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Theory Motivation AT

stitute of Technology

Standard Model:
gauge theory SU(3): ® SU(2), @ U(1)y

1 v
Lou D —, W, WaH

4
with

Wa, = 9, W2 — 8, Wa—ige®® Wo WS
= vertices with 3 and 4 gauge bosons

eg. WHrw- — wtw-

a build W+ - W~ — collider
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gauge theory SU(3): ® SU(2), @ U(1)y

Lsm D —% wa, wanv
with
W2, = 8, W2 — 8, Wa—ige® WE WS
= vertices with 3 and 4 gauge bosons
eg WrW— — Wrw-
® build W+ - W= — collider M3 Nop

W W

w- V- , \,

P . h ~ 10-25
life time W: so5cey = 10 s

— not practicable
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Theory Motivation A“(IT

Standard Model:
gauge theory SU(3): ® SU(2), @ U(1)y

Lsy D 7% wa, wasv
with
Wa, = 9, W2 — 8, Wa—ige®® Wo WS
= vertices with 3 and 4 gauge bosons
eg. Wrw—- —» Wrw-
m produce W as parton of the proton [Cahn, Dawson; ...]

P

Vv

r_
(

P

> large background of other processes with same final state
> not a good approximation
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Theory Motivation AT

stitute of Technology

Standard Model:
gauge theory SU(3): ® SU(2), @ U(1)y

|
—Wa, Wk

L —
SM 2 2

with
Wa, =8, Wa — 0, Wi—ige® Wi WE
= vertices with 3 and 4 gauge bosons

eg. WHrw- —» wtw-

a produce WW from proton-proton scattering
[Han, Valencia, Willenbrock; Figy, Oleari, Zeppenfeld; .. .]

W+
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Event Topology

Karlsruhe Institute of Technology

topology of VBF (vector-boson fusion)/VBS (vector-boson scattering)
shows distinct signature

m two so-called tagging jets in forward direction

m reduced jet activity in central direction

m leptonic decay products typically between the tagging jets
— two-sided deep-inelastic scattering
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Event Topology

Karlsruhe Institute of Technology

topology of VBF (vector-boson fusion)/VBS (vector-boson scattering)
shows distinct signature

two so-called tagging jets in forward direction
reduced jet activity in central direction
leptonic decay products typically between the tagging jets

— two-sided deep-inelastic scattering
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I Diboson-VBF production

[Bozzi, Jager, Oleari, Zeppenfeld (VV); Campanario, Kaiser, Kerner, Zeppenfeld (V)]
[Denner, Hosekova, Kallweit (WTW™)]

ot

Ve w e
m Important process for LHC run-Il < e§<w ﬁﬁ@%
and beyond hid il w

a Part of the NLO wish list vz vz
[Les Houches 2005] (@ ©

m background to Higgs searches

m access to anomalous triple and
quartic gauge couplings

Available tools:

= VBFNLO [Zeppenfeld, MR et al.]
NLO QCD, VBF approximation

m Phantom [Ballestrero et al.]
LO, pp — 6f

m automated tools, e.g.
GoSam [Cullen et al.]

MadGraph5_.aMC@NLO

[Artoisenet et al.]
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I Scale dependence

Dependence on factorization and renormalization scale

pp — WHW-jj

2af

dots:

Teuta [fb]

mg = 120 GeV
myy > 130 GeV

=y

NLO pp=pp=¢my
dotdash: NLO pg=¢my

IO pr=gmy

Ocus [1P]

pp — WZj

Karlsruhe Institute of Technology

[Bozzi, Jager, Oleari, Zeppenfeld]

0.30 "

0.25

(2)

. Ho = my

L Lewd |
01 02 05 1.0 20

§

m sizable scale dependence at LO: ~ + 10%
m strongly reduced at NLO: ~ + 2% (up to 6% in distributions)
m K-factor around 0.98 for © = my,, 1.04 for u = Q (momentum transfer)
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QCD-Diboson production
Most important background: QCD-Diboson Production R
All combinations available at NLO QCD:
[Melia, Melnikov, Réntsch, Zanderighi; Greiner, Heinrich, Mastrolia, Ossola, Reiter, Tramontano]
[Campanario, Kerner, Ninh, Zeppenfeld; Gehrmann, Greiner, Heinrich]
WHTW-jj WHW-jj & WHWTjj
(latter after changing quark

u c u

- . !
w " flavors appropriately)
ll'*w/\/\/\itmsm TN w-

d s
Z c i ‘ wt w-
u c u &
w-= wt u c
TOO000 BTN
VW NN
v/Z v/Z
W+ {0 c U c w-

+ diagrams where quark line without attached vector
bosons is replaced by gluons
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I QCD-Diboson production
pp — etveptyy,

Impact of NLO QCD corrections

PP — e*veptv,jj+X

i

do/dm, [ fb/TeV ]

107

0 02040608 1 12141618 2 22
m;[TeV]
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K factors typically between
1and 1.5

corrections < 20% for
invariant mass of two leading jets
> 200 GeV
huge correction for small m;; due
to new phase-space region
(almost collinear quark-gluon
splitting)
good scale choice (interpolates
between different regions):
, 1
o =5 (ZPT,/GXP i — vzl

jets
+> VPEi+ m%v,;‘)
w
V12 = (1 + ¥2)/2)
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I QCD-EW interference
pp — etveptuy

