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R = 69 ] ARPE ] AR

Classical descripfion of electron Borrowed from Hitoshi Murayama, hep-ph/0002232

electrostatic self-energy
Physical mass Bare mass 2

Me = Mo + 0M, 0M = 1
47’(’7‘0

electron

No structure of electron: 75 < 107 m

my ~ 1 GeV ~ 10~ %m

0.5 = -9999.5 + 10000. MeV

Large cancellation is needed, unnatural

Chengcheng Han-SYSU 2



Solutions

Problem solved by Dirac
Particles get doubled

Quantum Electrodynamics(QED) » |Existence of the positron

Physical mass Bare mass self-energy

The correction: 342 1
Me = Mo + 0M, om = <o log
70

mMoTo

log dependence

Even 79 = [,; = 107°*m, the correction is only few percent

Chengcheng Han-SYSU 3



AT B AR P A

- .
" ~~

Higgs
Aol
mi = m% + dm? om? = / d4p—2 o A2
0 p
(125 GeV)’
om* ~ My = (10" GeV)?

Much larger cancelation is needed, not natural

Chengcheng Han-SYSU



AT B AR P A

o R P RIR T B EREN, RBOIRBN 2R MILH , RJEMLambdafk w7 %k

- -
- §~

¢ 1 e .
2e 5
- / = I'(—1+e)im
L YU A 20 ) (47T)d/2 (m°)
. > .
= o
= e | +m logm2—|—m + O (e)
ITH IR H

dm% = —122m%; |lo ﬁé£+1
il H gﬁZ

B AR R R B R A R GRS
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AT B AR P A

Bl G ERT, —INE—IE

] 1 1
Lo = 2(0u9) (0"9) — 5me & + 5 (a Dley s Sis e Lpg?o? - !nq54
Ve & LN
’ | LK | [
M? log™ 2 +1+0
\/\(\/ TP ' S ( )]
g a9
L e
o2 LK MM
_ — Il
20mM 39,2 M? [log iVE ap ]

REFRIBETRECRETETHEG, LARAFEBRRURELE, AARFARAGE
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AT B AR P A

Bhe R ABERFREIEES, TRAFKEZEA? e Rn—ANFH A FA HD

3
1
H------{¢{) [~ H ym? ~ (16W2> Ui Gsmay,

B M2 Kpsii & T100 TeV

REA VAT RAFERD LT AR, HETRABIEE
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AT B AR P A

Bl AR R LRER, RAEFLAEMHFTOET, TREIRKXGAEFAT?

O MpliR ERXL ARG E ST AERBRAFABERAER, RAZRST TEFSUET
@ TRTAERE, WTHEBEFTHRTREZLAZMAIGET

o FHRIKERAEBNAA LM G ERT

@ ZEA K4%—(10716 GeV)? AHZALEZRFERTF? REASRELIGRARR?

® . FRCPIFAFF
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R T &

AR R KETRRIHA TR T ARAREREAET(EESET)

Supersymmetry

| T
NTeV_10 H

BB R, 5] AR T XA AKX
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What is supersymmetry?

Supersymmetry is a space-time symmeftry

Symmetry: physics laws do not change with transformations

Y
Galilean t o, rotations Superspace “Super-rotations”
Space-Time Model ‘\ , g
==
F = ma _
(ZU7 y? Z? t? 07 9)
' y }
Lorentz A 7
transformation ‘\ Supersymmetry —
Einstein Space-Time f' I (" \
> Ve
>
(3] y y7 2 t) o / A/ X
E = mc? !

t
0

Chengcheng Han-Kavli IPMU 10



What is supersymmetry?

Superspace Any fields can be written as
t,0,0 .
(aj,y;JZ, o ) CI)(a:,y,z,t,H,H) — qﬁ(x,y,z,t)+¢(a¢,y,2,t)|9+
J B
boson fermion

f /
I
uper-rotations”

W s
0

4 'Super-rotations” can change bosons and fermions into each other

Supersymmetry is also a symmetry between fermions and bosons

F) «= |B)

If we have supersymmetry, we should have both bosons and fermions!

