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1) Introduction
Ø What is SUSY?
Ø Why SUSY?

... DM, GUT, Natural, (g–2)μ

2) LHC
Ø Review of SUSY searches 

3) (g–2)μ-SUSY vs LHC
Ø in depth 1: Theory 
Ø in depth 2: LHC
Ø Fight!
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Plan for this 120 min.

Endo, Hamaguchi, Iwamoto, Kitahara [2001.11025]

(intentionally overlaps with Dezső's lecture)
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Plan for this 120 min.

~40min.

~20min.

~30min. ... 90min?

Much time for questions.

(intentionally overlaps with Dezső's lecture)

Endo, Hamaguchi, Iwamoto, Kitahara [2001.11025]

https://arxiv.org/abs/2001.11025


[elft_sho_exercise @ 2 Feb. 2021 19:58:49]

Exercise for my ELFT2021 lecture

Sho Iwamoto

Answer two of the three courses and submit your report.

1 “Student” course: interrupt me
1. Interrupt me in the middle of my lecture. (not after!)
2. Ask some nice or stupid question.
3. Write the question (that you asked me during my lecture) on the report.

2 “Scientist” course: explain LHC

Imagine you have a German friend on Twitter, who is a lawyer and interested in the LHC because some
of their tax is used for it. For her/him, briefly explain the LHC in ∼ 4 tweets (' 1120 letters).

3 “Theorist” course: count DOF

Degree of freedom (DOF) is a very important concept in all fields of physics. For example, the
Hubble parameter of the early Universe (i.e., when the temperature 𝑇 was 𝑇 � 100 MeV ' 1012 °C) is
approximately given by*1

𝐻 (𝑇) = d
d𝑡

log (size of the Universe) ≈
√︂

𝜋2

90
𝑔∗(𝑇)

𝑇2

2.43 ×1018 GeV
; 𝑔∗(𝑇) ≈ 𝑛B(𝑇) +

7
8
𝑛F(𝑇),

where {𝑛B, 𝑛F}(𝑇) is the DOF of {bosons, fermions} which have mass smaller than 𝑇 . Therefore, if we
consider only the Standard Model (SM), the parameter 𝑔∗ above the top-quark mass is given by

𝑔∗ = (Bosonic DOF of the SM) + 7
8
(Fermionic DOF of the SM) = 106.75.

Having this in mind, answer the following questions.

1. Verify the fermionic DOF of the SM is 90. (hint: quarks amount to 72, leptons to 18)

2. Verify the bosonic DOF of the SM is 28. (hint: it comes from Higgs and gauge bosons)

3. Confirm the above equation “𝑔∗ = 106.75”.

4. (OPTIONAL) If you want a challenging problem, count the bosonic DOF of the MSSM. Check
that it is equal to the fermionic DOF of the MSSM. This equality is guaranteed by SUSY.

*1Derivation is given in many textbooks: Kolb–Turner “The Early Universe” §3, Weinberg “Cosmology” §3.1, etc.
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Plan for this 120 min.



n SUSY = supersymmetry
fermion ó boson

n string theory + SUSY = superstring theory
... the theory of gravity?

n standard model + SUSY = Supersymmetric Standard Model

Ø Minimal SSM ç our focus today
Ø Next-to-Minimal SSM
Ø ...
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SM + SUSY = (Minimal) Supersymmetric Standard Model



n Standard Model

SM + SUSY = (Minimal) Supersymmetric Standard Model

Image from Wikipedia
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https://commons.wikimedia.org/wiki/File:Standard_Model_of_Elementary_Particles.svg


SU(3)color SU(2)weak U(1)Y

matter

(spinor)

× 3 gen.

QL 3 2 1/6 = (uL, dL)
UR 3 2/3 =  uR

DR 3 −1/3 =        dR

LL 2 −1/2 = (νL, eL)
ER −1 =        eR

gauge 
bosons

g ✓ (8 gluons)

W ✓ (3 W-bosons)

B ✓

scalar 
boson H 2 1/2 = (φ1+ i φ2,

h + i φ3)

n Standard Model

SM + SUSY = (Minimal) Supersymmetric Standard Model

à (W+, W−, Z) + γ

ψu : up-type quarks

ψd : down-type quarks

ψl : charged leptons

νL : neutrinos

Can you exercise "DOF counting"?
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SU(3)color SU(2)weak U(1)Y

matter

(spinor)

× 3 gen.

QL 3 2 1/6 = (uL, dL)
UR 3 2/3 =  uR

DR 3 −1/3 =        dR

LL 2 −1/2 = (νL, eL)
ER −1 =        eR

gauge 
bosons

g ✓ (8 gluons)

W ✓ (3 W-bosons)

B ✓

scalar 
boson H 2 1/2 = (φ1+ i φ2,

h + i φ3)

n Standard Model

SM + SUSY = (Minimal) Supersymmetric Standard Model

à (W+, W−, Z) + γ

ψu : up-type quarks

ψd : down-type quarks

ψl : charged leptons

νL : neutrinos

scalar: real = 1
complex = 2

spinor: Weyl (massless) = 2
Dirac (massive) = 4
Majorana (massive) = 2

vector: massless = 2
massive = 3
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<latexit sha1_base64="4555lVQYsZLTKXE9ky7SQgRDbvg=">AAACGnicdY/LTgIxFIZbrzh4wdvKDZHEQBTSMURdYggJLkCUq6FAOjOVNHQuTDsqmRA3PoZP4864deMD+B5yi8lI/BfNf06/8+cczeFMSIS+4MLi0vLKamhNCa9vbG5FtndqwvZcnVZ1m9tuQyOCcmbRqmSS04bjUmJqnNa1Xnb8X3+grmC2VZEDh7ZM0rXYPdOJHLU6ked4Hj9GvfbxSXRqUOII9z1i4P74jWPJuEGjv1CgRgmMlUmA0UbTAKOd/DdgAgXqZKITiaEUmig6b9SZiYGZSp3ICzZs3TOpJXVOhGiqyJEtn7iS6ZwOFQU7pEuFHHDqU9ORg6GCPUEdovdG/WbpNlfOFSuXlavrYssvDLK2aRLLSAcov3CXz5WCg/JpjJc5M6gYKqO11b9LzpvaaUo9S6GbdCxzMTsgBA7AIYgDFZyDDMiDEqgCHXzDMNyD+/AVvsF3+DFFF+BsZhcEBD9/AOYSliY=</latexit>

(H+
u , H

0
u) ( ÂH+

u , ÂH0
u)

(H0
d , H

≠
d ) ( ÂH0

d , ÂH≠
d )

SU(3)color SU(2)weak U(1)Y

matter

(spinor)

× 3 gen.

QL 3 2 1/6 = (uL, dL)
UR 3 2/3 =  uR

DR 3 −1/3 =        dR

LL 2 −1/2 = (νL, eL)
ER −1 =        eR

gauge 
bosons

g ✓ (8 gluons)

W ✓ (3 W-bosons)

B ✓

scalar 
bosons

Hu 2 1/2 
Hd 2 −1/2

n MSSM

SM + SUSY = (Minimal) Supersymmetric Standard Model

scalar: real = 1
complex = 2

spinor: Weyl (massless) = 2
Dirac (massive) = 4
Majorana (massive) = 2

vector: massless = 2
massive = 3

Weyl F. ó complex scalar B. "sfermion"
<latexit sha1_base64="CO5ghKwOkMYImvrBDEt4ododc08=">AAACF3icZU/LTgJBEJzxiesL8OiFSEIwIWTXEPWIISSYCCJvwxAy7LY4YfaRnUEl63ryJ/wab8arR69+iaBr4kKdqquqK90DhzMhVfUTLy2vrK6tRzaUza3tnd1oLN4S9tjVoanb3HY7AyqAMwuakkkOHccFag44tAejwsxv34ErmG015MSBnkmHFrthOpVTqR99TBPJuAGJMblPXGRST8FozMZDQpR/do04t9SStull/NTUCoVrUyHoItZcGfyVhZSa0o8m1az6g8Qi0QKSRAGq/egzMWx9bIIldU6F6GqqI3sedSXTOfiKQhw6BCEnHDwwHTnxFTIW4FB9NNW71VqxXqw0zhrnl5WeV54UbNOklpELpbzydalYDS/Kh1m8zpkBwp+drc0fuUhaR1ntOKte5ZL50+CBCNpHByiNNHSC8qiEqqiJdPSFIziG4/gFv+I3/P4bXcLBzh4KAX98Aw+AlzU=</latexit>

(ÂuL, ÂdL)
ÂuR

ÂdR

(Â‹L, ÂeL)
ÂeR

"scalar quark"

"scalar lepton"

vector B. ó Weyl F. "gauginos"

"gluino" × 8
"wino" × 3
"bino" × 1

<latexit sha1_base64="p6JjKKxjDvSd94bLPfj+ZzZgp9g=">AAAB6HicZY/LTsJAGIWneMN6q7p0Q4SFq6Yl3pYoIcEFWOVqaEOm099mZHpJZzA2DTsfwJ1x6yv4NGz1RQRsSJCzOjn/+ZLz2yGjXGjaWMqsrK6tb2Q35a3tnd09Zf+gzYNhRKBFAhZEXRtzYNSHlqCCQTeMAHs2g449KE/vnWeIOA38pohDsDzs+vSREiwmUV+pmTa41E8I+AKikVwwBWUO5NyCafbUM/CsedRZjq4Lsgm+M6f7Sl5TtZlyy0ZPTR6lMvrKq+kEZOhNeMIw5z1dC4WV4EhQwmAky2aIXeAiZpCAF4p4JJtDDiEmg0neM+4rjUq9edW8ua1bSS0uB56Hfed0oZXUHqoVYxEUL9N6g1EH+Gy2/n/ksmkXVf1c1e6K+dJl+kAWHaFjdIJ0dIFKqIoM1EIEfaEx+kY/0pP0Jr1LH3/VjJQyh2hB0ucvmJSIvQ==</latexit>

Âg
ÊW
ÂB

complex scalar B. ó Weyl F.
"Higgsinos"
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n MSSM: extra particles search target @ LHC etc.

Ø extra Higgs bosons
H0, H+, H−, A0

Ø colored SUSY particles

Ø non-colored SUSY particles
• charged sleptons

• sneutrinos

• charginos

• neutralinos

SM + SUSY = (Minimal) Supersymmetric Standard Model
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(ÂuL, ÂdL)
ÂuR

ÂdR

(Â‹L, ÂeL)
ÂeR

"scalar quark"

"scalar lepton"

"gluino" × 8
"wino" × 3
"bino" × 1
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Âg
ÊW
ÂB

h, H0, H+, H−, A0 (& φ1–3)
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Âg- (ÂuL, ÂdL, ÂuR, ÂdR) × 3 gen.
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(ÂeL, ÂeR)
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Â‹L
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(ÊW ±
, ÂH±)
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1) Introduction
Ø What is SUSY?
Ø Why SUSY?

... DM, GUT, Natural, (g–2)μ

2) LHC
Ø Review of SUSY searches 

3) (g–2)μ-SUSY vs LHC
Ø in depth 1: Theory 
Ø in depth 2: LHC
Ø Fight!
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n Problems in SM
Ø Neutrino mass = 0.
Ø No dark matter.
Ø No gravity / dark energy.
Ø No inflation.
Ø No baryon asymmetry.
Ø Non-unification of 3 forces.
Ø Unnatural Higgs mass.
Ø Unnatural θQCD.
Ø Discrepancies in expm:
• muon g−2
• b→ s μ μ
• R(D), R(D*)
• ......

SM has several "problems"; MSSM is(/was) expected to solve them.
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n Problems in SM
Ø Neutrino mass = 0. → introduce νR.
Ø No dark matter.
Ø No gravity / dark energy.
Ø No inflation. →many models are proposed.
Ø No baryon asymmetry.
Ø Non-unification of 3 forces.
Ø Unnatural Higgs mass.
Ø Unnatural θQCD. → introduce axion?
Ø Discrepancies in expm:
• muon g−2 → 3–4σ level; need efforts on expm/theory.
• b→ s μ μ
• R(D), R(D*)
• ......

SM has several "problems"; MSSM is(/was) expected to solve them.

(far above the collider energy)

→MSSM?

→MSSM?

→MSSM?

