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Spectrum of Standard Model measurements

Standard Model Production Cross Section Measurements Status: February 2022
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Electroweak
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VBF and VBS
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Measured cross sections and exclusion limits at 95% C.L.
See here for all cross section summary plots
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Overview of CMS cross section results

CMS preliminary
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Multiboson cross sections span
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Vector Boson Scattering

ré‘ Have we shown that the Higgs boson unitarizes WW scattering?

@ Yes, the discovery of the Higgs boson at the Large Hadron I &P
Collider (LHC) has provided strong evidence that the Higgs

boson unitarizes WW scattering.

Prior to the discovery of the Higgs boson, the theoretical
prediction for WW scattering without a Higgs boson was found to
violate unitarity at high energies. Unitarity is a fundamental
principle in quantum mechanics, which ensures that the
probabilities of all possible outcomes of a quantum interaction

add up to 100%. Violation of unitarity in WW scattering without a

t premises, and reject inappropriate

© requests.

Higgs boson would have indicated a breakdown of the
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We've trained a model called ChatGPT which

‘ Try ChatGPT 2 ‘ Read about ChatGPT Plus

Introducing
ChatGPT

underlying theory.

Incorrec

"However, it is important to note that the precise role ol the Higgs boson in unitarizing

WW scattering, in particular, is still an active area ol research and there are ongoing studies
to reline our understanding ol this process.”




Vector Boson Scattering

o(VV — VV), no Higgs

WtW-— - WHtW~-

arXiv:0806.4145

"However, it is important to note that the precise role ol the Higgs boson in unitarizing

WW scattering, in particular, is still an active area ol research and there are ongoing studies
to refine our understanding ol this process.”




Vector Boson Scattering

Experiment at the LHC, CERN
recorded: 2018-Oct-03 04:13:04.188416 GMT
Event / LS: 323940 / 905326797 / 513

* Final state consists of two high
transverse momenta (py) jets

* Rapidity gap between jets — no color
flow

. High mass of the two jets (M)

* Decay product of the gauge bosons:
central with respect to jets

e Pure electro-weak
intgractions of order

(azw)



Vector Boson Scattering — evolution of knowledge
ATLAS

Process Reference Significance/Status
EW W=W=jj (2£2ujf) Phys. Rev. Lett. 113 (2014) 141803 3.60
EW WVl (£ujjji) Phys. Rev. D 95 (2017) 032001 Limits for aQGC*
EW W=W=jj (£€vuj)) Phys. Rev. D 96 (2017) 012007 Limits on aQGC*
EW Zyij (£Cjjlvvj)) JHEP 07 (2017) 107 2.00 and limits on aQGC*
""""""" EWW:Zj (3£ujj) | Phslet Brospogaed | 530
EW WW,WZ,22)ij (vvjjjj, CVjjjj, £€]jjj)| Phys.Rev. D 100 (2019) 032007 2.70
EW W=Wxjj (£77) Phys. Rev. Lett. 123 (2019) 161801 6.50
EW Zyjj (£Cyjj) Phys. Lett. B 803 (2020) 135341 410
W:=W= (yy — WTW™) | Phys. Lett. B 816 (2021) 136190 8.40
EW ZZjj (££¢¢jj, £€2uj)) Nature Phys. 19 (2023) 237 5.70
EW Zyjj (wvyij) JHEP 06 (2023) 082 6.30
EW Zyij (Z¢%j)) arXiv:2305.19142 > 5.00

*Anomalous quartic gauge coupling in Eboli basis with
unitarity constraints applied


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.141803
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.032001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.012007
https://link.springer.com/article/10.1007/JHEP07(2017)107
https://www.sciencedirect.com/science/article/pii/S0370269319303211
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.032007
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.161801
https://www.sciencedirect.com/science/article/pii/S0370269320301453?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269321001301
https://www.nature.com/articles/s41567-022-01757-y
https://link.springer.com/article/10.1007/JHEP06(2023)082
https://arxiv.org/pdf/2305.19142.pdf

» First observation of electroweak Zyjj where Z decays to £7¢~, £ = (e, u)
* Probe of neutral quartic gauge coupling

 Fiducial and differential cross section measurements in several

observables

Variable

Sensitive to

Transverse momenta of the leading
lepton ( p!)