Comparing contributions at LO

T T T T T T
PP — €'Vel*V,jj+X

14TeV, Inc, LO

[fb]

tags

dolday,

EW: full O(a®) calculation
VBF: VBF approximation
(only t-/u-channel diagrams)

M. Rauch — Vector-Boson Fusion and Scattering

[Campanario, Kerner, Ninh, Zeppenfeld]

m QCD and EW contributions of
similar size
(destructive interference for QCD,
no gluon-initiated contributions)

m QCD-EW interference largest for
large pr j, small Aytags
up to 20% reducing to 10% (3%)
for loose (tight) VBF cuts

m VBF contribution by far dominant
in VBF region (96%)
— good approximation

Definition of VBF region:
a m; > 500 GeV
8 Aliags > 4
® Y X Yp <0
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I NLO Electroweak Corrections A\‘(IT

Including EW corrections mixes orders [Biedermann, Denner, Pellen]
LO 0(a®) 0(aza?) 0(a2a?)
E:/ EW \ EW
QCD QCD QCD
NLO O((W) (9((15{16) O(afﬂs) 0(03{11)

LO fiducial cross sections
Order | 0O(af) O(asad) O(a2a*) |  Sum
oo [fb] \ 1.4178(2) 0.004815(2) 0.17229(2) \ 1.6383(2)

NLO fiducial cross sections

Order ‘ O(a’) O(asa®) O(a2ad) O(ada?) ‘ Sum
donLo [fb] -0.2169(3) -0.0568(5) -0.00032(3) -0.0063(4) | -0.2804(7)
donLo/oLo [%] -13.2 -35 0.0 -0.4 -17.1

= large EW corrections at O(a”)

® negative corrections at O(asa®) mostly also present in VBF approximation
(remaining difference: 0.6%)

a photon PDF contribution (not included above) small (+1.5% — +2.7%)
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NLO EW Differential Distributions

invariant mass of the two tagging jets

102

== L0
N

600 800 1000 1200 1400 1600 1800 2000

M, 1GeV]

rapidity difference of the two leptons

045

Karlsruhe Institute of Technology

[Biedermann, Denner, Pellen]

=

=%
035
0.05
0

2 U
zh

30 _'_“‘—\—\_.—\_‘_L

m large Sudakov logarithms from bosonic part

m larger effects than e.g. in diboson production
— Casimir C®" larger for bosons than for fermions — (my,) larger for VBS

® — intrinsic feature
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NNLO QCD corrections to VBF-Higgs

te of Technology

VBF-Higgs production in NNLO QCD [Cacciari, Dreyer, Karlberg, Salam, Zanderighi]
dofdp, y; [pb/GeV] doldp, j, [pb/GeV] o) pb] 5 /oNO
— T T L e T $0.057
NLO Nﬁtg LO 4.032 7 o5e 1.026
5 NNLO g==x =Y .
102 F POWHEG | o 1 102k = POWHEG - | NLO 3.929 t%%zg‘tg 1
. 4= gﬁ*
il NNLO  3.8887Q%%  0.990
- =  VBECUTS - VBF CUTS :
- LHC 13 TeV Fe & LHCI3Tev
o3 [~ _H;._ 1 103 & :g=$= | O_(VBF cuts) [pb] o'/o'NLO
“ - 10.066
- - LO 0.957 T 050 1.092
NNPDF30_nnlo_as_118 - 10 | NNPDF30_nnlo_as_118 = NLO 0.876 t% 0001% 1
Ho(pn)/2 < HR = Mg < 2 Ho(Py 1) Ho(p,1)/2 < PR = Mg < 2 Ho(py 1) 0.013
— — NNLO  0.826 *3,%1 0.943
L1E 9 LLE {1 central scale:
&)

M, My \ 2
1 1 1 wslern) = A (TH) +Pu

G’ﬁwmﬂ?@m a
09 -MJ‘ENF’N q 09 1 jets: anti-kr, R = 0.4,
prj>25GeV, |yj| < 4.5
Y050 0 15 a0 20 0 - S0 10 150 200 20 a0 VBF cuts: my > 600 GeV,
i1 [GeV] puj, [GeV]

Ay,, > 4.5, Yin - Y < 0

m tiny corrections to inclusive cross section
a significant (O(—10%)) corrections in VBF region
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Jet-Clustering Dependence
I g “ep KIT
a in NNLO calculation fixed choice of jet-clustering parameters (R, n)

® > no dependence at LO
= can use VBF-H+3jets NLO QCD calculation, [MR, Zeppenfeld]
to convert between different values

dopO(R, n) = dojy"°(R=0.4, n=—1) —dos? (R=0.4, n=—1) + do} 5 (R, n)

=A(R,n)
m energy flow in DIS jets at HERA [Kauer, Reina, Repond, Zeppenfeld]
5.00~ T T T T T T T T ]
[® ]
14 <E <21 GeV |
1.00
050 u differential Er-distribution inside jet
_ cone
4 (ZEUS: black dots)
010k w» Energy flow significantly smaller
E for NLO (max. 2 partons, red)
005 than for NNLO (up to 3 partons, blue)
(a)
0.01

