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Collider Physics

• Parton distribution function 
• Matrix element 
• Initial state radiation 
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Parton shower Detector simulation

decay
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a,b

∫
1

0
dxadxb ∫ f h1

a (xa, μF) f h2
b (xb, μR) dσa,b(μF, μR)

Hard Scattering Level: (Master Formulae)

Parton Level

Detector Level

Event Reconstruction Level

• Parton shower 
• Decay  
• Final state radiation 

• Object reconstruction 
• Object Identification 
• Electron, muon, jets, photon, tracks

• Event number / cross section:  

• missing energy:  

• Kinematic variable distributions: 

σ

pmiss

dσ
d𝒪
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Advantages

Collision system

Detector Level

Conservation laws benefits a lot.  

• 0 net charge & 0 lepton number before and after. 
1. Suitable to create new particles after  annihilation 

• Symmetric beams of .  
2. CM frame  Lab frame;  
3. Total  fully exploited to reach highest possible physics threshold.  

• Well-understood beam properties.  
4. PDFs are simple, .  
5. ISR from electroweak process. 

e+e−

e+e−

≈
ECM

ECM = s

• Low QCD soft background.  
1. High object identification & reconstruction efficiency.  

• High precision four-momentum vector. 
2. Recoil system measurement method. 
3. Lorentz invariant kinematic observables. 

Higgs boson production 
and decay angles of the 

 
process. 
e+e− → ZH → ℓ+ℓ−bb̄

Higgs mass measurement by recoiled  Z

Recoil mass: 
mrecoil = ( s − Eμ+μ−)2 − p2

μ+μ−

Missing energy and momentum pmiss
μ = ( s, 0⃗) − ∑

i

pi
μ

determinations of missing energy and momentum with good precision.

Lepton Collider
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Lepton Collider e+e− → PaPb → V I V I

• Investigating the invisible decayed  can be by recoiled system  . 
• Two Lorentz invariant observable: 

• Invariant mass:  

• Recoil mass: 

Pb Pa

mVa1Va2

mrecoil

Lab

PP

Pa Pb

Va1 Ib1 Ib2Va2

Lab State

Decay State

Visible State

Invisible State

Lab

PP

Pa Pb

Va Vb IbIa

Lab State

Decay State

Visible State

Invisible State

Reconstructing events containing two invisible particle

• What for semi-invisible decayed topology? 
Almost all new physics theories with dark matter candidates  also 
contain additional particles  that are charged not only under new-
symmetry but also carry SM charges. At collider, these new particles must 
be pair produced, and will (cascade) decay into dark matter particle plus 
one or a group of SM visible particles.

I
P

4
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Slepton searches at LHC

• LHC Run-II with 139 fb  have already set constraints on di-lepton+  
final states in searches for slepton pair production. 

• Compressed spectrum region can be probed by events with ISR via 
Recursive Jigsaw Reconstruction(RJR) technique .  

• Still a gap uncovered for  at (100) GeV. 

• CEPC@240 can closely reach to 120 GeV, corresponding to a production 
cross section around 10 fb.

−1 Emiss
T

mℓ̃ 𝒪

m
χ̃0 1

[G
eV

]

mμ̃ [GeV]

arXiv: 2209.13935

arXiv: 1911.12606

arXiv: 1908.08215

5

CEPC

arXiv: 2203.10580

J. R. Yuan, H. J. Cheng, X.A. Zhuang, arXiv: 2203.10580 [hep-ex]
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Smuon pair production at lepton collider

0.01 fb

0.1 fb

1 fb
10 fb

On-Shell 
Region

e+

e−

μ̃(*)

μ̃

μ±

μ∓

χ̃0
1

χ̃0
1

arXiv: 2104.06421 provide an idea of searching  via pair production 
process at CEPC 

 

with one  being off-shell, i.e.  .  

• On-shell region:  

narrow width approximation when 
 

• Off-shell region: 

 

The cross section of this  process is smaller than that of On-shell 
region by a factor of .  

Assuming , for 5.05 ab  data, about 800 signal 
events can be produced of mass point ( ) = (140, 0) GeV. 

• ( ) = (115, 0) GeV:         23.6 fb 

• ( ) = (120, 0) GeV:        0.41 fb 

• ( ) = (140, 0) GeV:        0.013 fb

μ̃

e+e− → μ̃μ̃(*) → μ+ χ̃0
1μ− χ̃0

1

μ̃ mμ̃ > s /2

s /2 − mμ̃ ≫ Γμ̃

σ(e+e− → μμχ̃0
1 χ̃0

1) ≈ σ(e+e− → μ̃μ̃) × (BR(μ̃ → μχ̃0
1))2

e+e− → μ̃±μ∓ χ̃0
1

2 → 3
16π2

BR(μ̃ → μχ̃0
1) = 1 −1

mμ̃, mχ̃0
1

mμ̃, mχ̃0
1

mμ̃, mχ̃0
1

mμ̃, mχ̃0
1

Off-Shell 
Region

 J. Liu, X. P. Wang and K. P. Xie. arXiv: 2104.06421 [hep-ph]
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Reconstructing events containing two invisible particle

mT2 variable @Hadron Collider

• Not Lorentz invariant.  

