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High Luminosity LHC

The High Luminosity LHC will shine a bright light on the dark corners of the SM.
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The HL-LHC - A challenging environment
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CMS Phase 1l

Tracker

* higher granularity
* less material

« better p; resolution
« extended n region
« tracks trigger at L1

New luminosity
and beam monitoringf/ -



MBI Physics Goals at HL

Gauge sector physics is central component of the SM HL program:

High statistics studies of diboson states
Observation of triple gauge boson production

Observation of vector boson scattering

vy v vV VY

Measurement of quartic gauge coupling constants
(WWyy, WWZy, WWWW, WWZZ)

> Searches for higher mass scale physics through aTGC and aQGC

Higgs sector has multi-boson interaction within reach at HL:

> Measurement of di-Higgs production
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CMS MBI studies for the HL-LHC

Vector Boson Scattering:

> Precision measurement in the electroweak sector with sensitivity to the
electroweak symmetry breaking

> Test of the Higgs boson nature: V| V| scattering unitarity relies on strong
cancellations with Higgs diagrams

Higgs pair production:

> Measurement of the Higgs boson self coupling
> Probe third derivative Higgs field potential at its minimum to discriminate
against BSM models

\
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Vector Boson Scattering Topology

Rapidity gap
]

> Two highly energetic, forward 'tag jets’ (identified as highest pr jets)
with large mj; and Anj;

» Central leptons, MET

> Low amount of soft, hadronic activity in central-rapidity region

CMS Phase Il: Measurement is enabled by improved forward jet reconstruction from
tracker and calorimeter extensions and higher granularity.
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VBS final states

Study of W*W™ and WZ scatting in the fully leptonic final states:

pp— W=W= jj
— Iy Py jj

W*W=jj backgrounds:
> Jets misidentified as leptons
(semi-leptonic tt, W+jets)

> WW QCD, WZ and charge
misassignment

w v

pp— W=Z jj
= IFv It

W#* Zjj backgrounds:

> Fake lepton background negligible
(nlep < 25)
> WZ QCD and ZZ
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Benchmarks

» Cross section measurement

> Longitudinal scattering cross section:
Vi Vi — V V| unitarized through the presence of the Higgs boson

> Partial unitarization:
In theories involving more than a single Higgs boson, unitarization of VBS is only
partially operated by the Higgs boson.

> Anomalous couplings (EFT):
New physics in the EWK sector at a high mass scale could lead to strong
enhancements in the cross section at high energy
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Detector configurations

To assess VBS sensitivity at the HL-LHC three scenarios are studied:
» Phase Il, 140 PU

»> Phase | aged, 140 PU:
Without phase Il upgrade and including radiation damage after 1 ab™!

» Phase |, 50 PU:
Current non-aged detector and data conditions

Target: Maintain the Phase | configuration performance throughout HL period

Detector simulation with Delphes:

» Fast multipurpose detector response simulation framework

> Simplified detector geometries and parameterization of efficiencies and
resolutions

> Parameterizations tuned and verified by comparison to full CMS GEANT4-based
simulation
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Fake lepton background

Backgrounds containing a jet misidentified as a lepton (probability ~ 1075)

> Dominant background W* W scattering from semi-leptonic ttbar events

Measure fake lepton probability from detailed-simulation sample:

> step 1: Determine probability for a jet to be geometrically matched to a fake
lepton (i.e. not produced by the generator)

> step 2: Correlation matrix between the matched jet P+ and the fake lepton P+

> Both steps calculated separately for b jets and non-b jets

The results are cross-checked on several detailed-simulation samples.
To account for non-reliable normalization of the fake rate probability measured from

simulation, results of the analysis are plotted as a function of a global fake rate scale
factor.
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Event Selection

Basic objects: WW cuts:

> tight leptons with pt > 20 GeV and Z mass veto

In| <25 b veto (loose b-tagging WP)
> At least 2 jets with pr > 30 GeV
> MET > 30-40 GeV

> extra loose lepton veto

soft muon veto (in jet cone)
M1 and 712 between Njess

Hr (track jets) < 125 GeV
(150GeV for phase II)

vV v vV vvY

VBS topology cuts:

> my > 40 GeV
> my > 625 — 850 GeV . AR(J_/ LL) 6
> Alej>3—4 . An"<’2
WZ cuts:

> Z mass selection

> my > 20 GeV for same flavour
opposite charge lepton pairs
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Analysis strategy

Classify events according to lepton flavour and charge:

WW: WZ:

> Flavour: EE/MM/EM/ME » Flavour: EEE/UUU/EEU/UUE
> Charge: ++ / - -

14 TeV, 3000 fb™, PU = 140
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Cross section results

14

EWK W*W™jj XS uncertainty at the order of 5%,
close to the systematic limit, after 3ab™?!

