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Motivation

At the LHC the process pp — eJrzle ,LL+VH jj + X contains the actual vector boson scattering
subprocess. | will refer to the whole process as VBS, though.

wiwt — wiw?t @ My, = 125GeV

M= ® + i + # + 4+

N——
A B C

o Constrain anomalous quartic gauge couplings (AQGC),

@ probe EW symmetry breaking

In the SM, for longitudinal gauge boson scattering (pseudo-goldstone bosons at high energy)
there are

o gauge cancellations between QGC diagram (A) and TGC diagrams (B);

o further cancellations between remainders and diagrams containing Higgs(es) (C, restores
perturbative unitarity)

— different Higgs sector/AQGC can change this
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Motivation

At the LHC the process pp — eJrzle ,LL+VH jj + X contains the actual vector boson scattering
subprocess. | will refer to the whole process as VBS, though.
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o Constrain anomalous quartic gauge couplings (AQGC),

@ probe EW symmetry breaking

In the SM, for longitudinal gauge boson scattering (pseudo-goldstone bosons at high energy)
there are

o gauge cancellations between QGC diagram (A) and TGC diagrams (B);

o violation of perturbative unitarity, maximum effect of different Higgs sector

— different Higgs sector/AQGC can change this



Introduction
oeo

Why stu

o [pb]

— SS VBS processes at the LHC are ~ fb, others are smaller or have large backgrounds

y the same sign (SS) W scattering case?

Standard Model Production Cross Section Measurements
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Status: July 2017
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Outline

@ How does one distinguish between Signal (O(ozﬁ), containing VBS diagrams) and
Backgrounds ((’)(asa;) and O(o/‘ai), interferences or no VBS diagrams)? — VBS cuts
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Outline

@ How does one distinguish between Signal (O(ozﬁ), containing VBS diagrams) and
Backgrounds ((’)(asa;) and O(a4a§), interferences or no VBS diagrams)? — VBS cuts

@ What approximations are possible and what can we learn from them about VBS? —
double-pole approximation (DPA) and VBS approximation (VBSA)

@ How large are PDF uncertainties? — Calculate them for NLO QCD O(aﬁas)
o What are good/bad scale choices? — Investigate static and dynamic scale

o How does an extended Higgs secter affect the differential distributions? — Compare with
My = oo to see maximum effect of perturbative non-unitarity
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How does one distinguish between signal and background?

Inclusive cross sections (two R = 0.4 anti-ky jets with pr > 30 GeV: taggings jets j; and j,):
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— O(aﬁ) similar in size as O(a4a2)

— interference O(a5as) is suppressed by colour and kinematics

o ATLAS! 8TeV/CMS2 13 TeV analyses: M(j,j,) > 500 GeV

° O(ae) peaks at higher rapidity because of (two) space-like W propagators of the VBS
subprocess

L arXiv:1405.06241, ATLAS Collaboration

2arXiv:1709.05822, The CMS Collaboration
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How does one distinguish between signal and background?

Inclusive cross sections (two R = 0.4 anti-ky jets with pr > 30 GeV: taggings jets j; and j,):
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— O(aﬁ) similar in size as O(a4a2)

— interference O(a5as) is suppressed by colour and kinematics

o ATLAS! 8TeV/CMS2 13 TeV analyses: M(j,j,) > 500 GeV

° O(ae) peaks at higher rapidity because of (two) space-like W propagators of the VBS
subprocess

L arXiv:1405.06241, ATLAS Collaboration

2arXiv:1709.05822, The CMS Collaboration
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How does one distinguish between signal and background?

Inclusive cross sections (two R = 0.4 anti-ky jets with pr > 30 GeV: taggings jets j; and j,):
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— O(aﬁ) similar in size as O(a4a2)

— interference O(a5as) is suppressed by colour and kinematics

o ATLAS' 8TeV/CMS2 13 TeV analyses: M(j,j,) > 500GeV, and |y(j;) — y(i,)| > 2.4/2.5

° O(ae) peaks at higher rapidity because of (two) space-like W propagators of the VBS
subprocess

L arXiv:1405.06241, ATLAS Collaboration
2arXiv:1709.05822, The CMS Collaboration
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How does one distinguish between signal and background?

