4
Gaqy—£102
= W ~ (SV@W nf —
b b Pv I
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oy, distribution

do/dMr g, [ph/GeV]

10° ‘ : : o Mt o, = \/2(ET,ZET —PT," pT)

» most important distribution for the
determination of Mw

10?

10! b

100 |
pp— W = uty,

V5 =14 TeV

10-1 . . . . .
60 70 80 90 100 110 120

M, [GeV]
3 (%
2% : ‘ ‘ ; » EW: significant shape distortion

acb —— |
EW —— |

~10 . h . . .

60 70 80 90 100 110 120
Mr g, [GeV]
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M 4, distribution

do/dMr g, [pb/GeV]

10° ‘ ‘ ‘ o Mr ¢ = \/2(ET,ZET — Pt Py)

» most important distribution for the
determination of Mw

10?

10! b

100 ¢
pp— WF = it

V5 = 14 TeV
107!

60 7‘(] 86 96 160 110 120
M, [GeV]
3 [%)

2 ‘ ‘ ‘ ‘ ‘ » good agreement between full & PA

—10 | EW 1
EW PA
_12 . . . . h
60 70 80 90 100 110 120
My 4, [GeV]
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oy, distribution

do/dMr g, [ph/GeV]

10° ]\/[T,g,, = \/2(ET,ZET — P, pT)
102 » most important distribution for the
determination of Mw
10! b
107 pp = W+ =
V5 =14 TeV

107! : : : . -

60 70 80 90 100 110 120

M, [GeV]
3 [%]
2 \ \ \ \ ‘ » good agreement between full & PA
e .

O » fact. ini & non-fact. small and flat
2 | 4
N e > COfrections mainly from fact. fin
—6 |

— EW
s - EW fact. ini
-- EW fact. fin

—10 EW non-fact.
1 ‘ L T EWPA

60 70 80 90 100 110 120

Mg, [GeV]
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pr ¢ distribution

do/dpr [pb/GeV]

10° ‘ ‘ ‘ 1o » also important for Mw measurement
. k » sensitive to initial-state radiation
> jet veto
10" F
107 pp = W+ =
V5 =14 TeV
107!

30 3 40 45 50 55 60
prs [GeV]
8 [%]

» QCD: huge corrections above threshold
+» recoil of the jet

» EW: also shape distortion

pr.e [GeV]
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pr ¢ distribution

do/dpr [pb/GeV]

10° ‘ ‘ ‘ 1o » also important for Mw measurement
- E » sensitive to initial-state radiation
> jet veto
10! b
107 pp = W+ =
V5 =14 TeV

107! : : : .

30 35 40 45 50 55 60

pre [Gev]
5 %)
B — \ \ \ —— » good agreement between full & PA

—12 + — EW |
—— EWPA
—14 L L L L L
30 35 40 45 50 55 60
pr.e [GeV]
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pr ¢ distribution

do/dpr,¢ [pb/GeV]

10° ‘ ‘ ‘ 1o » also important for Mw measurement
. k » sensitive to initial-state radiation
> jet veto
10" F
107 pp = W+ =
V5 =14 TeV
107!

30 35 40 45 50 55 60

prs [GeV]

» good agreement between full & PA

» non-fact. again flat and small
» fact. ini contributes significantly
_ + sensitivity to initial-state radiation
8L 9 = ] . . . .
ol EWeewm | > againlargest contribution from fact. fin
weeeeeee EW fact. fin
—12 + EW non-fact.
14 L L L EW PA L
30 35 40 45 50 55 60

pr.e [GeV]
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@® Pole Approximation: NNLO QCDXEW O (a.a)



Contributions

Non-factorizable (nf) corrections*
» discussed in the following

Factorizable Initial-Final corrections*

» large corrections
& shape distortion expected

» work in progress

Factorizable Initial-Initial corrections*

> no significant shape distortion expected
c.f. M~ distribution for fact. ini corrections O («)