(cf. MSSM+νR+axion+inflaton+leptogenesis+....
would explain all these.)
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n Dark matter
Ø necessary!!
Ø maybe: New non-colored neutral stable particle?
• sneutrinos
• neutralinos

Motivation for MSSM (1) Neutralino is a nice DM candidate if we assume R-parity.

or quasi-stable

<latexit sha1_base64="CnvHJn7aqp6h7bGP8e+1V1XITTQ=">AAAB5XicZY9LS8NAFIUnPmt8RV26CRZKhVISLeqyWgpVbI32KZ02TJKxDJ08yEzUELpz607c+hf8NYIr/Sm2NgixZ/Xdc8+Fcw2PEsYV5VOYm19YXFpOrYira+sbm9LWdou5gW/ipulS1+8YiGFKHNzkhFPc8XyMbIPitjEsTfbte+wz4joNHnq4Z6OBQ+6IifjY0qWLDOSEWhg6AXyQLyEUMzCXnXryWU6Oqa0f/nFlHLT6SmIO+sq+LqWVvPIreRbUGNIglqZLT9ByzcDGDjcpYqyrKh7vRcjnxKR4JIrQQwPMeEhxhG2PhyMRBgx7yByO/a52U66Xa43TxvlVrRdVw5Jr28ixColUVL2tlLXkIX+cxOuUWJiNxHFt9X/JWWgd5NWjvHJdSBdP4gdSYBfsgSxQwTEoggrQQBOY4B18gC/wLQyEZ+FFeJ1G54T4ZgckJLz9AMgChkI=</latexit>

Â‹L

( ÂB, ÊW3, ÂH0
d , ÂH0

u)

Requirements:
1) Stable. à R-parity

2) Density as observed.
3) Avoiding constraints of DM searches.

"if R-parity is conserved,
the Lightest SParticle become stable." [nextà]

depends on sparticle mass & couplings (à later)
but         tends to fail.
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n Nature: No proton decay.
n MSSM induces proton decay.         ó SM does not.

à Need to ensure proton stability
by introducing some artificial symmetry...

"R-parity"

n "MSSM + R-parity" keeps proton stable.

Motivation for MSSM (1) Neutralino is a nice DM candidate if we assume R-parity.

"accidental conservation of
baryon- & lepton-numbers"
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ŪD̄D̄ (��B)
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LQD̄ (◆L)

the most popular

SM particles = even.
SUSY particles = odd. The LSP becomes stable.

nice biproduct!

and the LSP è DM candidate! 😍
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1) "MSSM + R-parity" has a dark matter candidate (the lightest neutralino).
Ø This is a good motivation.
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(but there are much simpler models just for DM.)

Motivation for MSSM (1) Neutralino is a nice DM candidate if we assume R-parity.



n We[who?] believe the 3 forces are to be unified
... "Grand Unification Theory".

n Gauge couplings "run" because of renormalization.

Motivation for MSSM (2) Gauge-coupling unification is realized if we introduce SUSY.

but the strong force is strong,
weak force is weak. Different. Consider

RGE running!
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
5/3gY )

SM

Courtesy of pakutaso.com

(Cf. Machacek, Vaughn, Nucl. Phys. B222 (1983) 83)
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https://www.pakutaso.com/
https://inspirehep.net/literature/188748


n We[who?] believe the 3 forces are to be unified
... "Grand Unification Theory".

n Gauge couplings "run" because of renormalization.
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Motivation for MSSM (2) Gauge-coupling unification is realized if we introduce SUSY.

but the strong force is strong,
weak force is weak. Different. Consider

RGE running!
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n We[who?] believe the 3 forces are to be unified
... "Grand Unification Theory".

n Extra particles modify the renormalization group evolution:
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Motivation for MSSM (2) Gauge-coupling unification is realized if we introduce SUSY.
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MSSM

if all sparticle masses are 104 GeV

Grand Unification @ 1016 GeV!?
Courtesy of pakutaso.com

https://www.pakutaso.com/


1) "MSSM + R-parity" has a dark matter candidate (the lightest neutralino).
Ø This is a good motivation.

2) helps gauge coupling unification if mass ~1–100 TeV.
Ø This is a strong motivation.
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(but there are much simpler models just for DM.)

(but just a coincidence? Who believe in Grand Unification?)

Motivation for MSSM (2) Gauge-coupling unification is realized if we introduce SUSY.



n Higgs mass is unnatural.

Ø No Higgs? (e.g., technicolor, extra dim., gauge-Higgs unif., ...)

Ø SUSY?

Motivation for MSSM (3) "Naturalness" was the primary motivation for SUSY.
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aJ, �m2
h ≥ ≠ 3y2

t

4fi2 �2 + · · ·

<latexit sha1_base64="k/71QUbBjADMajYoKWnj3w5wOiI=">AAACAHichU/LSsNAFJ34rPFVdemmWBBBLEktKq4qtaBgtNqnOG2YTq46dPIgMxVDiAvxY9yJW3/BL/Az3OrGVLOpLjybezjnXO65XY8zITXtTRkZHRufmExNqdMzs3Pz6YXFhnD7PoU6dbnrt7pEAGcO1CWTHFqeD8Tucmh2e6WB37wBXzDXqcnAg7ZNrhx2ySiRsWSmAUu4laFRrRq70d0d3gcuScbu5M3rzCoWzN7Alz6h4WZgyk4+CgvYY/HER/EJi3Ty6//Z1HKlMNNZLad9I/OX6AnJogQVM/2ALZf2bXAk5USIC13zZDskvmSUQ6Sq2CNXIGTAIQTbk0Gk4r4Aj9BerF9UzsrV8nFtr3Z4ctwOjaDk2jZxrMJQKjTOD8qV4UV5O4hXObNARGpcW/9d8i9p5HP6Vk47LWSLO8kDKbSMVtAa0tE2KqIDVEF1RNErekcf6FO5Vx6VJ+X5JzqiJDtLaAjKyxeq25Sl</latexit>

JaaJ, �m2
h ≥ ≠ 3y2

t

4fi2 �2 + 3y2
t

4fi2 �2 + · · ·

"scalar top    " contribution
"Quadratic divergence" is cancelled out: Power of symmetry!

<latexit sha1_base64="vvrmILuCzThVlrQQFKrUIPJHK5E=">AAABoXicZY9LT8JAFIXv4AvrC3XphtiNK9IaIi4xhAQWYOVtKCHT6ZVMmLaTzmBsGnb+Arf6x/w3gnaDfKuTc89JzvWk4Epb1jfJ7ezu7R/kD42j45PTs8L5xUBFi5hhn0UiikceVSh4iH3NtcCRjJEGnsChN6+t78NXjBWPwp5OJE4COgv5C2dUr6yRq7nwsainBdMqWb8Ut4WdCRMynGnh3fUjtggw1ExQpca2JfUkpbHmTODSMFxJZ6h0IjDFQOpkabgLhZKy+cofO516t97uPfSaj+1J2kpqURDQ0C9vpNLWc6PubBb12zreFdxHtTRWs+3/I7fF4LZk35Wsp7JZvc8eyMMVXMMN2FCBKjTAgT4wEPABn/BFTNIkDun8RXMk61zCBmT8A5Zhbvo=</latexit>

Ât

"naturalness problem"
"hierarchy problem"
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n Higgs mass is unnatural.

Ø No Higgs? (e.g., technicolor, extra dim., gauge-Higgs unif., ...)

Ø SUSY!!!!

Motivation for MSSM (3) "Naturalness" was the primary motivation for SUSY.

<latexit sha1_base64="JKjVBD5h94xptdKxL2UXhPSPv28=">AAABwnicZY9LT8JAFIWn+ML6qrp008hCExPSEqIuMUCCC7DK01BopuWKIzNt6QxqU7tz669xqz/EfyNgN8hZnZz7neRc26eEC037kVIrq2vrG+lNeWt7Z3dP2T9ocW8SONB0POoFHRtzoMSFpiCCQscPADObQtseFWf39jMEnHhuQ4Q+9BgeuuSBOFhMI0s5YdZjP6eanDAYq6yfM18iGwcQq2eqWQIqsDonLCWjZbW51GWjJyaDEhmW8m4OPGfCwBUOxZx3dc0XvQgHgjgUYlk2fTwELkIKETBfhLFsTjj42BlN865xV66Xa42rxvVNrRdVw6LHGHYH+QUqqt5XysZiUbzO8DolA+CxPJ2t/x+5bFq5rH6e1W7zmcJl8kAaHaFjdIp0dIEKqIIM1EQO+kCf6At9SyXpSRpL/A9NSUnnEC1IevsFHZJ61Q==</latexit>

m2
h ƒ m2

bare + �m2
h

physical mass
104 GeV2

quantum correction

4 July 2012: Higgs discovery

Λ (cutoff) ~ Planck or GUT scale
<latexit sha1_base64="2hSqQU8LG3drjHWWhlHU1Arb4x0=">AAAB33icZU/LSsNAFJ3UV42vqEs3xYIIYklqUXFVaQsVbK229UGnDdPJrQ5OHmSmYghxJbgTt/6CX+O2fo2pZlM9m3s49xzuuX2PMyF1faSkpqZnZufS8+rC4tLyira6dincoU+hTV3u+td9IoAzB9qSSQ7Xng/E7nO46t+XxvurB/AFc52WDDzo2uTWYQNGiYwlUytjCY8ybNaOoqcnXAYuScbu5c27zBYWzN7FA5/QcC8wZS8fhQXssXji0/iARXr5HUwtVwpTy+o5/QeZ/8RISBYlaJjaM7ZcOrTBkZQTITqG7sluSHzJKIdIVbFHbkHIgEMItieDSMVDAR6h97HeaVxUmpV667h1clbvhrWg5No2cazChCus3VQrjcmgfBzbm5xZICI1rm38LfmfXOZzxn5OPy9ki4fJA2m0gTbRNjLQASqiKmqgNqLoA32iEfpSiPKivCpvv9aUkmTW0QSU92+BhIdz</latexit>

aJ, �m2
h ≥ ≠ 3y2

t

4fi2 �2 + · · ·

<latexit sha1_base64="k/71QUbBjADMajYoKWnj3w5wOiI=">AAACAHichU/LSsNAFJ34rPFVdemmWBBBLEktKq4qtaBgtNqnOG2YTq46dPIgMxVDiAvxY9yJW3/BL/Az3OrGVLOpLjybezjnXO65XY8zITXtTRkZHRufmExNqdMzs3Pz6YXFhnD7PoU6dbnrt7pEAGcO1CWTHFqeD8Tucmh2e6WB37wBXzDXqcnAg7ZNrhx2ySiRsWSmAUu4laFRrRq70d0d3gcuScbu5M3rzCoWzN7Alz6h4WZgyk4+CgvYY/HER/EJi3Ty6//Z1HKlMNNZLad9I/OX6AnJogQVM/2ALZf2bXAk5USIC13zZDskvmSUQ6Sq2CNXIGTAIQTbk0Gk4r4Aj9BerF9UzsrV8nFtr3Z4ctwOjaDk2jZxrMJQKjTOD8qV4UV5O4hXObNARGpcW/9d8i9p5HP6Vk47LWSLO8kDKbSMVtAa0tE2KqIDVEF1RNErekcf6FO5Vx6VJ+X5JzqiJDtLaAjKyxeq25Sl</latexit>

JaaJ, �m2
h ≥ ≠ 3y2

t

4fi2 �2 + 3y2
t

4fi2 �2 + · · ·

"scalar top    " contribution
"Quadratic divergence" is cancelled out: Power of symmetry!

<latexit sha1_base64="vvrmILuCzThVlrQQFKrUIPJHK5E=">AAABoXicZY9LT8JAFIXv4AvrC3XphtiNK9IaIi4xhAQWYOVtKCHT6ZVMmLaTzmBsGnb+Arf6x/w3gnaDfKuTc89JzvWk4Epb1jfJ7ezu7R/kD42j45PTs8L5xUBFi5hhn0UiikceVSh4iH3NtcCRjJEGnsChN6+t78NXjBWPwp5OJE4COgv5C2dUr6yRq7nwsainBdMqWb8Ut4WdCRMynGnh3fUjtggw1ExQpca2JfUkpbHmTODSMFxJZ6h0IjDFQOpkabgLhZKy+cofO516t97uPfSaj+1J2kpqURDQ0C9vpNLWc6PubBb12zreFdxHtTRWs+3/I7fF4LZk35Wsp7JZvc8eyMMVXMMN2FCBKjTAgT4wEPABn/BFTNIkDun8RXMk61zCBmT8A5Zhbvo=</latexit>

Ât

"naturalness problem"
"hierarchy problem"
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n However....

Ø if scalar-top mass is

• We expected scalar quark at 𝒪(0.1–1) TeV. (motivation for 14 TeV LHC!)

Ø No SUSY yet. Strong constraints on ~300 GeV squarks. [à later]

Ø SUSY fails to solve the hierarchy problem?????

Motivation for MSSM (3) "Naturalness" was the primary motivation for SUSY.

