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Collider Physics

ME calculation Parton shower Detector simulation

o interaction with the detector
hadronisation : !
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Hard Scattering Level: (Master Formulae)

1
o Z[ dx dx, J ff}l(xa, Ur) ,fz(xb, UR) d%,b(MF» HR)
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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Lepton Collider iggs mass measurement by recoiled Z C:6

Higgs boson production Recoil mass:
n ngles of th _ 2 _ .2
and decay angles of t e Mi = \/ (\/E —E, ) =D,
Advantages ete™ — ZH — £+ bb v
, , rocess. 3 anonl cepocom
Conservation laws benefits a lot. P \ 40| 2E el 240 0ey
o §31zoool :
Collision system -
R « CEPC Simulation 1
* Onet charge & O lepton number before and after. 00 | —swr
! Pl ignal |
6000|- o | -

-Background

1. Suitable to create new particles after ee ™ annihilation

4000
* Symmetricbeamsofee™.

2. CMframe =~ Lab frame;
3. Total E fully exploited to reach highest possible physics threshold.

* Well-understood beam properties. Missing energy and momentum  p"s = (\/s. 0) — Z P,
4. PDFsaresimple, Eqyy = \/E i

5. ISR from electroweak process.

2000}
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el
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determinations of missing energy and momentum with good precision.

Vv
o
~

L T — > R ‘ | }
o CEPC CDR @ - CEPC CDR 1
‘(?, 990 II. Z—jj, H-Invisible ‘3 0'14? vwH, H-bo,c2.0g ! .
Detector Level P — 2z 3 g qof —Hw0 ]
5 0.1 1 7 5 H-c T ‘
-~ . —Zuuddss S 0.1 —Hoag
* Low QCD soft background. £ 08 " 8 0o
< - < 0.08}
1. High objectidentification & reconstruction efficiency. 0,06l o ool .
* High precision four-momentum vector. 004l 1 ol '
2. Recoil system measurement method. 0 0ol b Lﬁ\ I t
° ° ° ° - 4 - - l __L A
3. Lorentz invariant kinematic observables. . _,:pg e L , e
100 120 140 160 “0“180 20 0 80 100 120 <40 160
'w:iq [G ev] MjF:ecol [G eV]
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Reconstructing events containing two invisible particle

Lepton Collider

+ —_
e"e” - PP,

* 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 &=
j
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arXiv: 2209.13935

o—
250
> I ATLAS
4 R - _
L ——— 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 |.LHC Run-ll with 139 fb~! have already set congstraints on di-lepton+

E{Piss final states in searches for slepton pair production.

o rprrr
| | |

100
e Compressed spectrumregion can be probed by events withISRvia =0 0 ——TT - - - -

Recursive Jigsaw Reconstruction(RJR) technique. [0 _——"-

o Stilla gap uncovered for mzat ©(100) GeV. 50

e Asmall deviation between the expected limit and observed limit, maybe
a statistical fluctuation. 0

|\|||||

100 120 140 160 180 200 220 240

m; [GeV]
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Smuon pair production at lepton collider

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

U7

ete” — ") - p
with one /i being off-shell.
- On-shell region: m; < \/E/ 2.
Narrow width approximation (NWA)
o(ete™ — ppud ) = olere™ — jiji) X (BR( — p7))’

- NWA is valid in condition: \/E/ 2 — m; > Fﬁ
- Off-shell region: m; > 1/s/2:

The cross section of 2 — 3 process is smaller than that of 2 — 2 process
by a factor of 167

Assuming BR(ji — uy, 9 = 1, for 5.05 ab~! data, about 800 signal
events can be produced of mass point (m (140, O) GeV.

o (mg my)=(115,0)GeV:  25.61b
o (mg, my)=(120,0) GeV:  0.411b
o (mg, my)=(140,0) GeV:  0.0151b

N
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Reconstructing events containing two invisible particle

MmT2 variable @Hadron Collider

IIllIl

miss

Pt :P1a+l91b )

Mty =

max (mT(Pv »Pr, ) mT(pVb’pr)>

—miss, 1

- —I188
‘ -

—
———
—
- \
m—
-_—" -
——
-

. —Mm1ss,2
‘ ]_)
1

. . D
* Not Lorentz invariant. J2

* But Good “end point” property
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Events / 50 GeV

My

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

Kinematic reconstruction ete > PP, P — VI

What can be reconstructed by detector are:

. p‘/ja: four-momentum of the visible particle (group) a;

. p"jb: four-momentum of b;

op'u.

miss
two invisible particles

= p{" + p!': Vector sum of four-momentum of
a b

. : four-momentum of anything else
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Reconstructing events containing two invisible particle

. Frame

o A Lorentz Boost
Physical Constraints (Assumptions) Py i from Lab frame By
' into PP frame. A S
Ho— ph 1 ph.