EWK WZ scattering XS uncertainty at the order of 10% after 3ab™!

Systematics:
» Theoretical uncertainties are taken from Runl analysis
> Experimental uncertainties:

Phasel and Phasell:
uncertainties from Runl analysis

Phase | aged:
several systematics are downgraded (from detailed simulation comparison)
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Partial unitarization results

> Use (noH - H) excess as signal and SM contribution as background

> Expected 95% CL exclusion limit can be calculated on fraction of difference
Asp/(noH — SM)

> Excluded signal strength is well below 1 for 3ab™?

B 14 Tev, 3000 o™, PU = 140 _ : : 14Tev ) : 14Tev, 3000 !
& s 1 -
S CMS Phase Il Delphes Simulation 2 CMS Delphes Simulation WW ] ‘;3 [ CMS Delphes Simulation WwWw
3 100" Pl wetepion [ Weewe 5 g
= £ ] e
& wi, [l wenochace < Eo y
W g0 vz, g H
e = | 5
WWey (MOH ) —— WWey (0H, H,,) & T Phasel 0Py ] 2
e (O, ) —— WWe,, (n0H_ -H,, ] 3
sool- 3 —tlasrory 1 @
2 1 3
B —— Phase 1l 140 PU ] B
—— Phase 150PU
—&— Phase | aged 140 PU
ot —— Phase | 107U
107 | L
| | | L | |
2000 4000 5000 0 5 10
Luminosity (fo™) fake rate scale factor

Samples generated with Phantom
Combined WW and WZ result:

| Phase | | Phase Il | Phase | aged
noH 95% CL exclusion | 0.14 | 0.14 | 0.20

Phase |l scenario recovers performance phase | scenario.
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Longitudinal scattering

»> V|V, component is considered as signal, V; V1 and V1V as backgrounds

> Signal is much reduced w.r.t. the total EWK scattering

LHE level W, W 14Tev LHE level W, W, 14Tev
T T T T T 3 E F T T T T T ™
] = r 3
160 =TT -TL -l o > 160F~ Tl w4
] o r |
= 1401 =
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3 100

E 80[— E
= 60~ E
= 40f- E
= 1 L i B |

300 1 15 2 25 3
P! )

&
&

Madgraph v5.2.2.3 + decay package
Sensitivity from the low lepton Pt region.
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Electroweak V;V, jj results

> Expected significance after 3ab™! at the level of 20 for W* W= jj
and 1o for WZjj

14 TeV, 3000 b 14 TeV 14 Tev
s T T B T T 5 T T T
8 CMS Delphes Simulation WW 2 CMS Delphes Simulation V\/W 3 2[~ CMS Delphes Simulation V\/Z 1
§ § §
2 2 &
g £ o 1 £
5 —— Phaso 150PU 5 S
® @ @ 15 q
o 15 —e— Phase | aged 140 PU o B
2 2 2
] —— Phase I 140PU 3 g
g g of g g
£ g £
a I & 1 B
| ] —— Phass 150PU —o— Phase 150PU
| —— Phase laged 140 PU —e— Phase | aged 140 PU
05
—— Phase I 140PU —e— Phase 1140 PU
05— 1. 13 o P R L A L I I
o 5 10 2000 4000 6000 2000 4000 6000
fake rate scale factor Luminosity (fo) Luminosity (fb)

Combined result:
| Phase | | Phase Il | Phase | aged
V, V| scattering significance (6) | 250 | 275 | 2.14

Phase |l performs better due to improved lepton reconstruction for low Pt leptons.
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WEW=Ejj EFT

> New physics effects are parametrized by including higher dimension operators
(8th order) in SM Lagrangian

> Exclusion limits on associated coefficients set through binned template fit on my

14TeV 3000 b, 140PU
T T

2
i

MS Phase Il Delphes Slmulatlon

Events / bin

_ (6) (8) — Standard Model
L=Lsm (+Z; O; )‘*‘Z w0t + Ty =0.07 Tev*
- T,=0.14 TeV*

Lro=Tr [W#VW#V] xTr[ » W“ﬁ}

?