"Log divergence"

Kitano, Nomura [hep-ph/0602096]

<latexit sha1_base64="zw1FObdXRIMUnfESZYlrPAadNrY="></latexit>

JaaJ, �m2
h ≥ ≠ 3y2

t

4fi2 �2 + 3y2
t

4fi2 �2 + · · ·

≥ ≠ 3y2
t

4fi2 m2
Ât log �

mÂt
+ · · ·

<latexit sha1_base64="uQlAwuQoQwTS3zjpbqiiF3GSRZQ=">AAACKXicZY/LTsJAFIZn8Ib1hrrTDRE1GCOZCoJxhSFEXIAoV0ORDOVIGqaXdAYjaejKtS/i07hTt76CD2ArbCr/5vxzzvcn/3QtpnFByCcOzc0vLC6Fl6WV1bX1jcjmVp2bQ1uFmmoy0252KQemGVATmmDQtGygepdBozvI+ffGE9hcM42qGFnQ1mnf0B41lQpv1Ym8JglRrqB+4bqHMnk4O46f+ONIYUB7XJhR75Vy3ZZMlIO2okgyCfDpCZ+e5Sd4MohnJnhmBicJPyBJnUiMJMiforNGnpoYmqrcibwoPVMd6mAIlVHOvaKWaDvUFprKYCxJikX7wMWIgQO6JUZjSRlysKg68Pat8l2+ki9VL6vXN6W2UxzlTF2nRi8VoJzifSFfDgbFs49XmNYDPvZry/9Lzpr6aUJOJ8htKpY9n34gjHbRHoojGWVQFhVQGdWQin7wDo7hffyG3/EH/pqgITzNbKOA8PcvdhuWzw==</latexit>

300 GeV : 105 + (≠105) 104 [10%]
1000 GeV : 106 + (≠106) 104 [1%]
3000 GeV : 107 + (≠107) 104 [0.1%]

☺ natural
😕

👿 unnatural
(my subjective opinion)

After 2018 (LHC Run 2)
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n However....

Ø if scalar-top mass is

• We expected scalar quark at 𝒪(0.1–1) TeV. (motivation for 14 TeV LHC!)

Ø No SUSY yet. Strong constraints on ~300 GeV squarks. [à later]

Ø SUSY fails to solve the hierarchy problem?????

Motivation for MSSM (3) "Naturalness" was the primary motivation for SUSY.

"Log divergence"

Kitano, Nomura [hep-ph/0602096]

<latexit sha1_base64="zw1FObdXRIMUnfESZYlrPAadNrY="></latexit>

JaaJ, �m2
h ≥ ≠ 3y2

t

4fi2 �2 + 3y2
t

4fi2 �2 + · · ·

≥ ≠ 3y2
t

4fi2 m2
Ât log �

mÂt
+ · · ·

<latexit sha1_base64="uQlAwuQoQwTS3zjpbqiiF3GSRZQ=">AAACKXicZY/LTsJAFIZn8Ib1hrrTDRE1GCOZCoJxhSFEXIAoV0ORDOVIGqaXdAYjaejKtS/i07hTt76CD2ArbCr/5vxzzvcn/3QtpnFByCcOzc0vLC6Fl6WV1bX1jcjmVp2bQ1uFmmoy0252KQemGVATmmDQtGygepdBozvI+ffGE9hcM42qGFnQ1mnf0B41lQpv1Ym8JglRrqB+4bqHMnk4O46f+ONIYUB7XJhR75Vy3ZZMlIO2okgyCfDpCZ+e5Sd4MohnJnhmBicJPyBJnUiMJMiforNGnpoYmqrcibwoPVMd6mAIlVHOvaKWaDvUFprKYCxJikX7wMWIgQO6JUZjSRlysKg68Pat8l2+ki9VL6vXN6W2UxzlTF2nRi8VoJzifSFfDgbFs49XmNYDPvZry/9Lzpr6aUJOJ8htKpY9n34gjHbRHoojGWVQFhVQGdWQin7wDo7hffyG3/EH/pqgITzNbKOA8PcvdhuWzw==</latexit>

300 GeV : 105 + (≠105) 104 [10%]
1000 GeV : 106 + (≠106) 104 [1%]
3000 GeV : 107 + (≠107) 104 [0.1%]

☺ natural
😕

👿 unnatural
(my subjective opinion)

After 2018 (LHC Run 2)

Note
MSSM condition for EWSB:

Requirements for "natural SUSY" Papucci, Ruderman, Weiler [1110.6926]

Higgsino mass

scalar-top mass

gluino mass

<latexit sha1_base64="BwT+hZFD31NkZDgJrFbuyrICkcc=">AAAB7nicZU/LSsNAFJ3UV42vqEs3wW4EaUlCUTdCpRTqojXapzZtmEymJXTyIDNRQ5id3+BO3PoLfoort/oXthrE2rM69zzgXCsgDmWK8iZkFhaXlleyq+La+sbmlrS906Z+FCLcQj7xw64FKSaOh1vMYQR3gxBD1yK4Y43LU79zi0Pq+F6TxQHuu3DkOUMHQTaRTKlhDEOIEte8GWg80bh8KucNNxpo8qGcWgPNTKrGnWzz/C+PuMGgN9AMCzPIkz9HXuWmlFMKyjfkeaKmJAdS6Kb0YNg+ilzsMUQgpT1VCVg/gSFzEMFcFI0AjjBlMcEJdgMWc9GIKA4gGk/0nn5VaVTqzbPm+UW9n9Tisu+60LOLM6mkdl2t6LNFdj+NN4hjY8rFyWz1/8h50tYK6lFBuSzmSifpA1mwB/bBAVDBMSiBKtBBCyDwCt7BB/gUAuFReBKef6IZIe3sghkIL19zNYyC</latexit>

m2
Z

2 = ≠µ2 +
m2

Hd
≠ m2

Hu
tan2 —

tan2 — ≠ 1
(little hierarchy problem

on Higgsino mass μ)
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https://arxiv.org/abs/hep-ph/0602096
https://arxiv.org/abs/1110.6926


1) "MSSM + R-parity" has a dark matter candidate (the lightest neutralino).
Ø This is a good motivation.

2) helps gauge coupling unification if mass ~1–100 TeV.
Ø This is a strong motivation.

3) solves hierarchy problem if scalar-top mass ≲ 1TeV.
Ø This was the best-strongest motivation (because not much alternatives).
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(but there are much simpler models just for DM.)

(but just a coincidence? Who believe in Grand Unification?)

(but "unnatural" is a problem? Nature can be unnatural.)
(but scalar-top mass seems not so light....)

Motivation for MSSM (3) "Naturalness" was the primary motivation for SUSY.



n Muon g−2 anomaly
Ø lepton's g-factor

Ø muon g−2 [anomalous magnetic moment]
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Motivation for MSSM (4) Non-colored SUSY particles may explain 3σ discrepancy in muon g−2.

<latexit sha1_base64="Z5otekBGGK0WH3351A9Wgeh1mH0=">AAABmnicZY9LT8JAFIXv4Avrq+pSF0Y2rkhriLpECQnEgEXKwwAh0+FCJkzbSWcwNg07d271x/lvBO0G+VYn556TnOtJwZW2rG+S2djc2t7J7hp7+weHR+bxSVuFs4hhi4UijLoeVSh4gC3NtcCujJD6nsCONy0t751XjBQPA1fHEgc+nQR8zBnVC6shhmbOylu/XKwLOxU5SHGG5nt/FLKZj4FmgirVsy2pBwmNNGcC54bRl3SCSscCE/SljudGf6ZQUjZd+D3nudws1917t/pUHyS1uBT6Pg1GhZVUUnuplJ3Von5bxpuCj1DNjcVs+//IddG+zts3eatRyBXv0geycAaXcAU23EIRKuBACxggfMAnfJFz8kCq5PEvmiFp5xRWIO4PaS5sHg==</latexit>

l

<latexit sha1_base64="pgMqPM0/8w3nAtnYCtYJ2EGEAjg=">AAABn3icZY9LT8JAFIXv4AvrC3XpRmXjirSGqEsMIeICrPIOJWQ6XMnItJ10BmPTdOcPcKv/zH9j0W6Qb3Vy7jnJua4UXGnT/Ca5tfWNza38trGzu7d/UDg86qpgHjLssEAEYd+lCgX3saO5FtiXIVLPFdhzZ9XFvfeKoeKB39aRxJFHpz5/5ozq1Oo6U+p5dFwomiXzl9NVYWWiCBn2uPDuTAI299DXTFClhpYp9SimoeZMYGIYjqRTVDoSGKMndZQYzlyhpGyW+kP7qdaqNdu37fuH5ihuRNUgHeFPykupuDGo1+zlon5bxFuCT1AlRjrb+j9yVXQvS9ZVyXwsFys32QN5OIFzuAALrqECdbChAwxe4AM+4YuckTvSJPZfNEeyzjEsQQY/gnFuQw==</latexit>“
<latexit sha1_base64="wBmgtdkpN9p4KfL9T2A8qKTkN/A=">AAAB4XicZU87TwJBGNzziecLtbQh0mBiyJ0haIkSDBYg8tS4hCzLx7Fh9+7c3VPJ5TobO2PrX/DX2Bn9MYLSoFNN5pvJN9P1OVPasj6MufmFxaXl2Iq5ura+sRnf2m4qL5AUGtTjnrzqEgWcudDQTHO48iUQ0eXQ6g7zk3vrDqRinlvXIx/agjgu6zNK9FjqxM+cTggHWAQHWJMgwooJuE0cJjD3XIdDX0vmDDSR0rtP4CrgU+bwFB4on1AIsyCiiSL3O/GklbZ+kPhP7ClJoikqnfgj7nk0EOBqyolSN7bl63ZIpGaUQ2Sa2CcOKD3iEILw9SgycaBg/HY41m8q1UKtUK6f1M8vyu2wNMp7QhC3l5lxhaXrYqEyG9QPE3uNsx6oyBzXtv+W/E+ah2k7m7YuM8nc8XRADO2iPZRCNjpCOVREFdRAFL2hd/SJvgxqPBnPxsuvdc6YZnbQDIzXb8a7iO8=</latexit>

ge,µ,· ƒ 2 Ωæ Re
1 2

<latexit sha1_base64="4q5hX02uLSIdzilvL0EhxppOsc0=">AAABoHicZY9LT8JAFIVv8YX1hbp0Q2DjirSGqEsMIcFEoCgvpYRMhyuZMNNOOlO1adj5B9zqL/PfCNoN8q1Ozj0nOdeTnCltWd9GZmNza3snu2vu7R8cHuWOT3oqiEKKXRrwIBx4RCFnPnY10xwHMkQiPI59b1Zd3vsvGCoW+B0dSxwJMvXZM6NEL6y+KyL3NX83zhWtkvVLfl3YqShCijPOvbuTgEYCfU05UWpoW1KPEhJqRjnOTdOVZIpKxxwTFFLHc9ONFEpCZwt/6NzXHmrNzk3nttUcJY24GghB/El5JZU0Hus1Z7Wo35bxB84mqObmYrb9f+S66F2U7MuS1S4XK9fpA1k4gwKcgw1XUIE6ONAFCjP4gE/4MgpG3WgZ7b9oxkg7p7CC8fQDzdJuaw==</latexit>µL
<latexit sha1_base64="xvD161PX9JlTDZWV4gGkhGijMHM=">AAABoHicZY9LT8JAFIVv8YX1hbp0Y2DjirSGqEsMIcEFUN4oJWQ6XMmEmXbSmapNw84/4FZ/mf9G0G6Qb3Vy7jnJuZ7kTGnL+jYyW9s7u3vZffPg8Oj4JHd61ldBFFLs0YAH4dAjCjnzsaeZ5jiUIRLhcRx488rqPnjBULHA7+pY4liQmc+eGSV6aQ1cEbmvl+1JrmAVrV8uN4WdigKkOJPcuzsNaCTQ15QTpUa2JfU4IaFmlOPCNF1JZqh0zDFBIXW8MN1IoSR0vvRHTrvaqTa6992HZmOc1ONKIATxp6W1VFJ/rFWd9aJ+W8U7nE1RLczlbPv/yE3Rvy7aN0WrVSqU79IHsnABebgCG26hDDVwoAcU5vABn/Bl5I2a0TRaf9GMkXbOYQ3j6QfVFm5x</latexit>µR

<latexit sha1_base64="pgMqPM0/8w3nAtnYCtYJ2EGEAjg=">AAABn3icZY9LT8JAFIXv4AvrC3XpRmXjirSGqEsMIeICrPIOJWQ6XMnItJ10BmPTdOcPcKv/zH9j0W6Qb3Vy7jnJua4UXGnT/Ca5tfWNza38trGzu7d/UDg86qpgHjLssEAEYd+lCgX3saO5FtiXIVLPFdhzZ9XFvfeKoeKB39aRxJFHpz5/5ozq1Oo6U+p5dFwomiXzl9NVYWWiCBn2uPDuTAI299DXTFClhpYp9SimoeZMYGIYjqRTVDoSGKMndZQYzlyhpGyW+kP7qdaqNdu37fuH5ihuRNUgHeFPykupuDGo1+zlon5bxFuCT1AlRjrb+j9yVXQvS9ZVyXwsFys32QN5OIFzuAALrqECdbChAwxe4AM+4YuckTvSJPZfNEeyzjEsQQY/gnFuQw==</latexit>“
<latexit sha1_base64="+gpxO8e4tRSdYdTftl+qrNFIrb0=">AAAB6nicZY+9TgJBFIVn8Q/XP9TSZiMNFpJdQpRSY0iwQFcFwTiEzA6XZcLsjzOzKNls5xPYGVtfwYcxtvoeAtIgpzr57rm55zohZ1KZ5qeWWlhcWl5Jr+pr6xubW5ntnVsZRIJCnQY8EE2HSODMh7piikMzFEA8h0PD6Z+N540BCMkCv6aGIbQ84vqsyyhRI9TOXJI29iIDw0PEBgbuCkJjd4wOC0lcSAzMA9/l0FWCuT1FhAge8TVgh7kuz+GeDAmFuAReMkHioJ3JmnlzImPeWFOTRVPZ7cwz7gQ08sBXlBMp7y0zVK2YCMUoh0TXcUhckGrIIQYvVMNEx5GE0d3+iN/b1+Wb8kXttHZ+edGKq8OzwPOI3ynOpOLqXaVszy6qp3H8hrMOyEQf1bb+l5w3t4W8dZQ3r4rZk9L0gTTaQ/sohyx0jE5QBdmojij6QF/oG/1oXHvRXrW3v2hKm+7sohlp77/8kY1O</latexit>

aµ © gµ ≠ 2
2 Ωæ Re

3 4

SM [theory] ("muon g−2 white paper" 2006.04822)