L 1 L 1 L L L 1 L
0 0.1 02 03 04 05 06 07 08 09 1

r
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Integrated Cross Section N
VBF-Hjj, V'S = 13 TeV, m; > 600 GeV, Ay; > 4.5 [MR, Zeppenfe\d]mmwmmw

1100 . . . . . . . .
1050
1000

950 |- o o ]

T
|

o [fb]

900 |- 4

850 |+ Lo ]
.- NLO
800 - — NNLO
750 1
1.20 t t t t t t t t
115 i
110 F 1
105 | R
1.00 i
0.95 | -
0.9 : \ , , , , , i
02 04 06 08 10 12 14 16 18 20

o/oNLo

a band: uncertainty from scale variation

m small cone misses part of the jet energy
= smaller mj;
= less events with m; > 600 GeV
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Differential Cross Sections

. Karlsruhe Insitute of Technology
VBF-Hjj, V'S = 13 TeV, m; > 600 GeV, Ay; > 4.5 [MR, Zeppenfeld]
2 R=0.4 R=10 R=16 N R=1.0
—— NNLO m —— NNLO —— NNLO 7 —— NNLO
10 T NLO "1 O No ,ﬂ—‘ O NO B | O No
| 7] NLO (R=0.4) | NLO (R=0.4) s ] NNLO (R=0.4]]
| o o5 | {_‘ NLO (R=0.4)
[ I i L
| | | E L
| | afb|
[ A I sl 4
| | | = b
- - - =
| L 1 n_\_‘_‘-
120 —
1.0 [ antikT ~ 115
g i CiA —, - g 110
2 s KT s " A N & 105
g 095 b B B 1.00 [~
0.90 L 0.08
085 090
20 50 100 150 200 250 300 20 50 100 150 200 250 300 0 50 100 150 200 250 300
20 50 100 150 200 250 300 prj1(GeV] pri(GeV)

m good agreement between NLO and NNLO result also in distributions

m remaining effects in some phase-space regions
possible explanations: 2-loop effects,
suppressed radiation between tagging jets
a disclaimer:
nothing special about R = 1.0 for VBF-Higgs production
<> possible large corrections by other effects
(underlying event, pile-up, ...)
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I NLO plus Parton Shower

Combine advantages of NLO calculations and parton shower

Karlsruhe Institute of Technology

NLO calculation Parton shower
a normalization correct to NLO m Sudakov suppression at small pr
m additional jet at high-pr m events at hadron level possible

accurately described
m theoretical uncertainty reduced

State of the Art

Implementations for specific VBF processses

n POWHEG-BOX [Alioli, Hamilton, Nason, Oleari, Re]
currently available VBF implementations:

V4 [Jager, Schneider, Zanderighi]

w=, z [Schissler, Zeppenfeld]

Wi Wi, Wi W+ [Jager, Zanderighi]

4 [Jager, Karlberg, Zanderighi]
a VBF-H with POWHEG method [D’Errico, Richardson]
a Hlets++ [Campanario, Figy, Plétzer, Sjédahl]
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VBFNLO A“(IT
VBFNLO

F
PHiysics

Vector-Boson-Eusion at Next-to-Leading Order

m Fully flexible parton-level Monte Carlo for processes with electroweak bosons

m Process list
a VBF/VBS production at NLO QCD of
= Higgs
= Higgs plus third hard jet }(mc\uding Higgs decays)
= Higgs plus photon
w Higgs pair
w vector boson (W, Z, ~)
= two vector bosons (WHW—, WEWE Wz, 2z, Wr, Z)
a diboson production (all combinations)
a triboson production (all combinations)
(semi-leptonic decay mode contributes to VBS final state)
...
a new physics models
m anomalous Higgs, triple and quartic gauge couplings
a...
m BLHA interface to Monte-Carlo event generators

— NLO event output
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I Herwig7 FH7

m fully automated matching of NLO to parton showers through Matchbox module
[work led by S. Platzer with substantial contributions by J. Bellm, A. Wilcock, MR, C. Reuschle]

a subtractive (MC@NLO-type, ) and multiplicative (POWHEG-type, ®) matching
m angular-ordered (QTilde, PS) and dipole (Dipoles) shower
m matrix elements through binary interface, no event files

Amplitude-based Heang 7

Colour structure

ColorFull

m Angular-ordered Dipole
m shower shower
OpenLoops
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VBFNLO 3 & Herwig 7 - this talk

Karlsruhe Institute of Technology

m matrix elements from VBFNLO via BLHAZ2 interface [Binoth et al., Alioli et al.]
m extensions to make accessible

w phase-space sampling

u (electroweak) random helicity summation

= anomalous couplings

Amplitude-based HerWIg 7
Recola «

Colour structure

ColorFull

m Angular-ordered Dipole
m shower shower
OpenLoops
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Distributions

Process as example: pp — ((Hj =)W+ W~ jj —)e*veu™,jj via VBF
Four-lepton invariant mass

104 T
= —— NLO
E LO @ Dipoles
8 105 —— NLO @ Dipoles
= —— NLO®PS
|>1
o ]
2 106 1
;
2
E 4
2 -7 4
8 10 Herwig 7
VBFNLO 3
f f f f f f 1.1
o 1.0
5 F —09
& 3 -40.8
1 1 1 1 1 1 07
200 400 600 800 1000 1200 1400
M(e" ve b V,) [GeV]
m Higgs peak at 125 GeV m significant cancellation between

