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Vector Boson Scattering

» Unitary process in the Standard Model, thanks to the Higgs mechanism
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In case of anomalies

e if the delicate equilibrium is perturbed:

2 2
14 . &
4Mj,, 4My;,

M gauge = ]

[s + t] (8)

* any deviations signal new physics in a model-independent way and hints
on the scale of NP
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effective field theory

« add to the SM Lagrangian additional BSM terms

e generic low-energy parameterisation of an unknown model that would
become apparent at (too) high energies

Dim 6 Dim 8
_ Ci fsi frj f M,J
Lerr = Lsy + > 0+Z 2 O0g . + Z 0T3+ Z 2O
z':WWW,W,B,@W,@B j=1,2 j=0,....9 =~ j=0,...,
Pure Pure Field- : :
Mixed H -
Higgs strength fi IT: t |ggtsh
field tensor leld-streng

* simplistic realisation: choose a basis and associate operators to vertices in
form of anomalous couplings
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the VBS signature at LHC

 signal: six fermions final state at leading order O(a®)

a1 gz ~
V V
v v .
op. Q4 \
A ..
L large (pseudo) low QCD activity
' rapidity separation between tag jets,
v between tag jets since there’'s no color
B flow between the two
s protons
. >
0 4 Anj
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the VBS signature at LHC

 signal: six fermions final state at leading order O(a®)

01 g3 ~ ENDC BARREL ENDCAP
@ ¢ T @
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' rapidity separation between tag jets,
|} b ] ) :
' etween tag jets since there’'s no color
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s protons
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the VBS signature

 signal: six fermions final state at leading order O(a®)

q1 Qs ~ ENDC BARREL ENDCAP
VY v Rapidity gap
V \ .
@ ¢ e . _
v V. JE > @ O
N —7
q2 q4 \\\ M/

* irreducible background: at LO O(a%as?)

already at LO interferes with signal: O(aas)

e at first approximation evaluate it with MC and quote an uncertainty
e provide a combined EW+QCD measurement

reducible bkg due to mis-ID of final state particles (e.g. O(a2as?*))

significant systematic uncertainties from jet energy reconstruction and
background modelling
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the statistics challenge
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the statistics challenge

Standard Model Production Cross Section Measurements Status: July 2018
Q AO total (2x) .
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same-sign WW

 EW production of two same-sign charged leptons
e giid) < 5 b @ 13 TeV with e* or u* in final state

- low cross-section, low background

* backgrounds

* non-prompt: jet identified as charged leptons,
and leptons from hadron decays (data-driven)

e >2 prompt SS charged leptons

ATLAS CMS
third lepton veto applied applied
B-tagging veto applied applied
E?iss > [GeV] 30 40
myy > [GeV] 20 20
Pl > [GeV] 65-35  30-30
mj; > [GeV] 500 500
Anj > 2.0 2.5
max(z; ) < - 0.75
Mee — mz > [GeV] 15 15
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see Stefanie
Todt’s talk for
ATLAS results

irreducible
background




SSWW scattering results

 observation in CMS and ATLAS with 36/fb of data at 13 TeV

CMS 35.9 b (13 TeV)
(- L L S S B B S e — » A I L DL L L
a i e Data i *OE) -~ ATLAS Preliminary —¢— 5\/8‘\7\/ ew
— 150 EW WW . & gl Vs =13 TeV, 36.1 fo" WW' GeD |
(7)) i - WZ . Non-prompt_
..E —Nonprompt E ] %\/Zconverswns
o I ~ Others ] I Other prompt |
N 2<<<<  Total uncertainty
L 100 s 2 Bkg. unc. = 40 _
<§\\ ]
[ ] |
-\m 5.5(5.7) s.d. 1

0 20 = —+— B
.. ] 6.9(4.6) S.d. |
r [_.\\\\\\\\\\\\\\\i\\\\\\\\\\\\\\-
— | ]