Experiment @Brookhaven National Laboratory, 2004

0.001165918                  0.001165920                 0.001165922
0.001165919                 0.001165921

<latexit sha1_base64="1d6tPcZJsWe7jWOL1bB5dCSH+f8=">AAABnnicZY9LT8JAFIXv4AvrC3XphsjGFWkNEZcYgsEFUIUChhIyHa5kwkzbdKbGpmHn3q3+NP+NoN0g3+rk3HOSc71QcKVN85vktrZ3dvfy+8bB4dHxSeH0rK+COGLosEAE0dCjCgX30dFcCxyGEVLpCRx48/rqPnjFSPHA7+kkxLGkM5+/cEb10nLoxJXxpFAyy+YvxU1hZaIEGfak8O5OAxZL9DUTVKmRZYZ6nNJIcyZwYRhuSGeodCIwRRnqZGG4scKQsvnSH9lPjW6j3bvrPXTa47SV1AMpqT+trKXS1nOzYa8X9dsq3hV8imphLGdb/0duiv512bopm4+VUu02eyAPF3AJV2BBFWrQBBscYMDhAz7hixTJPWmRzl80R7LOOaxBhj/mQm3Y</latexit>aµ

3.6σ-level discrepancy!

[à next slide]

<latexit sha1_base64="RooEtBowc+45qJ7ZEIYwfklFwhM=">AAABy3icZY/NTsJAFIWn+If1r+rSjZGNK9ISom5MMIQEF2CVX0NJM51eyISZtulMjbV2p6/g07jVd/BtLNqFyNnck3O/m5zrBIwKqetfSmFldW19o7ipbm3v7O5p+wd94UchgR7xmR8OHSyAUQ96kkoGwyAEzB0GA2dWn+8HDxAK6ntdGQcw5njq0QklWGaRremW4zNXxDwbicWj9HJqM2sSYpJAmlS4zdK/RCe1tZJe1n90vGyM3JRQLtPWXizXJxEHTxKGhRgZeiDHCQ4lJQxSVbUCPAUhYwYJ8EDGqWpFAgJMZlk+Mu8anUa7e9W9vmmPk1Zc9znHnltdoJLWfbNhLh7KxzneYdQFkapZbeN/yWXTr5SNs7J+Wy3VLvIHiugInaBTZKBzVENNZKIeIugNvaMP9Km0FKE8Kc+/aEHJbw7RgpTXb+O6gYY=</latexit>

µ = gl
e

2ml
S

[magnetic moment]   [spin]

[tree level = classical]

[loop level
= quantum correction]

https://arxiv.org/abs/2006.04822
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Motivation for MSSM (4) Non-colored SUSY particles may explain 3σ discrepancy in muon g−2.

had. vacuum polarization

QED W, Z, H

(5-loop) (2+-loop)

had. light-by-light

expm: Muon g−2 collaboration [hep-ex/0602035]
QED: Aoyama, Hayakawa, Kinoshita, Nio [1205.5370] (cf. Atoms 7 (2019) 28)
EW: Gnendiger, Stöckinger, Stöckinger-Kim [1306.5546].
SM combination given in "Muon g−2 whitepaper" [2006.04822]

<latexit sha1_base64="fMWYeFwCj9Q3UxCBJ4lZoHVFv5M=">AAABsnicZY9LT8JAFIVvfWJ9VV24cGNk44q0hqhLDCHBBVjlqRSb6XAlE2ba2pkamqY7/4lb/UH+G0G7Qb7VybnnJOd6IWdSmea3trK6tr6xWdjSt3d29/aNg8OuDOKIYocGPIj6HpHImY8dxRTHfhghER7Hnjepzu+9N4wkC/y2SkIcCjL22QujRM0s1zgmriPi59RROFVpq5FljmQCX12jaJbMX06XhZWLIuTYrvHujAIaC/QV5UTKgWWGapiSSDHKMdN1JyRjlCrhmKIIVZLpTiwxJHQy8wf2Q61Va7Zv2rd3zWHaSKqBEMQflRdSaeOxXrMXi2o6j7c4G6HM9Nls6//IZdG9KFmXJfO+XKxc5w8U4ATO4BwsuIIK1MGGDlDI4AM+4Usra08a0ehfdEXLO0ewgMZ/AG95dkc=</latexit>

aaJ
µ ƒ

<latexit sha1_base64="tGuJOCHBJfAM+cdhVzjiHac2KUA=">AAABn3icZY9LT8JAFIVv8YX1hbp0o7JxRVpD1I0JhhBxAVZ5hxIyHS5kZKaddKbGpmHnD3Cr/8x/I2g3yLc6Ofec5FxPcqa0ZX0bmbX1jc2t7La5s7u3f5A7PGqrIAoptmjAg7DrEYWc+djSTHPsyhCJ8Dh2vGl5ce+8YqhY4Dd1LHEgyMRnY0aJnlttMnRFdDvM5a2C9cvpqrBTkYcUZ5h7d0cBjQT6mnKiVN+2pB4kJNSMcpyZpivJBJWOOSYopI5nphsplIRO537fea40KvXmXfPhsT5IanE5EIL4o+JSKqn1qhVnuajfFvEGZyNUM3M+2/4/clW0Lwv2VcF6KuZLN+kDWTiBc7gAG66hBFVwoAUUXuADPuHLODPujbrh/EUzRto5hiWM3g9Wy24f</latexit>aµ =
<latexit sha1_base64="4q5hX02uLSIdzilvL0EhxppOsc0=">AAABoHicZY9LT8JAFIVv8YX1hbp0Q2DjirSGqEsMIcFEoCgvpYRMhyuZMNNOOlO1adj5B9zqL/PfCNoN8q1Ozj0nOdeTnCltWd9GZmNza3snu2vu7R8cHuWOT3oqiEKKXRrwIBx4RCFnPnY10xwHMkQiPI59b1Zd3vsvGCoW+B0dSxwJMvXZM6NEL6y+KyL3NX83zhWtkvVLfl3YqShCijPOvbuTgEYCfU05UWpoW1KPEhJqRjnOTdOVZIpKxxwTFFLHc9ONFEpCZwt/6NzXHmrNzk3nttUcJY24GghB/El5JZU0Hus1Z7Wo35bxB84mqObmYrb9f+S66F2U7MuS1S4XK9fpA1k4gwKcgw1XUIE6ONAFCjP4gE/4MgpG3WgZ7b9oxkg7p7CC8fQDzdJuaw==</latexit>µL

<latexit sha1_base64="xvD161PX9JlTDZWV4gGkhGijMHM=">AAABoHicZY9LT8JAFIVv8YX1hbp0Y2DjirSGqEsMIcEFUN4oJWQ6XMmEmXbSmapNw84/4FZ/mf9G0G6Qb3Vy7jnJuZ7kTGnL+jYyW9s7u3vZffPg8Oj4JHd61ldBFFLs0YAH4dAjCjnzsaeZ5jiUIRLhcRx488rqPnjBULHA7+pY4liQmc+eGSV6aQ1cEbmvl+1JrmAVrV8uN4WdigKkOJPcuzsNaCTQ15QTpUa2JfU4IaFmlOPCNF1JZqh0zDFBIXW8MN1IoSR0vvRHTrvaqTa6992HZmOc1ONKIATxp6W1VFJ/rFWd9aJ+W8U7nE1RLczlbPv/yE3Rvy7aN0WrVSqU79IHsnABebgCG26hDDVwoAcU5vABn/Bl5I2a0TRaf9GMkXbOYQ3j6QfVFm5x</latexit>µR

<latexit sha1_base64="pgMqPM0/8w3nAtnYCtYJ2EGEAjg=">AAABn3icZY9LT8JAFIXv4AvrC3XpRmXjirSGqEsMIeICrPIOJWQ6XMnItJ10BmPTdOcPcKv/zH9j0W6Qb3Vy7jnJua4UXGnT/Ca5tfWNza38trGzu7d/UDg86qpgHjLssEAEYd+lCgX3saO5FtiXIVLPFdhzZ9XFvfeKoeKB39aRxJFHpz5/5ozq1Oo6U+p5dFwomiXzl9NVYWWiCBn2uPDuTAI299DXTFClhpYp9SimoeZMYGIYjqRTVDoSGKMndZQYzlyhpGyW+kP7qdaqNdu37fuH5ihuRNUgHeFPykupuDGo1+zlon5bxFuCT1AlRjrb+j9yVXQvS9ZVyXwsFys32QN5OIFzuAALrqECdbChAwxe4AM+4YuckTvSJPZfNEeyzjEsQQY/gnFuQw==</latexit>“

<latexit sha1_base64="/34VY0M0UkkD4ke90Fnei6gmTeA="></latexit>

aµ(2tTK) = (11 659 208.9 ± 6.3 ) ◊10≠10

aµ(aJ) = (11 659 181.0 ± 4.3 ) ◊10≠10

Z1. = (11 658 471.893 ± 0.010) ◊10≠10,

1q = ( 15.36 ± 0.10 ) ◊10≠10,

>oS = ( 684.5 ± 4.0 ) ◊10≠10,

>G#G = ( 9.2 ± 1.8 ) ◊10≠10.

BNL '04 + 2018 CODATA

"muon g−2 white paper" [2006.04822]

QCD

established!

need improvements
/ under discussion

https://arxiv.org/abs/hep-ex/0602035
https://arxiv.org/abs/1205.5370
https://doi.org/10.3390/atoms7010028
https://arxiv.org/abs/1306.5546
https://arxiv.org/abs/2006.04822
https://arxiv.org/abs/2006.04822


Motivation for MSSM (4) Non-colored SUSY particles may explain 3σ discrepancy in muon g−2.

had. vacuum polarization

QED W, Z, H

(5-loop) (2+-loop)

had. light-by-light

<latexit sha1_base64="fMWYeFwCj9Q3UxCBJ4lZoHVFv5M=">AAABsnicZY9LT8JAFIVvfWJ9VV24cGNk44q0hqhLDCHBBVjlqRSb6XAlE2ba2pkamqY7/4lb/UH+G0G7Qb7VybnnJOd6IWdSmea3trK6tr6xWdjSt3d29/aNg8OuDOKIYocGPIj6HpHImY8dxRTHfhghER7Hnjepzu+9N4wkC/y2SkIcCjL22QujRM0s1zgmriPi59RROFVpq5FljmQCX12jaJbMX06XhZWLIuTYrvHujAIaC/QV5UTKgWWGapiSSDHKMdN1JyRjlCrhmKIIVZLpTiwxJHQy8wf2Q61Va7Zv2rd3zWHaSKqBEMQflRdSaeOxXrMXi2o6j7c4G6HM9Nls6//IZdG9KFmXJfO+XKxc5w8U4ATO4BwsuIIK1MGGDlDI4AM+4Usra08a0ehfdEXLO0ewgMZ/AG95dkc=</latexit>

aaJ
µ ƒ

<latexit sha1_base64="/34VY0M0UkkD4ke90Fnei6gmTeA="></latexit>

aµ(2tTK) = (11 659 208.9 ± 6.3 ) ◊10≠10

aµ(aJ) = (11 659 181.0 ± 4.3 ) ◊10≠10

Z1. = (11 658 471.893 ± 0.010) ◊10≠10,

1q = ( 15.36 ± 0.10 ) ◊10≠10,

>oS = ( 684.5 ± 4.0 ) ◊10≠10,

>G#G = ( 9.2 ± 1.8 ) ◊10≠10.

BNL '04 + 2018 CODATA

"muon g−2 white paper" [2006.04822]

QCD
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<latexit sha1_base64="3hRCBYngwXt7Q3HDLsHDSncsFCA="></latexit>

�aµ =( 27.9 ± 7.6 ) ◊10≠10 from new physics!? SUSY?

