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@ Pair Production of Weak Bosons at the LHC — Theoretical Statu

© Electroweak Corrections to W-Pair Production
@ Photon-induced contributions
@ Radiative Corrections

Q Numerical Results (preliminary!)
o Electroweak corrections to WW/WZ/ZZ
@ Photon-induced processes in W-pair production
o Real radiation in W-pair production

© Summary & Conclusions
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Introduction — Weak-Boson Pair Production at the LHC

Vector-boson pair production: pp WW/ZZ/WZ — 4

fa V, fo fa V fe
£ fq Vs fq
f f
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9o ZZ/WW production importanitreducible backgrountd inclusive SM
Higgs-boson production

@ Probenon-abelian structuref the Standard Model (SM) at high energies
@ Search fomnomalous couplings

o Backgrounds tmew-physics searchgse. leptons #- signatures
— SUSY-particle pair production

Tobias Kasprzik (KIT) V-pair production at the LHC 6/7/2012, Melbourne &lffal



Vector-Boson Pair Production — QCD Effects

Extensive study of production of WW, WZ, ZZ,WZ~, v~ at NLO QCDicampbe, eiis, J

Williams 2005; Campbell, Ellis 1999,. .]

9 Results matched witharton showers combined withsoft gluon resummation
[Nason, Ridolfi 2006; Frixione, Webber 2006]
@ On-shellleptonic decaysef the vector bosons taken into account (narrow-widtt
approximation) retaining all spin information
@ Corrections dominated by thyg channels
» Significant contributions of the channejs — V1V, ~ 10 % to LO, although
formally atO(ai) [Glover, van der Bij 1989; Kao, Dicus 1991; Duhrssen et ab5j0

|
g W~

@ Even larger corrections of 30% if event selection for Higgarshes is applied
[Binoth et al. 2006]
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Vector-Boson Production at High Energies

Sudakov Logarithms

High-energy limit

Sa|t|7|u|>>M\2/7 VZsz

— bosons have to be produced at largpr

@ EW corrections at high energies dominatedioyversal large logarithms

o I (Mv/v5) (LL),
x atIn*~YMy/vs) (NLL),...

at theL-loop level
@ Corrections o~ —50% atpr = 1 TeV (W-pair production)
o Change of sigmgoing from LL to NLL (to NNLL ...)

— substantial cancellations possible!
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EW Corrections to V-Pair Production — Overview

o O(a) high-energy approximation known for WW/WZ/ZZ productimector
bosons treated ipole-approximatior- final-state leptons phenomenologically
aCCESSiblﬂccomando et al. 2002-2006]

Proton

Proton

o NNLL effectsat two loops published for the WW channel, veuier, uccirai, penin 2011]

@ We have calculated the full one-loop corrections to on-shieV-pair
production at the LHC (sienweier T, kiihn, Uccirati, in prep)]
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Lowest-Order Contributions to ppr W-WT + X

@ Partonic LO contributions at O(a?)

W W W
q W qd qQ’ w
q Z/y W
a a

@ Photon-induced contributions atO(a?)
W w W
gl gl
5 W
¥ ¥

9 AdOpt NRST2004(£D PDF SetMartin etal. 2005]
+ Potentially large contribution at high invariant masses!
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NLO Electroweak Corrections — Our Strategy

@ Renormalization:
On-shell scheme3,,, My, Mz)

o Virtual corrections:
IR divergent (regularized by, my), compensated by
o Real radiation:
remaining collinear singularities to be absorbed in PDFs
@ Practical implementation:
useMSTW2008L O PDFSjuarin etal 2000 (impact of QED small)
o for comparison alsdlLO QCD corrections:
eliminate hard jets _
(Discard jets withp™ > max(p¥' /2,p%" /2) if p£' > 15 GeV,|y!| < 2.5)
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Numerical Results (1): pp~ W-W(7)