Lpp =py +p; ’
2.pf =py +p}: Y Lmiss =PI, s =P
3.mp = Mp = Mp ; NG

P p, — Mp, By, 4.

£ pr
4.1y = my = my
o.mp > 0; three vectors py,, py, and p_... form a triangle, and
Dy, Py, Py, MM Piss lc,

6. m; > 0. three vectors py , p; and p,,; form another triangle.

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

o I In PP frame,
1
PP __ PP PP PP —PP
p{: — {5 <_Eva +EVb +Emiss>9pla }9
u,PP __ l EPP + EPP + EPP —PP + ~PP
pPa _ 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, } :
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Reconstructing events containing two invisible particle

PP frame - —PP
* my 2 0:The magmtude of py- must be smaller than

B, = (—B5 + 5 + Egis) /2
Therefore, the point I is located in a sphere, where the spherical shell implies
mIa — O.

* my > 0:Similar to the constraintmy > 0.

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

PP =2PP _
pI meSS D_O’

1 2 2 .
p=1 (ng B ERNGEY — BT+ |

meSS

\ )
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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

Given a pink dot, we can solve a set of (mp, ny):

Ce 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.

max, 0 GeV
Imgc Vl..B 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{ncin: the myp by choosing pink dot located in point A.

mye : the mp by choosing pink dot located in point B

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

e QU‘” m{"en: the my by choosing pink dot located in center point O.
74
I\ [t is easy to say that:
[ma, 0 GeV]

min true max
0 <mpe <mp™ < My <\/§/2

ture max
0 <m™™ < mygp
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Reconstructing events containing two invisible particle

C

(M2, 0GeV] B

[mf{nén, 0 GeV]
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The problem of “how massive the intermediate particle is” is transformed
into a geometric problem:

oc| -

0A| =

2

Lee _ |PC|2—<|0C| + |OA|>
4

2
’

pc|* = (|oc| - |os|) . if|oc| > |oB].
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Reconstructed mass variables: mﬁncm VS mﬁné‘x

o2 W W W, [ 0 GeY ol 00 TITT Ty eSS0 V=0 Gey
AE = 3 g + The calculation s decay topol
S B 1038 8 1 138 e calculation is decay topology
aséé . | N X aséé T hoX independent. For example, Zboson in
- 0.) — 103 Q) ° ° ° ° °
1 © ? © 77 events is not semi-invisibly decayed.
1 : ol L] B .
| | T E' 2 * Alinear relation between my~" and
40+ AR 1 1o a0k I ] a3
| : T ' My of ZZ event.
20:— €V ol _ _ 10
: I &ljl | | | | |
e 0 B B B e B e e
: > _;15000 30000 0 50000 ZZ—> vy  Je=505ab7, /5 =240GeV
0 20 40 60 80 :160"'128 OIII2|OII|4|0|||6|0|||8|0||.|1(|)0|||1-28 % ; [ ,'f_lr' .§:= __L='"' :_:'-'. : 104§
mi® [GeV] mRe® [GeV] RN N o IEG
100 %1 -'- - " ) —
gséa) (AR - > - 103;<
o Both distributions of my" and mg e The distribution of WW, ZZ and 77 S 138
- Jil 'l l . 102§
have the “end-point”s and the peaks at eventsin same finalstate ytu~ + E_. . oG T ¥ :
R L= = .I-.- - O
Mp. are much different. 1 1 | =
. 1 . d | B!
o Thetails of mg~"and mp~* (tail region) e 77 events’ shape are also show the 7 o1 g )
are caused by that the muon (bare-level mass. o
muons used in the calculation) in final M EEEE
. 0 20 40 60 s 100 128
state losing energy through photon miin [GeV]

radiation.
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Reconstructed mass variables: m; ¢, (compared to mg,.. ;)