0 ——- '2(')0 — '480 — IGOO 500 1000 1500 2000 2500mjj [G:;;)]OO
m, (GeV)
CMS ofig = 3.83 + 0.66 (stat) = 0.35 (syst) fb
ATLAS ofig = 2.95 + 0.49 (stat) + 0.23 (syst) fb

fiducial regions are not the same for the two collaborations

* statistically-dominated, waiting for updated results!
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WWSS anomalous coupllngs

o oo TTTITTTTTTTTITETT R -

 deviations with respect to the standard g aof g{g’?im g o oy
i 2 18F PO T, =01, 05=0 =

model are expected at high energy ~_ a4 — e E

14 e I Prompt ]
C — Conversions 3
12F R
C XRRNNXX ' ]
'000000 E_>
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CMS 13 TeV
Observed limits Expected limits
(TeV —%) (TeV —%)
fso/ A* —7.7,7.7] —7.0,7.2]
fs; /A% [-21.6,21.8] [—19.9,20.2]
favio / A2 —6.0,5.9] —5.6,5.5]
farn / A* —8.7,9.1] —7.9,8.5 T
fuvie/ A% [—11.9,11.8] —11.1,11.0 0.6 05 van By
fvr/A* [—13.3,12.9 —12.4,11.8] 0.4 B moaton
fro/A*  [—0.62,0.65 —0.58,0.61] 0.2 8 TeV 1
fr1/A* (—0.28,0.31] (—0.26,0.29] of :
fra / A* —0.89,1.02] —0.80,0.95] 0.2F confidence regions i e
hep-ph/0606118 basis 04 Hooor L £
-0.6 —expected 95% CL -
e O L S e .

arXiv:0806.4145 basis 0470302 01 001702708 04
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WZ scattering . ,

q
 three leptons final state W=
* Less clean signature than W=W=, but cross section

accessible with large dataset
- backgrounds Z
* QCD production of W/Zjj is the dominant q q

background
e non-prompt component estimated from data
e analysis strategies

« CMS, conservative approach, use features of W=
EW vs. QCD processes that are well-understood
and robust against limitations of theoretical

signal example
q g

predictions Z
* ATLAS, aggressive approach: train BDT for EW o
vs QCD discrimination on 15 variables (selected
from 33 studied) irreducible
background
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WZ scattering results

35.91" (13 TeV)

E IgM-s'~ r'y' T - S :ig'A'TL'Aéﬁre'lirhiriafy' | éuaflital S
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8 & -ZY : _- E 355_ -:\Z,\/Igsid. leptons MWZ-QCD = 0.60 i 0.25
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i - - -: % z;hu—m——l—i Wlth 36/fb at
Ul | - 1 & F ] 13 TeV
s by 5 ST S (S S W T e
© %50 7000 7500 3000 2500 T R S S ]
Di-jet Mass [GeV] 08 0 BT Seore
o +0.14 +0.04
laucia
tight +0.53 +0.41 I’egionS are
CMS ogo = 2.91752g(stat) Ty 3a(syst) fb

EW+ not the same
CMS loose __ 4 01—|—0.72 +0.57 fb QCD
Thig . = 4017 gg(stat) "o a7(syst)
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see Stefanie

WZ anomalous couplings Toats tal for

ATLAS results
« ATLAS publishes directly (a lot! of) differential distributions

2 - ATLAS Preliminary \s=13TeV,36.1fb" | =
. @) B i)
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ZZ fully leptonic

 four charged leptons (e* or u*) in the final state

« extremely clean four-lepton signal (I = e, p)
 fully reconstructed final state (Z polarisation)
* sensitive to resonances

* o(id) < 0.5 fb @ 13 TeV (1/10 of SSWW)

e train BDT with 7 - 391" (13TeY g

. > [T [T ] |
vanablgs fqr EW VS. & 2l CMS . Data -
QCD discrimination 8 M ZZjj EW

g Mgy - ZZ

_ aqg - ZZ

. Cros§ checked w/ % 9 ey
matrix-element D 10 W Z+X

methoad | m, > 100 GeV

Very low non-

prompt (fake) = . .
backgrounad 200 400 600 800 1000 1200 1400 1600 irreducible
m; [GeV] background
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ZZ results

35.9 fb' (13 TeV)
22 T T T I T T T T T T I T T T I T T T

S o] CMS -+ Data 1 =046 < fro/A* < 0.44
2 1o} BAEY 1 =061 < fri/A* < 0.61
O 16| [aq — ZZ n 4
W Dgf,xwwz h —1.2 < sz/A < 1.2
o 4 —0.84 < frg/A* < 0.84
I ” 1 18 < fro/A* <18 .
! 2.7(1.6) s.d. |
4 the most stringent limits on the

10, T1, T2, T8, and T9 anomalous
quartic gauge couplings to date

(=)

