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SM measurements in a nutshell

Standard Model Production Cross Section Measurements
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Status: July 2019
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Measurements of
Multi-Boson
Production
processes:

At the moment
including
diboson/triboson/
VBS/VBF/...
(Vv/Vyvy/VVy but
not yy/yvy)

Being the rare
processes in SM at
LHC, desire a good
discrimination
against enormous
backgrounds.



Vector Boson Scattering topology in a nutshell
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Vector Boson
Scattering (VBS) is a key
process

to probe the
mechanism of
electroweak symmetry
breaking.




Main interest of VV scattering JHEP11(2008)010

a(VV — VV) with my, = 120 GeV ‘

Unitarity violation of Vector Boson Scattering ol |
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The my, = 125 GeV Higgs will unitarize VV2>VV scattering provided it has SM hvV couplings.
This can be carefully examined by either

* Precide measurements of the hVV couplings at the light Higgs resonance

* Measurement of VV>VV differential cross sections at high pr and invariant mass



VV scattering topology SM review
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E4terms cancel
between TGC and QGC

A= g’ E’ >'

Terms which grow
with energy cancel for
E>> MH
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H g H 4
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This cancellation requires
My < 800 GeV

SM particles have just the right couplings so
amplitudes don’t grow with energy
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VBS measurement sensitivity prospect at 8TeV vs 13TeV

-

How much the jump in
energy buy us

N

Measurements mostly
stat. limited

Signals mostly qq
initiated—>no huge jumps
in inclusive x-sec

Still EWK production tends
to raise slightly faster than
QCD at high m(jj), being
the most interesting part
sensitive to high Vs of the

bosons scattering




VBS signature in short

= Typical VBS topology

. 4 g /<
= tagging jets: O%\ e —

= transverse momenta: pT(j1), pT(j2)

= jnvariant mass: M(jj)
= rapidity difference: AY(jj)
= central jet veto \ o/

e e [ [¥ 050 +y(2))
. CentraIItY' < y(j1) — y(ja)

4
- . Zl DT; ﬂ ) Ao
pT balance: =)

= All hard process decay products and jets




Experimental challenges per final states

channel final state comment *

Observed! .
VBF 2v jj statistics is not a problem, good modelling of W+jets needed
Observed! .
VBF Z 22 jj statistics is not a problem, good modelling of Z+jets needed
Observed! fgP S “golden channel”: very good EW/QCD ratio, mainly experimental
VBS WW Lrve’ty jj ) 7
(charge misID) background, good statistics
s s hard to investigate due to dileptonic ttbar background, Higgs group
VBS WW= eve'rv Jj does also use this final state
Observed! i ' i
VBS WZ 222’V 57 similar cross section as ssWW, but larger QCD background, fair

reconstructibility of fs

Evidepce .. o photon brings higher stat. (and different experimental systematics),
6g§ Wy/Zv &vy jj / tty ]] lacks sensitivity to BSM in Higgs sector

PR large backgrounds (W+jets, ttbar), but promising boosted regime when
VBS WV €viJ 3] looking for NP effects
P large backgrounds (Z+jets, ttbar), but promising boosted regime when
v £E3RS looking for NP effects, no neutrinos in final state
spr very clean channel, very good reconstructibility of final state and low
New VBS 77 tee'e” 33 background contamination, but small cross-section
Observed! _ o o _ _
VBS 77 2wV jj challenging to measure invisible Z decay, combination with leptonic

decay might help to suppress dileptonic ttbar background
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ATLAS Observation Observation Observation (5.5 0) 410 Observation
CMS Observation <30 <30 4.7 0 Observation

p*utjj Candidate Event
mjj=2800 GeV | Ayi|=6.3

A clean signature of VBS

=~} like-sign WW pair
) production event display,

observed by ATLAS (2018)
% AT LAS and CMS (2017) at >50
A EXPERIMENT ETICUES

Run Number: 207490, Event Number: 33152138
Date: 2012-07-26 04:16:35 UTC




Former accomplishments: 15t observation of same-sigh WW VBS
processes at ATLAS
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ATLAS on twitter:

11 ATLAS Experiment Retweeted

A ATLAS Experiment & @ATLASexperiment - Jul 5 v
ATLAS [Physics Briefing] Quarks observed to interact via minuscule “weak lightsabers.”