[£=505ab"!, /s =240GeV 0 1000 ttr —putu v [£=505ab"!, /s =240GeV

2 T T - 240 e —
- | | | < — 20T M PR TR S STy PN
% - E % \‘“ s g L et 103%
— 200 . — T 200 - | B 7 —
g 103; g i ] ;
o 2% i
S 160 - CGD) S 160} - CGD)
| = | 10°
120 g0 » 120 - @
- - - -
: :
80- — = 80 = H
I 10
_ 10
40 - 40 -
b | B
0t e e 0 e e
_ —15000 0000
o 20 a0 w0 80 TOREE B NS TRT. {
my'sp [GeV] my'sp [GeV]
i  Forzrevents, m ¢p distributed in the
max o

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

® mLSP N N Recoil®

o For WW events, the shape of m; ¢ is

much similar to that of mg... .. e Forsemi-invisible decay topology

event, m, v is better than my . . 1.
LSP Recoil
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e Forinvisibly recoiled events, like ZZ
events, the recoil mass is more physical.

J£=5.05ab"", /s =240GeV

— 240 T T 1 I B —_
= 1 >
L O
— 200 - _ . | —
22 >
S 160 — . = — 1028
p—
) ——
. —
120+ _ n
| 10 &
O
i >
o
80 _
I I
401 . —
: Bo.1
T T R T N SR N I S S
0 L
40000

B BT N T T |
max
My gp [GeV]
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Reconstructed mass variables: Smuon pair production

0. 30000 (ﬂ, :71)??1:(1()0,0) G?V B /fzzs.os ab‘ll, \/E =240 GeV 15080000 mf;,m);g):(lOOAO) GeV /£=5.05|at7—1|, I\/I;=340GeV
% : : g l : % % %
— 100L R — 1] .= — 100f I~
RO . : 10; 2| ; min max i
SN #;,;_I" 43 s Nz FFor massless LSP, both mg~" and mp - have significant
| 0 S | = peaks at m; and also an obvious truncation at m;.
60_— — g 60_— — %
> >
[ ad aa) . . .
o g I & o e [For massive LSP, the truncations of m4=" and maa* are
_ RC RC
2] i " i disappearing, and the range [my ", mp o™ | gets bigger
R ! s with m.o increase.
] S - > Tt Xl
C —;20000 _ , , _;8000
S L L L L '8 L PR S I T T S I SN N SO (N T SN SO N T T UNN NN SN ' '8 . .
T e Gev) T Y e Gev) o The end-pointof m'¢p at M are much obvious.
f£=505ab"", /s =240 GeV [£=505ab"", /s =240 GeV
;240 .|...|..._§ ;240 .|...|..._§
é | 38 éi | 8
— 2001 =l 10" — — 200t - =
R X g 10” %
k> > k >
S 160 _ 8 S 160 . 8
= = min true max \/_ /
120__ ’ 10 g 120__ ] 10 g O < mRC S mP S mRC < \) 2
O L i O
ol ; s ol ; s 0 < mture < phax < 4 /2
_ 10 [ | I — — 1 Sp — ""*Recoil
sk - sk B _
| ] i i1 f
0 | 0Lt S S U R
—28000 — —;20000
Joo 18 T R S — 008
m" [GeV] Mm% [GeV]
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/’“"’4"’/‘,’“
o o o
Reconstructed mass variables: Smuon pair production
o If given an assumed value of LSP, m. .. A new group variable can be defined
min — E max — F
[mIr{nélx, O] . . .« e . min max
e 'The truncation re-appearing in the distributions of my'(my,,,) and mp =" (my,, ).
min min true max max
0 < mpe" < mgg(myy,) < mg*e < mgmyg,) < mg* <4/ /2
: ture max
O % max 0 <m™ < mpgp < Mpecoi / 2

SP§ 1,0 100000 (mﬂ,m29)=(1oo, 80) Ge.V. | fI£=I5.IOSIabI‘1I, I\/I?=340GeV 1 340GeV 10 100000 (mz, myp)= (100, 80) GeV /£=5.05ab‘ll, I\/I;=340GeV
'y > i' > > S i >
/ . 100 10° — — 100 - — 100 =t - -
2| X %3 ox =L . B x
mlIlV]//Q sof Zé) % 80 § Qgg L §
(\{\x 60_ X E ééé 60_ 102; ééé 60— — 2?
[mge, 0 | e - . = oL |

& 10

20: 20:— 20 -
i 1 i : 1 i : 1
(e e e e e e EE=—— — i ———— i —————— e e e e e e — i ————
8000 /)»N\ _ 20000 /J]\ 180000
e 08 ' o
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Prospect of smuon pair production at CEPC