» WW continuum production diagrams at high invariant masses

above 180 GeV m = ideal test for anomalous couplings
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Distributions
Process as example: pp — ((Hjj =)Wt W~jj —)etvep™b,jj via VBF
Four-lepton invariant mass

10 T
_ —— NLO
E LO @ Dipoles
) 10 H —— NLO & DipolesH
§_ —— NLO@®PS
o 1
2 10° f E
K
2
= 4
R -7 4
8 10 Herwig 7
VBFNLO 3
T T T T T T 11
o 1.0
S
5 E 409
& = 08
Il Il Il Il Il Il 07
200 400 600 800 1000 1200 1400

M(e" ve b V) [GeV]
m all parton-shower results smaller than NLO cross section
m additional K-factor effect for LO @ Dipoles result (K = 1.077)

m no relevant shape changes
(as expected: insensitive to QCD effects)
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Four-lepton Invariant Mass

104 r r r r r r Karlsruhe Institute of Technology.
=== NLO El
s LO @ Dipoles
5 105 === NLO & Dipoles_|
2 = NLo®PS ]
# 1 <+ m central scale po = pr j1
500 3 transverse momentum of
= ] leading jet
H i
3 107 Herwig 7
VBFNLO 3
. ‘ ‘ ‘ ‘ ‘ ‘ s < m band: scale variation
| : 1.
H 0s {kF, Ry 1a} /1o € [3:2]
5 | : o8 1.
12— } } f | } 07 Hifp; € [5, 2]
11+ - . .
4 10 «+ m factorization scale
1.
09 1 pr/po € [5:2]
08 t t t t t t 1.1
< 10 < m renormalization scale
L =09 1. 2
140 — : : : : : 08 ra/mo € [3:2]
1.05
g 100 %E_ < = shower scale
0.95 R / € [1 2]
0.90 — | | | | | 12 ra/to 2!
L 11
3 Fﬁ 10 <+ m all three scales
0.9
. . . . . . 0.8
200 400 600 800 1000 1200 1400
M(e* ve b y,) [GeV]
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Four-lepton Invariant Mass

104 T T T T T T Karlsruhe Institute of Technology
=== NLO El
s LO ® Dipoles |
9 4o #=== NLO & Dipoles_] . .
2 —— NLOGPS ] m consistent variation of scales
iz ] between hard process and
=0t E parton shower
3
5 -
H i
3 107 Herwig 7 . .
VBFNLO 3 ‘ ‘ ‘ . m large factorization scale
. ‘ ‘ ‘ ‘ ‘ ‘ 10 dependence for LO result
5 i 0.9
N : ' ‘ ‘ ‘ 1es m larger dependence for down
1l 1 variation of renormalization
510 —E{_ﬁ scale in angular-ordered
08— : : : : : 11 shower:
; 10 larger as — more splittings
= 1 <09 — bigger migration effects
1.10 + + + + + + 0.8
o 10 — m small variations from
= oes ] == !E E shower-scale changes
0.90 t t t t t t 1.2
.k " a modest remaining overall
= 09 uncertainty
2‘00 460 6;)0 8‘00 1(;00 12‘00 140%8
M(e* ve 1™ %) [GeV]
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Transverse Momentum Third Jet

Karlsruhe Institute of Technology

=== NLO
105 LO & Dipoles _|
s T N e Dok @ large scale variation bands
e for
Ews L | m shower scale in LO&®Dipoles
z
8 — pure parton-shower

Herwig 7 effect

VBFNLO 3
107 14 m fact./ren. scale in “NLO”
o 1.2
g 08 — LO accuracy of
s 06 observable
12 0.4
L e a reduced for both NLO +
09 parton-shower curves
b - .
g 10 m still significant remaining
o uncertainty O(10 — 20%)
12
11 . s .
g1 m — call for multi-jet merging
0:8
0.7 13
1.2
= 1.1
12 1.0
0.9
0.8
L L L 0.7

I .
80 100 120 140
prj3 [GeV]
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Rapidity of third jet

Karlsruhe Institute of Technology

1410% - Herwig 7 m— NLO

1204 | VBANLO S, LO ® Dipoles ] Rapidity of third jet
oo Dokes relative to two tagging jets
yé" =y — %

1.4 HH
1.2

1.0 P

0.8 =

0.6 -

0.4 -

0.2

0.0

1.3

2 m VBF colour structure

I suppresses additional central
08 jet radiation

m colour connection between
tagging jet and remnant

m <+ distinction from
QCD-induced production

00002
IS

M. Rauch — Vector-Boson Fusion and Scattering 12 Dec 2017 22/36



Rapidity of third jet

T T T T T T T Karlsruhe Institute of Technology

1410% - Herwig 7 m— NLO

1204 | VBANLO S, LO ® Dipoles : Rapidity of third jet
T No e pates i relative to two tagging jets
yék =y — )il 42r}’2

m impact of parton showers
(+LO) long unclear

m Herwig predicts very low
radiation in central region

m large shower-scale unc.