Chengcheng Han-Kavli IPMU
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Why supersymmetry?

® ] APk

o ké/ -

® /R
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Why supersymmetry: unification of forces

<

60 F ! | ' | ! | ! | ! | ! | ! | ! |

o s S~ Stephen P. Martin, A SUSY Primer
Magnetism U)o P
50F

SU(2)L X U(l)y QhEAD Ele(.:tfo Longrange E \\\\\\ SM —”/,;,—’

agnetism s : DR TPt
. Electroweak Maxwell Electrici 40E T
Model Fermi é ’’’’’’ //’// \\‘~\\
| & Weak Theo Weak Force E SU@2) __---"~ » Te~oo
¢>I; ptandard Short range -1 : =" Pl
UN 54 model o 30k . MSSM
Quantum : -
Gravity QCD Strong Nuclear Force : -
Strings? Short range = il
| gsSuper SUEB). , 205 e
Unification Kepler Cglestlal g P
i ravity 10E
Gl:mf:tr.sal Long range SU(S)
Ehsteir?\r{dlewt:)(rzn Terrestrial C | | | l | | | |
Gatli Gravity % "4 "6 8 10 12 14 16 18
Log, ,(Q/GeV)

Unification at 1% level at GUT for SUSY partner mass around TeV
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Why supersymmetry: dark matter




Weakly interacting massive particles (WIMP)

DM annihilation in
early universe

o
v’ N

# Abundance

100 T T T Illl 1T T T Illl 1T T T [ll LI T T
107° .
Q a
O
S _
-g - . (ov) =1072% cm? /s -
3 - 1026 cm? /s
- § \ 1024 cm? /s-
10-% 1 \ _
\
\
10_20 ||| il | T | 1 | | Ill 111 1 1 |
100 10 1 0.1
Temperature T' [GeV]
Time ™=l

Chengcheng Han-SYSU
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WIMP “miracle”

< ov >

QOh? ~ 0.1 !
! (10—266m3/s)

g5 1

2

107%6cm? /s ~ 1072GeV 2 ~
47 mg)n

mpy = O(1)TeV

A scale very close to electroweak scale!
Or SUSY scale

Chengcheng Han-SYSU 16



Minimal supersymmetric standard model (MSSM)

SM =m===p MSSM

Standard particles SUSY particles
\il,ﬂ ’\_"@;/ \E/)
di si by

\.f/ — N

.| Quarks ’ Leptons . Force particles Squarks O Sleptons 0 SUSY force
particles

SM: fermion » sfermion
SM: scalar or gauge field —— -ino

Chengcheng Han-SYSU

17




Dark Matter in MSSM

R parity +1 -1

Standard particles SUSY particles

' Quarks ’ Leptons . Force particles Squarks o Sleptons 0 SUSY force
particles

H.ggs

Lightest is stable, neutral: dark matter candidate!

Chengcheng Han-SYSU



Large Hadron collider(LHC)

How fo probe SUSY particles

Chengcheng Han-SYSU



Typical SUSY signal(model dependent)

