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VBS and longitudinal polarization

» At the LHC:

» Two very forward jets, with large eta separation and invariant mass

» Low hadronic activity in central region

»longitudinal polarization

» Closely related to the important theoretical property of unitarity

restoration through Higgs and possible new physics

» Below 10% of the total VBS

» Needs long time to reach 5a(same-sign WW at the CMS)
» full simulation: 2.70 at the 14TeV HL LHC
» full Run II: about 1o

tyyang99@pku.edu.cn

An example Feynman diagram of VBS at the LHC
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Why we choose the Muon Collider?

»High collision energy

proton driver front end cooling acceleration collider ring
» Fundamental particle m
» more effective than LHC _E Sl oy = ﬁ
& S o oENCGieR sl s = 2 = =
£ & 6 35 |2285 8|8 8 5 S 38
»my, ~ 207m, 3 £ 2 5 |3::°3lgiZgpE ¢
8 258 S| §© 2& © £ | accelerstors:
» Reduced synchrotron radiation = €% linacs, RLA or FFAG, RCS
. . . Low EMmittance Muon positron linac positron acceleration collider ring
»High luminosity Accelerator (LEMMAY: ing
1011 y pairs/sec from e*e~ l e
. interactions. The small production CoM
>M0re detalls : emittance allows lower overall charge p| I — 10s of TeV
in the collider rings — hence, lower positron linac N .
. : backgrounds in a collider detector =5 S
https://muoncollider.web.cern.ch/ e e 2% 2£ -~
energy while mitigating neutrino ST accelerators: w I
radiation from muon decays. 2 linacs, RLA or FFAG, RCS
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» VBS processes

Longitudinally polarized ZZ scattering at the Muon Collider

Physics processes at the Muon Collider

X =ntt+mV + kH

ptp = Xuvo,  (WW_VBS)

»s-channel

Lt

7

tyyang99@pku.edu.cn

. prpT — XptpuT  (ZZ VBS)

o) (WZ VBS)

putp~ = X ™,

Simpler than the LHC, can be expressed as a
“high-luminosity weak boson collider”
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Signal and backgrounds processes selection

» Signal: g
> 7,7, = 4lin WW_VBS >

107"

> 14 TeV, L = 20ab™1; 6TeV, L = 4ab~ 1, using

2
L = 10ab-1 x ( Eem )
10TeV

» Backgrounds:
» Have sufficiently large cross section

» Exist the possibility of decaying to 4 leptons 09 R R
SM process type Selected background
WW_VBS HHZ HZZ, HWW HHWWZ, ZZZ, ZyZy, Zr Zy,, ttZ
77 _VBS H, WW,tt,4e,2e2u, 411
WZ_VBS WZWZH WH WWW WZZ
s-channel LZLWWZ
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» 1.Events generation

MadGraph 2.9.X .lhe Pythia8

.hepmc

Delphes 3.5.0

> 2 Initial selection

»select events using root file generated by delphes.

»3.Use Boosted Decision Tree(BDT) algorithm to distinguish between signals and

backgrounds.

tyyang99@pku.edu.cn
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Initial events selection

> 4 pt > 20GeV leptons

» 2muons 2electrons
> charge(l1)*charge(12)==-1 and charge(13)*charge(14)==-1

» 4muons or 4electrons
> sum(charge(41))==0 and [ ] charge(4])==

» delta r(Ktjets, leptons)
» clean leptons AR <0.5
» if no jets left select

Prz; = Pr
» separate 4 leptons to 2 Z1 Z2

> lfl;l;l; - l1l3, l2l4; l1l4_, l2l3

> AM? = (Mg - MZ)2 + (Mg — MZ)2

> AM{; 5, > AMZ, 55 — choose 14,23, vice versa

> 2e2u:Z, »ete ,Z, > utu”

tyyang99@pku.edu.cn
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4 p; > 20GeV leptons

The type of leptons is one of
(4e,4u, 2e2u), satisfying charge
conservation

no jets: no component in kt-jet tree have
AR > 0.5 with all the 4 leptons

reconstruct 4 leptons to 2 “Z bosons”

2022/7/20
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BDT parameters setting

