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Motivation  Standard Model

Particle Physics

"The electron is not as sfmple as it looks."

Sir William Lawrence Bragg
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Motivation  Standard Model

The Journey to the Standard Model

® 19th century - fundamental principles of nature were believed to be understood

"The more success the quantum theory has, the sillier it looks. "

Albert EinsteinJ

* 20th century - Einstein’s theory of relativity, emerging evidence of quantum mechanics

undermined existing precepts of physics

1950’s - "particle explosion": particle accelators unveiling large number of unpredicted
and unexplained particles
* explosion of new theories and models followed, most importantly:

* 1957 - electroweak interaction, 7, W= and Z boson as its carriers
¢ quarks, colours and generations — QCD Lagrangian (1973)

¢ gauge symmetry, Goldstone theorem, Higgs mechanism
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Motivation  Standard Model

The Standard Model

* a summary of our knowledge about three forces of nature tested for over 50 years

* fermions: form the 'ordinary matter’

* quarks combine to form hadrons

* leptons - no strong interactions
. b : i
gauge bosons: force carriers

* gluons massless, mediate strong interactions
and carry colour charge

e W, Z are massive weak bosons mediating
weak interaction

* photon - massless stable gauge boson

mediating electromagnetism

* all experimenta"y confirmed but one...
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Motivation  Standard Model

The Higgs Boson

* originates in the Higgs mechanism - current
preiterred theory of electroweak symmetry

breaking

* massive and short-lived — direct observation

not possib]e

® mass is not predicted by Standard Model
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Motivation  Standard Model

The Higgs Boson

* originates in the Higgs mechanism - current
preiterred theory of electroweak symmetry
breaking

* massive and short-lived — direct observation

not possib]e

® mass is not predicted by Standard Model

* July 4 2012 - ATLAS and CMS announcing a discovery of a new particle
consistent with SM Higgs boson
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Motivation  Standard Model

Higgs Boson at the LHC

\s= 14 TeV

>
e oGS X3 wa 2010
Branching ratios

o(pp — H+X) [pb]
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° Wl’ly vector bOSOI"I fusion?




Motivation  Vector Boson Fusion

q q q q
v v 1%
H
777777 v
% 1%
q q q q

* why vector boson fusion?

* one of the discovery modes for the SM Higgs boson (qq — qqH) with second

Iargest cross section
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Motivation  Vector Boson Fusion
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* why vector boson fusion?

* one of the discovery modes for the SM Higgs boson (qq — qqH) with second
Iargest cross section

* testing characteristics of the Higgs

o Coup]ings to gauge bosons

* (P properties
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Motivation  Vector Boson Fusion

q q q q
Vv Vv Vv
H
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q q q q

* why vector boson fusion?

* one of the discovery modes for the SM Higgs boson (qq — qqH) with second
Iargest cross section
* testing characteristics of the Higgs
° COup]ingS to gauge bOSOnS
* (P properties
* statistically significant thanks to forward jet tagging and suppressed QCD in the
central region

* (qq — qqVV) - background to H — VV decay mode via VBF
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Motivation  Vector Boson Fusion

q q q q
Vv Vv Vv
H
,,,,,, v
v |4
q q q q

* why vector boson fusion?

one of the discovery modes for the SM Higgs boson (qq — qqH) with second
Iargest cross section
testing characteristics of the Higgs
° COupIingS to gauge bOSOnS
* (P properties
statistically significant thanks to forward jet tagging and suppressed QCD in the
central region
(qq = qqVV) - background to H — VV decay mode via VBF
vector-boson scattering - important probe of EW symmetry breaking — door to

new physics
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Motivation  Vector Boson Fusion

Theoretical Studies

* 1980’s - early results for pp—qqWWI/ZZ - EW symmetry breaking studies
¢ 2000’s - hadron collider studies for pp—)quV—)qq4l at LO and later NLO,

resonant diagrams only
* NLO QCD corrections for full set of diagrams

¢ includes non-resonant contributions

* approximation - only includes ¢- and u-channel contribution

2006 - Jdger, Oleari, Zeppenfeld: qq — WTW™ — jdl
2006 - Jéiger, Oleari, Zeppenfeld: qq — ijZ — ]]4|
2007 - Bozzi, Jager, Oleari, Zeppenfe]d: qq — JWZ — ]]4]
2009 - Jéiger, Oleari, Zeppenfe]d: qq — ijiWi — ]]4]
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Elements of Calculation