000002
ovrO®moNR

m stabilised when combining
with NLO

still reduction present

m scale variation bands not
overlapping

0O
Doooibw
[ ]

m only small effects in forward
region (mostly global
normalization)

00002
IS
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Rapidity of third jet - POWHEG

1410 [
1.210%
—  10%
£
*20.810%
k<]
80610%
0.4 10
0.210*
0

T
=== NLO
=== NLO ® Dipoles
=—— NLO ® Dipoles

Gi/oNLO

-5

a POWHEG-like (®) using resummation scheme [Piatzer]:

w(Q,q;p) =

4 3 2

1
(1—2p—&)?
- L
(=972
2p2
0

M. Rauch — Vector-Boson Fusion and Scattering

forg< (1-2p)Q

for(1-2p)Q<g<(1-p)Q

for(1—p)Q<qg<Q
forg> Q

IT

natdral T
hfact (POWHEG-BOX) 4
resummation p=0.3
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I Rapidity of third jet - POWHEG

Karlsruhe Institute of Technology

1.410% - Herwig 7 === NLO i
1210 === NLO @ Dipoles
——— NLO ® Dipoles

— 10*
£
*20.810%
k<]
80610%
0.4 10
0.210*

0

Gi/oNLO

-5 -4 -3 -2 -1 0o .1 2 3 4 5

® band: joint variation yur = g = g € [3,2] 1o
m similar predictions from MC@NLO-like (¢) and POWHEG-like (®) matching
m also holds for other distributions
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I Effective Field Theory AT

Assumption: new physics is heavy
Classic example: p decay — Fermi theory

' f
J
W ~ 1 e”
e
1z

Integrate out W boson propagator:

N
o
g
I
I
S

qz—IMﬁ, _>—TI/I§V+O<%>
valid if g% < M2,
= Effective Lagrangian

(d)

f9
£= Cout Lerr = Loy + 33 g0l
a>4 i
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I Effective Field Theory AT

@
L=_Low+Lerr=Lsm+ DY A&*‘*O(' )

d>4 i

i

operators O contain SM fields only

respect SM gauge symmetries

suppressed by 1/A9~4 (A: scale of new physics)

— keep only leading order(s) (lowest dimension d = 6)
building blocks:

a Higgs field ¢

a (covariant) derivative 8%, D*

a field strength tensors G**, W*¥, B*¥
a fermion fields 1

a d = 6 constrained from diboson production
— probe next order d = 8

a Motivation:
m d = 6 from loop contribution to vertex — might be suppressed
a d = 8 from integrating out tree-level propagator
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Linear Lagrangian

m linear realization of the EFT [Buchmiiller, Wyler; Hagiwara et al; Grzadkowski et al; ...

m D6: 59 operators when assuming
m baryon/lepton-number conservation
a flavour universality

List of Operators (only gauge and Higgs couplings)

Ow = (0.9)1 W (0,9) 05 = (0,9) B (0,9)
Oww = T W, W o Opg = ¢1B,, B o
O = T [0, v =, (o19) 9 (o19)
Oy = (0u®)T WH (D, @) 0 = (D,®)T B* (D, 9)
Oww = ot W, W o Opg = o1B,, B " o
Opww =T [W“,,WVPWPH]

One constraint on CP-odd operators

.
=05+ -0;

.
O + -0 5988

W ST ww
Additional CP-even operator
Ogw = Tr [WH Wy, ] 070 = 20y
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Vertex Contributions ﬂ

yechnology

List of Operators (only gauge and Higgs couplings)

Ow = (Du)" W* (D, ®) 0p = (D, )T B (D, ®)
Oww = & W, W' o Opg = ©1B,,, B" &
v =T [, 7, ] 002~ 0, (o19) 0 (410)
Oy = (Du®) T W (D, 0) 05 = (D,0)1 B (D, 9)
Oy = O Wy WH o Oz = ®1BLL B 0
Opww =T [WHVWVPWPM]

Modification of corresponding triple-gauge-coupling vertices:

Owww Ow O Oww OB O¢2 Opyyw Op 93 Opw  Opg
X
X

wwz X X X X X

WW~ X X X X X

HWW X X X X X

HzZZ X X X X X X X X X
HZ~ X X X X (X) X X X X
H~y~ X X (X) X X
wwww X X X

wwzz X X X

WWZ~ X X X

WW~~ X X
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I Dimension-8
Bosonic dimension-8 operators

T

[Eboli, Gonzalez-Garcia]  kasue mstite of echnoloy

(D6 could be loop-induced — D8 effects can become sizable [Arzt, Einhorn, Wudka])

Os0 = [(Du®)TD,®] x [(D"®)'D" @]
Os1 = |(Du®) D"0] x [(D,®) D o]

Os2 = [(D,p)fquﬂ x [(D%)TD%}

Omo = Tr[ ] x [ Dﬁw)fo%}
Opa =Tr [Wwwvﬁ] x [ DB¢)TD#¢}
Owmz = [BuB™] x [(Dz®)' D7 0]
BWB”B] x [(Dﬁtv)foﬂﬂ

[

Oma [(D,ch)fwﬁyoﬂcb] x BAv
[(D o) Wy, DY ] x BPH
7=

(D, ®) Wa, WP D" & }
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Ot1o=Tr [/M\/M,,W“V] x Tr [W WO‘B]