• But Good “end point” property

mT2 = min
pmiss

T =pT
Ia+pT

Ib
[max (mT(pT

Va
, pT

Ia
), mT(pT

Vb
, pT

Ib
))]

pp → ℓ̃ℓ̃ → ℓℓχ̃0
1 χ̃0

1

mℓ̃ = 157.1 GeV
mχ̃0

1
= 121.5 GeV
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Reconstructing events containing two invisible particle

Kinematic reconstruction @ Lepton Collider 
e+e− → PaPb, P → VI

Pa

Pb

Ib

Ia

Va

Vb

e+ e−

What can be reconstructed by detector are:  

• : four-momentum of the visible particle (group) 
a in Lab frame ; 

• : four-momentum of b; 

• : Vector sum of four-momentum of 
two invisible particles 

• : four-momentum of anything else, including 
the ISR, FSR, imperfect detector performance, etc. 

pμ,Lab
Va

pμ,Lab
Vb

pμ,Lab
miss = pμ

Ia
+ pμ

Ib

pμ,Lab
R

pμ,Lab
miss = ( s, 0⃗) − pμ,Lab

Va
− pμ,Lab

Vb
− pμ,Lab

R
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Reconstructing events containing two invisible particle

three vectors ,  and  form a visible 
triangle, and three vectors ,  and  form 
another invisible triangle.   

The mass information are not changed by the 
Lorentz boost.

⃗pVa
⃗pVb

⃗pmiss

⃗pIa
⃗pIb

⃗pmiss

Physical Constraints (Assumptions) 

1. ； 

2. ； 

3. ； 

4. ； 

5. ; 

6. 

pμ
Pa

= pμ
Va

+ pμ
Ia

pμ
Pb

= pμ
Vb

+ pμ
Ib

mP = mPa
= mPb

mI = mIa
= mIb

mP > 0

mI ≥ 0.

⃗pVa

⃗pVb

⃗pmiss = ⃗pIa
+ ⃗pIb

⃗pR

LAB Frame PP Frame

A Lorentz Boost 
from Lab frame 
into PP frame.  

⃗pVa

⃗pVb

⃗pmiss = ⃗pIa
+ ⃗pIb

⃗pIa

⃗pIb
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Reconstructing events containing two invisible particle

In PP frame, 

pμ,PP
Ia

= { 1
2 (−EPP

Va
+ EPP

Vb
+ EPP

miss), ⃗pPP
Ia },

pμ,PP
Pa

= { 1
2 (EPP

Va
+ EPP

Vb
+ EPP

miss), ⃗pPP
Va

+ ⃗pPP
Ia },

pμ,PP
Ib

= { 1
2 (EPP

Va
− EPP

Vb
+ EPP

miss), ⃗pPP
miss − ⃗pPP

Ia },

pμ,PP
Pb

= { 1
2 (EPP

Va
+ EPP

Vb
+ EPP

miss), ⃗pPP
Vb

+ ⃗pPP
miss − ⃗pPP

Ia } .

• , so .  

• At the event level, the real mass of the particle follows the Breit-
Wigner distribution.  is an assumption which is 
reasonable in the narrow width. 

• The only unknown momentum is , or the location of vertex I

pμ,PP
Pb

= {EPPP
a

, − ⃗pPP
Pa } mPa

= mPb

mPa
= mPb

⃗pPP
Ia

Visible Plane

Invisible Plane

⃗p I a
⃗pIb

⃗pVa

⃗p V b

Plane satisfying m
Ia = m

Ib

B

A

ϕ

C
P

I

PP frame

O
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Reconstructing events containing two invisible particle

• : The magnitude of   must be smaller than  

.  

Therefore, the point  is located in a sphere, where the spherical shell implies 
.   

• : Similar to the constraint .  

• : The point  is located in a plane vertical to  (the light 
blue plane). 