Default cuts: pr w+ > 15 GeV,yw=+ < 2.5

o(th) 3(%)
100000 T T T T T 60 T T T
10000 pp = W WH(y/jet) + X o Lssme09°0°°7]
1000 § x +++ at /s = 14 TeV ] DDDD L ox X X
1007§;:XX*+++ 1 e e 1
10 F *,{XXXXXX:*++++, O,TTiXxxxxxxxxxxxxxx,
bF Lo, o *"*x* E 20 b dmw s T, ]
01 F LOy, - AT Oyy AR
0.01 F LOy, = ] —40 | Ogg % 7
dqcp o
oo b o leerf o
200 400 600 800 100012001400 160018002000 200 400 600 800 100012001400 160018002000
My (GeV) Mg, (GeV)

@ assumef Ldt = 200 fb! o large admixture of v (up to 30%)
= 1000 WW events with o sizable negative EW correctiong-30%)
Mww > 2 TeV at high energies,

@ rapidly increasing admixture ofy comparable to QCD corrections

Tobias Kasprzik (KIT) V-pair production at the LHC 6/7/2012, Melbourne 9/1!



O(«)-Contributions to pp— W-W™

No compensation betweern~ — WW and weak corrections!
— Different angular distributions!

o o(yy — WW) — 8”“ for larges
= strong enhancement in forward & backward directions

@ weak corrections:
negative Sudakov logs for largandt
= negative corrections for large scattering angles
@ gg small, isotropic
o implications for dr/dAyww With Ayww = Yw+ — Yw-
(for fixed My this corresponds to the angular distribution in the W-W rest
frame!)
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Numerical Results (II): pp~ W-W+(v)

High-energy cuts: pr w+ > 15 GeV,yyw+ < 2.5,Mwy > 1 TeV

do /dAyww [pb] 8%
0.05 -
LOy ——
004 L 1 LOy x10 e
LOgg x 10 o
003 11 LHCat 14 TeV,

002 LE—LMWW > 1000GeV |

_4 _92 0 2 4 —4 -2 0 2 4
Ayww Ayww

@ WW production dominated by small e drastic distortion of angular

scattering angles distribution
o drastic forward-backward peaking of o ¥4 varies from—30% and+45% for
¥y — W Mww > 1 TeV!
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"Real Radiation” of massive vector bosons

Low energies: Phase-space and perturbative suppression e ppyW + (W/Z)
= contribution below 1%

High energies: Logarithmic enhancement of additional soft/collinear WZeboson
radiation

= Investigation of WW+ W /Z production as background to W pairs at lapge
o invisible decay oZ — v
@ collinear emission

o ...

Simplified approach: (details depend on experimental analsis)
@ Include pp— W~W*Z with totally inclusive Z
@ Include pp— W~ W+W=; treatW* with lowestpr totally inclusively
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Numerical Results (I1l) — “Real Radiation” of W/Z

LHC at 8 TeV, default cuts: pr w+ > 15 GeV,|yy:| < 2.5

oo [pb]
100 T T T T T T T
10 . pp = WHFW™ +V + X
1 T ejt V5 =8TeV
+
N
N

01§, . e
0.01 oxoy N

* * X
0.001 X x ]
0.0001 WY ]

Lo .

10 ° AV s 1

1076

L L L L L

L L

50
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—10
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5 X
*x*t**¥¥¥§xx
dwwv % |
Swwy
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P [GeV]

o Corrections due to hard photorg (, > 15 GeV,Jy,| < 2.5) below 5 %
@ Contributions of massive-boson radiation below 5 %
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Numerical Results (IV) — WW, WZ and ZZ production

LHC at 8 TeV, default cuts: pry > 15 GeV,|yy| <2.5

a(fb) (%)
100000 _— 5 _—
10000F - pp— ViVa+(y) + X | L T 1
¥ + 5 Fox o, X |
% 7 at /s =8TeV x x
1000 F * + E —-10 x T 1
* M + * + X x
L 15 | x x i
20 } N ]
+ LO(WW) %§§*++ W "**++
10 L LOW*7Z) e 25 T “ o
x
L L x LO(ZZ) ] B A * ]
735 - 4
01 1 1 1 1 1 1 1 _40 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
P (GeV) P (GeV)

o LO: wa/Uw+z/Uzz ~ 5/1/0.7
@ moderate EW corrections to WZ production
o large EW corrections to ZZ production
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Summary & Conclusions