0th order estimation:
<latexit sha1_base64="CXjkjWKOo9E5beu2kRFokI90PaQ=">AAAB/HicZY/LTsJAGIWneMN6q7p0Q2SDG9ISgi4xhAQXYJWroUiG4YdMmGmbzlQhTV35KO6MW1/BZ/Ah3OrWclmInNXJOd8/OdNzGRVS1z+V2Nr6xuZWfFvd2d3bP9AOjxrC8T0CdeIwx2v1sABGbahLKhm0XA8w7zFo9kaFad98AE9Qx67JiQsdjoc2HVCCZRR1NYy7FvfvA0vCWAYVMwwTlqA8YQ08TAI+KzNhYOQsl0ZmHs /hlA2PCeL40Ux7eBZOsT8Fx0LMwq6W1NP6TIlVYyxMEi1kdrVnq+8Qn4MtCYteaRu6KzsB9iQlDEJVtVw8BCEnDALgrpyEquULcDEZRXnbvC1Wi5XaZe3qutIJypOCwzm2+9klKijflYrm8qEcT/Eqo30QoRrNNv6PXDWNTNrIpfWbbDJ/sfhAHJ2gU5RCBjpHeVRCJqojgj7QF/pGP8qT8qK8Km9zNKYsbo7RkpT3X5OBlQY=</latexit>

aLS
µ ≥

m2
µ

16fi2
UM2r +QmTHBM;V2

UM2r K�bbV2

<latexit sha1_base64="O5eTOrOv+eIaN5NFoPQZmAxHMXU=">AAAByXicZU/LTsJAFL31ifVVdenGyMZV0xp8LDGEiDFglaehhAzDhUyYPuxMDbXpSj/Br3GrP+HfWLQb5KzOPfecm3MHPmdCGsa3srS8srq2nttQN7e2d3a1vf2W8MKAYpN63As6AyKQMxebkkmOHT9A4gw4tgeT0mzffsZAMM9tyMjHnkPGLhsxSmQq9TXdHgWExrbEqYwdIkSSZAP1wrSAO04SWzDHPDPsa2z1tbyhG784WiRmRvKQweprb/bQo6GDrqQ8Pd81DV/2YhJIRjkmqmr7ZIxCRhxjdHwZJaodCvQJnaR613oo18u1xlXj5q7Wi6tRyXMc4g4Lc664+lgpW/NBOZ3Z65wNUSRqWtv8X3KRtE5181w37gv54mX2QA4O4RhOwIQLKEIFLGgChXf4gE/4Um6VJ2WqvPxZl5QscwBzUF5/AEaAgG0=</latexit> K�bb
+QmTHBM; ≥ 150 GeV

100–500 GeV non-colored SUSY particles may explain this anomaly.

Lopez, Nanopoulos, Wang [ph/9308336]
Chattopadhyay, Nath [ph/9507386]

Moroi [ph/9512396]

https://arxiv.org/abs/2006.04822
http://arxiv.org/abs/hep-ph/9308336
http://arxiv.org/abs/hep-ph/9507386
http://arxiv.org/abs/hep-ph/9512396


n theory side: HVP and HLbL
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Interlude: Recent discussions and excites on the muon g−2 anomaly.

had. vacuum polariz.        had. light-by-light
"muon g−2 white paper" [2006.04822]

Cited 16 refs. for HVP

Cited 15 refs. for HLbL

very involved...

v Two methods to estimate HVP
1) dispersion rel. (e+e−)
2) lattice calculation

v Two methods to estimate HLbL
1) low-energy EFT
2) lattice calculation

<latexit sha1_base64="QU1FhMYi5xi/30/wyUjnfdn82Jk=">AAAB3nicZU/LTgIxFO3gC8cX6tKNkYS4ME0rCLjDEBJcgMjbUIJlqNDQmWmmRSUTdsadcesv+DVu5W8clA1yVueeR3JuVwquNEJTI7Syura+Ed40t7Z3dvci+wd15Y48i9UsV7hes0sVE9xhNc21YE3pMWp3BWt0h9mZ33hknuKuU9Vjydo27Tv8gVtUB1Inko0lL+MQE2kTOaCOdm0fTRIQEWLGUhjDZODgNEzMblLm/YGmnuc+kbMUSsNUYF7AeCcSRRD94niZ4DmJgjlKncgL6bnWyGaOtgRVqoWR1G2feppbgk1Mk0jaZ0qPBfOZLfV4YpKRYpJaw0Bvlcq5Sq5Yvape3xTbfmGcdW2bOr3EQsov3OVzpcWifp7FK4L3mJqYwWz8f+QyqZ9DnIToNhHNpOcPhMEROAGnAIMUyIA8KIEasMAn+ALfYGrcG6/Gm/H+Fw0Z884hWIDx8QPSnYKV</latexit>693.1 ± 4.0
711.6 ± 18.4
∆ 708.7 ± 5.3

dispersion relation

when the whitepaper was written

Borsanyi, Fodor, Guenther, et al. [2002.12347]

disp.
lattice (old)

lattice (new/prelim.)<latexit sha1_base64="eRSRre8kJbq5V/0O1mSp9mjV6uo=">AAABsnicZU9LT8JAGPyKL6yvqgcPXowkxFPTKorcMIQED2CVp1JCtstKNuy2m+5ibJre/Cde9Qf5b6zaCzKXbzLfTDLjCUalsqwvLbeyura+kd/Ut7Z3dveM/YOeDOYhJl0csCAceEgSRn3SVVQxMhAhQdxjpO/Naj///gsJJQ38jooEGXE09ekzxUil0tg4KlbMkiu4bVZcVy+W0yP4hXk5NgqWaf3iZJnYGSlABmdsvLmTAM858RVmSMqhbQk1ilGoKGYk0XVXoCmRKmIkJlyoKNHduSQC4VmqD52Herve6tx0bu9ao7gZ1QLOkT8pLbji5mOj7iwG1euPvc3ohMhET2vb/0suk965aV+Z1n2pUL3OBuThGE7hDGwoQxUa4EAXMCTwDh/wqZW0Jw1p+M+a07LMISxAY9/ivXKm</latexit>9.4 ± 1.9
7.9 ± 3.5

lattice is improving!
under hot discussion...

expm

https://arxiv.org/abs/2006.04822
https://arxiv.org/abs/2002.12347


n experiment side: New result is coming out!

Ø New experiment @ Fermilab is Running since 2018.
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Interlude: Recent discussions and excites on the muon g−2 anomaly.

<latexit sha1_base64="8Nkt3qGTy1SL/DQHA/EHb2Bofxo="></latexit>

aµ(2tTK) = (11 659 208.9 ± 6.3) ◊10≠10

aµ(aJ) = (11 659 181.0 ± 4.3) ◊10≠10
çOnly one experiment @ BNL.

& Uncertainty is now larger.

<latexit sha1_base64="jRawpBew7RV/o/40QzLGVzHtOkI="></latexit>

aµ(62`KBH�#) = (11 659 ???.? ± [≥ 6 ]) ◊10≠10

(11 659 ???.? ± [≥ 1.5]) ◊10≠10

in SPRING 2021

in 202X

Cf.) Science article (for public) on 27 Jan. 2021
[ https://doi.org/10.1126/science.abg7862 ]

stay tuned!

https://doi.org/10.1126/science.abg7862


1) "MSSM + R-parity" has a dark matter candidate (the lightest neutralino).
Ø This is a good motivation.

2) helps gauge coupling unification if mass ~1–100 TeV.
Ø This is a strong motivation.

3) solves hierarchy problem if scalar-top mass ≲ 1TeV.
Ø This was the best-strongest motivation (because not much alternatives).

4) may explain the Muon g–2 anomaly.
Ø Non-colored sparticle mass should be 100–500 GeV.
Ø This is ONE motivation. Not much alternatives.
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(but there are much simpler models just for DM.)

(but just a coincidence? Who believe in Grand Unification?)

(but "unnatural" is a problem? Nature can be unnatural.)
(but scalar-top mass seems not so light....)

Motivation for MSSM (3) "Naturalness" was the primary motivation for SUSY.

(but it's only 3σ-level + many remarks.)



1) Introduction
Ø What is SUSY?
Ø Why SUSY?

... DM, GUT, Natural, (g–2)μ

2) LHC
Ø Review of SUSY searches 

3) (g–2)μ-SUSY vs LHC
Ø in depth 1: Theory 
Ø in depth 2: LHC
Ø Fight!
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Plan for this 120 min.
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LHC

6500 GeV 6500 GeV

(C) Google, Maxar Technologies, TerraMetrics
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The Large Hadron Collider: A machine for colored SUSY particles.

n LHC = proton collider copyright © 2005 CERN 

(delayed due to COVID-19)

from CERN accelerating science webpage

from CERN LHC-commissioning webpage

from LuminosityPublicResultsRun2

https://home.cern/resources/image/accelerators/lhc-images-gallery
https://home.cern/science/accelerators/accelerator-complex/panoramas
https://lhc-commissioning.web.cern.ch/schedule/LHC-long-term.htm
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun2
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The Large Hadron Collider: A machine for colored SUSY particles.

n LHC = proton collider
à machine to produce TeV-scale colored particles.

<latexit sha1_base64="AGKU/jl3cL9tIbUXe5SJk6X0Tnw=">AAABmnicZY9LT8JAFIXv4Avrq+pSF0Y2rkhriLpECQnEgEXKwwAh0+FCJkzbSWcwNg07d271x/lvBO0G+VYn556TnOtJwZW2rG+S2djc2t7J7hp7+weHR+bxSVuFs4hhi4UijLoeVSh4gC3NtcCujJD6nsCONy0t751XjBQPA1fHEgc+nQR8zBnVC6sxGZo5K2/9crEu7FTkIMUZmu/9UchmPgaaCapUz7akHiQ00pwJnBtGX9IJKh0LTNCXOp4b/ZlCSdl04fec53KzXHfv3epTfZDU4lLo+zQYFVZSSe2lUnZWi/ptGW8KPkI1Nxaz7f8j10X7Om/f5K1GIVe8Sx/IwhlcwhXYcAtFqIADLWCA8AGf8EXOyQOpkse/aIaknVNYgbg/YyBsGQ==</latexit>g

<latexit sha1_base64="AGKU/jl3cL9tIbUXe5SJk6X0Tnw=">AAABmnicZY9LT8JAFIXv4Avrq+pSF0Y2rkhriLpECQnEgEXKwwAh0+FCJkzbSWcwNg07d271x/lvBO0G+VYn556TnOtJwZW2rG+S2djc2t7J7hp7+weHR+bxSVuFs4hhi4UijLoeVSh4gC3NtcCujJD6nsCONy0t751XjBQPA1fHEgc+nQR8zBnVC6sxGZo5K2/9crEu7FTkIMUZmu/9UchmPgaaCapUz7akHiQ00pwJnBtGX9IJKh0LTNCXOp4b/ZlCSdl04fec53KzXHfv3epTfZDU4lLo+zQYFVZSSe2lUnZWi/ptGW8KPkI1Nxaz7f8j10X7Om/f5K1GIVe8Sx/IwhlcwhXYcAtFqIADLWCA8AGf8EXOyQOpkse/aIaknVNYgbg/YyBsGQ==</latexit>g

colored
particles

strong couplings

<latexit sha1_base64="CO5ghKwOkMYImvrBDEt4ododc08=">AAACF3icZU/LTgJBEJzxiesL8OiFSEIwIWTXEPWIISSYCCJvwxAy7LY4YfaRnUEl63ryJ/wab8arR69+iaBr4kKdqquqK90DhzMhVfUTLy2vrK6tRzaUza3tnd1oLN4S9tjVoanb3HY7AyqAMwuakkkOHccFag44tAejwsxv34ErmG015MSBnkmHFrthOpVTqR99TBPJuAGJMblPXGRST8FozMZDQpR/do04t9SStull/NTUCoVrUyHoItZcGfyVhZSa0o8m1az6g8Qi0QKSRAGq/egzMWx9bIIldU6F6GqqI3sedSXTOfiKQhw6BCEnHDwwHTnxFTIW4FB9NNW71VqxXqw0zhrnl5WeV54UbNOklpELpbzydalYDS/Kh1m8zpkBwp+drc0fuUhaR1ntOKte5ZL50+CBCNpHByiNNHSC8qiEqqiJdPSFIziG4/gFv+I3/P4bXcLBzh4KAX98Aw+AlzU=</latexit>

(ÂuL, ÂdL)
ÂuR

ÂdR

(Â‹L, ÂeL)
ÂeR

"scalar quark"

"scalar lepton"

"gluino" × 8
"wino" × 3
"bino" × 1

<latexit sha1_base64="p6JjKKxjDvSd94bLPfj+ZzZgp9g=">AAAB6HicZY/LTsJAGIWneMN6q7p0Q4SFq6Yl3pYoIcEFWOVqaEOm099mZHpJZzA2DTsfwJ1x6yv4NGz1RQRsSJCzOjn/+ZLz2yGjXGjaWMqsrK6tb2Q35a3tnd09Zf+gzYNhRKBFAhZEXRtzYNSHlqCCQTeMAHs2g449KE/vnWeIOA38pohDsDzs+vSREiwmUV+pmTa41E8I+AKikVwwBWUO5NyCafbUM/CsedRZjq4Lsgm+M6f7Sl5TtZlyy0ZPTR6lMvrKq+kEZOhNeMIw5z1dC4WV4EhQwmAky2aIXeAiZpCAF4p4JJtDDiEmg0neM+4rjUq9edW8ua1bSS0uB56Hfed0oZXUHqoVYxEUL9N6g1EH+Gy2/n/ksmkXVf1c1e6K+dJl+kAWHaFjdIJ0dIFKqIoM1EIEfaEx+kY/0pP0Jr1LH3/VjJQyh2hB0ucvmJSIvQ==</latexit>