Find out more: cern.ch/go/76TC

T
- ATLAS Preliminary
\s=13TeV, 36.1 fb"

Events

60 —

Phys. Rev. Lett. 123 (2019) 161801
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ATLAS Collaboration Physics Briefing highlights for ssWW 5-c observation:

ICHEP2018 highlights:
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http://atlas.cern/updates/physics-briefing/weak-lightsabers
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-030/
https://indico.cern.ch/event/686555/contributions/2975622/
https://indico.cern.ch/event/686555/contributions/2975621/

Events /0.2

Data/ MC

Former accomplishments: 15t observation of WZ VBS processes at LHC
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ATLAS Collaboration Physics Briefing highlights for WZ 5-0 observation:

ICHEP2018 highlights:
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http://atlas.cern/updates/physics-briefing/weak-lightsabers
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-030/
https://indico.cern.ch/event/686555/contributions/2975622/
https://indico.cern.ch/event/686555/contributions/2975621/
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Former accomplishments: 15t observation of WZ VBS processes at LHC

Phys. Lett. B 793 (2019) 469
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ATLAS Collaboration Physics Briefing highlights for WZ 5-0 observation:

ICHEP2018 highlights: ) ,
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Recent highlights: 15t observation of ZZ VBS process at LHC
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Recent highlights: 15t observation of ZZ VBS process at LHC

m;; distribution in the 4l signal region m;; distribution in the 2I2v signal region
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ZZ V/BS analysis strategy overview

VBS in a further extrapolated phasespace after inclusive ZZ selection plus VBS-enriched dijet cut

MVA (BDTG)-based analysis is used then to extract the EW VBS ZZ signal from background

Interference between EW and QCD as systematic on the EW VBS ZZ production measurement

Combining ZZ—> 4l and ZZ->212v final states to gain enough sensitivity:
= ZZ->4l channel:

* Clean experimental signature except QCD induced ZZjj, small “other” background contribution (~3%):
fake leptons from Z+jets, ttbar, WZ; irreducible backgrounds from other rare processes such as ttV
and VVV.

= The QCD 4l+jj being the major background. EW/QCD is around 20% level overall, MVA discriminant is
adopted.

= 7ZZ->2I2v channel:
= Much larger backgrounds: WZ, WW + ttbar, +irreducible QCD ZZjj (when looking for EW)
= Z+jets w/ fake MET largely suppressed while tightening MET-significance cut

= EW/background ~15%, MVA becomes essential but more complicated than 4l channel



ZZ V/BS object and event selections overview

2225¥] Ulvvjj
pr > 7 GeV, |n| < 2.47

Flectrons |do/dq,| <5 and |z X sinf| < 0.5 mm

Muons pr > 7 GeV, |n| < 2.7 pr > 7 GeV, |n| < 2.5
) |do/oq,| <3 and |z x sinf| < 0.5 mm

Jets pr > 30 (40) GeV for |n| < 2.4 (2.4 < |n| < 4.5) pr > 60 (40) GeV for the leading (sub-leading) jet
pr > 20, 20, 10 GeV for the leading, sub-leading and third leptons pr > 30 (20) GeV for the leading (sub-leading) lepton
Two OSSF lepton pairs with smallest |m,+,~ —myz| + |m€/ b- my| One OSSF lepton pair and no third leptons
Z Z selection m,+,— > 10 GeV for lepton pairs 80 <m,+,~ < 100 GeV
ete ete
AR((, (') > 0.2 No b-tagged jets
66 < m,,- < 116 GeV ET™ significance > 12

Two most energetic jets with y; xy;, <0

Dijet selection m;; > 300 GeV and Ay(jj) > 2 m;; > 400 GeV and Ay(jj) > 2

Generally tighter selections in llvv channel due to more backgrounds
Going into VBS-rich region after dijet selection

QCD Zzjj:




Gradient BDT in both channels:

BDT MVA analysis in ZZ VBS
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Number of events

QCD ZZjj modeling uncertainties in ZZ VBS

* The theoretical uncertainties commonly estimated by varying certain physics parameters (QCD scale
choice, PDF tuning, couplings ...).