> no O (asa) PDFs

Ga 0 Factorizable Final-Final corrections*

» only a constant factor: O (asa) counterterm
— no impact on shape

I

*only virtual contributions indicated ~- also real-, double-real emission, interferences,. ..
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Non-Factorizable O («s«) Corrections

NLO QCD

6P = / do™s + / dos + / do®s
3 2 2

NLO EW: non-factorizable corrections

~EW R, V.
Onf =// danfew +/2danfew

24y

Alexander Huss Mixed QCD x EW corrections to Drell-Yan processes in the resonance region 03-Dec-2013 13/16



Non-Factorizable O («s«) Corrections

NLO QCD
6P = / do™s + / dos + / do®s
3 2 2

NLO EW: non-factorizable corrections

GEY = / / doy®™ + /2 doye = / / do® 522ty 4 /Z do®2Re {832 v}
2+~ 2+~

based on eikonal currents modified by off-shell effects
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Non-Factorizable O («s«) Corrections

~QCDR®EW Rs®R, Vs®@Rew Cs®Rew
U,::”f) ® = // da’nfs o + // dgnf + dani
2+ 24+

3+

+ /do;r‘fts@vew + /dgr\]{s@\/ew + /da§s®vew
3 2 2
NLO QCD
6P = / do™s + / dos + / do®s
3 2 2

NLO EW: non-factorizable corrections

£ = / / dofew 4 /2 doYew = / / do® 520240 4 /Z dUBQRe{(S%:j’nf}
24y 2+
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Non-Factorizable O («s«) Corrections

~QCDR®EW Rs®R, Vs®@Rew Cs®Rew
0‘3 ® = // da’nfs o + // dgnf + dani
24+~ 2+~

3+

+ /do;r‘fts@vew + /dgr\]{s@\/ew + /d0§s®vew
3 2 2

NLO QCD

6P = / do™s + / dos + / do®s,
3 2

(0% 1 1 471'/L ab
do’fS :%ﬁ;( ) Z/ dz dop P*(2)

NLO EW: non-factorizable corrections

L //daRPW +/da"@w - //ng S22 +/daB2Re{53,"2nf}
Rewanl  Js ew:
AR

2+
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Non-Factorizable O («s«) Corrections

~QCDREW Rs®R. Vs®R, C 242+w
2+~ 2+~

3+

Vew nf

+ /doff‘smew + /da;{s@’ew + /docszRe {8322}
3 2 2

NLO QCD

6P = / do™s + / dos + / do®s,
3 2

g 1 1 [ 4np? ab
do’fS :%ﬁ;( ) Z/ dz dop P*(2)

NLO EW: non-factorizable corrections

L //daRPW +/da"@w - //ng S22 +/daB2Re{53,"2nf}
Rewanl  Js ow
24y

2+
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Non-Factorizable O («s«) Corrections

Rew ,nf
3+ 2+

. QCDREW Rs®R. Vs®R. Cs 22+~
0',? ®EW _ // danfs ew n // danfs ew + // dos § Y
2+~

+ /doff‘smew + /dar‘ﬁ@"ew + /dUCSQRe {8322}
3 2 2

Vew nf

(Virtual QCD) x (Virtual EW)

da (}‘*. 1 Ga %)

2

4 A
v 0o Y 13 12 Y
+ +
2—2 i 2—2
> o< Oyt > cf. O () corrections o oy, "~
due to non-trivial cancellations
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Non-Factorizable O («s«) Corrections

Rew ,nf
3+ 2+

. QCDREW Rs®R. Vs®R. Cs 22+~
0',? ®EW _ // danfs ew n // danfs ew + // dos § Y
2+~

+ /do;r‘fts@vew + /dGVSQRe{é\zﬁzlm} + /dO’CSQRe{(SZHQ }
3 2 o 2

Vew ,nf

(Virtual QCD) x (Virtual EW)

da (}‘*. 1 Ga %)