Gluino production > Cascade decay

A

~

C] Lightest SUSY
parhcle(dark matter)
f /

Contribute to: PP — qQqqq + EmZSS

SM: Z — vv /W — v

Chengcheng Han-SYSU 20



SY searches

ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

August 2023 Vs=13TeV
Model Signature  [Ladt[fb7'] Mass limit Reference
PR 0 A ‘miss =0
45, §oqt’ Oe.u 2-6jets EMS 140 1.85 m(¥})<400 GeV 20
3 mono-jet 1-3 jets Eg""‘ 140 g [8x Degen.] 0.9 m(q)-m(x‘,’ )=5GeV u
S i i—qb) Oe 26jets  EPS 140 | & 23 = 2010.14293
S 2, 8—qqX) M J T g 2 m(¥1)=0GeV .
& z Forbidden 1.15-1.95 m(¥})=1000 GeV 2010.14293
- - ou zoes  uo s heavier than 1-2 TeV
Q gz g-qaOY] ee, 2jets  EP 140 |2 2.2 m(¥})<700 GeV 20713
‘@ 33, 3oqqWZY, Oeu  7-11jets EMS 140 |2 1.97 m(t}) <600 GeV 2008.06032
% SSe,u 6 jets 140 |z 1.15 m(z)-m(¥1)=200 GeV 2307.01094
S 3z gt 0-1 e, 3p  EMS 140 |z 2.45 m(E)<500 GeV 2211.08028
SSe.u 6 jets 140 z 1.25 m(z)-m(¥1)=300 GeV 1909.08457
biby Oeu 2b  EPS 140 | B 1.255 m(¥1)<400 GeV 2101.12527
by 0.68 10 GeV<Am(b; X1)<20 GeV 2101.12527
o5 bb, by —bXs — bh¥) Oe,u 6b 52 140 | b Forbidden 0.23-1.35 Am(B, ¥1)=130 GeV, m(¥})=100 GeV 1908.03122
5 -% 27 2b EP'S 140 by 0.13-0.85 Am(¥3,¥1)=130 GeV, m(¥})=0 GeV 2103.08189
S-.§ fif, o) 0-1epu >ljet EMS 140 |7 1.25 m(E})=1GeV 2004.14060, 2012.03799
: g i, f|—>Wb)7? 1eu 3jets/1 b E?i“ 140 # Forbidden 1.05 m(¥})=500 GeV 2012.03799, ATLAS-CONF-2023-043
85 Ah,hi—Tiby, 111G 127 2jets1b EMS 140 |7 Forbidden 1.4 m(71)=800 GeV 2108.07665
= L Ay, fiock) 16, cock) Oept 2¢  Epe 361 @ 0.85 m(r$)=0 GeV 1805.01649
B Oe,u mono-jet  EP™* 140 f 0.55 m(f;,&)-m(¥;)=5GeV 2102.10874
fif1, -0, X9 -2/ i) 12ep  1-4b  EPY 140 |@ 0.067-1.18 m(¥2)=500 GeV 2006.05880
iy, ol + Z 3epu 1bh EPS 140 | & Forbidden 0.86 m(¥))=360 GeV, m(7, )-m(¥})= 40 GeV 2006.05880
XS viawz Multiple ¢/jets Eif"‘ 140 i;/i; 0.96 m(¥?)=0, wino-bino 2106.01676, 2108.07586
ee, >ljet  EMS 140 | X7/X 0.205 m(¥i)-m(¥})=5 GeV, wino-bino 1911.12606
TXT viaww 2eu EPS 140 | X 0.42 m(%)=0, wino-bino 190§.08215 .
e | E|l@ectroweak particles could be
. XX vial /v 2e.p EpS 140 | R 1.0 m(Z,7)=0.5(m(¥;)+m(¥})) 908.0821
S Qo 27 * 140 RN 048 m(¥})=0 ATLAS-CONF-2023-029
WS 7 plig, I-68] 2e.n 0 jets 140 |2 0.7 m(e))=0 1908.08415
ee, ppt > 1 jet 140 |7 0.26 m(f)-m(¥})=10 GeV e 1.121 u n re e
HH, H—hG/ZG Oe,u >3b - 140 i 0.94 BR(Y| — hG)=1 To appear
4epu 0jets 2 e 140 i 0.55 BR(Y| — ZG)=1 2103.11684
Oeu > 2large jets EF™ 140 H 0.45-0.93 BR(Y] — ZG)=1 2108.07586
2epu >2jets EFS 140 | @ 0.77 BR( — ZG)=BR(¥] — hG)=0.5 2204.13072
Direct ¥7.¥] prod., long-lived Y7 Disapp. trk ~ 1jet ~ ENss 140 by 0.66 Pure Wino 2201.02472
g Xy 0.21 Pure higgsino 2201.02472
1%} .
> % Stable g R-hadron pixel dE/dx EPs 140 g 2.05 2205.06013
SE  Metastable 3 R-hadron, —qg¥| pixel dE/dx EPs 140 | (@ =10ns] 2.2 m(¥%)=100 GeV 2205.06013
5 8 @&, Displ. lep EMS 140 | &k 0.7 w?=0.1ns 2011.07812
- ’ 7 0.34 w(l)=0.1ns 2011.07812
pixel dE/dx EF™ 140 |7 0.36 w(f)=10ns 2205.06013
YT IR Wi sze—eet 3eu 140 Pure Wino 2011.10543
XEXT 0 — Ww)zeettvy dep Ojets  EP™ 140 m(¥})=200 GeV 2103.11684
28, 8—qa¥), ¥ — qqq >8 jets 140 2.25 Large 7, To appear
S 7 it XY o hs Multiple 36.1 m(¥1)=200 GeV, bino-like ATLAS-CONF-2018-003
& if, i—b¥7, X7 — bbs > 4b 140 Forbidden m(¥)=500 GeV 2010.01015
iy, [ —bs 2jets+2b 36.7 1710.07171
hh, n —qt 2e,u 2b 36.1 0.4-1.45 BR(7, —be/bu)>20% 1710.05544
1u DV 136 1.6 BR(f;—qu)=100%, cos#,=1 2003.11956
X IR3[0, R0,—tbs, X{ —bbs 12epu  >Bjets 140 | & 0.2:0.32 Pure higgsino 2106.09609
; : . s 1
Only a selection of the available mass limits on new states or 10 1 Mass scale [TeV]