= The shape differences of different generators cannot be covered by QCD up/down variations

* Two different generators (Sherpa and MG) are used to compare the modelling of the QCD processes at
matrix element level
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Other background treatments in 2I12v channel
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BDT Output

Non-resonant 2| control region:

WZ dominant CR:

o 80 < My, < 100GeV
PY' > 30GeV, P2 > 20GeV,|n.| < 2.5, medium
P—?rd > 20GeV, |(n?*7?)| < 2.5, medium

o

o

o

Transverse mass mYV,V > 40GeV

(e]

B-jet veto: 85% working point

o

Njets > 2

o

Py > 60GeV, P> > 40GeV
o MET Significance > 3

o two different-flavour opposite-charge leptons

o veto events with any additional lepton with Loose ID and Pr > 7GeV
o 80 < Myp < 100GeV

o Pil > 30GeV, P2 > 20GeV,|ne| < 2.5

o jers = 2, PJ > 60GeV, P? > 40GeV, |n;| < 4.5

o M;; > 400GeV, AY;; > 2,Y;1 XY, <0

o B-jet veto

o MET Significance > 12



ZZj) EWK/QCD interference treatment

EWK-QCD interference is neglected. The

estimated size of interference is treated as
an additional uncertainty, studied in truth
level then convert to reconstruction level.

The size of interference over EW
contribution reduces when entering more

EW-signal like regions - treatment of
interference is not critical to the results.

Uncertainty due to interference:7(2)% in 4l
(212v) channel. Difference mostly due to
different mjj cut between two channels.

Events

5F — Nominal

al — IntfSyst

- 4 truth

e

EW vs. EW + interference

2=

Oﬁl|Illll|IIllIIIIllIIlIlIIllll
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ATLAS PhD thesis by J. Chen
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Summary of ZZ VBS measurements

Process ey g lvvyg
EW ZZjj 206 £ 2.5 12.340.7
Signal/Bgd QCD ZZjj 77.4+£25.0 17.243.5
yield QCD gg9Z 7345 13.1+ 4.4 3.5+1.1
estimations: Non-resonant-¢¢ - 21.4+4.8
WZ - 22.8+1.1
Others 3.2+ 2.1 1.2+0.9
Total 114.34+25.6 78.4+6.2

Data 127 82

Measured fiducial o [fb]

| Predicted fiducial o [fb]

00055 | 1.27 +£0.12(stat) = 0.02(theo) £ 0.07(exp) =+ 0.01(bkg) =+ 0.03(lumi) | 1.14 + 0.04(stat) = 0.20(theo)

Ulvvjj | 1.22 +0.30(stat) + 0.04(theo) & 0.06(exp) £ 0.16(bkg) + 0.03(lumi) | 1.07 £ 0.01(stat) + 0.12(theo)

HEW ,ugégff Significance Obs. (Exp.)
Observation: _ (000jj | 154+ 0.42 | 0.95 +0.22 5.48 (3.90) o
Ulvvjg 0.73 +£0.65 - 1.15 (1.80) o
Combined | 1.35+0.34 | 0.96 £ 0.22 5.52 (4.30) o
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Recent highlights: 15t evidence of Zy VBS process at ATLAS

EWK signal of Zyjj
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Overview of the measured fiducial phasespace of Zy VBS

¥y jj preselection

Lepton

pt > 20 GeV
nel < 2.5
remove e if AR(e, u) < 0.1
Np > 2

Boson

me+p- > 40 GeV
me+p- + me+ gy > 182 GeV

Photon

EY > 15 GeV
Iny| < 2.37
remove y if AR({,y) < 0.4
N, >1

Jet

Py > 50 GeV, [njerl < 4.5
NJets >2

remove jets if AR(Z, jet) < 0.3 OR AR(y,jet) < 0.4

m;; > 150 GeV

Signal Region

¢y jj preselection
C(lly) <5




Analysis scheme: BDT MVA analysis w/ Cut-Based x-check

. Both approach
- MVA approach
. CBA approach

2| SFOC with p;>20GeV
1y with p;> 15GeV
FSR and Isolation cuts N(jet) = 2
with p;>50GeV
Mjj>15GeV |Anjj|>1
Centrality<5