2

4 A
v 0o Y 13 12 Y
+ +
2—2 i 2—2
> o< Oyt > cf. O () corrections o oy, "~
due to non-trivial cancellations

da¥s®vew = 2Re {52H2 } doVs

Vew ,nf
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Non-Factorizable O («s«) Corrections

~QCDREW Rs®R. Vs®R. Cg 224~
24y 24y

3+

+ /do:fls®vew + /dJVSQRe {5\2/Hznf} + /dUCSQRe{é\Z,??m}
R 9 ew s ews

(Virtual QCD) x (Real EW)

> same eikonal currents as in O («) corrections (only external legs are relevant!)
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Non-Factorizable O («s«) Corrections

~QCDREW Rs®R, Vs 22+~ Cs §2—2+7
a,? @ = //danfs w4 do SJRLW o do SSRLW o

3+ 2+~ 24+

+ /d Rs@Vew 4 /da' s 2 Re {on nf} /da °2Re{5\2,3f,m}

(Virtual QCD) x (Real EW)

> same eikonal currents as in O («) corrections (only external legs are relevant!)

doye®Rew = 2Re {87247 L oV
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Non-Factorizable O («s«) Corrections

~QCDREW Rs®R, Vs s2—=247 Cs ¢2—24~
2+~

3+ 24

+ /do§5®vew + /dJVSQRe {5\2/Hznf} + /dUCSQRe{é\Z,??m}
g 2 ew> 5 ews

(Real QCD)x (Virtual EW)

a

» additional kinematic dependence from QCD emission
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Non-Factorizable O (asa) Corrections

~QCDREW Rs®R, Vs s2—=247 Cs ¢2—24~
2+~

3+ 24

+ /3daR5 2Re {5313,”{} + /2dov°' 2Re {(ﬁjjmf} + /2(1005 2Re {53;2,”{}

(Real QCD)x (Virtual EW)

£ A

5

» additional kinematic dependence from QCD emission

da§s®Vew = 2Re {Eéjf’nf} do'ts
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Non-Factorizable O («s«) Corrections

~QCDREW Rs®R. Vg 2247~ Cg 2247
sgevery _ [[ageerer o [[aove sz [[aotai 2y
3+ 245

24y

+ /3daR5 2Re {632} + /2dov°' 2Re {637} + /2(1005 2Re {6377}

(Real QCD) x (Real EW)

> new kinematic dependence on gluon emission (tree level)
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Non-Factorizable O (asa) Corrections

. QCD®EW Rs 23+ Vg 22+ Cg 232+~
a,:—*f) ® = //dg s 5R.cw,nf + //d" s(sRCW,nf + do 55R,Ow,nf/
34y 24y

24y
+ /3daR°' 2Re {632} + /2dov°' 2Re {637} + /2(1005 2Re {6377}

(Real QCD) x (Real EW)

> new kinematic dependence on gluon emission (tree level)

Rs®Rew _ 23+ Rg
do W = 2Re {6Rewmf } do
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Non-Factorizable O («s«) Corrections

~QCDREW Rs ¢2—3+7~ V. 224 Cs 22+~
0',? ® = // do® OR.cw,nf + // do® JRCW,nf + do™® SR,OW,nf/
2+~

3+ 24
+ /3daR°' 2 Re {5@?\5,”{} + /2dov°' 2Re {6335,”{} + /2dUCS 2Re {ﬁfj,nf}

Infrared singularities—QCD corrections: dipole subtraction formalism

59CP :/daRS —i—/daVS -|-/dtrcS
3 2 2
:/ [(daRS) — (dG’AS) ] +/ [davS -|-dt7CS +/dUAS:|
3 e=0 e=0 2 1

Infrared singularities—EW corrections: phase-space slicing method AE <« T'y

€e=0

/A Ao, do¥P ey = / d®, do¥P sy L+ / 2, do ¥R Sy
) B LAB [ ST
— / do., 6;k deQCP + / dd, do P 6gew,ni
By <AE By>AB
N—— —
= 6soil(AE)
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W distributions