@ Proper understanding of VV-pair production processes crucal at the LHC:
¢ UnderstandsM at highest energies
o Understandackgrounds to Higgs- and BSM-physics searches
@ We have computed the full EW corrections to V-pair production at the LHC

@ Small corrections to the total cross section

o But: Sizable negative correctioas large transverse momenta

@ W-pair production: significant contributions of photon-induced channels agda
scattering angles

» Real-radiation contributions of W/Z small; further invigsition needed?

o Future work:

o Leptonic decaysf the vector bosons should be included.
» Discuss interplay of EW and QCD effects
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Summary & Conclusions

@ Proper understanding of VV-pair production processes crucal at the LHC:
¢ UnderstandsM at highest energies
¢ Understandackgrounds to Higgs- and BSM-physics searches
@ We have computed the full EW corrections to V-pair production at the LHC
@ Small corrections to the total cross section
o But: Sizable negative correctioas large transverse momenta
@ W-pair production: significant contributions of photon-induced channels agda
scattering angles
» Real-radiation contributions of W/Z small; further invigsition needed?
o Future work:
o Leptonic decaysf the vector bosons should be included.
» Discuss interplay of EW and QCD effects

Thank You!
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Reminder: Calculation of Hadronic Cross Sections

pp — ViVa(+v) + X

Schematic illustration for
— U100 0o(+7) + X J
Pa

V1 @ V2
XaPa %oPs Ps

DO

1 1
doas(pa,Ps) = Z/o an/O X faya(Xa, 1) To/B (X6, 1) G55 (Pas Po, 11F, 1R)
a,b

Hadronic cross sections

x FEN{Ors}),  Plany = XattPiag

o Dependence opg, ur reduced by inclusion of higher perturbative orders
o F“+7) incorporates definition of observables + phase-space cuts
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Reminder: Calculation of Hadronic Cross Sections

Schematic illustration for
pp — ViVo(+7) + X
— U100 0o(+7) + X

Hadronic cross sections

1 1
dJAB(pA, pB) == Z ‘/0 dxa‘/o de fa/A(Xav MF) fb/B(XlCh /J'F) da—ybl_o(paa pba HF, MR)
a,b

X .7:(4£+’Y)({OFS}) ) pf{a’b} = X{a,b} Pf[LA,B}

[ NLO partonic cross section: ]

o0 =68 + ou + o
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Double-Pole Approximation (DPA)

o Lowest order: Amplitude given as a product of
on-shell (OS) production amplitude on-shell decay amplitud® Breit—-Wignet

Mq1q2—>V1V2—>4f — 1 1
Born,DPA k% _ M% +iMql; k% — M% +iMsls
q1q2—>V1y>\1V21>\2 Vl.Al —fsfy VZAAZ‘)%?G
X E MBorn MBOH’] MBOFH
A1, A2

o UseOS-projected moment@pene, oimsier ron wackerons 20000 the OS matrix elements:

. 1 . \/§
kio==v8, ki
1,0 2\/_ , |k |ﬁw
@ NLO: EW corrections consist dfictorizableandnon-factorizableontributions,

e.g.
R(k, ko, 6)

(k% — M% + ierl) (k% — M% + iMzrz)
Caution:Gauge invariance!