0 0.2 0.4 0.6 0.8 1
BDT output

o6y = 0.4070 T5(stat) T0.go(syst) fb
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semi-leptonic final state

WV with W—fv and V—j

« very large QCD bkg (O(a*as?) and O(a2as?))
 |large sensitivity to BSM physics
* boosted V reconstruction at high energy
scale
> 16  ATLAS +Data  —@,=0.10 s f ATLAS = y{s=8TeV, 202 fb"
O Fis=8TeV,20.21b" — ®,=0.05 [l SM EWK WV 0.6~ ;. 1s=S16¥, 0.
o 14" o CIW+jets [t = ' K-matrix unitarization
© E W-oh, Vol [ Single-top Il Diboson B
;12:— Bl Z+jets [T Multijet 0'4:_
510? 0.2 .
L s . Aok
GE S R N Q‘ """""""""""""""""
4 0.2
e -
2 e -
— 0.4
© —— obs. 95% CL, WVjj
52‘_ :gig-(‘)g’zz::g [Py M exp. 95%CL,WV}; .
S 3 e I = obs. 95% CL, W'Wjj |
‘D“ 2:_ I p— o8l T exp. sso/ooL,w*yy*jj g
I ] T o
800 400 500 600 700 800 900 T P TR I T T T IR IR PO
mT(WV) [GeV] -05 -04 -03 -02 01 0 014 02 03 04 05

Oy
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existing results

WW= 8,13 TeV 6.9(4.6) 0 8,13 TeV 55(0b.7)0
WZ 8,13 TeV 57(3.3)c 13 TeV 1.9(2.7) 0
2y 8 TeV 20(1.8) o 8 TeV 30(21) 0
Wy - - 8 TeV 27(1.5) o
/7
fully leptonic - - 13 TeV 27(1.6)0
.WV | 8 ToV anomalous ) )
semi-leptonic couplings
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theory developments

e very low statistics where EW contribution is dominating

* need for reliable theoretical predictions: higher orders, parton shower,
estimate of approximations, ...

* at NLO: meaningless distinction between EW signal and QCD background
= provide combined measurement

LO (’)(a6 O((v a5) O((y 2a4)

) 'S S
EW EW EW
QCD QCD QCD

NLO O(Oz7) O (@(16) (9(%2(15) (9(0@.3(14)

« All processes known at NLO QCD accuracy matched to parton shower, in
VBS approximation for both QCD-/EW-induced processes

* only for W=W= the full NLO QCD computation and the NLO EWK are known
as well
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NLO fiducial XS for e+utj)

Order (’)(a ) O(asa ) (9( ) ( 3a4) Sum
donLo [fb] —0.2169(3) | —0.0568(5) | —0.00032(13) | —0.0063(4) || —0.2804(7)
donrLo/oLo [%] —13.2 —3.5 0.0 —-0.4 —-17.1
Large NLO EW corrections: Very large differences for the
Intrinsic for VBS at the LHC third jet (only defined at NLO)
Normalised average rapidity of the third jet (NLO+PS)
é‘ 1.2 B
e B —— NLO (fixed order)
- 10— —— MG5.aMC+H++ 2.7.1
= - ~—— MG5.aMC+Pythia 8
i 0.8 — Powheg+Pythia 8
iy N — — — Powheg-no shower
L o6l —— VBENLO 3+H7-Default
S B ——— VBENLO 3+H7-Dipole
0.4 :
30 f:_l | L1 L1 Eﬂ? !
20 +
10 &

T

¥ -10 A

< 201 — zj, = ly3— (£+Y2)/2|
T Yijj
-60

= Illll T IIIIIIIII IIIIIII|IIII|IIII|IIII|IIII |

GIVNI00 0 R NWh O

8
p
i '; |
N
8- -
[*))
8- -
~)
8- -
Ratio
OO0 OO0 OR K EFE KM

0 100 200 300 400 800 |||||||||||||||||||||||||||||‘

M€+,LL+ [GeV] 0.2 0.4 0.6 0.8 1 1.2 1.4 )

13
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VBS approximation

» Neglecting s-channel contributions and t/u interferences
* implemented in POWHEG and VBFNLO (including s-channel)
« Good approximation at LO in fiducial region for W+W-+
* gets worse at NLO
* OK for current experimental precision, might be important in the future

s . O [ltP+luf]