 

mIa
≥ 0 ⃗pPP

Ia

EIa
= (−EPP

Va
+ EPP

Vb
+ EPP

miss)/2

I
mIa

= 0

mIb
≥ 0 mIa

≥ 0

mIa
= mIb

= mI I ⃗pPP
miss

⃗pPP
Ia

⋅ ⃗pPP
miss − D = 0,

D =
1
2 (EPP

Va

2 − EPP
Vb

2 + EPP
PP(EPP

Vb
− EPP

Va
) + ⃗pPP

miss
2)

Visible Plane

Invisible Plane

⃗p I a
⃗pIb

⃗pVa

⃗p V b

Plane satisfying m
Ia = m

Ib

B

A

ϕ

C
P

I

PP frame

O
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Reconstructing events containing two invisible particle

There are two independent degree to 
determine the location of the pink dot: 

• : the angle between visible vector plane 
and invisible plane.  

• : the distance between the pink dot and 
the center of yellow round plane.  

The boundary means  GeV. 

ϕ

R

mI = 0

What unknown is the location of the pink dot, but it must satisfy the physical 
assumptions, i.e. it must located in the yellow round plane.  

Visible Plane

Invisible Plane

⃗p I a
⃗pIb

⃗pVa

⃗p V b

Plane satisfying m
Ia = m

Ib

B

A

ϕ

C
P

I

PP frame

O
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Reconstructing events containing two invisible particle
Choose a pink dot location, we can solve a set of ( , ): 

• For the point in the circle of fixed  (pink circle), the  is the same.  

• For the point in the purple circle (fixed ), the  is the same.  

So the geometric property of the disk (physical region)  implies the 
kinetic information of the semi-invisibly decayed events, which can be 
represented as three “reconstructed-mass” variables: 

: the  by choosing pink dot located in point A.  

: the  by choosing pink dot located in point B  

(or point C, if C is inside the disc).  

: the  reconstructed by choosing pink dot located in center point O.  

It is easy to say that:  

 

mP mI

R mI

r mP

mmin
RC mP

mmax
RC mP

mmax
LSP mI

0 < mmin
RC ≤ m true

P ≤ mmax
RC < s /2

0 ≤ m ture
I ≤ mmax

LSP

( , )mO
P mmax

LSP

( , )mmax
RC 0

( , )mmin
RC 0
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Reconstructing events containing two invisible particle

The problem of “how massive the intermediate particle is” is transformed 
into a plane geometric problem: 

 

 if , 

                                                          if ; 

 

 

 

m min
RC =

E2
PP

4
− PC

2
− ( OC + OA )

2
,

m max
RC =

E2
PP

4
− PC

2
− ( OC − OB )

2
, OC > OB

m max
RC =

E2
PP

4
− PC

2
, OC ≤ OB

m max
LSP = E2

Ia
−

1

4 ⃗pmiss
2 ( ⃗pmiss

2
+ E2

Ia
− E2

Ib)
2

.

PC =
1

2 ⃗pmiss
( − E2

Ia
+ E2

Ib
+ ⃗pVa

2
− ⃗pVb

2

),

OC =
1

2 ⃗pmiss
[ − ⃗pmiss

4
− ( ⃗pVa

2
− ⃗pVb

2)
2

+ 2 ⃗pmiss
2 ( ⃗pVa

2
+ ⃗pVb

2)]1
2,

OA =
1

2 ⃗pmiss
[ − E4

Ia
− (E2

Ib
− ⃗pmiss

2)
2

+ 2E2
Ia (E2

Ib
+ ⃗pmiss

2)]1
2 .

( , )mO
P mmax

LSP

( , )mmax
RC 0

( , )mmin
RC 0



P.X. Zhu  Prospect of off-slepton production at CEPC@240 GeVOct-26, 2023. Nanjing U.

CEPC-2023

15

Reconstructed mass variables:  vs mmin
RC mmax

RC

• Both distributions of  and  
have the “end-point”s and the peaks at 

.  

• The tails of  and  (tail region) 
are caused by that the muon (bare-level 
muons used in the calculation) in final 
state losing energy  through photon 
radiation. 

mmin
RC mmax

RC

mP

mmin
RC mmax

RC

Tail R
egion

mW ≈ 80 GeV

• The distribution of WW, ZZ and  
events in same final state  
are much different.  

•  events’ shape are also show the  
mass.

ττ
μ+μ− + Emiss

ττ τ

• The calculation is decay topology 
independent. For example,  boson in 

 events is not semi-invisibly decayed. 

• A linear relation between  and 
 of  event. 

Z
ZZ

mmin
RC

mmax
RC ZZ
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Reconstructed mass variables:  (compared to )mmax
LSP mRecoil

• . 

• For  events, the shape of  is 
much similar to that of .

mmax
LSP ⩽

1
2

mRecoil

WW mmax
LSP

mRecoil

• For  events,  distributed in the 
small value region. But  
distributed more flat.  

• For semi-invisible decay topology 
event,  is better than .