Mfact =
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EW corrections to pp~ WW~

@ Standard LHC event selection

— ve€" v, (DPA)

W[ﬂ/(‘\] Tﬂ/(‘\]
cuts applied to final-state wof A ulo, ] ]
leptons and missing transverse;jzj P Raa® ]
momentumadditionally e I e .
Me:,- > 500 GeVrequired  wuf % smeweme | L
@ Large negative corrections at SUUEROYUG. "R [ SIS ORI
large transverse momenta PE() o P oo
@ Substantial negative s e
i i i A oy s 1
cgrrectlobnlao inclusive ol 7 3, s P
observables N Y Y
o Error due to DPA about 10% = %ﬁf’?v; e T {ranait Y
in the relative corrections o - A jf? Misgnd \Qs\‘
o EW corrections significantly — oLfrmme i L 0 el LI
larger than experimental A v

error throughout the whole
energy range (forL ~ 30 fb™?)

Tobias Kasprzik (KIT)

V-pair production at the LHC

[Accomando, Denner, Kaiser: arXiv:0409247 [hep-ph]]
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Photon PDFs (MRST2004QED)

o Simple LL ansatz fof,, /,(x, Q3)

1+ (1—x)?
w/p(x QO) o [9 In (S%) u/p, V(X QO) (S,é) fd/p,V(X7 Qg)]@)#
@ Running offq/5(x, Q%) at O(«) affected by photon PDFs!

(X 1?) _ / dy [
olnw2 2m y

@ Momentum conservation

Paa(y) Q4 fa/p(X/¥: 1%) + Pas () Q5 £ /p(X/Y, 1%)]

1
/0 dx x [Z fq/p(X, Mz) + fg/p(X7 Hz) + f,y/p(X, Hz)] =1
q

= QED effects orfq/p(x, 12) small!
= Still large conceptual uncertaintiesfing
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Measure Photon PDFs?

Consider the DIS process
ep—ey+ X
with high-pt back-to-bacle, v in the final state

olep— e+ X) = [ &0t 50 i)o(er — e1)

related to Compton scattering

_ ErEetn)
o X = 2E,E.—EJE.expd(—17)

o f,/5(X7, u?) could be in principle extracted from HERA datal

Tobias Kasprzik (KIT) V-pair production at the LHC 6/7/2012, Melbourne 20/15



EW Input Schemes — Definition of

9 «(0): On-shell definition in the Thomson-limit (zero momentuirisfer)

(PP, PU(P) | e = E(O)T(P) () , (0) = €(0)?/4m

«(Mz) obtained via renormalization-group running from 0 to weekisM;

a(0)

a(Mz) = 3= Aa(Mz)’

Ac(Mz) = M5 (0) — ReNf% (M2)

@ ag, defined through the Fermi constant related to the muonrifeti

V2G,M3  a(0)

T T 1—Ar
Ar includes corrections to muon lifetime not contained in QiEiproved Fermi
model

o light-fermion mass logs contained i1, (0) resummed in effective
couplingsa(Mz) and ag,,

05(3“
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Virtual EW Corrections to pp~ W-W™' + X

One-loop contributions &P (a?)

u
W W w W
Bt e B
- W
oV oV F Y
u
i w i w N W ) W
F W F W W w
Y
u u

@ On-shell renormalizatioaf SM parameters

@ We use thé-ermi scheméo calculate the loop corrections.

— universal corrections t&r absorbed ireffective LO coupling
o VEKM — §; within the loops— no renormalization o¥"K™
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Real EW Corrections — Infrared Singularities

Real photon radiation a{‘,t)(a3) (generic diagramsyg — W-W™ + ~

w w W
" u u w W v W u w
u u w
F w [® Vv
F w
w w F E E
F F ~
u u u ad
v u u Y u
% Y % %

@ Soft singularitiedue to soft photons
o Initial-state collinear singularitiedue to collinear photon radiation off
initial-state quarks— renormalization of PDFs
@ Introduce smalt and infinitesimal to regularize
divergences- results exhibit unphysicat i, and!n \ terms
Apply phase-space slicing for numerically-stable
evaluation of phase-space integral
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Phase-Space Slicing

Two-cut-off phase-space slicing

o Definition of bremsstrahlung phase space:

Oreal — /dPSW_W+7)|M’Y|2

@ Phase-space decomposition:

Oreal = Thard 1 Tsoft + Tcoll
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Phase-Space Slicing

o Softlimit: E, < AE < My

Usoft(AE) = —0L0

e / ok, +QiQ(pipy)
ky|<AE 2

(2m) k2 + 2 z”: (Piky)(Pik,)

(2m)?
o Collinear limit: 0q, < A0 <1, E,>AE

aQ@ [IENVE (147 N
0 —

o Hard bremsstrahlung: 64, > A, E, > AE;
numerical evaluation afnarf( AE, Af) without regulators

@ Numerical result independent of AE andin A#

In'm, and [n A terms cancel in the sumoyi + osoft + ocan in infrared-safe
observables
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EW Corrections to pp~ W~-W™ + X — Technicalities

Virtual corrections computed in thé-eynArt s/ For nCal ¢/ LoopTool s( FF)
frameworkuFA); Kiiblbeck, Bshm, Denner 1990; (FC,LT): Hahn, Péreetufia 1999; Hahn 2001; (FF): van Oldenborgh, Vermaser&oJl9
Q FeynArts-3.5:
o Automatic generation of diagrams
o Calculation of amplitudes
Q@ Forntal c-6. 1:
o Algebraical simplification of amplitudes, introductiontehsor coefficients
o Analytical calculation of squared amplitudes
@ Spin-, colour- and polarization sums
@ Generation ofor t r an code
Q LoopTool s-2. 5:
@ Numerical Passarino—Veltman reduction withior t r an
» Numerically-stable evaluation of scalar integrals
Bremsstrahlung amplitudescomputed withFeynAr t s/ FeynCal ¢ @
Madgr aph mwaea;, NnUMerical phase-space integration witRior t r an using the
Vegas algorithm
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pp — W~-W* () — Numerical Results

No cuts
do/dMyw (pb/GeV) B
1 ‘ ‘ ‘ ‘ ; 80 ‘ | | | ‘
0.1 7 m}i
0.01 60 — )
) —
1w F » |
A E B B
0.0001 ‘| rm 7
ot |
10 —20 | 7
1077 ‘ ‘ ; L L L L L L L
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Myw (GeV) My (GeV)

@ EW corrections small even for large
values ofMyww

o Large contributions-{80%!) from
v~y — WW at high invariant masses

= Leptonic decays?
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@ LO cross section dominated oy
contributions

@ Rapid decrease of cross section for
increasing invariant masses



pp — W~-W* () — Numerical Results

LHC acceptance cuts

do/dMyw (pb/GeV) 0(%)
1 T T T T T 80 T T T T T

LHC14 e ]

—6 ]
10 o0 | |
10-7 | | | | | | | | | |
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Mww(GeV) Mww(GeV)

@ LO cross section dominated
by qg contributions

o Rapid decrease of cross
section for increasing
invariant masses
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o Employ LHC cuts on decay products:
pr) > 20 GeV,|yi| < 3, prmiss > 25 GeV
= relative effect ofyy — WW reduced by
factor 2 at largdviyww



EW Corrections to pp~ W~W™ — Numerical Results

Default cuts: pr w+ > 15 GeV,yw+ < 2.5

do/dAyww [pb] o[%]
20 50
LOg —— PP W WH(y)+X 10 t
[LO4yy x 10— at /s = 14 TeV | 30

15

10 |

Ayww

o WW production dominated by events _
near threshold, isotropic production @ EW corrections at the percent level

at smallAywwy o Sizable contributions fromyy at
@ 5% increase of cross section by gg large| Ayww|
channel
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pp — W~-W* () — Numerical Results