Gen eric PTOCESSBS

pp — W TW*
pp — jW'Z

pp = jjW 2

pp — WHTW™

uc — dseJrl/e,u+ Vy
uc — dce+I/e,u+,u7
us — dseJ’Ve,quu*
dec — uce Tt~
ds — use Tt~
ds — dse+l/e,u_l7u
uc — uce Vo~ Uy
us — use VT D,
us — dce+l/e,u_DH

Process Overview

pp — W~ W™
pp — JJZZ

ds = uce™ T 7y

ds — dse+efu+u7
uc — uce+e7u+,u7
et
us — dce+e_u+u_
ds — dse+e_l/ul7u

+

us — use

uc — uce+e vy,
us — use+e vy
us — dce'e LZnzm

¢ each subprocess - up to 600 diagrams at LO

a" remaining subprocesses can be derived from the generic ones

° uc—>dse+Ve,u+Vu: 93 Born diagrams, 452 real radiation diagrams, 430

one-loop diagrams and 346 counterterm diagrams
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Elements of Calculation  Process Overview

Partonic subprocesses for uc = ds WTW* — dsetv puy,

QQ — QQe+VeM+V;L @Q — OQe+Ve/’L+VM Q@ — OQe+VE/’L+V[L

uc — dse+l/e,u,+uu
cu — dse+ye,uJ+Z/#
uu — dde+l/eu+vu

cc — sse+

N0 NN-E +
QQ — QQe™vep™ vy
ds — tcetveputy,

Velt Ty,

sd — tce v p Ty,
30 - coet
dd — tue Ve,u+Vu

5 — ceeTreptyy,

dec — ﬁse+Ve,u+VM
v — 2deT vyt

su — cde Velb "V,
du — tdeTreptyy,

sc — cset

Vet Ty,
du — cseTr ™ Vy

sc — adetropty,

ed — L_lse+Ve,u+V'u
us — cde v putyy,
ud — tdeTrveptyy,
cs — Ese+Ve/,L+Vu
ud — Ese+Ve,u,+I/“

cs — udetveputy,
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Elements of Calculation  Process Overview

Classification of Diagrams

Kinematic channels:

q q
Additional topo]ogies:
@ s [ s @ a3
Va
Vi Vi
Vi \%

Va ‘\/i}\/\/\’<‘\/i}\/\/\<

a2 q4 a@ a a2 s
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Elements of Calculation  Structure of Diagrams

Modular Structure

* small number of bui]ding blocks can be used to construct Iarge number of diagrams
* QCD NLO corrections have no effect on EW blocks
® separating QCD and EW blocks

* blocks can be recycled across diagrams, subprocesses and perturbative orders

¢ more effective and faster code
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Elements of Calculation  Structure of Diagrams

Modular Structure

* small number of bui]ding blocks can be used to construct Iarge number of diagrams

* QCD NLO corrections have no effect on EW blocks
® separating QCD and EW blocks

* blocks can be recycled across diagrams, subprocesses and perturbative orders

* more effective and faster code
. k. —igh?
® insert gV = — Zi={+,—,0} 5(/«)]“6*(1():/ + =g Into propagators m

k%)

* with off-shell polarization vectors (m

M * 3
* for €g(lc) = I(kz’ €P“(/c) = —% we get

7.9.2012
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Elements of Calculation  Next-to-leading order

Dipole subtraction method

0':/ +/ a’UR-i-/
m m+1 m

° : Born cross-section - no singu]ariﬁes

o do™: real cross-section - collinear and soft singulariﬁes
° . virtual cross-section - IR singu]ariﬁes

e singularities in 0 and 0" cancel each other

* analytical integration not possible

o dipo]e subtraction Catani, Seymour 1997

oMo :/ (do™ — do™) + /( + /daA)
m+1 m 1

e do”: subtraction term containing all IR singularities and analytically integrable
over l-particle phase-space causing collinear and soft singularities
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Elements of Calculation  Next-to-leading order

NLO cross section

o0 Z /d)q / dxz [0 (o, )0 (e, ir)

X {/dd’m[ (apr, xep2) + 4, (aipr, xapz) + 1046 (ap1, xep2))]