ττ mmax
LSP

mRecoil

mmax
LSP mRecoil

• For invisibly recoiled events, like  
events, the recoil mass is more physical.

ZZ



P.X. Zhu  Prospect of off-slepton production at CEPC@240 GeVOct-26, 2023. Nanjing U.

CEPC-2023

17

Reconstructed mass variables: Smuon pair production

• For massless LSP, both  and  have significant 
peaks at  and also an obvious truncation at .  

• For massive LSP, the truncations of  and  are 
disappearing, and the range [ , ] gets bigger 
with  increase.  

• The end-point of  at  are much obvious. 

mmin
RC mmax

RC
mμ̃ mμ̃

mmin
RC mmax

RC
mmin

RC mmax
RC

mχ̃0
1

mmax
LSP mχ̃0

1

 0 < mmin
RC ≤ m true

P ≤ mmax
RC < s /2

0 ≤ m ture
I ≤ mmax

LSP ≤ mRecoil/2
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Reconstructed mass variables: Smuon pair production
• If given an assumed value of LSP, . A new group variable can be defined 

•           &         

• The truncation re-appearing in the distributions of  and . 

minv

mmin
RC (minv) ≡ mE

P mmax
RC (minv) ≡ mF

P

mmin
RC (minv) mmax

RC (minv)

 
m I

= 0

A

O

B

ϕ

C

I

F

E

m I
=

m inv
[ , ]mmax

RC 0

[ , ]mF
P minv

[ , ]mE
P minv

[ , ]mmin
RC 0

[ , ]mO
P mmax

LSP

 0 < mmin
RC ≤ mmin

RC (minv) ≤ m true
P ≤ mmax

RC (minv) ≤ mmax
RC < s /2

0 ≤ m ture
I ≤ mmax

LSP ≤ mRecoil/2
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Prospect of smuon pair production at CEPC

e
�

e
+

�̃
0
1

µ
�

�̃
0
1

µ
+

�, Z

µ̃

µ̃

2• Degenerate left-handed and right-handed smuon 
mass , bino-like LSP .  

• The distributions closely related to the  and  

• Three similar signal categories to arXiv:2203.10580

mμ̃ χ̃0
1

mμ̃ mχ̃0
1

 GeVmμ̃ = 115

 J. Yuan, H. Cheng and X. Zhuang. arXiv: 2203.10580 [hep-ex]
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Prospect of smuon pair production at CEPC
• Preselection Criteria: OS muon pair,   > 1 GeV,  > 1 

GeV, , .  

• 12 SRs defined due to the distributions are much shape and 
closed related to the sparticle masses.  

• Very good signal noise ratio are reached.  

• For ,  about 110K smuon events can be 
generated at CPEC @ 240 GeV, 5 .  

• More than 10K event can be kept in the most sensitive SR. 

Emiss
T Eμ

ηℓ < 3 mmax
RC > 115 GeV

mμ̃ = 115 GeV
fb−1
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Prospect of smuon pair production at CEPC
• Preselection Criteria: OS muon pair,   > 1 GeV,  > 1 

GeV, , .  

• 12 SRs defined due to the distributions are much shape and 
closed related to the sparticle masses.  

• Very good signal noise ratio are reached.  

• For ,  about 110K smuon events can be 
generated at CPEC @ 240 GeV, 5 .  

• More than 10K event can be kept in the most sensitive SR. 

Emiss
T Eμ

ηℓ < 3 mmax
RC > 115 GeV

mμ̃ = 115 GeV
fb−1
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Application in Precision measurement

• .  

• The backgrounds are much more cleaner. 

•  The distributions of  and  are sensitive to .

e+e− → WW → ℓℓ′￼νν

mmin
RC mmax

RC mW

• Template-fit using MC data.  

• The uncertainty is about  at CEPC. The 
precision is at same order of semi-leptonic 
decayed channel ( ), please see CEPC CDR.  

• The uncertainty may be affect by the beam energy 
uncertainty. 

3 MeV

ℓνqq′￼

Measuring the W boson mass in full-leptonic decay channel 
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Summary
• CEPC can provide a precise measurement of the Lorentz four momentum vector of the particles in final states.  

• We found a Lorentz invariant way to reconstruct semi-invisibly decayed events at CEPC:

Write Decay topology Put Constraints/Assumption

Visible Plane

Invisible Plane

⃗p I a

⃗pIb

⃗pVa

⃗p V b
Plane satisfying m

Ia = m
Ib

B

A

ϕ

C
P

I

PP frame

O

Transfer the geometry to 
kinematic information

• We get:  

A) Decay topology independent & Lorentz invariant mass variables: ,  and ; 

B) They can get improve the statistical sensitivity of both new physics search & SM measurement. 

mmin
RC mmax

RC mmax
LSP
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