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Longitudinally polarized ZZ scattering at the Muon Collider
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 | o —
5 &5 3z § |BEEE2|sE w2
= £ § 5 |S«8cel8 g% S 3
»my ~ 207m, 3 E 2 5 |82:®3lzigspE B
o S = S%QJ S|= E’ © 8 E © £ | accelerators: A
» Reduced synchrotron radiation = £ 5 linacs, RLA or FFAG, RCS
. . . Low EMmittance Muon positron linac pﬂSftan acceleration collider ring
»High luminosity Accelerator (LEMMAY: fing
1011 y pairs/sec from e*e~ Wt
. interactions. The small production
> More details: emittance allows lower overall charge p| —— s
in the collider rings — hence, lower positron linac e
. ; backgrounds in a collider detector =5 2N
https://muoncollider.web.cern.ch/ e 2% E£ -~
energy while mitigating neutrino ST 5 accelerators: i w
radiation from muon decays. 2 linacs, RLA or FFAG, RCS
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VBS and longitudinal polarization

» VBS: scattering between two vector bosons radiated from incoming partons.
» 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

An example Feynman diagram of VBS at the LHC
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Physics processes at the Muon Collider

» VBS processes

X =ntt+mV + kH

i = Xv7,  (WW_VBS)
ptpm = Xptp~  (ZZ_VBS)
o) (Wz VBS)

ptp~ — X p*u,

v

»s-channel
+

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

> Signal: 2"
> 7,7, = 4lin WW_VBS °
10 'F
> 14TeV, L = 20ab™1; 6TeV, L = 4ab™!, using ’
2
L=10b—1><< Cm) _2
a 10TeV w0}
» Backgrounds:
» Have sufficiently large cross section
> Exist the possibility of decaying to 4 leptons s 0 520 3 [f X
SM process type Selected background
WW_VBS HHZHZZ HWW , HHWWZ,ZZZ, ZrZ1, ZrZ;, ttZ
Z7Z. NV BS H, WW,tt, 4e,2e2u, 4u
WZ_VBS WZWZH WH WWW WZZ
s-channel LLWWZ
Tianyi Yang(Peking University) SUSY 2021

2021/8/25



SUSY 2021 Longitudinally polarized ZZ scattering at the Muon Collider

Analysis steps

» 1 .Events generation

MadGraph 2.9.X he  Pythia8  hepme  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.

»4.Compare BDT with cut-based method
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Initial events selection

» 4 pt > 20GeV leptons

» 2muons 2electrons 4 p, > 20GeV leptons

> charge(l1)*charge(12)==-1 and charge(13)*charge(14)==-1
» 4muons or 4electrons
> sum(charge(41))==0 and [] charge(4])== The type of leptons is one of
: (4e,4u, 2e2u), satisfying charge
» delta_r(Ktjets, leptons) o
» clean leptons AR <0.5
» if no jets left select

no jets: no component in kt-jet tree have
> separate 4 leptons to 2 “Z bosons” AR > 0.5 with all the 4 leptons

> LG - Ll Ll L, bl

> AM? = (Mg - MZ)2 + (Mg - MZ)2

reconstruct 4 leptons to 2 “Z bosons”

» AM{; 54 > AM{, 53 — choose 14,23, vice versa

> 2e2u:Z, v ete ,Z, > utu-
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Initial events selection

» 4 pt > 20GeV leptons

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

4 pe > 20GeV leptons

> 4muons or 4electrons
>

sum(charge(41))==0 and [] charge(4])== The type of leptons is one of

: (4e,4u, 2e2u), satisfying charge
» delta r(Ktjets, leptons) S .
AR < 0.5

» clean leptons

» if no jets left select

DT > Pr no jets: no component in kt-jet tree have
» separate 4 leptons to 2 21 22 AR > 0.5 with all the 4 leptons

> LG - Ll Ll L, bl

> AM? = (Mg - MZ)2 + (Mg - MZ)2

reconstruct 4 leptons to 2 “Z bosons”

» AM{; 54 > AM{, 53 — choose 14,23, vice versa

> 2e2u:Z, v ete ,Z, > utu-
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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 is defined by:

np = JXL/NGX
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BDT training results——+/S = 14TeV

Objecti Feat Numb f .

e e fehites. . overtraining test
Each lepton (pT7 ’r]’ ¢) 12 - ’_I | I I -I l I I' 1 1 I 1 I I : ] I I I I 1 I I—i I I 1 ] I_‘
Each “Z boson” (or. 7 6 mime) " § i ks_test. traln_sgktest_sg).b.021 p_value-O.b4 ]
Four leptozf’ combined (pT,u(, T % ma) ; I train_bg(test_bg):0.007 p_value=0.85 1
pr, 1, B 1 ]
Between two Z bosons (An, A¢, AR) 3 4+ . —
Between 2£ of Z; (An, Ad, AR) 3 - F .
Between 2/ of Zs (An, A¢, AR) 3 i / 1
Lepton flavor type (1, =1, 0) for (4e, 4, 2e2u) 1 : tast / i