Oro=Tr [/V\\/a

Ors = Tr [y W] x BosBo?
Org=Tr [WWWW] x B,,sB*
Or7=Tr [WWWW] x By, B ™
Org = B, B" B, sB*"

O7.9 = BaypB*?Bg, B"

— each operators contains
at least four bosons

= leading contribution to
quartic gauge coupling
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Unitarity Violation “(IT
Important gauge cancellations between different diagram types
a longitudinal W scattering through quartic gauge boson vertex

W W

K

w w
high energy limit: centre-of-mass energy /s — oo
Mauartic vertex o< S — cross section diverges o o< s*/s = 5% — o0
m add triple gauge boson vertices

" wow wow .
E
" wow wow "
M auartic+triple vertices o< S — still divergent
m additional Higgs diagrams

v

w w w w w \ w "
W W W
Z,5 . i
+ Zy + "
N R w
W w W w w w W w

remove divergence exactly cx1/s—0
Anomalous gauge couplings spoil cancellation — stringent tests
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Unitarization

Anomalous gauge couplings spoil cancellation
<> effects can become large — unitarity violation

Several solutions:

m consider only unitarity-conserving phase-space regions
throws away information — reduced sensitivity

a (dipole) form factor multiplying amplitudes
1
F(8)=7—%7 A2, n: free parameters
(1+ ,\TFF)

m K-matrix unitarization  [Alboteanu, Kilian, Reuter, Sekulla]
based on partial-wave analysis  [Jacob, Wick]
project amplitude back onto Argand circle

Tm(a)

Re(alo)
°

1 k; Re(a)

—— SM(EV) K-matrix
M .~ form factor]
anom. coupl. - FFp=4

0 500 1000 1500 2000 0 500 1000 1500 2000
s [GeV] Vs [GeV]
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I Cross Section Results

Example Process: pp (— w+ W‘*’jj) 5 et VE/J+ vujj  at NLO QCD accuracy Karrahe sttt of Technoloay

107 107
S0P | Nyl 1 = 102 |
[+ [
4 6
K] . E)
=108 e =108
5 . 3
= =
3 M 3
5] —_— .
T 104 anom. coupl. 1 10 b i
- - - form factor ] i
—.—.- K-matrix i
105 108 P

0 250 500 750 10001250150017502000 0 250 500 750 10001250150017502000
My [GeV] My [GeV]

m kink form factor (simplified projection for comparison):

1 for E < Arrkink »

Fank(E) = §  Aepian \ *
inl (%) for E > /\FF,kink1

a huge effects for un-unitarized result +» unphysical
a K-matrix method maximising contribution while staying in physical region
a — study parton-shower and hadronization impact
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I Impact of Current Limits AT

Investigate impact of D6 vs D8 operators on VBS

D6 input: Global Higgs and Gauge analysis of run-I data

[Butter, Eboli, Gonzalez-Fraile, Gonzalez-Garcia, Plehn, MR]

Take results and apply to vector-boson scattering
=- No contribution from Ogg and fermionic operators

fx/N°[TeV—2] | LHC-Higgs + LHC-TGV + LEP-TGV
Best fit 95% CL interval
fwow —01 (=31,3.7)
fag 0.9 (—3.3.6.1)
fu 1.7 (—0.98, 5.0)
fg 1.7 (—11.8,8.8)
fwww -0.06 (—2.6,2.6)
fyo 1.3 (—7.2,7.5)

For simplicity: use pos. and neg. 95% CL bound with other parameters set to zero
— slightly larger effect than true 95% CL bound

Additionally:
effect from dimension-8 operator Og 4
using CMS, W= W=jj, v/S = 8 TeV, no unitarization [arXiv:1410.6315]

fs.1/N* € (—118,120)TeV—* (for fs o /A* = 0)
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Results A
Process: pp — W WTjj — ¢Tuvetujj, /S = 13 TeV, VBF cuts, NLO QCD

T T T
01k |

s
[0
10}
o
S
= 0.01 _
e -
£
5 — f=[-0.98;5.0)/TeV? T
£ fww=[-3.1;3.7)TeV?2 i 5
5 0001} =1-2.6;2.6]/TeV/
© ’ fg=[-11.8;8.8]/TeV?

— fgg=[-3.3;6.1]/TeV2

—— fg1=-118;120)/TeV*

- §|b|=['1 18;120)/ TeV*+K-matrix

0.0001 I 1 . 1 !
0 500 1000 1500 2000
my [GeV]

m last bin: overflow bin, my, > 2000 GeV
m effect of D6 contributions in general small; largest one by Owww
m D8 operator clearly dominating
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Results A
Process: pp — W WTjj — ¢Tuvetujj, /S = 13 TeV, VBF cuts, NLO QCD

cross section when requiring my, > mgyt

10 10
\ —— 14=10.985.0)TeV?
faw=l-3.1:3.7)TeV2

8 faww=1-2.62.6)Tev2
fg=[-11.8:8.8)TeV2

3:6.1)Tev2

18120/ Tev*

3852

o]
o]

— e 118,120)Tev*
— gN [-118120) ToV+K-matrix

0
0 500 1000 1500 2000 0 500 1000 1500 2000

g (GoV] my (GeV)

a Owww contribution large only for very high my, <> low event counts

excess of 10 events for myy > 1 TeV, £ = 100 fb—", SM contrib. of 10 events
other D6 operators below 1 event

<> unitarity violating contributions (?)
m Og; yielding large excess even without cuts on myy

excess of almost 500 events for my, > 1 TeV, £ = 100 fb—!
even after unitarization excess of 37 events
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Experimental Results

Karlsruhe Institute of Technology

VBF / VBS processes also measured by ATLAS and CMS

a VBF-H production well established:
a VBS:

Observation of EW
same-sign WW production

CMS 35.9 fb! (13 TeV)
T

--Data
EWww

mwz

[ Nonprompt
Others

N Bkg. unc.