Generator modeling

Properties of the leading jets
* Invariant mass (m;)
* Absolute rapidity difference (|Ay/)

Kinematic differences of
electroweak vs. QCD induced

production of Zyjj

Transverse momentumzof the photon (E;)
and the Zy systems (PTy), absolute

azimuthal difference between the Zy system
and the two jets (| A¢(Zy, jj) | )

Potential new physics

8

?ATLAS Electroweak production of a Zy pair in association with two jets

pr > 20,30(leading) GeV, |n,| < 2.5
N, > 2

Ef > 25 GeV, |n,| <237

B0 < 0.07EY
AR(¢,~v) > 04

P > 50 GeV, |y,| < 4.4
|Ay| > 1.0

Remove jets if AR(v,j5) < 0.4 or if AR(¢,j5) < 0.3

My > 40 GGV
Myy -+ mgg,y > 182 GeV
((Zv) <04



Electroweak production of a Zy pair in association with two jets

EW Zyjj differential cross-section as a function of the invariant mass of the two jets = important variable for extracting
electroweak component and suppressing QCD-induced component of production

« (Cross section measured with 13% precision 3.6 = 0.5 fb, differential cross sections measured with 20% average precision
Extending signal region to include QCD-induced Zyjj mode to study pTy — to study contributions from higher order operators

. Cross section: 16. Sf% g fb, compare with Madgraph_aMC@NLO 2.6.5 + SHERPA 2.2.11: 15. 73 g fb
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i\ a W Measurements of Zy+jets differential cross sections

EXPERIMENT

* Evidence of electroweak Zyjj where Z decays to vv
* QObserved (expected) significance of 3.20 (3.70)
 Combination with previous result: 6.30 (6.60)

* (Constraints set on anomalous quartic couplings

y-centrality

Cut value

> 120 GeV
> 150 GeV
Number of 1solated photons N, =1
Photon isolation ES < 0.022p7 +2.45 GeV, pse® /pp < 0.05
Number of jets Niets = 2 with pt > 50 GeV
Overlap removal AR(y,jet) > 0.3
Lepton veto Ne=0,N, =0
AG(y, B > 0.4
A (1, ) > 0.3
AG (2, P >0.3
m; j > 300 GeV
y-centrality < 0.6

O leptons




Measurements of Zy+jets differential cross sections

 Boosted Decision Tree trained with (indicative):

o my, Ay(jy, jo), EFSS, pr-balance, 7;,, pr(j))1(7).Niets,sin( | Ag(j, j»)/2 | ) anc
Ay(]la }’)

ATLAS -¢-Data Z(vV)yjji EWK B z(vv)yji QCD
Vs =13 TeV, 139 fb" W(lv)yjj QCD W(lv)yjj EWK W(eV)jj, tij, tij

Background only fit Bty i - NI Zj, i
Post-Fit [ ] Z(yij /7 Uncertainty - = Pre-Fit Bkgd.

ATLAS -¢-Data Z(vW)yji EWK
\s=13TeV, 139 fb" Z(vW)yji QCD I W(lv)yj QCD
Background only fit W(v)yjj EWK [ W(ev)jj, tij, ttjj
Signal region B ttyi i
Post-Fit Zj, j Il Z(llyyj

7 Uncertainty  ----Pre-Fit Bkgd.

o SO

1 *—4 et

1W%%/////% v

0.75

0.5 ——
-1 0.30 0.53 0.71 0.81 0.86 0.90 0.93 0.95 1

BDT classifier response

—

—h
N
6))

Data / Pred.
Data / Pred.
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Measurements of Zy+jets differential cross sections

* Large theoretical systematic
uncertainty associated with
signal modeling resulting
from

e renormalisation and
factorisation scales

* underlying event and
parton showering or
generator choice

» Pileup and ErTniss modeling

large contributor of
experimental uncertainty

Z(vv)yjj EWK
Z(vv)yjj QCD

W(tv)yjj QCD
W(€v)yjj EWK
W(ev)jj,tjj,ttjj

tryjj
YJjJ

Zj, j J
Z(l0)yjj
Total
Data

12

0.108 £0.028

Wy CR  ZyQCDCR1

11.0+4.3
394 + 84
237 +71
14.3+2.7
70.1 +£4.1
57 +£20
52 +36
20+ 14

1.04 +0.46
425 + 63
63+ 12
30.8+2.5
193 + 57
4.8+7.4

0.06 + 0.66

8.6 +2.5 6.8+2.0

735 + 30 863 + 54
737 849

Zvy QCD CR 2

4.0+2.2
143 + 32
76 + 24
45+1.2
179+1.3
01+34
8+ 11
59+6.9
2.04 £ 0.95

271 +25
268

Signal region

37+ 14
133 + 39
01 +£ 30
24.6+4.9
22.5+1.5
21.3+7.6
20+ 17
6.6+7.8
22+1.3

357 + 30
356




Observation of electroweak production of two jets and a

ATLAS Z-boson pair

EXPERIMENT

* Unique feature of fully reconstructed final state

* Probe of properties of the VBS process that are sensitive to
electro-weak symmetry breaking