//dO'QCD 5Rew,n1 + /dUQCDQRQ{éVer”'}

n

// deQCD 5 .
= /. Rew.nf 4 /dO_QCD [2Re {Syoy o} + 0son(AE)] » AEKTy

g
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W distributions

6 (%] non-fact. O(a,a) 4 [%] non-fact. O(a,a)
0.4 T T T T T 15 T T T T T
. Qs Qyjrt Qs Qlyirt
031 1 10 f 1
0.2 + 4
5L ]
gl p—— ’
of 3 0 1
0.1} ] . |
-02 ¢ o+ + 1 + +
pp = W' — Ty, 10 pp = W' =Ty,
031 /5=14Tev 1 Vs =14 TeV
04 . . . . . 15 . . . . .
60 70 80 90 100 110 120 30 35 40 45 50 55 60
Mrp [GeV] pre [GeV]
QCD ¢~ QCD
// do 5I’Lew,nl + /dcr 2Re {5Vew,n'}
iy I
/ / deQCD 5 .
— R ,nf CD
= J ewnl 4 / do®°P [2Re {Sy,, n} +0en(AE)] [, AE<Tv
n—+-y .
E~y>AE "

— O (asawirt)
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W distributions

6 (%] non-fact. O(a,a) 4 [%] non-fact. O(a,a)
0.4 r r T T T 15 T T T T T
. Qg0real Q50real
03 ¢ 1 10
0.2 + 4
0.1 | 4 5
0;,F____—‘r—’J1F:h_F—J 0
—0.1 ] sl |
—02 | : 1
pp = W = pty, ol pp— Wt pty, |
031 /5=14Tev 1 Vs =14 TeV
—04 ‘ : ‘ s ‘ ~15 ‘ ‘ : : :
60 70 80 90 100 110 120 30 35 40 45 50 55 60
Mr g, [GeV] pre [GeV]

// Ao sy o+ /d”QCD 2Re {8y i}
ErA I

// deQCD 57 .
=1 /. Rewonf | 4 /dO_QCD [2Re {Syoy o} + 0son(AE)] » AEKTy

YN

n+
Ey>AE

— O (asareal)
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W distributions

0.2

-0.3
—0.4

Alexander Huss

5 %]

non-fact. O(a,a)

pp = W = pty,
F/s=14TeV

60

70 80 90
Mr g, [GeV]

100

110

120

5 %)

non-fact. O(a,a)

- Qs Quirt

asa i

= (sQreal et

pp = W = pty,
V5 =14 TeV

30

35 40 45 50
P [GeV]

» almost perfect cancellation between different contributions
» tiny & flat corrections!
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@ Summary and Outlook



Summary and Outlook

Largest theoretical unknown in Drell-Yan processes: O (as«)
important in distributions around resonance (1/vy measurement) ~» Pole expansion

Pole approximation @ O («)

PA reproduces full result near resonance
fact. ini: small and flat in M distributions, larger for p1
fact. fin: dominant contribution
non-fact.: small and flat

Pole approximation @ O (as«)

> establish concept of PA at this order

» calculation of non-factorizable corrections — negligible
— factorizable corrections are dominant

> largest contribution expected from
(QCD initial state) x (EW final state) factorizable corrections
— work in progress
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Summary and Outlook

Largest theoretical unknown in Drell-Yan processes: O (as«)
important in distributions around resonance (1/vy measurement) ~» Pole expansion

Pole approximation @ O («)
PA reproduces full result near resonance
fact. ini: small and flat in M distributions, larger for p1
fact. fin: dominant contribution
non-fact.: small and flat

Pole approximation @ O (as«)

> establish concept of PA at this order

» calculation of non-factorizable corrections — negligible
— factorizable corrections are dominant

> largest contribution expected from
(QCD initial state) x (EW final state) factorizable corrections
— work in progress

Thank you
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Virtual Non-Factorizable Corrections

Only soft region (|¢"| < T'v) leads to resonant contributions!