150

Events / bin

100

S\ B
\\\\\\\}\\\\\\\\\\\\\\\\\\\N

50

0 i :
500 1000 1500 2000
m; (GeV)
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=1.18702>  [ATLAS&CMS Higgs combination]

limits on D8 operators

¢ F ‘ ATL/-‘\S ‘ El
06 203* Vs=8Tev
E PP~ WWjj 1
0'4; K-matrix unitarization
0.2 E
of ]
-0.2] confidence intervals e
[ Wes%cCL ]
04 E moeswcL 3
-0.6]~ — expected 95% CL |

E x Standard Model

[nd Il

I L I I I
-04 -03 -02 -01 0 01 02 03 04

aA
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I Conclusions

Karlsruhe Institute of Technology

Vector-boson fusion and scattering

m characteristic signature: two tagging jets in forward regions
a enhance over irred. QCD background by VBF cuts

m state-of-the-art:
NLO EW, NNLO QCD, NLO QCD + parton shower

m modest higher-order corrections
«+» need to consider not only scale variation,
but also e.g. jet definition as uncertainty

m parton-shower study performed with Herwig 7 & VBFNLO 3

a compatible behavior of both
parton showers and matching schemes
a small parton-shower effects for
distributions of variables already present at LO
a presence of central rapidity gap stabilised
a — multi-jet merging to further reduce uncertainties

m testing anomalous (triple and) quartic gauge couplings
— (fairly) model-independent constraints on new-physics effects
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I Conclusions ﬂ(".

Karlsruhe Institute of Technology

Vector-boson fusion and scattering

m characteristic signature: two tagging jets in forward regions
a enhance over irred. QCD background by VBF cuts

m state-of-the-art:
NLO EW, NNLO QCD, NLO QCD + parton shower

m modest higher-order corrections
«+» need to consider not only scale variation,
but also e.g. jet definition as uncertainty

m parton-shower study performed with Herwig 7 & VBFNLO 3

a compatible behavior of both

parton showers and matching schemes
a small parton-shower effects for

distributions of variables already present at LO
a presence of central rapidity gap stabilised

a — multi-jet merging to further reduce uncertainties prac e, |
Vidl=-2 ¢

el
+ EBY +he
Yy pane
+Ref-v@

m testing anomalous (triple and) quartic gauge couplings
— (fairly) model-independent constraints on new-physics effects

A¢)7—
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I Conclusions ﬂ("'

Karlsruhe Institute of Technology

Vector-boson fusion and scattering

m characteristic signature: two tagging jets in forward regions
a enhance over irred. QCD background by VBF cuts

m state-of-the-art:
NLO EW, NNLO QCD, NLO QCD + parton shower

m modest higher-order corrections
«+» need to consider not only scale variation,
but also e.g. jet definition as uncertainty

m parton-shower study performed with Herwig 7 & VBFNLO 3

a compatible behavior of both
parton showers and matching schemes
a small parton-shower effects for
distributions of variables already present at LO
a presence of central rapidity gap stabilised
a — multi-jet merging to further reduce uncertainties

el
+ EBY +he
Yy pane
+Ref-v@

m testing anomalous (triple and) quartic gauge couplings
— (fairly) model-independent constraints on new-physics effects
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I BLHA Interface AT

Karlsruhe Institute of Technology

Defined standardized interface between Monte Carlo tools and one-loop programs
—Binoth Les Houches Accord (BLHA) [arXiv:1001.1307, arXiv:1308.3462]

m tree-level evaluation of matrix elements well under control

m modular structure of NLO calculations

a algorithms for treatment of infrared singularities (Catani-Seymour, FKS, ...)
m — incorporate one-loop matrix element information into MC tools

Distribution of tasks:
a MC tool:

cuts, histograms, parameters

a Monte Carlo integration

a phasespace (— VBFNLO)

a IR subtraction

m Born, colour- and spin-correlated Born (only BLHAT)

a One-loop provider (OLP):
® one-loop matrix elements 2R(M |, Myin) (coefficients of e 72, =", ¢%; | Mo [?)
m Born, colour- and spin-correlated Born (only BLHA2)
Setup stage via “contract” file
(needed for tools which generate code on the fly)
Run-time stage via binary interface (function calls) — fast
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Validation

Compare LO+j results between VBFNLO stand-alone run and

interfaced to Herwig 7 via Matchbox

Karlsruhe Institute of Technology

(inclusive cuts, with leptonic gauge boson decays into single different-flavour combination, Higgs non-decaying)