 VBS ZZ sensitive to possible anomalous interactions between
two Z-bosons

* Precision tests of the VBS ZZ production allows an almost
model independent measurement of the Higgs width

Process teeljj tévvjj
EW ZZjj 314+ 3.5 15.0+0.8
QCD ZZjj 77 +25 17.2+3.5
QCD ggZZjj 13.1+ 44 35+1.1
Non-resonant-££ — 21.4+4.8

Wz — 24.6 £ 1.1

Others 1.2+0.9
Total 82.9+64
Data




Observation of electroweak production of two jets and a Z-boson pair

« Multivariable classifier trained with (indicative) M, Pt of the leading and sub-leading jets, p+

of the reconstructed Z-boson mass, rapidity of both Z-bosons

¢ Data ZZ (EW)

[1ZZ (QCD) @ ggZZ
Il Others 7~ Uncertainty

ATLAS

ATLAS ¢ Data

{s =13 TeV, 139 fb™ 122 (EW)
CEVVf 22 (QCD)
Signal Region 9927

%XIVZR s =13 TeV, 139 fb™
onRes CCCEjj
B Others Signal Region

7 Uncertainty

Events / 200 GeV
Events / 300 GeV

Data / Pred.

°
(O]
—

al

—
S
C

O

1000 1500 2000 2500
m; [GeV]

UEW ,uCD JJ Significance Obs. (Exp.)

telljj 0.97 +£0.27 0.99 +0.22 5.5(0.6) 0
tlvvjj 0.7 £0.5 1.32.1)0

Combined 0.92+0.24 0.99 -£0.22 57059)c




Vector Boson Scattering — evolution of knowledge
CMS

Process Reference Significance/Status
EW W=W=j (2£21)) PhysRevLett.114.051801 20
EW Zyjj (vu/ Lﬂbﬂ},jj) Physl ettB770(2017)380-402 30
EW W=rij (£uyjj) JHEP06(2017)106 576
EW W=Zjj (3£jj) PhysRevl ett.114.051801 20
O Ewwews Q) | PhysLettB809(2020) | 2016: 5.50, Run Il » 5.00
EW ZZjj  (4¢jj) PhyslettB812(2021)135992 2016: 2.70, Run II: 4.00
EW W:Zji  (3£)) Physl ettB809(2020)135710 6.8
EW Zyijj (£ Eyj) PhysRevD.104.072001 4.70, Run Il » 5.00
EW W=yji  (Zuyj)) PhysLettB811(2020)135988 2016 5.30
EW W:=Vjj (L”I/]]]]) arXiv:2112.05259 4 40
EW W=W=jj (2£2uj)) arXiv:2205.05711 5 60
EW Wpp (4jpp) arxiv:2211.16320 CMS with TOTEM
EW W=yjj arXiv:2212.12592 Cross section measurement with full Run Il

15


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.051801
https://www.sciencedirect.com/science/article/pii/S0370269317303453
https://link.springer.com/article/10.1007/JHEP06(2017)106
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.051801
https://www.sciencedirect.com/science/article/pii/S037026932030513X?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269320307954?via=ihub
https://www.sciencedirect.com/science/article/pii/S037026932030513X
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.072001
https://www.sciencedirect.com/science/article/pii/S0370269320306596
https://arxiv.org/abs/2112.05259
https://arxiv.org/abs/2205.05711
http://arxiv.org/abs/2211.16320
http://arxiv.org/abs/2212.12592

Measurement of the electroweak production of Wy with two jets

138 fb' (13 TeV)
—— Data B Ew Wy

Endcap photons - Top, VVv ZY QCD WY
MisID photon [ Double MisID

MisID lepton ~ ~ Stat @ syst

* First observation of the Wy + 2 jets process
with observed (expected) significance of 5.3

(4.8) o with 35.9 fb~!

* Extensive measurement now possible with
full Run Il dataset

* Exploration of dim-8 operators possible due

to presence of SM quartic coupling 40 60 80 100 120 140 160 180 200
* Invariant mass of the Wy system is sensitive . [GeV]
e

to presence of dim-8 operators

OO — —

0
2
.6
2
.8
4
0

Data/exp.