1
+ / dz / 4D, (Ko (2) + Py (2)) @ 157 (1, s2p2)
0 m
1
+/ dzz/d¢m (Kpp (z2) + Py (z2)) ® (xp1, z2x2p2)
0 m

+ o1 | ol (aprxape) = D (dViipole ® d67) (a1, x2p2) }

m+ dipoles
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Elements of Calculation  Next-to-leading order

Numerical Evaluation

¢ EW and QCD blocks with FeynArts + FormCalc Hahn, peres-victoria

o Wey]-van der Waerden he]icity formalism Ditmaier 0998)
* translates all kinematic objects into two-component WvdW spinors in chiral
representation
* numerical evaluation of all building blocks
* Mathematica code modified for po]arization sum insertions, exportecl to Fortran
¢ virtual corrections

* contain up to 5-point functions
* tensor reduction performed in Fortran by COLLIER library benner, Dittmaier, Hofer

* supports both mass and dimensional regularization

® returns arrays of full squared amp]itudes for each subprocess, called from
within Monte Carlo
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Numerical results for pp — WTW™j; Verihcation

Numerical Checks

¢ tree-level ME's compared with Madgraph (107%), FormCalc (1076)

e virtual ME's compared with LoopToo]s (1076), subtraction of IR po]es checked
(10~

* comparison with Jiger, Oleari, Zeppenfeld: arXiv:0907.0580v2

PDF set o[fb]  ojoz[fb] %]
CTEQ6LI (LO) 14746(7) 1478  —0.23(5)
MSTWO08 (LO) ~ 14061(7) 1409  —0.21(5)
CTEQ6M (NLO) ~ 1405(0) 1404  +0.10(9)

(
(

= =z

MSTWO08 (NLO)  1.372(1 1.372 —0.00(9)

* comparison with Jager, Zanderighi: arXiv:1108.0864v2

PDF set U[fb] O'Jz[fb] 5[%]
MSTWO08 (NLO) 0.1961(2) 0.201(3) -2.3(1.5)
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Numerical results tor pp — WTW )3 Setup

Setup

* results from Denner, Hoéekové, Kallweit - arXiv:1209.2389

o neglecting fermion masses, t and b quarlc, CKM approximated by unit matrix

° complex mass scheme - M‘(;MS = \/Mlz/ — iMVFV throughout

* tree-level contributions generated using OpenLoops (Cascioli, Maierh(’ifer,

Pozzorini - arXiv:1111.5206)
* VBF cuts

* tagging jets - two hard reconstructed jets with pr > 20 GeV, large rapidity
separation Ay; > 4 and invariant mass M; > 600 GeV

* separation of jets and leptons ARy > 0.2, ARy > 0.4, leptons in between jets
in rapidity

* two scale choices:
pr = pr = EMw PE = PR = §\/PTjjet, * PTjet,
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Numerical results for pp — WTW™j;

Setup
Scale Dependence
olth] PP = veeT vt + 2ets+X @ /5 = 14 TeV ofh] PP = veeT vt + 2ets+X @ /5 = 14 TeV
T T T T T 1.9 T T T T

--------- LO  (MSTW2008) 1 weeeeeee LO - (MSTW2008)
—— NLO (MSTW2008) 7 8 —— NLO (MSTW2008) 7

. : : 0.9
5 1 H 1 2 4

(@) pr = pr = My

13
(b) ME = R = & /PT jeq * PT,jety

. ]/2 < 5 < 2 - 10 scale variation ]0%, NLO is 2% for FS and 1% for DS
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Numerical results for pp — WTW™j;

|ntegrated cross section

Setup

° estimaﬁng the size of s-channel and interference contributions using VBF cuts

£ UfLucl)l [fb] oy VBF+mt [fb] oyl fb] | ovge[fb]
1/8 | 1.6763(2) 1.6755(2) 1.6771(2) 1.198(2)
1/4 | 1.4956(2) 1.4949(2) 1.4964(2) 1.264(1)
112 | 1.3467(2) 1.3461(2) 1.3474(2) 1.2903(9)
1 1.2224(2) 1.2218(2) 1.2230(2) 1.2917(8)
2 1173(2) 1.1168(2) 11179(2) 1.2778(7)
4 1.0275(2) 1.0270(2) 1.0280(2) | 1.2544(6)
8 | 0.9499(2) 0.9494(2) 0.9504(2) | 1.2253(6)

* interferences contribute -0.05% and s-channel diagrams 0.1% of the LO cross

section
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Ao /dpr jet,max b/ GeV] K PP — veet vt 2ets+X @ /s = 14TeV
001

1074

0.