» Shuffle the signal and background events and define the training and test sets with the

event ratio of 2 : 1.
»num of trees=200, max depth=>5

»apply the per-event weight to account for the cross-section difference among the processes.
The weight 1s defined by:

n, = UXL/NGX

tyyang99@pku.edu.cn

Peking University 2022/7/20 9




Snowmass 2022

Longitudinally polarized ZZ scattering at the Muon Collider

) BDT training results

VS = 14TeV

Objecti Feat Number of
Joctive e fentures. - overtraining test

Each lepton (pT, 1, ¢) 12 . | A '
Bach “Z Leson” T e o g I \(5 test 1ra|r| sgktest sg} b 021 p value 0 b-{l 1
Four leptor; combined (pTAE(, Tal, qx;), om) g - train_bg(test_bg):0.007 p_ value=0.85 y
pbr, 1, B I -
Between two Z bosons (An, Agp, AR) 3 4+ : —
Between 24 of Z; (An, A¢, AR) 3 ~ 1
Between 2/ of Z, (An, A¢, AR) 3 i i
Lepton flavor type (1, =1, 0) for (4e, 4pu, 2e2p) 1 i |
Total: 37 3l I~ A test_sg B
Summary of features used for training BDT model i L 7] te St_hg |
" __Featureimportance I [ train_sg Ya |

Q E g
5 Mz 109 21 i N
2wk 109 I [ train_bg : ]
- PT4|; 48 _ : :
My 2 43 E | ]
ARz, pmk 38 - 1 =171 e A B ]
png — 36 _é | & |
pTz1,m = 24 ] i : ]
MisSingE T e 19 = i B f/z

'122;_ 17 _i 0 | L [ | L — Jlf’ L L L | L ! -/ T |

ﬂRz1=pm§_17 —i
E P I RN BRI I e
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F score
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True Positive Rate
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Receiver operating characteristic
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ROC curve (area = 0.9108)
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BDT training results

Significance
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Variation of Significance with Cut
EESEE AN R

| Max significance point:(0.99,22.25)

00

02 04 06 08

Peking University

1.0

Cut

Longitudinally polarized ZZ scattering at the Muon Collider

S=\/2(s+b)ln(1+%)—25

s(b) means the weighted number
of signal(background) events
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True Positive Rate
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Receiver operating characteristic
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ROC curve (area = 0.9108)
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BDT training results

Significance
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Variation of Significance with Cut
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Longitudinally polarized ZZ scattering at the Muon Collider

— Invalid! Mainly due to the

I

b

Peking University

|
| Max significance point:(0.99,22.25) O
[ N
[T I ST S S
0.0 0.2 0.4 0.6 0.8 1.0
Cut
S
S = 2(s+b)ln(1+—)—25

events with big n;, from 1 to 0

More reliable

pause the scanning
of threshold at 0.95
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BDT training results

Longitudinally polarized ZZ scattering at the Muon Collider

»split the training and test sets with 150 different random configurations:

(o8]
(4]

Significance
8

25

20

15
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Cut

Optimal cut value = 0.93, Significance = 140
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Comparison between VS = 14TeV&6TeV

»Same analysis frame, but get S, = 2.40 § i B I__l - I_l o _
g o 51— Max significance point:(0.870,2.368) Bl
» Three main reasons £ | _
» 1. Smaller cross-section of signal, larger cross- ? 2.0:— -
section of some backgrounds
» 2. Fewer events after initial selection (1/10 of 1.5:— —
signal)
» 3. Harder to distinguish between signal and 1.0 — —
backgrounds mainly between different
polarization fraction 051 N
0000 "0z 04 06 08 10
Cut
Peking University 2022/7/20
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>+/s = 14TeV

Longitudinally polarized ZZ scattering at the Muon Collider

Outlook and conclusions

> S ~ 140 when L = 20ab~ 1, to reach 50, L' = 3000fb~?

» For the muon collider, such luminosity will take less than 5 years

>/s = 6TeV
»S ~ 2.40 when L = 4ab™1

tyyang99@pku.edu.cn
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BACKUP
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Comparison between BDT and cut-based method

»cut-flow table and the corresponding significance:

cuts S b S o]
70GeV < My, Myy < 140GeV 476.5 6592.1 5.8
70GeV < Mz, Mz, < 140GeV, ARz3 pm < 0.4 238.1 1165.9 6.8
70GeV < Mz, Mzo < 140GeV., ARZg!pm < 0.4, 213.5 424.9 9.6
Pr.4ar < 300GeV
70GeV < Mz, Mzo < 140GeV, ARz2 pm < 0.4, 147.8 158.1 10.4
pr.ac < 300GeV, E < 140GeV
ARz, pym: AR between the two leptons forming Z; 52
" =—L =~ 5ab™! =5000fb~?!
104
Peking University 2022/7/20 18
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Comparison between BDT and cut-based method