Measurement of the electroweak production of Wy with two jets

» Major backgrounds from W+jets and ¢  138fb7(13TeV)

processes where the jet constituents is —*— Data Bl EW Wy in fiducial

e - EW Wy out fiducial [ Top, VV, Zy
misidentified as a photon QcD Wy MisID photon

I Double MisID MisID lepton

Vo4

/7 Stat @ syst

Endcap photons

Events / bin

m,, €[30, 80) GeV ' m, €[80, 130) GeV ' m, €[130, ) GeV

Barrel Endcap

EW W+ in fiducial region 316 £ 16 902 £55 i +
EW W+ out of fiducial region 647 £2.0 204+1.0 5 %%7?7

QCD Wv 1301 £28 362 £ 13 - A E g
top, VV, Zv 402 + 14 933+ 7.2 / :
Nonprompt photon 434 +13 1202 £5.7 - ' '
Nonprompt muon 134 + 27 45 + 11

Nonprompt electron 189 £ 20 86 =13

Nonprompt photon, nonprompt muon 430x70 146=x34
Nonprompt photon, nonprompt electron 75.5+55 25.0 4 2.0
Total prediction 2960 =43 856 = 21
Data 2959 =57 849 £ 32

o)
o

o

Data/exp.
OO0 .. —+=—=
OINO 1L WO




=@ Search for exclusive and production
In final states with jets and forward protons

Both protons tagged by the precision proton spectrometer
(PPS)

The yy - ww process allows the study of the quartic coupling

Events selected based on properties of jets, the protons and
their correlation

CMS-TOTEM 100 fb™' (13 TeV)

+ Observed data

Prefit bkg. + expected signal (a '/A?=5*10"° GeV?)

First search for anomalous high-mass yy - ww and yy - zZ
using reconstructed forward protons

=
O
~
92
fd
C
O
>
LL

* Limits 15-20x more stringent than previous results

CMS-TOTEM simulation

al/A?=2 x 10° GeV?

§=
O
S~
N
—
c
)
>
L

—— Prefit background = uncertainty S
o
$.0:9.9:9:9,

s 4 ]
Sedeas W, 4%
LSS '
s _
P “"""0”0 Y VAYAY. AYAYA 1222 ‘.‘.‘.'
R vavav. avavs POOP.QO L COCO:9$ A AT AT vy SIS
m—— — 'Z.Z.Z.Z.Z.Z.M
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Search for exclusive yy — WW and production
In final states with jets and forward protons

52.9 fb™ (13 TeV)

2518, acoplanlarity > 0.01
42018 data -

gaco
W+jets

Number of events region N, (2016) N, (2017) N, (2018)
Anti-acoplanarity sideband 0 1.5+1.1 1.6 =08 142 +3.0

Anti-pruned mass sideband 0.4 £ 0.2 09 £0.2 99 £ 0.9

0
Event mixing 0 05(<21) 15(<36) 11.6+94
0

Expected signal 1.3 1.4 9.0

(a5 /A2 =1 x 1075 GeV~?)
Anti-acoplanarity sideband 1.5+1.1 3.7x15 37456

Anti-pruned mass sideband 21408 54413 417431 t
Event mixing 2.0=L 1.8 6.3 £ 5.1 42 + 16

Expected signal 1.0 1.6 12.8
(a5 /A2 =1 x 107> GeV?)

Events / 200 GeV

Z+|ets

1500 2000 2500 3000
m(ZZ) [GeV]




First observation of the electroweak production of a leptonically
decaying Wt W™ pair in association with two jets

» First observation of WTW™+ 2 jets with 5.6 & (5.2 o)

observed (expected) significance
 Require oppositely charged pair of leptons

» Major backgrounds: Drell-Yan, ¢f

* Optimize signal significance: categorization based
on the centrality of the dilepton system w.r.t. to the
tagging jets

* Deep neural network (DNN) trained with (indicative):

Variable Description

° M] ] and An]] Invariant mass of the two tagging jets pair
. pr of the highest py jet
Z 1 + $ Pseudorapidity separation between the two tagging jet
— —_—— : : : o .
° A 12 7] r 12 2 7] J1 ;/] Jr pt of the seconc.l highest pr jet |
, Zeppenfeld variable of the second-highest pt lepton
* Inclusive cross section: 99 + 20 fb pr of the lepton pair

Azimuthal angle between the two leptons
Zeppenteld variable of the highest pt lepton