1
600 800 1000 1200 1400
m, (GeV)

18 J. Lauwers CMS Run 2 and HL-LHC Multi-boson Physics Prospect



W=Ww= Jj

EFT results

> Expected upper 95% CL limits on the coefficients for the dimension eight
operators

> Combination S0-S1: only modifies SM quartic gauge coupling

14 Tev, 3000 b
— T T T

phase | phase Il phase I aged % EUI CMS Delphes S\mulanon%

So | 1.06 1.07 117 € ob f\\\ E
S1 3.51 3.55 3.87 N T NN ]
Mo | 0.78 0.75 0.82 100 \ E
M, 1.10 1.06 1.14 3 El
Ms | 1.56 1.49 1.63 o E
M, 1.37 1.32 1.45 a0fk E
To 0.067 0.077 0.083 Fooomeee \ E
T 0.036 0.033 0.036 ,20:, ~— = Phase | aged 140PU \§ E
Ts 0.119 0.111 0.119 b et Y]
-10 5 0 5 10

S, (Tev™)
Limits from the 8 TeV analysis are 30 - 60 times higher

19

J. Lauwers

CMS Run 2 and HL-LHC Multi-boson Physics Prospect



VBS expectations

Run 2 (100fb~1):
> Expected discovery of EWK W*Wjj production

Run 3 (300fb~1):
> Expected discovery of EWK WZjj production

> Precision on the total XS of the EWK VBS processes at the order of 10 —20%,
Sensitivity to partially-unitarized models is expected:
95% CL exclusion for 0.6 times the (noH - H) difference

HL-LHC (3000fb~1):
> Sensitivity to partially-unitarized models:
95% CL exclusion for 0.14 times the (noH - H) difference
> Sensitivity to aQGC strongly enhanced

> Detecting the longitudinal component of the VV scattering remains challenging,
expected significance of 2.75 ¢

Room for improvements:

> Conservative estimates for pixel detector performance, possible improvements in
reconstruction algorithms

> b-tagging only up to |n| <2.5
> Longitudinal scattering analysis strategy

> Semi-leptonic final states unexplored
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Di-Higgs final states

Study of Higgs pair production in three final states
> Destructive interference gives very low NNLO cross section of ~ 40fb™! in gluon
fusion production mode, 1000 times smaller than single Higgs production

> Without Higgs self-coupling cross section x 2

HH — bbyy HH — bbtt HH : lt),lt:l‘iivlc/
> Exp. events (3ab™?!): > Exp. events (3ab™?!): > Exp. events (3ab~1):
320 9000 1500
> MC with smearing » Combination of MC > Delphes simulation

functions and Delphes

21 J. Lauwers CMS Run 2 and HL-LHC Multi-boson Physics Prospect



HH — bbyy

Backgrounds:
> Resonant: ZH, ttH, bbH

> Non-resonant: bbyy, jjyy, bbjy, bbjj, jijj and ti(y)
Produced at generator level and weighted by mis-tagging
efficiencies and mis-identification rates.

Two categories:
> 2 photons in barrel / at least 1 photon in endcap

» Dominant backgrounds: bbyy, bbjy / bbjy, bbjj

Event Selection:

g7 1074
g—7y | 5x107*
light j b | 1%

c—b 20%
e—vy 1%
k-factor ~ 2

»> 2 photons with P+ > 40, 25 GeV > loose lepton veto
and [n] <25 > djets < 4
> 2 b-tagged jets with P+ > 30 GeV
and |n|<2.4 > ARy <20
n ARbb <2.0

min(ARy,) > 1.5
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HH — bbyy - Signal Extraction

23

Fitting the double Higgs peak:
> 2D maximum likelihood fit on My, and My,

> PDF's fitted on MC:
Crystal Ball for resonances, decaying exponential for non-resonant backgrounds

> Correlation M,y and My, assumed to be negligible

Example toy experiment for category with two photons in barrel:

Number of Events

50

40

30

20

10

0

Vs=14 TeV, PU=140 , 3000 b~ !

T T T
Simulation

T
CMS

+‘Toy de‘lta
—— Combined fit
..... HH->bbyy
Resonant bkg
----- Non-resonant bkg

t

100 105 110 115 120 125 130 135 140 145 150

J. Lauwers

M,, [GeV/c?]
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HH — bbyy - Results

Relative uncertainty on fitted signal yield (%):
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> Expected significance at 3ab™!: 1.60

»> Result dominated by statistical uncertainties
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HH — bbyy - CMS upgrade

Vs=14 TeV, PU=140 (s=14 TeV, PU=140
5120 T T T ] 120 T T T T
= [ CMSSimulation ] T [ CMSSimulation ]
£ 100/~ Phase Il ] £100 Phase II ]
g L ] E L ]
=4 L 4 =4 L 4
2 sof- ~ ] Z sof- ~ 1
i C ] i L ]
§ 60— — S 60— |
El C ] z L ]
£ =
s r 1 g r 1
5 40 — S 40 7
g C ] g L ]
5 ] 5 r ]
2 20 - g 20 -
8 C ] K C ]
s ] s ]
@x F B o F -
0 1 1 \ 0 | | 1 1
»20 -10 0 10 20 -20 -10 0 10 20 30
Relative Improvement In Photon Eff|c:|ency [%] Relative Improvement In B-Tagging Efficiency [%]

Small improvement to the selection efficiencies would have significant impact on the
analysis sensitivity.
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HH — bbtt

Backgrounds:
» Resonant: ZH, ttH

» Non-resonant: tt, DY, tV, ttV, VV
Combination of Delphes and generator level weighted by efficiencies.