' ItP+lul?] .
in the (mjj, ijj) plane aab : 0[0[f:||l; ]

o [full]

inthe(m , Ay )plane
4.5 J =

=N

_ 35
£y B
3
1.5

2.5

LO

1 1 1 1 I 1 1 1 1 I 1 1 1 1 200
400 500 600 700 800
m;, (GeV) m (GeV)
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ifferences between Sherpa and Powheg (and

analysis
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colour flow s

« ATLAS identified large d
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« Sherpa 3.0.0 predicts ~20%
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MC generators used
~ WyOMsS  ZZCMS  WZATLAS ~ WZCMS  WVATLAS

MG5 LO Sherpa NLO :
EW ke=1.2 VBENLO MG5 LO +ets MG5 LO Whizard LO
MG5 LO MG5 NLO Sherpa NLO MG5 LO :
il + MLM + FxFx Hets sMLM Whizard LO
MG5 LO MG5 LO Sherpa LO
aQGC  MGSLO | ME reweigh +ME reweigh +NLO XS
interf. Neglected Neglected syst. (2%) negligible Neglected
Sherpa LO Sherpa LO MG5 LO
=W +MEPS MESLO ™ NLOXSVBFNLO  kFactor 1.1
Sherpa LO MG5 LO
QCD +MEPS MG5 LO Sherpa LO + MLM
aQGC MG5 LO MG5 LO MG5 LO
interf. syst. (6%) syst. (few %) syst. (~10%) syst. (~11%)
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next steps 150/fb

2 O/ f b LSt 1314 Tev ( 14 TeV 14 TeV eneray
8 TeV

splice consolidation injector upgrade Jimit 5to7x
button collimators cryo Point 4 cryolmi HL-LHC installation nominal

7 TeV

interaction luminosi t

Civil Eng. P1-P5 regions I -

2019

R2E project

2011

- nomi
75% experiment nominal luminosi ty experiment upgrade | |———
nnnnnn I beam pipes phase 1
luminosity | I/_-

data analysed so far: 35/tb

2012 2013 2014 2015 2016 2017 2018 2020 2024 2025 2026

radiation
damage

7

experiment upgrade
phase 2

integrated
luminosity

A

in five years: 10x statistics
HL-LHC: 100x statistics

LHC and detector
conditions will
change in the HL
scenario

0 50 100 150 200 250
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anomalous quartic couplings

cMS — cMS —
JUIY 2017 ATLAS — Channel JUIy 2017 ATLAS — Channel
fro /A® : ' Wt fuo /A* — Wvy
L — Wyy ' — WVy
p— Zyy - Zy
— WVy = o
: : WVy H ss WW
- Zv ) ss WW_
H ZY ™ Trsvvw
— Wy | WWW
i ss WW fy1 /A" I — 1 sz
H ss WW — Zy
i 2z — Zy
f./ A4 I i WVy b Wy
T1 - Zy H ss WW
'—l W'Y 1 H ) SS W\AVAVM
H ss WW s b
| ss WW £ IA I | 2y
fi 77 M2 I | Ww
I | WV A vy
—— LY H zy
— ss WW H ;Vy
4 I i
'|:|| ;sz WW fM,s /A | , : | WY&
frs IA* I zry I — ' WVy
' ' 1 WVy [ Zy
H Wy H Zy
f.. IA* = = WVy H Wy
e H Wy e /A* Ik "
4 } i Wvy '
fr7 /A | | Wy fs A T VWV¥Y
4 H Zy 4 WV
frg /A # z fyg /A — !
H ZZ H ss WW
frq IA* — Zm . | ! : W
" H Zy Tz A PE— Wy
H Zy i ss WW
! | | 1 | | ITI ! 1 1 R | ! l | B | L [SSWW
-100 0 100 —2000 0

aQGC Limits @95% C.L. [TeV™]
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anomalous triple couplings

cMms cMs  —
July 2018 E-?Q).ff" ATLAS September 2017 LS N
it Value I[_)EOP —— Channel ATLAS+CMS — Channel
Ax I — ' ww ft F 7Z (41,212v)
7 WW —— 77 (41,212v)
4 ,
I | Wﬁ“ — ZZ (41)
} : i wz P ZZ (4))
— vwv\z/ —q 77 (212v)
I i Wy [— 77 (41,212v)
— WV — ZZ (4)
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}"z | Www | ZZ (41,212v)
] ww fi  ———— ZZ (41,212v)
o WW — 27 (4))
H vwv§ | ZZ (41)
Iﬁl wz — ZZ (212v)
wz
— 27 (41,212v)
— WV
— WV (i) H 2Z (4))
[ WV (vJ) } ZZ (41,212v)
T m ” | ZZ (41,212v)
— WV fs — ZZ (41,212v)
H VBF Z — ZZ (4))
—eo— DO Comb —_— ZZ (4))
X - —e— ﬁComb | | ZZ(212v)
91 — wWw — ZZ(41,212v)
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—e— | ZZ (41,212v)
—_ Wz
— wz | ZZ (41,212v)
|H—| wg fé [T ZZ (41,212v)
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— WV (vj) P ZZ @4
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search for BSM physics