Total:
ota a7 3l 4 tes _Sg / N
Summary of features used for training BDT model 1 ' 2 test_bg /] ]
) E— Feature importance ; 2: ? [] train_sg e ]
5 Mz 109 - - —
g Mz 109} . /1 [ train_bg 1
(s pT‘u; 48 = : / :
Mgy F 43 - s -
AR 75, g s 38 . 1= / -
T e 36 ! -
T 1, 24 | |
MisSingE T [ 19 e i / ]
Nzz é_ 17 _é 0 ml | L L F_l I 1 4 i/ 1.7 | I 1 1 | § I ] I 1
Mamb——17 025 000 025 050 075 100 125
0 20 40 60 80 100

F score score
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BDT training results
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Variation of Significance with Cut
R e
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s(b) means the weighted number
of signal(background) events
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BDT training results
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—y
=

o
5]

0.4

0.2

)

Receiver operating characteristic
! | | T

e
o

ROC curve (area = 0.9108)

|
0.6 08 1.0
False Positive Rate

Tianyi Yang(Peking University)

Variation of Significance with C
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BDT training results
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Variation of Significance with Cut
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events with bign;, from 1 to 0

More reliable

pause the scanning
of threshold at 0.95
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BDT training results

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

§ 3s)- | I ! ! l I . § II‘\/Iax sig‘niﬁcancle point:(b.934,1|3.842) | l
] | o |
i) i s} 14 _
= T |
230 213 1
12 .
251 -
extract the bl =
o0l Lower envelope - 3
[ 9 -
15} g
W o 3
10| Us g
| | | | | | 6— | | | | | |

T EITrE R R T P L TR T § i L A T | 44 1y v a0 byl
0800 0.825 0850 0.875 0.900 0925 0.950 0.975 0.800 0.825 0.850 0.875 0.900 0.925 0.950 0.975
Cut Cut

Optimal cut value = 0.93, Significance = 140
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Comparison between BDT and cut-based method

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
> 5§ =205.7,b = 49.2
> 6, =14.1,6, = 11.7

»using S = \/Z(s+b) ln(l +%) —2s

»s=5b=byS=20.67

> s=5—36,b=Db+36,S5=14.38
52

L' =—=L ~3ab ! = 3000fb1!

142
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Comparison between BDT and cut-based method

>Con51der the top 10 features
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Comparison between BDT and cut-based method

» cut-flow table and the corresponding significance:

cuts $ b S o]
70GeV < Mz1, Mgz < 140GeV 476.5 6592.1 5.8
70GeV < Mz, Mz, < 140GeV, ARz pm < 0.4 238.1 1165.9 6.8
70GeV < Mz1, Mz, < 140GeV, ARz3 prm < 0.4, 213.5 424.9 9.6
pr.4ae < 300GeV
70GeV < Mz, Mz, < 140GeV, ARz3 pm < 0.4, 147.8 158.1 10.4
PT 40 < 300GeV, E < 140GeV
ARz, pm: AR between the two leptons forming Z, 52
L' = 1—02L ~ SElb_1 — SOOOfb_l
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Comparison between VS = 14TeV&6TeV

» Same analysis frame, but get S;,,.x = 2.40 8 | [ - T.I ]
8 o 5|- Max significance point:(0.870,2.368) N
» Three main reasons | —
» smaller cross-section of signal, larger cross- ? 2.0:— —
section of some backgrounds
» Fewer events after initial selection (1/10 of 1.5:— —
signal)
» harder to distinguish between signal and 1.0 ~ ﬂ
backgrounds mainly between different
polarization fraction 05l i
00 "oz 04 06 08 10
Cut
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Comparison between VS = 14TeV&6TeV

» Evidence of the 3rd reason

14TeV 6TeV
o FT T T T T T T T T T T T T T T T T T ~ S L L B I T
= | : : 1 z |
10%- E 10" E
109 E
101 :
107 E
(1] .
10°F — i
217t »
— 7 10 * H
— A
| | ) | | | | | |
0 1 2 3 0 1 2 3 4
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Comparison between VS = 14TeV&6TeV

» Evidence of the 3rd reason

14TeV 6TeV
| ol U LI . | B | ¥ |
2 -/ ,
102| - 1L - .
: : h ; _( signal stands out
10} -
101 g
10_1E E
1005“ 77
2l ,
— 7z 102} I
—
5 1 — 3 0 1 2 3 4
ARz2 pm

Tianyi Yang(Peking University) SUSY 2021 2021/8/25 21




SUSY 2021 Longitudinally polarized ZZ scattering at the Muon Collider

Discussion about the evidence

»Why exists a peak at ARz; ,,, = 0?