50

o /A jet max [/ GeV] K PP — veet vt 2ets+X @ /5
01

100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
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pE = pr = EMy

Lo
=3 NLO

0.9

08

(X4
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HE = pR = §/PT jety * PTjety




K PP > Vet vt 2jets+X @ /s = 14 TeV

-4 -3 -2 -1 0 1 2 3 4
Yiethard

PP vty ets X @ /5

-4 -3 -2 -1 0 1 2 3 4
Yiethard
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Summary

Summary

* vector-boson fusion at hadron colliders
¢ irreducible background to Higgs boson production at the LHC
¢ probe into EW symmetry breaking
full NLO corrections are fairly complicated (many legs, large number of
diagrams) and require modular approach
¢ independent verification of the existing calculation of W W™ production,
introducing new scale and numerical assessment of the neglected s channel
and interferences for VBF cuts

© QCD corrections below 10% of the LO cross section in distributions

© higher order uncerfainty 1% for MF = HUR = 6 PTjet; * PT,jet,

outlook - numerical results for the remaining producﬁon modes
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Thank you.




Summary

Backup - EW symmetry breaking

* the scattering of longitudinal W’s grows with energy and violates unitarity

Wi W, Wi Wi
2
2 E
X 5’W‘M2
) ) ) W
W W, Wi W,
Wi, W
2
0 2 E
_ _ _ X 75WW
W
Wy WL

* without Higgs, new mechanism of EW symmetry breaking must be considered

new physics (composite Higgs, extra dimensions,...) predicts new resonances and

modify VBF
qq — qqWW very sensitive channel to new interaction

minimizes the background from transversely polarized WW
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Summary

Backup - Tree-level studies

e first parﬁa] results Cahn, Dawson (984

pp—qqWW in effective gauge boson approximation, only for longitudinal polarization

Duncan, Kane, Repko (1986)
* exact calculation of pp—qqWW, all polarizations Dicus, Vega 1986)
pp—qqZZ, effective gauge boson approximation Abbasabadi, Repko (1988)
* pp—qqZZ—qqllll, narrow width approximation Baus, Glover 1990)
pp—(qqZW—qqZW)+X, effective gauge boson approximation, longitudinal polarization

Dobado, Herrero, Terron (1991)
pp—qqZW, full tree-level, leptonic decay correlations Barger, Cheung, Han, Stange,

Zeppenfeld (1992)

pPP—qqWW - electroweak chiral lagrangian formalism, semileptonic decay Butierworth, o,
Forshaw (2002)
* pp—qqllll - complete parton level analysis, SM and SILH Ballestrero, Accomando,

Bevilacqua, Franzosi, Maina (2006-2010)

* multiple BSM studies for the LHC Han, Krohn, Wang, Zhu (2009), Cheung, Chiang, Yuan (2008)..
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Summary

Backup - Diagrams - NLO QCD Contributions

Virtual corrections

£ €77
TE ¢ g

£ £ PO
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Summary

N
g § X
R
Real corrections

< éi
& & &
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Summary

Initial state g]uon

® spacelike gauge bosons

A

o hme]ll(e gauge bosons
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Summary

(PL=6 =+

1. WvdW spinors _
U (ko) Py W (ks) = ko kg

2. open Lorentz indices contracted (polarization sum)
e [) M b
ko' ks — ke (k)o” ks
3. scalar products of individual spinors

ké'fw(/q)off,-,/‘é’ = 21/ 2ko (2)ko(3) (m(1)m (3)) (m(1) m(2))
2 Sqrt[2] barprod[n1[3], n2[1]] Sqrt[k0[2]] Sqrt(kO0[3]] prodnl(2], n[l

4. full forms of spinors are introduced

. oQ s o(1 —i®(2) 9(2)
("l(])"l(z)) = (sm g)’_e io(1) cos %) ( e ec((z))s 5

sin T)

5. s- and u-channel obtained via crossing which amounts to sign reversal of certain spinors
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