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Collider Physics
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Hard Scattering Level: (Master Formulae) "
.

o= | dxdx, jfc’fl(xa, up) [12 (s ig) dog (g, pig)
a,b 0

Parton distribution function

Matrix element

Initial state radiation

Parton Level

Parton shower

Decay

<inal state radiation

Detector Level

* Object reconstruction
* Object Identification

Electron, muon, jets, photon, tracks

Event Reconstruction Level

* Event number / Cross section: o

missing energy: P, i«

do

o Kinematic variable distributions: —
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Lept()n C()“ider Higgs mass measurement by recoiled Z

Higgs boson production Recoil mass:
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Reconstructing events containing two invisible particle

Lepton Collider

ete">PP, - VIVI

* Investigating the invisible decayed P, can be by recoiled system P, .

* Two Lorentz invariant observable:

* Invariantmass: my,
a a

* Recoil mass: m
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recoil

* What for semi-invisible decayed topology?
Almost all new physics theories with dark matter candidates I also

contain additional particles P 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.
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Slepton searches at LHC &=
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arXiv: 2209.13935
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> I ATLAS
0) LR -1 s s
——— Observed Limit i Vs=13 TeV, 139 fb™, All limits at 95% CL
(D — — — Expected leltEL
e Observed Limit u
- Expected Limit u
<o— 200 Observed Limit it

ATLAS 13 TeV §i, _excluded
e LEP u_ excluded
] ATLA§ i soft lepton excluded
ATLAS u p soft lepton excluded
ATLAS BBI'eV o excluded
- ATLAS 8 TeV u M excluded

150
e L.LHC Run-ll with 139 fb~! have already set congstraints on di—lepton+E%liSS
final states in searches for slepton pair production.

|llll|llll|llll

: : : 100
e Compressed spectrum region can be probed by eventswith [Skvia Lo 7y ——T - _ _

Recursive Jigsaw Reconstruction(RIR) technique. B 1_——"

o Stillagap uncovered for mzat ©(100) GeV. 50

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

|\|||||

100 120 140 160 180 200 220 240
arXiv: 2203.10580 mﬂ [GeV]

J. R. Yuan, H. J. Cheng, X.A. Zhuang, arXiv: 2203.10580 [hep-€eX]

0
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Smuon pair production at lepton collider

arXiv: 2104.06421 provide an idea of searching /i via pair production

process at CEPC

ee” = i) = Wi

with one i being off-shell, i.e. m; > \/E /2.
. On-shell region: \/E/ 2—m;>1

narrow width approximation when
~0 ~0

o(ete™ = w7 ~ olere™ — ) X (BR(I — i)

- Off-shell region:
ete” = T

The cross section of this 2 — 3 process is smaller than that of On-shell

region by a factor of 1672,

Assuming BR(ji — ,u)(l) = 1, for 5.05 ab~! data, about 800 signal

events can be produced of mass point (171, ) =

C (mﬂ, m)?(l)) =(115,0) GeV: 23.61

(140, 0) GeV.

D

o (mzmy) - (120,0)GeV: 0.4

D

C (mﬂ, m)?(l)) = (140, 0) GeV:  0.01531b

J. Liu, X. P. Wang and K. P. Xie. arXiv: 2104.06421 [hep-ph]
Oct-26, 2023. Nanjing U.
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Reconstructing events containing two invisible particle

MmT2 variable @Hadron Collider
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* Not Lorentz invariant. J2

* But Good “end point” property

Oct-26, 2023. Nanjing U.

CMS Simulation 23fb7(13 TeV)
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Reconstructing events containing two invisible particle

Kinematic reconstruction @ Lepton Collider

etfe” > PP, P — VI

What can be reconstructed by detector are:

. p"j;Lab: four-momentum of the visible particle (group)

ain Lab frame;

. p” L4b, four-momentum of b;

u,LLab
¢ meSS

two invisible partlcles

MLab — (\/_ 0) — p,u Lab _p‘//;Lab _Pﬁ ,Lab

mISS

= pI p” Vector sum of four-momentum of

. : four-momentum of anything else, including
the ISR, FSR, imperfect detector performance, etc.
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Reconstructing events containing two invisible particle

. Frame

o A Lorentz Boost
Physical Constraints (Assumptions) from Lab frame
* into PP frame.

Ho— ph 4 ph.
1.pPa B pVa T pIa ’
2.5, =Py, + YL TP D = P

Py, -
P,
Aomy = my = my
5.mp > 0; y ; three vectors py,, py, and p,; form a visible
$ IV, . - - -

6.1 > 0 ’ triangle, and three vectors py , p; and p, ;. form

another invisible triangle.

The mass information are not changed by the
LLorentz boost.
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Reconstructing events containing two invisible particle

- N In PP frame,
1
PP __ PP PP PP —>PP
p{: —_— {5 <_Eva +EVb +Emiss>9pla }9
pPa o o Vv, Vv, miss ’pVa pIa ’
1
PP __ PP PP PP =>PP =>PP
pI/Z — {5 <EVa _EVb +Emiss)’pmiss_pla }’
1
PP __ PP PP PP =>PP =>PP PP
Py = {5 (Eva + Ly + Emiss)’pVb T Phiss — P1, } :
= B = B 5o, =

At the event level, the real mass of the particle follows the Breit-

Wigner distribution. mp = mp is an assumption whichiis
reasonable in the narrow width.