» MG run_card: no cut decay

# 020 R THC JRE TR R DB HC O B0 TR - R 0 260 0 T DR R R O 2 T R K R R R - B TR R DR O RO R

# Apply pt/E/eta/dr/mij/kt_durham cuts on decay products or not

# (note that etmiss/ptll/ptheavy/ht/sorted cuts always apply)
# ¥ 4 L W N S

False = cut_decays ! Cut decay products

» delphes muon_collider card: AR ;x = 0.1——AR 15 = 0.5 in CMS card

module Isolation MuonIsolation { module Isolation MuonIsolation {
set CandidateInputArray MuonEfficiency/muons set CandidateInputArray MuonEfficiency/muons
et IsolationInputArray EFlowMerger/eflow set IsolationInputArray EFlowFilter/eflow

¢ OutputArray muons set OutputArray muons
=t DeltaRMax 8.1 set DeltaRMax 9.5
=t PTMin 8.5 cet PTMin 8.5

=t PTRaticMax B.2 set PTRatioMax @.25

muon_collider card CMS card

Tianyi Yang(Peking University) SUSY 2021 2021/8/25 22
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Verity the correctness of MC simulation

» Check two variables at the Z boson’s rest frame

G i T T T T T T T T T T T T T T T T T T T T T ] (D = T T T T T T T T T T T T T T T T T T T

| . — ] [ — .
zZ i 1 AW ] Z| 0.8 i ZiZy )
] : Z1Z, ]
2500~ N 0.7\ -]
2000} . 05E E
0.5 -
15001~ ] ; :
0.4f .
1000} . 0.3f :
[ 0.2 s
5001 . i 1
j 0.1} .
()r R  — — SR — ] 0.0 i [ T SR S, (W S (S D 1

3.0 3.2 3.4 3.6 3.8 40 ~ 10 05 0.0 05 10
ARz2 pm COSz2, 7p

ARz pm > T cos(Z,, LT) at Z,’s rest frame
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Cut-flow table and the corresponding S when ARz, , i > 0.2

cuts s b S o]

ARz, ,m > 02 334.3 14331.2 2.8

0.2 < ARz, pm < 0.8, 0.2 < ARz, pm < 0.5 108.7 1007.6 3.4
0.2 < ARz, pm < 0.8, 0.2 < ARz, pm < 0.5, 100.0 695.4 3.7

60GeV < Mz, Mz < 130GeV
0.2 < ARz, pm < 0.8, 0.2 < ARz, pm < 0.5, 97.0 400.7 a7
60GeV < Mz, Mz5 < 130GeV, Pr.ae < 500GeV

0.2 < ARz, pm < 0.8, 0.2 < ARz, pn < 0.5, 61.7 00.2 5.9

60GeV < Mz, Mzy < 130GCV, Pr.4¢ < 500GeV,
My; < 3000GeV, F < 180GeV

» ARy , pm has a significant impact on the results, require better detector resolution
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Comparison between the Muon Collider and the LHC

pp > 2Zjj, Z> 1+1-
L R B T | T T N P01 T ‘ ™ ¢ T T T
— 0GeV < pTz < 100GeV o3 — 2z 40 | —zz i | — 77
100GeV < pTz2 < 500GeV = i {_Hﬂ“ zz: | < a0 i zsoo s
102 —— 500GeV < pTzz < 1000GeV | ' H ’ — Zvz ' I
; — pTz>1000GeV 1'1‘
I: 102? o = I
: 600 1 600 1
101 . 7 i
! e R 1 00 .
100_ - ’LLKL |
10° W‘ 1 1 200 1 200 .
10" A1 P | 1 1Y L’ P:LJ u | | | - ) | | . G- . L T - 7~ R |
4 0 500 1000 1500 2000 0% 1 2 3 ) 0 50 100 150 200
ARz2 pm ptzs[GeV] ARz, pm ptzs[GeV]
Distributions of ARy, ;,, in different pr.,, Distributions of ARy, ;,, and pr,, at the LHC
intervals at the Muon Collider
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Outlook and conclusions

>+/s = 14TeV
> If AR . = 0.1, BDT and cut-base method gives L' = 3000fb™! and L" = 5000fb™1, respectively.
> If AR 1. = 0.2, cut-base method gives a bigger target luminosity, which is about 14000fb~1.
>+/s = 6TeV
»>S ~ 2.40 when L = 4ab~?!

»In LHC, peak at at ARz, ,,,, = 0 is not observed, possibly because the 2 Z bosons
don’t have large pr.

» Further research is needed.
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