e due to the vast number of diagrams, VBS very sensitive to EFT operators

e existing searches constrain single (vertex) operators, sometimes pairs of
them

* VBS studies address only quartic gauge couplings, while:

* we are skipping the calculation of certain perturbative orders and include
only higher ones: dimension-6 effects should be introduced in global
fits, besides the dim. 8 ones

e a study of VBS processes must allow for EFT
deviations in all the diagrams (e.g. 4-fermi
operators)

 find a common base for CMS and ATLAS
combinations

* measurements of differential distributions wil
key for the EFT effects
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the longitudinal component

VL VL is where the electroweak symmetry breaking plays its role
« At large M(VV) the V.V cross-section would be of the same order as the

V1Vt one in the no-Higgs case
* |[f there is a new resonance at a scale /\, the VLVL cross-section will be

anomalous until A

Accomando et al: hep-ph/0512219
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polarised VBS

« extract polarization fractions for BSM models fitting distributions with
polarised SM shapes = model (in)dependence

 V polarisation tagged with the decay angle of charged lepton wrt the V
direction, in the V reference frame

* compare the SM to EW-singlet model or to No Higgs
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projections for HL-LHC

tk upgrade _ current

e main focus: impact of detector ¢ F okl I
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the list goes on...

« BSM physics in VBS can be searched for also with explicit models:
e those who predict resonances within reach at the LHC,
e and those who provide a UV-complete theory the has low energy effects
* the final state particle reconstruction at hadron colliders could be
specialised to VBS: boosted vector bosons, central rapidity vetoes, high-
energy leptons, forward jets, quark/gluon discrimination...

 the sophisticated VBS final state, together with absence of resonances, calls
for the use of machine learning algorithms, to maximise the analysis

performances
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VBSCan

« COST Action targeting VBS studies
 involves more than 20 EU countries and a few extra-EU partners

Investigate the Vector Boson Scattering (VBS) process and its
implications for the Standard Model, by coordinating existing theoretical
and experimental efforts in the area and by best exploiting hadron colliders
data, thereby laying the groundwork for long-term studies of the subject
and creating a solidly interconnected community of VBS experts

* Theory: experts of Effective Field Theory, members from the communities of
the major multi-purpose generators, authors of generators dedicated to VBS,
VBF, vector bosons (Phantom, VBFNLO, Recola, Bonsay M5@NLO, Whizard,
VBFNNLQO, Sherpa)

« CMS Experiment: main authors of VBS and VBF analyses
 ATLAS Experiment: main authors of VBS and VBF analyses
» data mining: experts from Politecnico di Milano
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VBSCan

« COST Action targeting VBS studies
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topic events organisation &

« yearly meetings at the end of June (first and second already took place)
 PhD schools

* topic meetings — followed by publications (on the VBS results combination,
on EFT basis definition, on MC comparisons, on ATLAS and CMS results
comparisons)

* next events:

« workshop on on longitudinal polarisation studies, 10-12 October, in
Ecole Polytechnique

» workshop on physics objects reconstruction, 22-24 October, in Krakow

Everybody is welcome to join our activities, just drop me an emalil
(pietro.govoni@unimib.it) and visit our website:

https://vbscanaction.web.cern.ch
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conclusions

* We discovered a Higgs boson, yet the comprehension of the Electroweak
Symmetry Breaking is far from being complete

* Vector Boson Scattering is one key to access it at a different energy
scale, with a completely different process

* it's time for precision physics: the first VBS observations have been
published, paving the way for a systematic study of the process

* extremely interesting studies from several points of view, which require a
coordinated effort of the whole community to face all its issues...

e ... but the race just started: when the going get tough, the tough get going
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 latest news on Sherpa: S. Héche's talk at Multi-Boson Interactions 2018
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