0(a%0?) ——
O(aal) —— 4
Oata?)

dofdz, (]

1 L (O = (1) +y(2))/2l
‘ ¥(G1) = y(o)l

“Zeppenfeld variable"3, divides phase space in two regions:

e z; > 0.5 = either y(¢) > max{y(j;), y(i,)} or y(£) < min{y(i;), ¥(i,)}; “lepton outside
taggings jets”

o z; < 0.5 = min{y(j;),¥(i»)} < y(¢) < max{y(i;), ¥(i,)}; “lepton between taggings
jets”

o Advantage of z;: continuous, being more inclusive easy
o CMS 13TeV: z; < 0.75

o ATLAS 8TeV: no cut on z;
3 arXiv:1709.05822, The CMS Collaboration
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Setup for pp — €' 1, ,U/+V;LJ'J' + X

VBSCAN WGL1 cuts:

o At least two R = 0.4 Anti-k, jets with
pr > 30GeV and |y| < 4.5 and
AR(i¢T) > 03

@ M(j1j,) > 500 GeV and
lyG1) = y(G2)l > 25

o pr(£7) > 20GeV and |y(£")| < 2.5

o pr(tey,) > 40 GeV

o AR(e"ut)>03

Other parameters:
e /s =13TeV
o NNPDF3.0 (a (M) = 0.118) PDFs

NLO Predictions Conclusion

Complex mass scheme®® input parameters:
° G, =16637 x 107° GeV ™ *

o MY =80.385GeV, Iy = 2.085 GeV

o M2® =01.1876 GeV, I'9° = 2.4052 GeV

o My =125.0GeV, Iy = 4.07 x 10> GeV

with coupling calculated as:

V2

2
M,
2 W
=—GMy|1-—5
™ z

Scale choices (up = &pp, g = ERM):
@ static: p = My

e dynamic: p = /pr(y) - pr(s)

4a\r)(iv:hep—ph/9904472; A. Denner, S. Dittmaier, M. Roth, D. Wackeroth
5:-)rXiv:hep-ph/0505042; A. Denner, S. Dittmaier, M. Roth, L.H. Wieders
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Setup and cross checks

BONSAY (C.S.) checked MADGRAPH, PHANTOM,
“BOsoN Scattering with (NLO) against POWHEG, RecoLa, VBENLO,
AccuracY” WHIZARD
@ MC written from scratch o pr(iy), pr(ia). (1) y(o).
@ Matrix elements from M. Billoni, M(is,), M(e"p™), z:+, z:+
S. Dittmaier

@ Loops calculated by COLLIER®

@ Dipole subtraction for IR
singularities

o PDF/Scale errors and My = oo
result are preliminary

o Uses VBS approximation
(VBSA) for everything and
double pole approximation
(DPA) for virtuals (— next
slides and M. Pellen)
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Pole approximation for virtual matrix elements

Mvirt =

16 /32
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Mvirt,PA =

, } +
_ 919, W Woazq,  Wo—eln Wori iy, 1
= M M M
virt LO LO K1K2
A1y *

Drop all diagrams that are not doubly-resonant — Factorization of production and decay
@ *: set all widths to zero, project momenta of resonances on-shell — gauge invariance

@ Resonant propagator denominators are kept off-shell: K; = E? - I\/I&V +iMy Ty, where ky
is the off-shell momentum of the first W+, ;2 the one of the second W+

@ Procedure modifies IR singularities, taken care of by modified insertion operator:

2 2
2Re(M{oMin) + [Mio|"®1 = 2Re(M{opaMyinpa) + [ Miopal @1

17 /32
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Uncertainty of the PA

Use uncertainty estimation of Biedermann, et. al.” and modify it for QCD corrections:

I PA
«Q w o — O
ANO | max [ 1 log(...), \(5PA\ x§0 ), o0 =2L0_JLo
PA 21 My oPA
LO

6© can be large, e.g. di-boson production p distributions PA understimates by 10-20%

7arXiv:1605.03419; B. Biedermann, M. Billoni, A. Denner, S. Dittmaier, L. Hofer, B. Jager, L. Salfelder
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NLO Predictic Conclusion

Uncertainty of the PA

Use uncertainty estimation of Biedermann, et. al.” and modify it for QCD corrections:

o Tw

A’Q‘ko ~ max
T My

PA

PA LO LO 9L0 — 9L

log(...), |67 x 60 ), §"0 = L0
90

6© can be large, e.g. di-boson production p distributions PA understimates by 10-20%

8%
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L
300

107!