Snowmass 2022 Longitudinally polarized ZZ scattering at the Muon Collider

»set cut=0.93, get distribution of N; of signal and backgrounds in 1000 randomly

selected cases

B cC:‘J"aoo_

> §=2057,b=49.2 ]
9 |-
> 6, =14.1,6, = 11.7 LT 250
. S 200}

»>using S = JZ(s + b) In (1 + ;) —2s
_ _ 150}
»s=5b=>b_S=20.67 i
> s=5—365,b=>b+36,S=14.38 100}
52 i
L' = —1L ~ 3ab™! = 3000fb"
14
Peking University
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|
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Comparison between BDT and cut-based method

tyyang99@pku.edu.cn

» Consider the top 10 features:

Peking University
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Comparison between VS = 14TeV&6TeV

» Evidence of the 3rd reason

Snowmass 2022 Longitudinally polarized ZZ scattering at the Muon Collider

-

A 4
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-l o o o — o o | '
Z| Z|
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signal stands out
at ARZZ,p‘m ~ 0
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Discussion about the evidence

»Why exists a peak at ARz, ,, = 07

» MG run_card: no cut decay

False = Lut_decay5 ! Cut decay products

» delphes muon_collider card: AR.x = 0.1——AR,,x = 0.51n CMS card

module Isolation MuonIsolation { module Isoclation MuonIsolation {
set CandidateInputArray MuonEfficiency/muons set CandidateInputArray MuonkEfficiency/muons
=t IsolationInputArray EFlowMerger/eflow set IsolationInputArray EFlowFilter/eflow

=t QutputArray muons set OutputArray muons

=t DeltaRMax 8.1 set DeltaRMax 8.5

et PTMin 8.5 set PTMin 8.5

=t PTRatioMax 8.2 set PTRatioMax ©.25

muon_collider card CMS card

tyyang99@pku.edu.cn
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Verity the correctness of MC simulation

0] i ] T ] o [ ' ' ™
Z| i il — 44 1 Z| 0.8 — Iy
B . i FAVAIEN
2500 ] 0.7} — 7z
2000} . 2or E
0.5 -
1500} . i
i 0.4_— n
1000} . 0.3} .
i 0.2 .
500} - i
. 0.1F .
0_ L. 1 R L L L | 00: I: T R R B :I |
3.0 3.2 3.4 3.6 3.8 4.0 10 05 0.0 05 10
ARz pm COSz2, 7p
AR > cos(Z,, 1*) at Z,’s rest frame
Z2,pm 2 2
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Cut-tlow table and the corresponding S when ARz 1,y > 0.2

cuts s b S o]

ARz, L m > 0.2 3343 143312 2.8

0.2 < ARy, pm < 0.8, 0.2 < ARy, ym < 0.5 1087 10076 3.4
0.2 < ARz, pm < 08,02 < ARy, ym < 0.5, 100.0 695.4 3.7

60GeV < Mz, Mz5 < 130GeV
0.2 < ARz, ym < 0.8, 02 < ARy, ym < 0.5, 97.0 400.7 47
60GeV < Mz, Mz < 130GeV, Pr.ar < 500GeV

0.2 < ARy, pm < 0.8,0.2 < ARy, pm < 0.5, 61.7 00.2 5.9

60GeV < ﬂd'er: PVIZQ < 130G{3V, PT,4¢ < 5OUGCV,
My < 3000GeV, E < 180GeV

» ARy , ,m has asignificant impact on the results, require better detector resolution

tyyang99@pku.edu.cn
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Comparison between the Muon Collider and the LHC

Longitudinally polarized ZZ scattering at the Muon Collider

pp > Z27j), Z > 1+1-
z — ‘OGIe\‘/<‘p'I'I22|<1‘OOIGe:VI E ;'103;‘ Lz ‘*5 gl f — ZILZL‘ g\ i — ZLZLl :
100GeV < pTz2 < 500GeV | - 800 71 800 —
102 — 500GeV < pTzz < 1000GeV - i
i — pTz>1000GeV ]
102 E i i
i 1 600 1 s00 —
10 . 7 _
1015_ 1 400 1 400 s
100k . I i
i 10 1 200 4 200 .
10711 ‘ I N |_|§|_\|_|~|§‘ I |V| o~
0 1 2 3 4 0 500 1000 1500 2000 0 ) 0% 50 100 150 200
ARzz, pm ptzo[GeV] ARZ2, pm ptzo[GeV]
Distributions of ARz, ,,, 1n different pr,, Distributions of ARz; 4, and pr,,, at the LHC
intervals at the Muon Collider
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