Default cuts: pr w+ > 15 GeV,|yw=|<2.5

o(th) (%)
100000 — 60
10000F" pp = W™WH(y/jet) + X ] a0 L .
o o oo
1000 F* A at /s = 14 TeV ] o8 2"
oy . 20 F o 1
+ X X X
0oy oy, 1 o P nii ook
* + o,
10 F EI T, E + o,
¥ x
b L v ] 20 e 1
LOg + o ol dpw + e |
0.1 F LOyy, ~ *x, Oyy % o
001 [ LOss = ] ooy 65” ) ;
QCD ©
0 S I
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
PF(GeV) PP (GeV)

o assume/ Ldt = 200 fb!
=- 1000 WW events witlpr > 500 o large admixture ofyy (10%!)
GeV o large negative EW corrections (-45%),
o decreasing admixture of gg, comparable to QCD corrections
increasing admixture of~y
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EW Corrections to pp~ W~W™ — Numerical Results

Very-high-energy cuts: pr w+ > 15 GeV,yy+ < 2.5,Mwy > 3 TeV

do /dAyww[pb] -
0.002 100
LHC30, Myw > 3000 GeV w L
0.0015F LOyq o | 6 | "’L‘
S wor i oEw
0.001 F NLOEW--+gg =+

0.0005}

@ NLO EW as important as QCD
@ extreme distortion due tgy (caveat: high uncertainty in photon PDFs)

Tobias Kasprzik (KIT) V-pair production at the LHC 6/7/2012, Melbourne 30/15



Transverse-momentum distribution at the LHC8

o(fb) (%)
100000, " 60
- W-W jet) + X
10000F + pp (v/jet) + X | o | |
+ at /s =8 TeV I R
1000 ¥ A E 5 o 8 "o
* . 20 F o« |
* R © X x
100 F x . L N 3 0 L X oxoxox % & AR R % ox % ox x4
10 f i T T e,
<y Con L + ]
1 [ *x x . * x ] 20 Sew * oy, L.
LOgq + * %
—40 | Oy b
0.1 f LO,, - ] ’
1O, = o
0.01 F “Ya9 ] =60 Sqep o 1
0.001 L— . . . . . . _gp L . . . . . .
50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400
P (GeV) P (GeV)
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Invariant-mass distribution at the LHC8

o (fh) (%)
100000 — 60
. pp = W WH(7/jet) + X
10000F © + | ] Soooo®
+ . at/s=8TeV 10 r oo ® 1
1000 ¢ L . Loa”®
5w, Toea, 20 F o, °
100 F A T
0 L x** XxXXX, O,fff%xxxxxxxxxxqu
* ok x . oo+ L .
LF Lo, o+ T 20 b ‘;EW* "
0.1 F LO,, - E 7 )
_ L 99 ¥ i
oot b LOu = ] T g o
oo b o b
200 300 400 500 600 700 800 900 1000 200 300 400 500 600 700 800 900 1000
My (GeV) My (GeV)
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Transverse-momentum distribution at the Tevatron

o(fb) (%)
100000 - : 60
10000 E PP — W WH(y/jet) + X]
woo b Tt e Lt E=196Tev j el R
T 2 1
100 F R
X X +
S S SRR R ERERE
LF T % T o ] —20 dEw + 1
* o
0.1 LO,, - ok, N —40 + Oyy R
001 F LO,, - E Ogg %
0001 F LO4 = 1 60} g ]
00000 b T
40 60 80 100 120 140 160 180 200 40 60 80 100 120 140 160 180 200
P (GeV) P (GeV)
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Invariant-mass distribution at the Tevatron

o(fb) (%)
100000 T 80
— ©
10000F . pp (7/iet) + X] w | RN
1000 | *+++§t+\/§:1.96TeV DDDDDD
Ty 4 40 g o® b
100 F R o o
10*;(** ] 20 :
1k * O F % X % %% % £ % %% X% % %5 KX X
0.1 F . E oEW +
LOg + Xk, —20 + 5 ]
001 F Lo.. - Xk, X
T ) —40 | Ogg * R
0001 F LO, * ] a
0.0001 . L . 60 P L
150 200 250 300 350 400 450 500 550 600 150 200 250 300 350 400 450 500 550 600
My (GeV) Mg, (GeV)
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