phenomena is shown. Many of the limits are based on
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Slepton searches

May 2020
;I 600 i | ] | | | | | ] ] | I | I | ] | I ] | | | I | I ] I ] | I I | I | | | ]
O . ATLAS Preliminary 8 TeV,20.3fb~' [ € [&,/i] arXiv:1403.5294 ]
O] . Soft 2¢ (< [& ] arXivi1911.12606 -

_ —1 -
~. 500 vs=13TeV,1391fb 2¢ 7 c[8,/i] arXiv:1908.08215 ]
— i v - ~0 27 hadronic (=7 arXiv:1911.06660 -
S— pp — {7 gl o, b — )

P - LATLA 1 LEP fi excluded )
~ 400 | All limits at 95% CL _
- - —— Observed limits .
[ --- Expected limits ]
B /Q\ /,, __
i ((\\*\ e -
i \L ¥ Z
200 __ /: ?\ g _—
100 [ -
i |I, 1 1 1 I | 1 | 1 | 1 | | ‘n | | | | | | | | | | | | | | | | | | | | | |

0
100 200 300 400 500 600 700 800
m(/. g) [GeV]

Can be as light as hundred GeV
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Natural SUSY

Naturalness guideline
Higgsino mass

miy, ) (HOP + [Hf )
2 2 2
m; = mg + 0m
h 0 T Log dependence
9 3 2 2 2 2
5mHu|stop — _8772 yt (mQ3 + mu3 + IAt‘ ) 1Og

stop contribution

All of the same order, no fine-tuning, fotally natural

Higgs partner Top quark partner

~~r

ﬂ |~ 100-200 GeV H [ T Tev

Also dark matter candidate

Chengcheng Han-SYSU 23



Can we directly look for Higgs partner?

Its mass close to Higgs mass(125 GeV)
Off shell W, Z I:]O

Higgs partner

AmI > lw* T
~ 100-200 GeV

2 L
. . w |
The decay products are not easy to be identified
by detector, all behave as missing energy. = ol
E
83] and to have || < 2.5. All electron and muon candidates must have pt > 20 GeV and survive the
overlap removal procedure. Signal leptons are chosen from the candidates with the following isolation o
\T < 5 GeV \

M 1 [TGV]

Chengcheng Han-SYSU



F KA A& T

“Probing Light Higgsinos in Natural SUSY from Monojet Signals at the LHC”

CH, A. Kobakhidze, N. Liu, A. Saavedra, L. Wu and J. M. Yang, JHEP 1402, 049 (2014)

e o T T ke
— W (lv, | - -
S 0 W () 1% sys. L= 3000 fb’
g E ........ tf 4— pp —)j E:_nlss -
EF — 1=100GeV
g e — 1=200GeV
- -
- Ul
) =
2 N
107 s
e i
E....I....I....I ........ |IIlllllllllllllllllilili:ll
100 200 300 400 S00 600 700 800 900 1000 160 ' 1é0 ' 14'.0 ' 160 ' 1é0 ' 260
E; (GeV)