Âg
ÊW
ÂB

H0, H+, H−, A0

"Higgsinos"

<latexit sha1_base64="EsfwzYL+p9d9mAK0ZPR0I9ADQEE=">AAAB9nicdY/LTsJAFIaneMN6q7p000hiICqZGqIuMYQEFyDK1TBApu1IJkwvdKZK07DzOdwZt76Cj+ETuNU3ELSbSvwXJ/855/uTc3SXUS4gfJcSC4tLyyvJVXltfWNzS9neaXLH9wzSMBzmeG0dc8KoTRqCCkbarkewpTPS0oeF2b51TzxOHbsuApd0LTyw6R01sJiO+krnAI18bKLRrKaRoMwkagk9qH7v8EiN9TCDkPwfbvZgDDd7x5m+koJZ+CN13miRSYFI1b7yiEzH8C1iC4NhzjsadEU3xJ6gBiMTWUYuHhAuAkZCYrkimMjI58TFxnA671RvirVipX5Rv7yqdMNyUHAsC9tmLkaF5dtSsRoPivEMrzFqEj6Rp2drf4+cN82TrHaahde5VP48eiAJ9sA+SAMNnIE8KIEqaAADvIEP8Am+pLH0JD1LL79oQooyuyAm6fUbhVmNsw==</latexit>

( ÂH+
u , ÂH0

u)
( ÂH0

d , ÂH≠
d )

extra Higgs

<latexit sha1_base64="8AgbVt3rQCQvds/bjlSWfa7wtcU=">AAABmnicZY9LT8JAFIXv4AvrC3WpCyMbV6Q1RF2ihARiwCLlYYCQ6XAlE6bt2Jkam4adO7f64/w3gnaDfKuTc89JznWl4Eqb5jfJrK1vbG5lt42d3b39g9zhUUcFUciwzQIRhD2XKhTcx7bmWmBPhkg9V2DXnZYX9+4rhooHvqNjiUOPTnz+zBnVc6v5MsrlzYL5y9mqsFKRhxR7lHsfjAMWeehrJqhSfcuUepjQUHMmcGYYA0knqHQsMEFP6nhmDCKFkrLp3O/bj5VWpeHcOrWHxjCpx+XA86g/Li6lkvpTtWIvF/XbIt4SfIxqZsxnW/9HrorOZcG6KpjNYr50kz6QhRM4hwuw4BpKUAUb2sAA4QM+4YuckjtSI/d/0QxJO8ewBHF+AG88bCM=</latexit>q

<latexit sha1_base64="AGKU/jl3cL9tIbUXe5SJk6X0Tnw=">AAABmnicZY9LT8JAFIXv4Avrq+pSF0Y2rkhriLpECQnEgEXKwwAh0+FCJkzbSWcwNg07d271x/lvBO0G+VYn556TnOtJwZW2rG+S2djc2t7J7hp7+weHR+bxSVuFs4hhi4UijLoeVSh4gC3NtcCujJD6nsCONy0t751XjBQPA1fHEgc+nQR8zBnVC6sxGZo5K2/9crEu7FTkIMUZmu/9UchmPgaaCapUz7akHiQ00pwJnBtGX9IJKh0LTNCXOp4b/ZlCSdl04fec53KzXHfv3epTfZDU4lLo+zQYFVZSSe2lUnZWi/ptGW8KPkI1Nxaz7f8j10X7Om/f5K1GIVe8Sx/IwhlcwhXYcAtFqIADLWCA8AGf8EXOyQOpkse/aIaknVNYgbg/YyBsGQ==</latexit>g
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The Large Hadron Collider: A machine for colored SUSY particles.

n LHC = proton collider
à machine to produce TeV-scale colored particles.

Ø 3 channels for colored-SUSY production

Ø Particles have many decay patterns

<latexit sha1_base64="CO5ghKwOkMYImvrBDEt4ododc08=">AAACF3icZU/LTgJBEJzxiesL8OiFSEIwIWTXEPWIISSYCCJvwxAy7LY4YfaRnUEl63ryJ/wab8arR69+iaBr4kKdqquqK90DhzMhVfUTLy2vrK6tRzaUza3tnd1oLN4S9tjVoanb3HY7AyqAMwuakkkOHccFag44tAejwsxv34ErmG015MSBnkmHFrthOpVTqR99TBPJuAGJMblPXGRST8FozMZDQpR/do04t9SStull/NTUCoVrUyHoItZcGfyVhZSa0o8m1az6g8Qi0QKSRAGq/egzMWx9bIIldU6F6GqqI3sedSXTOfiKQhw6BCEnHDwwHTnxFTIW4FB9NNW71VqxXqw0zhrnl5WeV54UbNOklpELpbzydalYDS/Kh1m8zpkBwp+drc0fuUhaR1ntOKte5ZL50+CBCNpHByiNNHSC8qiEqqiJdPSFIziG4/gFv+I3/P4bXcLBzh4KAX98Aw+AlzU=</latexit>

(ÂuL, ÂdL)
ÂuR

ÂdR

(Â‹L, ÂeL)
ÂeR

"scalar quark"

"scalar lepton"

"gluino" × 8
"wino" × 3
"bino" × 1

<latexit sha1_base64="p6JjKKxjDvSd94bLPfj+ZzZgp9g=">AAAB6HicZY/LTsJAGIWneMN6q7p0Q4SFq6Yl3pYoIcEFWOVqaEOm099mZHpJZzA2DTsfwJ1x6yv4NGz1RQRsSJCzOjn/+ZLz2yGjXGjaWMqsrK6tb2Q35a3tnd09Zf+gzYNhRKBFAhZEXRtzYNSHlqCCQTeMAHs2g449KE/vnWeIOA38pohDsDzs+vSREiwmUV+pmTa41E8I+AKikVwwBWUO5NyCafbUM/CsedRZjq4Lsgm+M6f7Sl5TtZlyy0ZPTR6lMvrKq+kEZOhNeMIw5z1dC4WV4EhQwmAky2aIXeAiZpCAF4p4JJtDDiEmg0neM+4rjUq9edW8ua1bSS0uB56Hfed0oZXUHqoVYxEUL9N6g1EH+Gy2/n/ksmkXVf1c1e6K+dJl+kAWHaFjdIJ0dIFKqIoM1EIEfaEx+kY/0pP0Jr1LH3/VjJQyh2hB0ucvmJSIvQ==</latexit>

Âg
ÊW
ÂB

H0, H+, H−, A0

"Higgsinos"

<latexit sha1_base64="EsfwzYL+p9d9mAK0ZPR0I9ADQEE=">AAAB9nicdY/LTsJAFIaneMN6q7p000hiICqZGqIuMYQEFyDK1TBApu1IJkwvdKZK07DzOdwZt76Cj+ETuNU3ELSbSvwXJ/855/uTc3SXUS4gfJcSC4tLyyvJVXltfWNzS9neaXLH9wzSMBzmeG0dc8KoTRqCCkbarkewpTPS0oeF2b51TzxOHbsuApd0LTyw6R01sJiO+krnAI18bKLRrKaRoMwkagk9qH7v8EiN9TCDkPwfbvZgDDd7x5m+koJZ+CN13miRSYFI1b7yiEzH8C1iC4NhzjsadEU3xJ6gBiMTWUYuHhAuAkZCYrkimMjI58TFxnA671RvirVipX5Rv7yqdMNyUHAsC9tmLkaF5dtSsRoPivEMrzFqEj6Rp2drf4+cN82TrHaahde5VP48eiAJ9sA+SAMNnIE8KIEqaAADvIEP8Am+pLH0JD1LL79oQooyuyAm6fUbhVmNsw==</latexit>

( ÂH+
u , ÂH0

u)
( ÂH0

d , ÂH≠
d )

extra Higgs

<latexit sha1_base64="eixtHJNdm7mKHR33a3r/+m5P6z4=">AAACIXicfY/LSsNAFIZnvFtvUZd1UawLL1CSIupSkUJdVKNtvWBqmUyOYegkmWamYgzdiS/i07gTd+Ir+BCmGilV8V99nPOdmXNswZlUuv6Kh4ZHRsfGJyYzU9Mzs3Pa/MKpDDohhToNeBCe20QCZz7UFVMczkUIxLM5nNmt/V7/7AZCyQK/piIBDY+4PrtmlKik1NQeLBtc5sdMgcfuoJuxepRbERvCUoGlGHcg5258w8r//fZVvLq+1v3bavet9cQA3+n/2tTyekH/TO43GCnkURqzqd1bTkA7HviKciLlpaEL1YhJqBjlyYMZSxAXpIo4xOAJFSWXdSQIQltJ/dI8KVVLh7W92sHRYSOuRPuB5xHf2Ryw4spFuWQODqrbnl7lzAH5ubbxc8nfcFosGFsF/biY391JD5hAWbSMVpGBttEuKiMT1RFF73gBZ/ESfsRP+Bm/fKlDOJ1ZRAPBbx9mC50H</latexit>Ç p + p æ Âg + Âg

Ç p + p æ Âg + Âq(ú)

Ç p + p æ Âq + Âqú

<latexit sha1_base64="sHYveTzQkyHvP3WGBUkNPOaV92Y="></latexit>

Ç Ât æ t Â‰0
1

Ç Ât æ b Â‰+
1 æ bW + Â‰0

1

Ç Ât æ t Â‰0
2 æ tZ Â‰0

1

Ç Ât æ t Â‰0
3 æ bW + Â‰+

1 æ · · ·

Ç · · · · · ·

[à next slide]
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The Large Hadron Collider: A machine for colored SUSY particles.
<latexit sha1_base64="2WbETE8Rvq7HxIuNaakxcD+wvQM=">AAABoXicZY9LT8JAFIXv4AvrC3XphtiNK9IaIi4xhAQWYOVtKCHT6ZVMmLaTzmBsGnb+Arf6x/w3gnaDfKuTc89JzvWk4Epb1jfJ7ezu7R/kD42j45PTs8L5xUBFi5hhn0UiikceVSh4iH3NtcCRjJEGnsChN6+t78NXjBWPwp5OJE4COgv5C2dUr6yRq7nwsTibFkyrZP1S3BZ2JkzIcKaFd9eP2CLAUDNBlRrbltSTlMaaM4FLw3AlnaHSicAUA6mTpeEuFErK5it/7HTq3Xq799BrPrYnaSupRUFAQ7+8kUpbz426s1nUb+t4V3Af1dJYzbb/j9wWg9uSfVeynspm9T57IA9XcA03YEMFqtAAB/rAQMAHfMIXMUmTOKTzF82RrHMJG5DxD4ajbu0=</latexit>

Âg

<latexit sha1_base64="W3lWqWDSt7ntOPB73dEbFfdXO8c=">AAABrnicZY9LT8JAFIVv8YX1VWXphsjGFWkNUZcY0gQXYJWnoU0znV5xwvRhZ2psGnb+D7f6k/w3gnaDfKuTc89JzvVizoTU9W+ltLG5tb1T3lX39g8Oj7Tjk6GI0oTigEY8SsYeEchZiAPJJMdxnCAJPI4jb9Za3kevmAgWhX2ZxegEZBqyJ0aJXFiuVrE9klRT+yUlvi0Z97GaulpNr+u/VNeFUYgaFFiu9m77EU0DDCXlRIiJocfSyUkiGeU4V1U7JlMUMuOYYxDLbK7aqcCY0NnCn1gPZs/s9m/6t3ddJ+9krSgISOg3VlJ557FtWqtF+baM9zjzUczVxWzj/8h1MbyoG5d1/b5Ra14XD5ThFM7gHAy4gia0wYIBUMjgAz7hS9GVoeIo7l+0pBSdCqygPP8A3mZzxw==</latexit>

ū Âu

<latexit sha1_base64="OBD3PHSbcxe+JYlBf3qV25jRgJo=">AAABq3icZY9LT8JAFIVvfWJ9VV26IbIxMZLWEHWJISS4AKs8lSKZTq9kwrQdO1Ni07DzZ7jV/+S/EbQb5FudnHtOcq4rOJPKNL+1ldW19Y3N3Ja+vbO7t28cHHZkGEcU2zTkYdRziUTOAmwrpjj2RITEdzl23XFlfu9OMJIsDFoqETjwyShgL4wSNbOGhtF9PnNeY+I5inEP897QKJhF85f8srAyUYAMe2i8O15IYx8DRTmRsm+ZQg1SEilGOU513RFkhFIlHFP0hUqmuhNLFISOZ37ffqg2q43WTev2rjFI60kl9H0SeKWFVFp/rFXtxaJ6m8ebnHkop/pstvV/5LLoXBSty6J5XyqUr7MHcnAMJ3AKFlxBGWpgQxsoTOADPuFLO9ea2pPm/EVXtKxzBAto+AO7cnJS</latexit>