» neglect ¢* everywhere except in divergent propagators
» only scalar integrals
» corrections factorize off from the lower-order diagram

‘711 el (7a gl
~ §da ap—£102 v
Vew,nf
14 —
b 22 9 pv lo

ud > W — 1/(1‘+:
cdu—svget

a M3, M3,
s =——<{-24+QuLiz (1+ =Y | —QuLiz |1+ =2
Vewnf 27 { tres Ures
21n 7’u€v — Sres e In LLi
M. \2" € M,
Y — —)} } [Dittmaier, Kramer '02]
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Real Corrections in the Pole Approximation

Real corrections in the PA
Decompose into initial-state and final-state radiation

1 1 1 1 1
(bv + k) =My pp — Mg ZPV'k[zf‘&—M% (pv+k)2—M5}
k/‘ Y
V'v\/vxﬂéwv = '\ng\, + \N\/\i&m
—
pv+k pv
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Real Corrections in the Pole Approximation

Real corrections in the PA
Decompose into initial-state and final-state radiation

1 1 1 1 1
(v + k2 - M pp— Mz ZPV'k[zf‘&—M% (pv+k)2—M5}

Ta k e A Qa 4
v v 'k,
— + 1
— —
@ v 2 % pvtk l
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Real Corrections in the Pole Approximation

Real corrections in the PA
Decompose into initial-state and final-state radiation

1 1 1 1 1
(v + k2 - M pp— Mz 2PV'k[p€—M3 (pv+k)2—M5}

Ga k e A Qa 4
v v 'k,
— + 1
— —
@ v 2 % pvtk l

|...|? ~ fact. ini. |...|? - fact. fin.
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Real Non-Factorizable Corrections

» only soft photons! (£, ~ 'y < My)

1 1 ’
2Re
{p%/*ﬂ%/ ((pVJFk)Q*/‘%/) }
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Real Non-Factorizable Corrections

» only soft photons! (£, ~ 'y < My)

‘g ly

modified eikonal currents |w factorizes off from diagram without ~ emission

|M§aq;;—>f1l72“/ 2

_ qa‘]b_”ZlEQ'Y’ tiaqzy—wlzz’Q
Fou My

— “Rew,nf

non-fact

Rew ,nf

q 282
sladp—l1lay _ _ 2 QRG{(J;od)*Jdec,u}

ph 28 (pa + pu)*
Jhog = —Qa—2 Qp—2 o — Qp) —F———
prod Q k- pa + @ k- pp +(@ @) k- (pa + pb)
Kt Kl (k1 + k)" Py — 1y
,]"’ . 1 . 2 — 0. :| % %
dec [ Qlk-k1+sz-k2+(Ql Qz>k<(k1+kz) (pv + k)2 — i3,
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Example 2-Loop Diagram

Ga 7 I
g Cras QqQu 0 h 2 a2 A
~———— == M (1—¢) (-t — 8§87 I(s
S0 SHEE MO (11— ) (=) (uh — %) I
Qv 2
v b
t
— » Mellin-Barnes representation
» method of regions
I(Q,f) _ > § » generalization of [Yennie, Frautschi, Suura '61]
v

_ @m)* 4o </,
(13, = 8)(=1)

2 N\ —3e A\ —2e

vt - st +i z+—+L1 14
M 2 € ?
+2Li ( A>+L‘ (1+ f’) 6¢(3) — 21 Lis (14 f’)

1: 15 — — 1 — L1 —

s\ 2 0 M2 ¢ ' Z M2

./ —f i 572 .
+lnz([w2 )1n<1 + F) + % +2L12(1 + ) +44+0()+0 (.,a—ui,)}
\% v
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YFS argument

[Yennie, Frautschi, Suura '61]

Ga 04 qa 01
+ g
b 0y v v 12
ol
@’ [ 20g® " ’ "
)™ D qa
—_— d( —e 5
im2 / 17 (=eQa) (¢ + pa)? g
b % (72
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(scale-less integral) — 0
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7Z distributions

6 (%] non-fact. O(a,a)
0.1 T T T T
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[eNeY
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My [GeV]
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