MVA:

Baseline selection
splitting into BDT region
and b-tagged control
region for ttbar+photon
Fit BDT output in BDT

~ (IS

Train BDT
(wolAnii|>1) |

Mii<500 GeV

C

Mii>500 GeV
- !
Signal region QCD CR MVA region

region to extract signal

Cut-based:

BDT region splitting into
low and high Mjj
(500GeV edge)

Fit Centrality of Z+photon

v
ttbarv CR




Background estimation strategy (pre-fit)

Z+jets
e estimated in relaxed region
(pt jets>30 GeV, but
excluding the SR) using ABCD
method (isolation vs anti-ID).
* Extrapolated to the BDT
region given the Zy to Z+jet
event shape consistency

,_ATLAS PhD thesis by J. Chen

8 E—— —2yQCD
N L

g r —Z+jet MC
it

10E :F—

10’5— o

10°5 500 T T 5050 2500

3000
Mij (GeV)

tt+y
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BDT inputs for Zy VBS

Variable used in the BDT
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Systematic uncertainties

Source Uncertainty [ %]
Statistical e
Zyjj—EW theory modelling e
Zvyjj—QCD theory modelling +6
1t + 7y theory modelling +2

+3

Zyjj—EW and Zvyjj—QCD interference

-2

| Jets +8 |

Pile-up 4
Electrons +1
Muons i
Photons +1
Electrons/photons scale +1
h-mgging +2
MC statistics +8
Backgrounds normalisation i
Luminosity +2
Total uncertainty o




Summary of Zy VBS measurements

Zyjj EWK fid.

o e = 7.8 +1.5(stat.) + 1.0 (syst.) 9 (mod.) fb

T = 775+ 0.03 (stat.) £ 0.20 (PDF + as) + 0.40 (scale) fb
gdy-}fj;';;f* = 8.94 +0.08 (stat.) = 0.20 (PDF + as) + 0.50 (scale) fb

Signal and Bgd yields:

Zyijj QCD+EWK fid.

fid.
T Zyji
O_ﬁd., MADGRAPH+SHERPA
Zyjj

71 +2(stat.) *J (syst.) 21 (mod.) fb

88.4 + 2.4 (stat.) + 2.3 (PDF + as)*7o-{ (scale) fb.

Summary of the measured significance:

SR b-CR

Data 1222 388

Total expected 1222 +35 380 19
Zyjj—EW (signal) 104 +26 S =1
Zyjj—QCD 864 +60 82 =+ 9
Z+jets 200 +40 19 =+4
tt+y 48 +10 280  +21
Other backgrounds 7 + 1 4 =1

Cut-based 0.96 £0.23(stat) £0.16(sys) £ 0.06 (theo)
(obs)
BDT (obs) 1 £0.19 (stat) £0.13(sys) + 0.13 -0.10 (theo)

0.87+0.26 280

0.86£0.25 410



Summary and prospects

= LHC Run2 provides large amount of pp collision data at a higher center-of-mass energy,
giving rise to VBS observation sensitivity

Observed VBS-VV channels: like-sign WW, WZ, ZZ(NEW Observation!)

Upcoming channels w.i.p.: ZZ, W/Z+y(evidence!), semileptonic WV(jj)/ZV(jj)

Important test of EWSB and higgs mechanism in the unitarization of VV>VV scattering
Next steps: differential measurements, 15t extraction of V|V, polarization components

= Potential showstoppers and improvements

Quark/Gluon induced jet separation using jet substructure technique to distinguish “color-charge”
(tracking info, multiplicities, track jet width, calo topo cluster width, etc.)

Forward tracking improvement in future LHC upgrade
Pileup jet suppression in forward region

Theoretical uncertainties: improvement of high order precision in QCD irreducible background
modelings, high order EWK effect predictions, interference modeling

Experimental challenges: Charge flips, soft-leptons
New physics probing: (doubly-)charged higgs, MSSM, aQGCs