W + Âd

<latexit sha1_base64="6YNR1hPuGHWomgzCwsUziEpUlNo=">AAABsXicZY9LT8JAFIVv8YX1VTVx44bIxhVpkahLDCHBBVjlHYo4nV5xwvRhZ2psKjt/iVv9Q/4bQbtBvtXJueck59oBZ0Lq+reSWVldW9/Ibqpb2zu7e9r+QUf4UUixTX3uhz2bCOTMw7ZkkmMvCJG4NseuPanM790XDAXzvZaMAxy6ZOyxR0aJnFkj7cixniPi5CzJuIM5iz6xe31UHGl5vaD/klsWRirykGKOtHfL8WnkoicpJ0IMDD2Qw4SEklGOU1W1AjJGIWOOCbqBjKeqFQkMCJ3M/IF5V21WG62r1vVNY5jU44rvusRzSguppN6vVc3Fonydx5ucOSim6my28X/ksugUC8Z5Qb8t5cuX6QNZOIYTOAUDLqAMNTChDRTe4AM+4Us5U/rKg2L/RTNK2jmEBZTJDxpFdH0=</latexit>

d Â‰0
2

jet ←

jet ←

←2 jets ←
<latexit sha1_base64="Gqcai0HUQSyh8h1pkLAr9pU9dYg=">AAABoHicZY9LT8JAFIXv4AvrC3XphsDGFWkNEZcYQoILoMhTKSHT4UomnbaTzmBsGnb+Abf6y/w3gnaDfKuTc89JznWl4Eqb5jfJ7Ozu7R9kD42j45PTs9z5xUCFi4hhn4UijEYuVSh4gH3NtcCRjJD6rsCh69XW9+ErRoqHQU/HEic+nQf8hTOqV9aQOS6N8mqaK5ol85f8trBSUYQUe5p7d2YhW/gYaCaoUmPLlHqS0EhzJnBpGI6kc1Q6FpigL3W8NJyFQkmZt/LH9mO9W2/17nsP7dYkaca10PdpMCtvpJLmU6Nubxb12zreFXyGammsZlv/R26LwU3Jui2ZnXKxepc+kIUrKMA1WFCBKjTAhj4w8OADPuGLFEiDtEnnL5ohaecSNiDPP9l8bnU=</latexit>

cs̄

←

<latexit sha1_base64="2WbETE8Rvq7HxIuNaakxcD+wvQM=">AAABoXicZY9LT8JAFIXv4AvrC3XphtiNK9IaIi4xhAQWYOVtKCHT6ZVMmLaTzmBsGnb+Arf6x/w3gnaDfKuTc89JzvWk4Epb1jfJ7ezu7R/kD42j45PTs8L5xUBFi5hhn0UiikceVSh4iH3NtcCRjJEGnsChN6+t78NXjBWPwp5OJE4COgv5C2dUr6yRq7nwsTibFkyrZP1S3BZ2JkzIcKaFd9eP2CLAUDNBlRrbltSTlMaaM4FLw3AlnaHSicAUA6mTpeEuFErK5it/7HTq3Xq799BrPrYnaSupRUFAQ7+8kUpbz426s1nUb+t4V3Af1dJYzbb/j9wWg9uSfVeynspm9T57IA9XcA03YEMFqtAAB/rAQMAHfMIXMUmTOKTzF82RrHMJG5DxD4ajbu0=</latexit>

Âg
<latexit sha1_base64="hzOu1HPtkHXYWus0yJ26DKJ9Ah0=">AAABrHicZY9LT8JAFIVv8YX1VXTphsjGuGhaY9QlhpDgAqzyNLSS6fRCJkwfdqZq07Dzb7jV3+S/EbQb5FudnHtOcq4bcSakYXwrhbX1jc2t4ra6s7u3f6CVDnsiTGKKXRryMB64RCBnAXYlkxwHUYzEdzn23Wltce+/YCxYGHRkGqHjk0nAxowSObdGWsmWjHtYlk9n9nNCvLIcaRVDN34prwozFxXIsUbau+2FNPExkJQTIYamEUknI7FklONMVe2ITFDIlGOGfiTTmWonAiNCp3N/aD3U2/VW56Zze9dysmZaC32fBN7FUiprPjbq1nJRvi3ibc48FDN1Ptv8P3JV9M5181I37i8q1ev8gSIcwwmcgglXUIUGWNAFCq/wAZ/wpehKRxkqzl+0oOSdI1hCGf8AQw5yqA==</latexit>

Âtú t

<latexit sha1_base64="rN20zu1bV1JHnQTx08NbJUZr048=">AAABsXicZY9LT8JAFIVv8YX1VTVx44bIxhVplahLDCHBBVjlLUWcTq84YfqwMzU2lZ2/xK3+If+NoN0g3+rk3HOSc+2AMyF1/VvJLC2vrK5l19WNza3tHW13ry38KKTYoj73w65NBHLmYUsyybEbhEhcm2PHHpdn984LhoL5XlPGAQ5cMvLYI6NETq2hdnBnPUfEyVmScQdzFn1i9/rQGGp5vaD/klsURirykGIOtXfL8WnkoicpJ0L0DT2Qg4SEklGOE1W1AjJCIWOOCbqBjCeqFQkMCB1P/b55W2lU6s3L5tV1fZDU4rLvusRzinOppNarVsz5onydxRucOSgm6nS28X/komifFIyzgn5TzJcu0geycAhHcAwGnEMJqmBCCyi8wQd8wpdyqvSUB8X+i2aUtLMPcyjjHwwhdHI=</latexit>

Z Â‰0
1

<latexit sha1_base64="5GCyn+eGy2BTFOL/QC6BysXrVCY=">AAABpHicZU9NT8JAFHyLX1i/UI9eiCTGE2kNUY8YQoKJYBUKGIpkuzzJhu1Hultj0/TmX/Cqv8t/Y9FekLm8ybyZZMYJBJdK179JYW19Y3OruK3t7O7tH5QOj/rSj0KGFvOFHw4dKlFwDy3FlcBhECJ1HYEDZ95Y/AevGEruez0VBzh26czjL5xRlUkj241sh4bl7E5KFb2q/6K8SoycVCCHOSm921OfRS56igkq5cjQAzVOaKg4E5hqmh3QGUoVC0zQDVScanYkMaBsnukj87HZbXZ6N73b+844accN33WpN60tuZL2U6tpLgfV28LeFXyKMtWy2sb/kqukf1E1Lqv6Q61Sv84HFOEETuEcDLiCOrTABAsY+PABn/BFzsgd6RLrz1ogeeYYlkCefwB4i3BD</latexit>

µµ̄

<latexit sha1_base64="a/Id+qjxhDAM2sDLvAWdW1yVW4o=">AAABtnicZY9LT8JAFIVv8YX1VXXJhsjGjaQ1RFliCAkuwCpPQ6GZTq84YfqgMxibhoWJ/8Wt/hz/jaDdIN/q5NxzknOdkDMhdf1byWxsbm3vZHfVvf2DwyPt+KQrgllEsUMDHkR9hwjkzMeOZJJjP4yQeA7HnjOpLu+9F4wEC/y2jEMcemTssydGiVxYtpazJOMuWvSZ2cboIm9NpzPiWg6J8o6tFfSi/kt+XRipKECKaWvvlhvQmYe+pJwIMTD0UA4TEklGOc5V1QrJGIWMOSbohTKeq9ZMYEjoZOEPzIdaq9Zs37Rv75rDpBFXA88jvltaSSWNx3rNXC3K12W8xZmLYq4uZhv/R66L7mXRuCrq96VCpZw+kIUcnME5GHANFaiDCR2g8AYf8AlfSlkZKaiM/6IZJe2cwgpK+ANmS3ar</latexit>

Â‰≠
1 b̄

<latexit sha1_base64="PtlXjNlFcogMALMjmxlabBCoIfQ=">AAABw3icZY9LT8JAFIWn+ML6qrp0Q2TDRtIaoi4xpAkuwCpPw0AznV5xwvRBZ2psmu5c+2vc6v/w3wjIBjmrL+eek5zrhJwJqes/Sm5jc2t7J7+r7u0fHB5pxyddEcQRhQ4NeBD1HSKAMx86kkkO/TAC4jkces6kNr/3XiESLPDbMglh6JGxz54ZJXJm2VoJS8ZdwPSFjXTbwNOYuIXe6AJPFwTYIRH2YxtsraiX9YUK62AsoYiWsmztHbsBjT3wJeVEiIGhh3KYkkgyyiFTVRySMQiZcEjBC2WSqTgWEBI6mfkD69Fsmc32bfvuvjlMG0kt8Dziu5WVVNp4qpvWalG+zeMtzlwQmTqbbfwfuQ7dy7JxVdYfKsXqzfKBPDpD56iEDHSNqqiOLNRBFH2gT/SFvhVTmSiRIv+iOWXZOUUrUrJf4Dl8Hw==</latexit>

Â‰0
1 W ≠ e‹̄e

→ "b-jet"

→
→

<latexit sha1_base64="xlvBnwoapFOJjRdNAmnDoq8lRCA=">AAABnXicZY9LT8JAFIXv4AvrC3XpQiMbExPSGqIuMaQJJoJVHsUAkulwwQnTdtIZjE3DzrVb/Wv+G0G7Qb7VybnnJOd6UnClTfObZFZW19Y3spvG1vbO7l5u/6ClwknEsMlCEUZtjyoUPMCm5lpgW0ZIfU+g643L87v7ipHiYdDQscSeT0cBH3JG9dxyn8+9fi5vFsxfTpaFlYo8pDj93Ht3ELKJj4FmgirVsUypewmNNGcCp4bRlXSESscCE/SljqdGd6JQUjae+R3n0a7btcZN4/a+1kuqcTn0fRoMiguppPpUsZ3Fon6bx+uCD1BNjdls6//IZdG6KFiXBfOhmC9dpw9k4QhO4QwsuIISVMCBJjB4gQ/4hC9yTGxyR2p/0QxJO4ewAHF/ANwVbRI=</latexit>

W +b
<latexit sha1_base64="tW3ocUSxRDbRN6dSt7XpdgAoKck=">AAABo3icZY9LS8NAFIVv6qvGV9Wlm2IRBKEkUtRlpRQq0hrb9KFNLJPptQydJENmIobQnT/Brf4v/41Vs6n9Vodzz4FzPcGZVIbxpeVWVtfWN/Kb+tb2zu5eYf+gJ8M4otilIQ+jgUckchZgVzHFcSAiJL7Hse9Naz/3/gtGkoWBrRKBrk8mAXtmlKi59YhPZ04Qj7DojQolo2z8UlwWZiZKkGGNCm/OOKSxj4GinEg5NA2h3JREilGOM113BJmgVAnHFH2hkpnuxBIFodO5P7Ta9U69ZV/bN3ctN20mtdD3STCuLKTS5kOjbi0W1etPvMPZGOVMn882/49cFr3zsnlRNu4rpepV9kAejuAYTsGES6hCAyzoAoUA3uEDPrUT7VZra/ZfNKdlnUNYQHO/AW1Ub38=</latexit>

e+‹eb

→

Various decay pattern depending on mass spectrum.
è We usually consider "simplified models."
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ÂgÂg æ 4j2b(2e)Pa(2µ)Pa +�ET bB;M�im`2
[opposite sign]      [missing transverse energy]

an example from 
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p + p æ Âg + Âg

It is often assumed that the 
LSP is the lightest neutralino

(to explain DM).
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LHC Run 2 results on colored SUSY particle searches
<latexit sha1_base64="yRGqDmVr27rkri9mDdjJCU1e/bE="></latexit>
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LHC Run 2 results on colored SUSY particle searches
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LHC Run 2 results on colored SUSY particle searches
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LHC Run 2 results on colored SUSY particle searches
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LHC Run 2 results on colored SUSY particle searches
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n You'd have noticed the biggest problem in MSSM....
many many many possibilities!!!!

ó many (>100) unknown SUSY parameters.
n If SUSY is still a symmetry:

Sho Iwamoto / SUSY Phenomenology at the LHC          ELFT Winter School, 2 Feb. 2021 / 7243

MSSM has a huge possibility-space = huge parameter space due to SUSY-breaking.

[SUSY-breaking]
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We know SM mass & parameters.  à The same parameters in SUSY sector.
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MSSM has a huge possibility-space = huge parameter space due to SUSY-breaking.
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We know SM mass & parameters.  à The same parameters in SUSY sector.

But SUSY is broken.

Everything here is unknown!!



n Lagrangian of MSSM
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MSSM has a huge possibility-space = huge parameter space due to SUSY-breaking.

R-parity violating terms
à vanish if we impose R-parity.

SUSY parameters
(we know!)

SUSY parameters
(unknown)

à There are many "SUSY-breaking models"
(to reduce #params).

[gauge mediation, anomaly mediation, ...]



1) Introduction
Ø What is SUSY?
Ø Why SUSY?