> 107 E I I I I I I I I I I I I I I I I I I I I I I I 3 > 107 E I I I I I I I I I I I I I I I I I I I I I I I 3
= == mp=0GeV B4 SM Total uuvy 3 - == mp=0GeV =22 SM Total uuvy 3
- 8 106;_—— mz =40 GeV ZH . zrr 8 106;_—— mzp =40 GeV ZH . zer
= — = mp=80GeV W w3 = — = mpu=80GeV Wi w3
o= 0 1()52——— mpy=110Gev W8 ZZ WS 0 10° k== mp=110Gey W ZZ WS
2 SR . | _f
B L. %) S 10F |17 S0 & .
e > re 3 > 3 =t el
LE 0 10 0 10 -y
o ] -1 -
.. 10° E 10° -
[T ~0 - -
X1 10 3 10 l, o E
1~ i
6+ 1 1 [T ! oo b o B e
0 20 40 60 80 100 120 0 20 40 60 80 100 120
max max max
7 7
10 I I I I I I I I I I I I I I I I I I 10 I I I I I I I I I I I I I I I I I I
. % —— mi;? =0 GeVI EZZIE SM Totell | UULY ; % E —— mi;g =0 GeVI EZZIE SM Totall | UULY E
e Degenerate left-handed and right-handed smuon (9 10°E== ma=40Gev zH - (9 10°E—= ma=40Gev ZH -
. . - = my =80 GeV T : = == myp=80GeV Wuv T E
mass, me-llke LSP. lQ 105 — = mp=110GeV wWo Q 105 —— — my=110Gev W ZZ W
2 : v F B =
. . E 1045 E E 10"
e Thedistributions closely related to the m; and m;o SN - o
: () 10 I () 10 =
. 2 I 2
e Three similar SRs to 2203.10580. 10 E 10
10 = 10
|
1 oo b b b e I | 1 2 =t y e e | I
0 20 40 60 80 100 120 0 20 40 60 80 100 120
: max
min (GeV] m3a [GeV]
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Prospect of smuon pair production at CEPC

o Preselection Criteria: OS muon pair, E.™°>1GeV, E, > 1 o SRL-01 SRI-02 SRAM-01 SRM-02
, . # mp&* >117 mEy > 85 mEs € [50, 70]
GeV, |77 ‘ < 3,mps" > 115 GeV. miin 85 mg >95 mPE € [40,60]  mEE(40) > 110
E,: €[50,70] mEa<(40) > 110 mEi(40) > 100
e 12 SRs defined due to the distributions are much shape and BKG 7532 =+ 86 900 =+ 30 2079 + 45 970 + 31
. SGN(0) 38900 10900 6360 2270
closed related to the sparticle masses. SGN(40) 23500 1410 29100 10200
. . . SGN(80) 0 0 0 0
* Very good signal noise ratio are reached. SGN(110) 0 0 0 N
SR SRM-03 SRM-04 SRM-05 SRH-01
o Form; =115 GeV, about 110K smuon events can be Mm% € [60,80] mIgX € [70,85]  mld% € [80,95] E,+ € [34,44]
BKG 912 + 30 19941 + 141 14039 + 118 6412 + 80
e More than 10K event can be kept in the most sensitive SR. =GN(0) 09 . 0 49
SGN(40) 2460 1970 359 4340
| | | | | | | SGN(80) 0 23900 74100 11600
m= m;=115GeV,mp =0 GeV 4 SM Total UULVY SG\:(]«IO) O 0 O 0
= ;=115 GeV, my =40 GeV ZH s S -
= ;=115 GeV,my =80 GeV Wiw = 3 SR SRH-02 SRH-03 SRH-04 SRH-05
= g =115GeV,mp=110GeV "o ZZ ww .
B+ € 28, 37] B+ € 22, 28] E.+ € (15, 18] Am™ ¢ [0, 10)
Am™a* ¢ [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
|

. Zz

mz =115 GeV, mp =110 GeV
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Application in Precision measurement

Measuring the W boson mass in full-leptonic decay channel

e ete™ > WW — ¢ 'vu.

e The backgrounds are much more cleaner.
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e Template-fit to MC data.
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e The uncertainty is about 3 MeV at CEPC. The
precision is at same order of semi-leptonic

decayed channel (£vqq’), please see CEPC CDR.

e The uncertainty may be affect by the beam energy

uncertainty.
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