T
L0 ——

LO PA

T b T M ]
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e LO PA differs by 1-3% ~ Iy, /My = No large non-/single-/triple-resonant contributions
due to same sign W bosons!

7arXiv:1605.03419; B. Biedermann, M. Billoni, A. Denner, S. Dittmaier, L. Hofer, B. Jager, L. Salfelder
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VBS approximation

—-

@ gg-Annihilation (only for Q = 1 processes) suppressed by cut M(j,j,) > 500 GeV — real
ME: gluon in the initial state does not couple to other initial state quark (— SU(3) x
SU(3) quarks)

21/32
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VBS approximation

Avirta [ | [

0 ,‘..

@ gg-Annihilation (only for Q = 1 processes) suppressed by cut M(j,j,) > 500 GeV — real
ME: gluon in the initial state does not couple to other initial state quark (— SU(3) x

SU(3) quarks)
@ t-u interferences are suppressed in the fiducial volume

—-
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VBS approximation

Avirta [ | [

@ gg-Annihilation (only for Q = 1 processes) suppressed by cut M(j,j,) > 500 GeV — real
ME: gluon in the initial state does not couple to other initial state quark (— SU(3) x
SU(3) quarks)

@ t-u interferences are suppressed in the fiducial volume

@ no gluons connecting different quark lines, because they are either zero (squares) or
kinematically suppressed (interferences)
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Introduction

Integrated cross sections for pp — €1, ;ﬁvl, jj+X at 0(0‘6@0’1)

Scale LO NLO 5 AMC Lo My =0
[fb] n=2,=3>2 [fb]
static  1.552 0.830 + 0.517 = 1.347 -15.2%
T06%  6.0% +£1.9% 1.568 (+9.3%)

dynamic  1.434787%  0.031 4 0.417 = 1.348"95%

; _ NLO-LO
with § = =5
Perturbative uncertainties estimated from scale variation by factors g ¢ € (0.5,1,2) for a

seven-point variation
o static scale (DS): pgr = pup = My

o dynamic scale (DS): pug = pr = &+/pr(1) - Pr(>)

PDF uncertainties for NNPDF3.0 (replicas, 68% CL):
100 2% central PDFs

2 1 0472
Afor = g5 D [0(z) — ()] 2, i-th replica PDF with
i=1 different fitparameter

24 /32
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Leading jet transverse momentum (u = My)

T
EWLO ——
EW NLO ——

1074

do/dpr(j1) [fb GeV ]
Cey

5 (%]
=588
L B
Ll

=)

100 200 300 400 500 600 700
pr(i1) [GeV

o very large corrections for high pt @ use dynamic scale!

25 /32
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Leading jet transverse momentum (DS)

1072 ¢ T !
£ EWLO —— 3
F EW LO unc. ]
[ EW NLO —
L EW NLO unc. B
v—T PDF unc. F——
z 107 F LO My =00 ——
o £ 3
2 r ]
z L
T 10t
5 E
o E |
— | | | | | | |
10°° \ \ \ \ \ \ \
10 B
30 B
S 4
< 10| T B
0
T L]
—10 - TE TRttt E e T T ET L[ LT L (LT LT
—20 ! ! \
0 100 200 300 400 500 600 700
pr(i1) [GeV]
o No ag(pug) © LO: uncertainty band by puf o PDF errors are uniformly ~ 2%
alone @ low py region sensitive to modified Higgs

@ smaller corrections for high pr sector, large pt is unaffected e/
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Leading jet rapidity (DS)

0.35 ‘
EWLO ——
03 L EW LO unc. |
: EW NLO ——
EW NLO unc.
0.25 — PDF unc. _
_ LO My =co ——
2
= 02 + _
g
T 015 —
S}
©
01 _
0.05 e
| | |
0 T T T T T
15 - e
10 - e
S 7
R | ] \
oy ST
_10 | w 2
15 \ ! I ! \
—4 -2 0 2 4
y(j1)
@ QCD corrections increase the rapidity of o forward region most sensitive to mod.
the jet(s) Higgs sector, difference up 80%
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Leadings jets rapidity gap (DS)