* The only unknown momentum is ﬁfp, or the location of vertex |
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Reconstructing events containing two invisible particle

PP frame * my 2 0:The magnitude of ﬁip must be smaller than

B, = (~B + B + E) /2.

Therefore, the point Lis located in a sphere, where the spherical shell implies
mIa — O.

* my, 2= 0:Similar to the constraintmy > 0.

* my = my, = my:The pointLislocated in a plane vertical to prE  (the light
blue plane).

—pPpP =PP _
pI meSS D = O’

1 2 2 .
p=1 (ggf B BN — B+ |

meSS

)

N
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Reconstructing events containing two invisible particle

PP fra

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

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

e ¢:the angle between visible vector plane
and invisible plane.

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

The boundary means m; = 0 GeV.
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Reconstructing events containing two invisible particle

C

max

(mp™, 0)
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Choose a pink dot location, we can solve a set of (mp, m)):
e Lor the pointin the circle of fixed R (pink circle), the m; is the same.

e Lor the pointin the purple circle (fixed r), the my 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:

mf{lén the myp by choosing pink dot located in point A.

My - the mp by choosing pink dot located in point B

(or point C, if Cis inside the disc).
'op: the my reconstructed by choosing pink dot located in center point O.

My sp-

[t is easy to say that:
0 < m}r{nén < mtrue < mmax < \/_ /2

ture max
0< m"e < m'sy
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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:

e =yl (joc] +oal)

mggX=\/T_|pc| <|0c|—|03|> it |oc| > |08,

2
mggxz\/%_|pc|2, if |oC| < |OB|;
max __ 2 _ 1 5. 2 2 _F? 2
myqp = EIa _ ) ‘prmss + EIa EIb )
4 ‘pmiss

-

‘ 2

)

|PC| = 2‘1_5 . (_Eli+E12l,+ ‘ﬁva — |Pv,

miss

2 2\ 2 2 2

|0C|=2‘_) [—‘5@334_(5% - ﬁvb > +2‘ﬁmissz<ﬁva + ﬁvb )]%,

Pmiss

1 4 2 = 2 ? 2 2 - 2 1
|0A| = 5 ‘1_5 _EIa_ EIb_ ‘pmiss +2EIa EIb+ ‘pmiss 2.

miss
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Reconstructed mass variables: mﬁncm VS mﬁné‘x

25000 WHW =, W, JE=505ab", /s =240GeV Ll iS00 TrTToptu vy JE=505abT Vs =240GeV
. 100 = : - — . 100f - - —
gU i ] X gU i ] ] X
SM ' % Sm 103%
80_ @ 80 — @
= T N =
_ @ 601 . - 3
S ' ' 1| -0
> >
a0l AR 1 1o H i I ] Sa
20:— €V ol _ _ 10
: 1 &lj:l | | | | | :
e ——— 0 R e i S S B
> _ 15000 — 50000
(;III20III40III6OIII8O :160"'1_28 OIII2|OII|4|0|||6|0|||8|0||.|1(|)0|||1:28
m" [GeV] m" [GeV]
e Both distributions of mf{nén and mﬁlé‘x e The distribution of WW, ZZ and 7t
have the “end-point”s and the peaks at eventsin same finalstate ytu~ + E_. .
Mp. are much different.

e The tails of mlr{nén and mp~” (tailregion) o zrevents’ shape are also show the 7
are caused by that the muon (bare-level mass.
muons used in the calculation) in final
state losing energy through photon
radiation.
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e The calculation is decay topology

independent. For example, Zboson in
77 events is not semi-invisibly decayed.

* Alinear relation between my~" and
muo* ot ZZ event.
RC
0 50000 ZZ— vy JE=505ab", /5 =240 GeV
r 100 | - _':':'E' L . —
ESE I r!,' T 103;<
80| — r F n 8
ja ; 1002
i . i ) :
60:' — ':I ... E
10 2
8a
40t - -
1
20} - -
: : Bo.1
Oborbi e
0 20 40 60 80 j1(|)0|||1-28
mge [GeV]

o

&

v &,

)
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Reconstructed mass variables: My op

J£=5.05ab"", /s =240 GeV

— 2 ~
— 200 - —
S 10355
[
S 160 - CqD)
1208 - 1025
' 5
I >
80 - H
I 10
a0k .
: o,
0 | | : [ [ I ]
T —;15000
o 20 40 60 80 00l
my qp [GeV]
jpmax. < l
¢ "1ISP ™ N Recoil*
o For WW events, the shape of m; ¢ is

much similar to that of mg ;.
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max

0 1000 T T —=utu v f£=505ab"", /s =240 GeV

240

— R ’ EEn [ ] " | " h--hl i.j-d [} ll ] ! | N
% :\\.\_\ :_._ |. e e ._ . ! : . . o .|-I 3%
o ! - 1
S o e
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—20000
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my'sp [GeV]

e [orz7events, minsaff distributed in the

small value region. But mg....iy
distributed more flat.

e Forsemi-invisible decay topology

event, my ¢p is better than mg.. ;-

16

(compared to my,...)

e Forinvisibly recoiled events, like ZZ
events, the recoil mass is more physical.