H (GeV)

Jo B I MBI (125 GeV), ¥k 69LHC AL 9% 35 F)
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F KA A& T

“Accessing the core of naturalness, nearly degenerate higgsinos, at the LHC”
CH, D. Kim, S. Munir and M. Park, JHEP 1504, 132 (2015)

Jet + Missing energy+ 2 soft leptons

. Search for new physics in events with two soft oppositely charged leptons and missing transverse momentu
CMS Collaboration (Albert M Sirunyan (Yerevan Phys. Inst.) ef al.). Jan 5, 2018. 28 pp. CMS 33.2.35.0 15 (13 TeV)

- - — 50 =10
Published in Phys.Lett. B782 (2018) 440-467 > Higgsino-like: pp — 7% + 0P — 7.7 1% —
CERN-EP-2017-336, CMS-SUS-16-048 B 48l 250 7 w7 @A), 2 5

. b 2 17 4 1 K XX c
DOI: 10.1016/j.physletb.2018.05.062 ] &
e-Print: arXiv:1801.01846 [hep-ex] | PDF 20 o Evpected = 1 Othp”mt &
ljf 35— - %
€ B 1 ] ©
< 30" = S
The leading and subleading muon (electron) are required to satisfy py > 5GeV, || < 24 25; _ E
(2.5). A requirement of pr < 30GeV on the leptons is also applied; this threshold is identified - . 5
20 3 Q
C =]
151 . 3 E 3
105_ ¥ 3 fr\:
SRR I i .|...1’|'.’...|...Z.1 >

100 110 120 130 140 150 160 170
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Muon g-2: observation and theory prediction

BNL g-2 } @,
FNAL g-2 + —
< 4.20 >
@ : @
Standard Model Experiment
Average

175 180 185 19.0 195 200 205 210 215
9
aIJX'IO -1165900

a,(Exp) — a,(SM) = (251 £ 59) x 107!

BB R Rk -FPLLKEE(SYSU) 27



New physics at electroweak scale

SM prediction alsf\'[ [10_10] [Theory White Paper (2020)]

w<§ Why new particle mass
QED: 11658471.9 (0.0) @clectroweak scale?
Had vp: B 684.5 (4.0) progress (more data, future: lattice) At hand

‘g_ ® Naturalness problem
Had Ibl: 9.0 (1.7) progress (lattice, models, DRs)

® WIMP dark matter

e - [Gnendiger,DS, Stockinger-Kim "13]
2

Weak: 15.36 (0.1) BV _ S M

~ V2 8n2

2

3

S

5 1 2 \2 @
3+ 3(1—4sipy)7| o 3
w

SUSY incorporates two,
providing an attractive solution

BB R Rk -FPLLKEE(SYSU) 28



SUSY contribution to g-2

2 2 2
ay me My ms M
a,(BLR) &~ — —2—"tan - fy ( sl “R>

41 m2 m= M2’ M?
g, Mg 1 1
(N1) - (N2)

Hr ~
A i
HLI," N / \\

] ‘. .' \
B B
(N3) (N4)
Hp, --—=~ \("H\w Py -~ ==~ {Hrﬂ
/ \\\ // A
( \ ! )
B A W R

2 2 2
0y M My u
a,(WHL2) = 7 M:u anf-fo| a0

Related parameters: wino mass, bino mass, higgsino mass, slepton masses
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SUSY to explain muon g-2 anomaly

P. Cox, CH, T.T. Yanagida, arXiv: 2104.03290

GO0 @ e,
M>=1 TeV tanfB=50 M,=1 TeV tanf=20

550 300

__500

Z 250

O,

~ 450

S
400 200
350

600 800 1000 1200 1400 1600 15Z?OO 500 600 700 800 900 1000
p [GeV] p [GeV]

Strong limit from LHC and stau instability!
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@ TRFILHCHL R LA RININWETFIEREA FLZE
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