Transverse mass of the (pf}l, pmiss) gystem

20




First observation of the electroweak production of a leptonically
decaying Wt W™ pair in association with two jets

e Largest uncertainty associated with QCD-induced W W™ normalization

| |
. Plots below show Z,, > 1, where — \le + le 1, Z, =1, — 5(}7]-1 + 77]-2)
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Search for vector boson scattering at the LHC Run 2 with CMS
data in the semi-leptonic £vqq final state

* First evidence of electroweak WW/WZ vector boson scattering
(Zvqq) with 4.4 & (5.1 ¢) observed (expected) significance

 DNN trained with (indicative):
° LeptOn ;/]9 pTa M]]

* Two different event categories:
e pased on reconstruction regime of hadronically decaying W

SHAP ranking

Res%ved BO(iSZted L =138 fb L=1381fb (13 TeV)
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Search for vector boson scattering at the LHC Run 2 with CMS
data in the semi-leptonic £vqq final state

* Uncertainties arise from choice of
renormalization and factorization scales

* Signal strengths associated with QCD and
electro-weak production are simultaneously
extracted with compatibility at 68% with SM o

prediction 68% CL
- = 95% CL

b SM
4= best fit

138 b (13 TeV)

Uncertainty source
Statistical
Limited sample size
Normalization of backgrounds
Experimental
b-tagging
Jet energy scale and resolution
Integrated luminosity
Lepton identification
Boosted V boson identification
Total
Theory
Signal modeling
Background modeling
Total
Total

Uncertainties
associated with electro-
weak VBS signal
extraction
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Going forward... (practicalities)

e Study of vector boson scattering processes is an
exciting area of research with many new
analyses in the last few years

* Run lll dataset provides additional opportunities &=
to study these processes in depth e | T

* As the precision program of the LHC is realized,
. . . . P_W+Py8 POWHEG HIA NNPDF3.0-| Dipole Recoil [6]
studying generator modeling is crucial 0

, Dipole Re-
coil [6]

 Many different generators studied with various

T Pt
IG5_AMC namic scale, CUETP8M1 [7 NNPDF3.0-| LO, exactly six
. . v2.3. using a 8 212 LO
configurations L
e clustere
external state

e Features discussion of choice of dipole recaoll ’
scheme

(VBScan) jetl jet2 NLO
T Pr

e Synchronize sample production between
ATLAS and CMS
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2020-026/

GOing fOrWard . % CMS-PAS-FTR-21-001

* Understanding electroweak symmetry breaking — crucial part of LHC physics program

* Longitudinally polarized scattering of W and Z complementary to direct measurements
of the Higgs coupling to gauge bosons

* Analysis projected from Run Il to 3000 fb-1

© Phase-2 Projection
: 3-parameter fit measurements
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https://cds.cern.ch/record/2776773?ln=en

Additional Material



arXiv:2305.19142

Furthermore, to enhance the VBS topology, events must have at least two jets with pJT. above 50 GeV and a
rapidity difference between them, [Ay| > 1. The invariant mass of this pair of jets, m ;, is required to be
greater than 150 GeV for the total Zyjj process measurements, and greater than 500 GeV for the Zyjj
electroweak process measurements. This selection significantly reduces the number of events with three
bosons in the final state in first case, and the number of QCD Zvyjj background events in the second case.
Events containing b-tagged jets are rejected. The b-tagging algorithm provides a working point with a
70% selection efficiency for b-jets in an inclusive ¢# MC sample and rejection factors of ~ 10 and 400 for
charm- and light-flavour jets, respectively [43]. The two highest-pt jets satisfying these conditions are
referred to as VBS tagged jets. Events with additional jets of transverse momentum above 25 GeV in the
rapidity gap between the two VBS tagged jets are rejected. The centrality of the £*¢~y system relative to
the VBS tagged jets (j; and j,) defined as

(:(Zy) = w : (1)

Y = )b

where y indicates the rapidity, is required to be less than 3.

For the signal extraction the selected events are further split into a signal region (SR, {(Zy) < 0.4) and a
QCD control region (CR, {(Zvy) > 0.4) as explained in Section 7. For the measurements of the full Zyjj
process, only the region {(Zvy) < 0.4, referred to as ‘Extended SR’, is used.

The observed total number of events in the m ;; > 500 GeV SR and CR is 562 and 274 respectively. In the
mj; > 150 GeV Extended SR phase space, the observed total number of events 1s 1461.
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https://arxiv.org/pdf/2305.19142.pdf