240 """" T I T T T I T T I T T T

200 1

MRecoil [GEV]

p—
*N
=)
T T T T T
[
i

120

80

f£=505ab"", /5 =240GeV
. ———

[E—
)
98]

[\

max
my sp
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Reconstructed mass variables: Smuon pair production
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Reconstructed mass variables: Smuon pair production

o If given an assumed value of LSP, m. .. A new group variable can be defined

min — ., B max — ., F
[mIr{nélx, 0] - . S T min max
e 'The truncation re-appearing in the distributions of my'(my,,,) and mp =" (my,, ).

0 < mpet < ma(my,,) < my" < mEEX(my,,) < mag* < \/E / 2

ture max
0 < mi™™ < mi'sp < Myeceir/ 2

O “’_1 max
<SP
& ~ ;0100000 (mz, mp)=(100,80) GeV  [c=505ab"!, /s =240GeV 1 240 GeV 10 100000 (mz, mp)=(100,80) GeV  [c=505ab"", /s =240GeV
' I 2 > 2 > = 1=
” N © o 9 © O o . 1l 10°O
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Prospect of smuon pair production at CEPC

]
-

~ >0

poLe” X1

VL et

~ ~~~ ~0

H X1
et

_|_
!

e Degenerate left-handed and right-handed smuon
mass m, bino-like LSP )’Z(l).

o Thedistributions closely related to the m; and Mo

e Three similar signal categories to arXiv:2203.10580

J. Yuan, H. Cheng and X. Zhuang. arXiv: 2203.10580 [hep-€eX]
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CEPC-2023
Prospect of smuon pair production at CEPC

o Preselection Criteria: OS muon pair, E.™°>1GeV, E, > 1 o SRL-01 SRI-02 SRM-01 SRM-02
, o # mpar >117 mEy > 85 mIgx € [50, 70)
X . .
GeV, |77 ‘ < 3,mps" > 115 GeV. miin 85 mg >95 mPE € [40,60]  mEE(40) > 110
E,: €[50,70] mB&<(40) > 110 mTi(40) > 100
e 12 SRs defined due to the distributions are much shape and BRG 7532 + 86 900 + 30 2079 £ 45 970 + 31
closed related to the sparticle masses PGN(0) 55900 10900 0300 2210
P ' SGN(40) 23800 1410 22100 10200
. . . SGN(80) 0 0 0 0
e Very good signal noise ratio are reached. SGN(110) 0 N 0 N
SR SRM-03 SRM-04 SRM-05 SRH-01
o Form; =115 GeV, about 110K smuon events can be mygE € [60,80] gy € (70,85 midE € [80,95] F,+ € [34,44]
BKG 912 + 30 19941 + 141 14039 + 118 6412 + 80
e More than 10K event can be kept in the most sensitive SR. SGN(0) %9 463 0 49
SGN(40) 2460 1970 359 4340
| | | | | | | SGN(80) 0 23900 74100 11600
m= m;=115GeV,mp =0 GeV % SM Total UULVY SG\*(]]O) 0 O 0 0
= ;=115 GeV, my =40 GeV ZH . s .
= =115 GeV.my =80 GeV Wiw w SR SRH-02 SRH-03 SRH-04 SRH-05
= g =115GeV,mp=110GeV "o ZZ ww .
B+ € 28, 37] E,x € 22, 28] E.+ € 15, 18] Am™% & [0, 10]
Am™* € 25 40] Am™* € [15,30] Am™* ¢ [0, 20] ’
BKG 5913 + 76 3190 + 56 786 + 28 262 + 12
SGN(0) 0 0 0 0
SGN(40) 5 0 0 0
. ' : SGN(80) 29200 11900 0 0
' ' SGN(110) 0 0 0 112000

\ L \ L > B 5 \ L > A P
5‘&\”’% S @),Q S @I\,Q S Q&J\’Q S @I\D S @J\’Q %‘2&[\,0 S ?&D S @,Q S @,Q 8 @,Q S @,Q
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Prospect of smuon pair production at CEPC

. Preselectlon Criteria: OS muon pair, EmlSS >1GeV, E, > 1

pex > 115 GeV. ;

D)

e 12 SRs defined due to the distributions are much shape and g
closed related to the sparticle masses. ?S’ -

e Very good signal noise ratio are reached.

e Form i= 115 GeV, about 110K smuon events can be

oenerated at CPEC @ 240 GeV, 5 b~ 1.

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

m= m;=115GeV,mp =0 GeV et SM Total UULY
m= ;=115 GeV,my =40 GeV ZH .
= ;=115 GeV,myp =80 GeV Wav T
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Application in Precision measurement
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Summary

e 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:

Transfer the geometry to
kinematic information
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A)  Decay topology independent & Lorentz invariant mass variables: my~', mps™ and m;'¢p;

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