0.35
0.3
0.25 —

0.2 —

do/d(ly(jr) — y(j2)]) [fb]

0.1 —

T
EW LO
EW LO unc.
EW NLO
EW NLO unc.
PDF unc.
LO My =

5%
T

[y(i1) = y(2)|

o QCD correction widens the separation in rapidity

10
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NLO Predictions
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102

H H
9 9
I &

do/dM (jrj2) [fb Gev1]

—
5]
|
@

5 %]

o Long overlap of LO/NLO unc. bands

T
EWLO ——
EW LO unc.
EW NLO ——
EW NLO unc.
PDF unc.
LO My =

| |
1000 2000 3000 4000 5000
M (jij2)

o larger PDF unc. for large inv. mass, ~ 7%

@ My = oco: impact is rather uniform
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Muon transverse momentum (DS)

107" ¢ \ E
£ EWLO —— |
L EW LO unc. === ]
L EW NLO —— 4
—10-2 EW NLO unc. |
n E PDF unc. H—— 3
Z E LO My =00 — ]
&} r ]
2 L ]
— -3 L -
+ 10 E E|
2 £ |
B L ]
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S0t L .
—5 | | | |
107° T T T 1 =
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~5WH L
£ 0
w
5 b
_10 L
_15 | | | | |

0 100 200 300 400 500
pr(pt) [GeV]

o M, = oo: large effects in high p bins, ~ 200%
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NLO Predictions
0000000

Lepton azimuthal angle distance (DS)

0.9

T
EWLO ——
08 EW LO unc. |
2 EW NLO ——
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L 06
i
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— 2 1 L |
£ 0
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—4
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-10 ‘ ‘
0 /4 /2 3m/4 T
Agletput)

@ My = oo: differences up to 38% in the bins with highest cross section
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Summary

o Pole approximation differs by 1% to 3% = no large triple-/single-/non-resonant phase
space regions

PDF uncertainties ~ 2%, for large M(j,j,) up to ~ 7%
o = My: large negative QCD corrections

= +/pr(i;)pr(i,): smaller negative corrections, mostly within the LO band

o M, = oo: forward jets (low pr, high y), high lepton pr, and A¢(e’ ") sensitive to
different Higgs sector
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NLO QCD: Distributions D ull LO
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NLO QCD: Distributions
[e]e] lele]e}

O(a®a): Differential distributions (111

\LO QCD: Static scale

Full LO

LO Inclusive Cro:
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NLO QCD: Distributions
000e00

\LO QCD: Static scale

Full LO

LO Inclusive Cro:
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NLO QCD: Distributions JLO QCD: Static scale Full LO vs. P, LO Inclusive Cross Sections
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ribution: NLO QCD: Static scale Full LO
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NLO QCD: Static scale Full LO
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Full LO vs. PA
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Full LO vs. PA
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Full LO vs. PA
[e]e] o]

Full LO vs. PA (Il

1071 T 0.4 T
LO —— LO ——
LO PA o LO PA q
t t t t t 0 t t t t t
o2 [ ]
| oa |- ]
1 = 06 4
= 08 b 4
Il Il L L L 1 C L Il L L ]
100 200 300 400 500 600 -3 -2 ~1 0 1 2 3
pr(vevy) [GeV] ylet)
04 ; 102
L0 — —
0.35 |- LO PA b ~
03 - 4 r
= — = -5 L
£ 025 | J L 4 1o
I~
2 02 — — B
SN q 0 L
[UR — 4
005 | 4
| | | | | | | | | I I I
t t t t t e t t t t t t t
E ‘ ‘ R I e S
-2 0 1 3 0 100200 300 400 500 600 700 800
yp) M(e*pt)



Full LO vs. PA (IV)
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LO Inclusive Cross Sections
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LO Inclusive Cross
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LO Inclusive Cross Sections
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LO Inclusive Cross Sections
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LO Inclusive Cross Sections
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