Two categories:

> ThTh [ ThTu
7. Hadronic tau decays
7,: Tau decays to u

Event Selection:

> 2 b-tagged jets with pr > 30GeV, [n| < 2.4
73, T, final state
> 2 isolated Tj,-s with pr > 60GeV or pr > 90/45GeV, || < 2.1
7,, Ty, final state
An isolated 7, with pr > 30GeV, 1| < 2.1 and an isolated 7, with pr > 30GeV, |n| <2.5
90GeV < mypy, < 130GeV and 110GeV < m;; < 140GeV

my; reconstructed with likelihood based technique (SVFIT),
important to discriminate against Z — 77.
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HH — bbtT - Analysis strategy

Define kinematic bounding variable m5 to discriminate against tt :

> Maximal possible mass of the parent particle (t or H) consistent with the
constraints

> Bounded above by the top mass for tt events, unbounded for di-Higgs signal

events
Vs=14 TeV, PU=140 14 TeV, PU=140
o 10°F T T T 3 9 10 T T T T 3
g E CMS Simulation e E g CMS Simulation g el 3
> £ w ] [ . E|
i} [ ] m 10 =
- 3 10 - E
EZZZ3 Stat. uncertainty B [EZZE3 Stat. uncertainty B
E ] 10! E
g E - 3
[ u 10
1E
) 100 200 300 400 500 600
my, [GeV/c?] BDT

To further exploit the boosted kinematics of di-Higgs production, a BDT is trained on
masses, P, AR and mT,
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HH — bbtt - Results

Signal extraction:
> 7,7, Maximum likelihood fit on mT;

> 17,7, Has a much larger leptonic tt background
Maximum likelihood fit on BDT output

Expected significance:
> 0.5 and 0.70 for 7,7, and 7,74
> Total: 0.90

Strong dependance on capability to trigger at level 1 on charged particles with the
Phase Il CMS detector, otherwise sensitivity reduced by ~ 40%.
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HH — bbWW — bblviv

Backgrounds:

> Dominant background: tt production with fully leptonic decay

> Other backgrounds negligible

» Detector simulation with Delphes

Event Selection:

> 2 opposite sign leptons, muon
P+ > 20 GeV, electron P+ > 25
GeV and |n| <25

> 2 b-tagged jets with Pt > 30 GeV
and [n] <25

29 J. Lauwers

> my > 85 GeV
> 60 GeV < my, < 160 GeV

> AR” <20
ARpp < 3.1
A(pbb.ll >1.7
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HH — bbWW — bblvIv Results

A neural network is trained on the kinematic properties, taking into account the
correlations

700 Vs=14 TeV, PU=140
g [ CMS Phase ll, Delphes
o600~ Preliminary
2600
>= C
€ s00
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La00—
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s
8200
&2001
S
o |
2 100—

3 100

5

£ B | | | | |
R 1

2 3 4 5
Background Systematic Uncertainty [%]

» Result from cut and count on NN discriminator

»> Small contribution to significance when combined with the other final states
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Higgs Pair production expectations

HL-LHC (3000fb™1):
» Combining bbyy and bbt7 final states, the expected significance is 1.96

» Observation might be possible, after improvements and combining CMS and
ATLAS results

Room for improvements:

> More sophisticated reconstruction and analysis techniques

> Additional di-Higgs boson production and decay modes remain unexplored,
especially promising bbbb final state when using boosted b-tagging techniques
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Conclusions

Many interesting future MBI results with the LHC. At the short term:
> Observation of triple gauge boson states
> Discovery of EWK VV+2j production

> Improved measurements of the anomalous triple and quartic gauge couplings

At longer term, HL-LHC:
> Sensitivity to partially-unitarized models

> Possibility of discovering longitudinal vector boson scattering and di-Higgs
production, but further study is required

Analyses will benefit from HL LHC and phase 2 upgrades:
> Tracker extension improves tag-jets identification in scattering analysis

> The ability to measure the di-Higgs production in the most promising final states
will largely depend on the identification and momentum resolution performance
for b-jet, photons and 7
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Backup

Backup
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HL-LHC plan

High
LHC / HL-LHC Plan Luminosiy
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