10° T T T T T T
. stand-alone —+—
10t b LO+j +x Matchbox —¢— ]
3L +x 1
10° Fie +X e
5L +x ]
T 10
° 0tk X >ox e
+x X
0L +% 1
10 x
+x +x
101 | Herwig 7 MO i 4
VBFNLO 3
®10'27§ "ttt %70_4%
st % 402%
oo Iy In o > S }% £ 1 E o 5 }% Tx{ 00%
g“ + % X % % 4-02%
L | | | | | | | | | | | L | | [ ]04%
D S S DS DD S S S S NI\ \ % N
RS g% WD PR ~3~\§$§ 34/\ $1> A 4/4 $% N {@% \$¢ 1§ 2D
— good agreement
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Setup
Generation-level cuts:

prj>20GeV,
anti-kr jets with R =0.4,

pr.>15GeV,
Mgi ,~ > 15GeV,

my jo > 400 GeV,

Analysis-level cuts:

pr,j > 30GeV,
anti-kr jets with R =0.4,

pr.e > 20 GeV,
Mg: ,— > 15GeV,

my jo > 600 GeV ,

M. Rauch — Vector-Boson Fusion and Scattering

lyjl < 5.0,
b-quark veto

yel < 3.0,

Vi1 = Y2 > 3.0

lyj| < 4.5,
b-quark veto

lyel <25,

Vit — Yol > 3.6

12 Dec 2017

KIT

stitute of Technology
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Missing Transverse Momentum

MR 0iloNLo do/d pr miss [fb/GeV]

Ha

Hiot

1.10
1.05
1.00
0.95

0.90

Herwig 7
VBFNLO 3

T T T
== NLO
LO @ Dipoles |
=== NLO & Dipoles
=== NLO®PS

100

200 300
PT.miss [GeV]
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Transverse Momentum of Leading Lepton

410% T T T T T T T T Karlsruhe Insitute of Technology
= NLO
LO & Dipoles
< 210 - === NLO & Dipoles |
— N P
3 Lo ®PS
£ 4408
& 7100
T
5
3
410
Herwig 7
VBFNLO 3
210°% t t t t t t t t 1.1
9 — 10
£ E‘gpﬁ-i B o
[ S =
12 t t t t t t t + 0.7
11 F _
v 10 =
09 |
0.8 t t t t t t t + 11
—e—— e 10
«
£
W 0.9
. . . . . . . .
1oa F - - - - - - - - - 08
1.02 —
9 1.00
0.98
0. T 12
14
2 1.0
0.9
) ) . . . . . . .
20 40 60 80 100 120 140 160 180 200

pri1 [GeV]
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R Separation of Leading Jet and Leading Lepton

1210 T T T T T
Herwig 7 === NLO 2 2
10104 L VBFNLO3 LO @ Dipoles AR = +/Ay? + A¢
=== NLO & Dipoles
g st0tf === NLO®PS -
g 610
2
3 4104 7
2104 7
0 I } } } } - 14
. 1.0
Qz i ‘ = 0.9
A Ho8
12 ; ; 1 1 1 1 107
14 | B
£ 10 ﬁ_ —i
09 F b
08 - - - } } } } 4
o #—-ﬁ# 1.0
£ J_[_\\_,—__,—__Lr 09
12 F } } } } . . 108
14 b
g 10 — =
09 b R
0.8 } } } t t t 12
1.1
3 1.0
I 09
08
0 1 5 6 7
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3 4
ARt 11

12 Dec 2017

Karlsruhe Institute of Technology

Jacobian peak at ARy =7
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I Combination EFT with Parton Shower Q(IT

Can also combine K-matrix in setup with parton shower [VBFNLO 3 & Herwig 7]
Example: VBF-W* W™ (pp — eTve pT vy jj)
anom. coupl.: fs 1 = 100 TeV—*

fixed-order NLO NLO+PS (MC@NLO + dipole shower)
£ £
E 104 E

—— sM
anom. coupl
—— K-matrix

—— PS+SM
—— PS+anom. coupl

—— PS+K-matrix

o 1000 2000 3000 o 1000 2000 3000 400

4000 5000 o 5000
m_4l [GeV] m_yl [GeV]

No significant shape changes in ms, when switching on PS
(integrated c.s. PS/NLO: -3.0% (SM) / -3.8% (K-matrix) )
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I Combination EFT with Parton Shower A“(IT

Karlsruhe Institute of Technology

Can also combine K-matrix in setup with parton shower [VBFNLO 3 & Herwig 7]
Example: VBF-W* W™ (pp — eTve pT vy jj)
anom. coupl.: fs 1 = 100 TeV—*

my, — Comparison pjT3 — Comparison

cs/GeV [fb/GeV]

cs/GeV [fb/GeV]

— M .
7 SM
10
£5+S':"v L PS+SM
s —— K-matrix ——— K-matrix

—— PS+K-matrix -
o b b e b by a 6
o 1000 2000 3000

—— PS+K-matrix
el b b b b

4000 3000 o 50 100 150 200 250 300
m4l [GeV] & -
-4 [Gev] pT53 [GeV]

No significant shape changes in m4, when switching on PS
(integrated c.s. PS/NLO: -3.0% (SM) / -3.8% (K-matrix) )

> plfs mostly sensitive to parton-shower effects
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