... DM, GUT, Natural, (g–2)μ

2) LHC
Ø Review of SUSY searches 

3) (g–2)μ-SUSY vs LHC
Ø in depth 1: Theory 
Ø in depth 2: LHC
Ø Fight!
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Plan for this 120 min.



n The previous section:

n The next part: "(g–2)-motivated MSSM vs LHC Run 2"
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Now we are coming to the main part....

DM : lightest neutralino LSP
unification : 1–100 TeV SUSY
naturalness : ≲ 1TeV colored (stop etc.)

(g–2)μ : ≲ 500 GeV non-colored

... but no discussion on relic density.

ç our focus

DM : lightest neutralino LSP
unification : 1–100 TeV SUSY
naturalness : ≲ 1TeV colored (stop etc.)

(g–2)μ : ≲ 500 GeV non-colored

... but not much discussion on relic density.

ç our focus

based on
• Endo, Hamaguchi, Iwamoto, Yoshinaga [1303.4256]
• Endo, Hamaguchi, Iwamoto, Kitahara [2001.11025]

https://arxiv.org/abs/1303.4256
https://arxiv.org/abs/2001.11025
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Plan for this 120 min.



n What is this?
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The five diagrams of the MSSM contribution to the muon g–2.
<latexit sha1_base64="3hRCBYngwXt7Q3HDLsHDSncsFCA="></latexit>

�aµ =( 27.9 ± 7.6 ) ◊10≠10 from new physics!? SUSY?

MSSM
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<latexit sha1_base64="pgMqPM0/8w3nAtnYCtYJ2EGEAjg=">AAABn3icZY9LT8JAFIXv4AvrC3XpRmXjirSGqEsMIeICrPIOJWQ6XMnItJ10BmPTdOcPcKv/zH9j0W6Qb3Vy7jnJua4UXGnT/Ca5tfWNza38trGzu7d/UDg86qpgHjLssEAEYd+lCgX3saO5FtiXIVLPFdhzZ9XFvfeKoeKB39aRxJFHpz5/5ozq1Oo6U+p5dFwomiXzl9NVYWWiCBn2uPDuTAI299DXTFClhpYp9SimoeZMYGIYjqRTVDoSGKMndZQYzlyhpGyW+kP7qdaqNdu37fuH5ihuRNUgHeFPykupuDGo1+zlon5bxFuCT1AlRjrb+j9yVXQvS9ZVyXwsFys32QN5OIFzuAALrqECdbChAwxe4AM+4YuckTvSJPZfNEeyzjEsQQY/gnFuQw==</latexit>“

<latexit sha1_base64="4q5hX02uLSIdzilvL0EhxppOsc0=">AAABoHicZY9LT8JAFIVv8YX1hbp0Q2DjirSGqEsMIcFEoCgvpYRMhyuZMNNOOlO1adj5B9zqL/PfCNoN8q1Ozj0nOdeTnCltWd9GZmNza3snu2vu7R8cHuWOT3oqiEKKXRrwIBx4RCFnPnY10xwHMkQiPI59b1Zd3vsvGCoW+B0dSxwJMvXZM6NEL6y+KyL3NX83zhWtkvVLfl3YqShCijPOvbuTgEYCfU05UWpoW1KPEhJqRjnOTdOVZIpKxxwTFFLHc9ONFEpCZwt/6NzXHmrNzk3nttUcJY24GghB/El5JZU0Hus1Z7Wo35bxB84mqObmYrb9f+S66F2U7MuS1S4XK9fpA1k4gwKcgw1XUIE6ONAFCjP4gE/4MgpG3WgZ7b9oxkg7p7CC8fQDzdJuaw==</latexit>µL
<latexit sha1_base64="xvD161PX9JlTDZWV4gGkhGijMHM=">AAABoHicZY9LT8JAFIVv8YX1hbp0Y2DjirSGqEsMIcEFUN4oJWQ6XMmEmXbSmapNw84/4FZ/mf9G0G6Qb3Vy7jnJuZ7kTGnL+jYyW9s7u3vZffPg8Oj4JHd61ldBFFLs0YAH4dAjCjnzsaeZ5jiUIRLhcRx488rqPnjBULHA7+pY4liQmc+eGSV6aQ1cEbmvl+1JrmAVrV8uN4WdigKkOJPcuzsNaCTQ15QTpUa2JfU4IaFmlOPCNF1JZqh0zDFBIXW8MN1IoSR0vvRHTrvaqTa6992HZmOc1ONKIATxp6W1VFJ/rFWd9aJ+W8U7nE1RLczlbPv/yE3Rvy7aN0WrVSqU79IHsnABebgCG26hDDVwoAcU5vABn/Bl5I2a0TRaf9GMkXbOYQ3j6QfVFm5x</latexit>µR

<latexit sha1_base64="pgMqPM0/8w3nAtnYCtYJ2EGEAjg=">AAABn3icZY9LT8JAFIXv4AvrC3XpRmXjirSGqEsMIeICrPIOJWQ6XMnItJ10BmPTdOcPcKv/zH9j0W6Qb3Vy7jnJua4UXGnT/Ca5tfWNza38trGzu7d/UDg86qpgHjLssEAEYd+lCgX3saO5FtiXIVLPFdhzZ9XFvfeKoeKB39aRxJFHpz5/5ozq1Oo6U+p5dFwomiXzl9NVYWWiCBn2uPDuTAI299DXTFClhpYp9SimoeZMYGIYjqRTVDoSGKMndZQYzlyhpGyW+kP7qdaqNdu37fuH5ihuRNUgHeFPykupuDGo1+zlon5bxFuCT1AlRjrb+j9yVXQvS9ZVyXwsFys32QN5OIFzuAALrqECdbChAwxe4AM+4YuckTvSJPZfNEeyzjEsQQY/gnFuQw==</latexit>“

+ (2+-loop)

"mass insertion
approximation"

<latexit sha1_base64="1kcUlj0aSackEmQOZRRZW6Kqg5w=">AAABrXicZY/NTsJAFIVv/cX6V3HpxsjGVW0NUTcmGEKCC7AKBQytZDpcyYRpO+kMhqZh53O41VfybQTtBvlWJ+eek5wbCM6ksqxvbW19Y3Nru7Cj7+7tHxwaR8WOjCcJRZfGPE56AZHIWYSuYopjTyRIwoBjNxhXF/fuGyaSxVFbpQL9kIwi9sooUXNrYBRvPa9vm2UMfd0jQiTxdGCULNP65XRV2LkoQY4zMN69YUwnIUaKciJl37aE8jOSKEY5znTdE2SEUqUcMwyFSme6N5EoCB3P/b7zVGvVmu279v1D088aaTUOQxINy0uprPFcrznLRTVdxFucDVHO9Pls+//IVdG5NO0r03oslyo3+QMFOIEzOAcbrqECdXDABQpT+IBP+NIuNFfztJe/6JqWd45hCW30A0zfcp8=</latexit>=

¥

Lopez, Nanopoulos, Wang [ph/9308336]
Chattopadhyay, Nath [ph/9507386]

Moroi [ph/9512396]
(cf. Cho et al. [1104.1769])

http://arxiv.org/abs/hep-ph/9308336
http://arxiv.org/abs/hep-ph/9507386
http://arxiv.org/abs/hep-ph/9512396
https://arxiv.org/abs/1104.1769


mass eigenstates

n MSSM: extra particles
Ø extra Higgs bosons

H0, H+, H−, A0

Ø colored SUSY particles

Ø non-colored SUSY particles
• charged sleptons

• sneutrinos

• charginos

• neutralinos

Gauge eigenstates and Mass eigenstates of the MSSM particles.

<latexit sha1_base64="B3u5zUda+uIpYa8iZP15xsNSMXY=">AAAB4XicZU/LTsJAFL3FF9YX6tJNI11gQkhLjLrEEAwmgpW3oYRMpyOZMH2kM1VJw86NO+PWX/Br3Bn9GEG7qZzVed3kXMtnlAtN+5RSS8srq2vpdXljc2t7J7O71+FeGGDSxh7zgp6FOGHUJW1BBSM9PyDIsRjpWuPyPO/ek4BTz22JiU8GDhq59I5iJGbWMHOhmoIymygjNa+ouViE5oNylVdiZSfUPGskssaROsxktYL2C2 WR6DHJQgxjmHkybQ+HDnEFZojzvq75YhChQFDMyFSWTR+NCBcTRiLi+GIylc2QEx/h8czvG41Ks1Jvnbcur+uDqDYpe46DXPs40Ypqt9WKkTwUj/N6k1Gb8Kk8m63/H7lIOsWCflLQborZ0ln8QBoO4BByoMMplKAKBrQBwzt8wBd8S1h6ll6k179qSopv9iEB6e0H3daEiw==</latexit>

Âg- (ÂuL, ÂdL, ÂuR, ÂdR) × 3 gen.

<latexit sha1_base64="K48VFPWdy0yPG+BsHMSln5zY4m8=">AAABuXicZU/LSsNQFDzxWeMr6lKQYLuoICUpooKbSilUsDX2LU0pN8mxXnvzIPdWDaG7fo1b/Rn/xlazsHZWc+bMwIwVMMqFpn1JS8srq2vrqQ15c2t7Z1fZ229xfxTa2LR95ocdi3Bk1MOmoIJhJwiRuBbDtjUszv7tFww59b2GiALsuWTg0UdqEzGV+spRJmsKyhxU0XxVb0/VP1ftJNNX0lpO+4G6SPSEpCGB0VcmpuPbIxc9YTPCeVfXAtGLSSiozXAsy2ZABshFxDBGNxDRWDZHHANiD6d616iV6qVq47pxc1ftxZWo6Lsu8ZyzOVdceSiXjPmgeJvZ64w6yMfytLb+v+QiaeVz+nlOu8+nC5fJgBQcwjFkQYcLKEAZDGiCDRN4hw/4lK4kIj1Jz7/WJSnJHMAcJP4NTxl2Ug==</latexit>

(ÂeL, ÂeR)
<latexit sha1_base64="of2PIAgfYibirJShiP7kVh3XPGw=">AAABq3icZY9LT8JAFIVv8YX1VXXpphEWbiQtMeoSQ0gwEazyVErIdHolE6aPdKZo07DzZ7jV/+S/EbQb5FudnHtOcq4TciakYXwrubX1jc2t/La6s7u3f6AdHnVFEEcUOzTgQdR3iEDOfOxIJjn2wwiJ53DsOZPq4t6bYiRY4LdlEuLQI2OfvTBK5NwaaVrRloy7qNt+bL/qd8WRVjBKxi/6qjAzUYAMa6S9225AYw99STkRYmAaoRymJJKMcpypqh2SMQqZcEzRC2UyU+1YYEjoZO4PrMdaq9Zs37Rv75vDtJFUA88jvnuxlEobT/WatVyUb4t4izMXxUydzzb/j1wV3XLJvCwZD+VC5Tp7IA8ncApnYMIVVKAOFnSAwhQ+4BO+lHOlpTwr9l80p2SdY1hCwR8X0nHL</latexit>

Â‹L
<latexit sha1_base64="3Nnrl9ZEycxTdVMvo/FGknV2zAw=">AAABuXicZU/LTsJQFDzFF9ZX1aWJIcICE0NaYtTEDYaQ4AKs8jQUye3tEa/cPtJ7MTYNO77Grf6MfyNoN8isZubMJHPsgDMhdf1bSa2srq1vpDfVre2d3T1t/6At/HFIsUV97oddmwjkzMOWZJJjNwiRuDbHjj0qz++dNwwF872mjALsu2TosWdGiZxZA+04l7ck4w5mOk9W4J5lElWdq9PcQMvqBf0XmWViJCQLCcyBNrUcn45d9CTlRIieoQeyH5NQMspxoqpWQIYoZMQxRjeQ0US1xgIDQkczv2c+VBqVevOmeXtX78e1qOy7LvGc84VUXHusVszFonyfxxucOSgm6my28X/kMmkXC8ZFQb8vZktXyQNpOIITyIMBl1CCKpjQAgpT+IBP+FKuFaK8KK9/0ZSSdA5hAYr4Ae2BdtE=</latexit>

(ÊW ±
, ÂH±)

<latexit sha1_base64="0PUX/Xpn27o03iXW52GcA28B5Rw=">AAAB03icZY9LT8JAFIWnPrG+qi7dNMICE0NaNMoSJSS4AKtQwFBspu2VTJg+0pmqTcPGsPUv+Gvc6t5/I2hjApzVd889NznXCihhXFG+haXlldW19cyGuLm1vbMr7e23mR+FNui2T/2wa2EGlHigc8IpdIMQsGtR6FjDynTfeYKQEd9r8TiAvosHHnkkNuYTy5RKubzBCXVAvjqRU+qYp/9ce1CMZ9mZm6PjnClllYLyK3kR1BSyKJVmSmPD8e3IBY/bFDPWU5WA9xMccmJTGImiEeABMB5TSMANeDwSjYhBgO3hxO9pd9VmtdG6bF3fNPpJPa74ros952wmldTva1Vt9pC/TONNShxgI3FSW50vuQjtYkE9Lyi3xWy5lD6QQYfoCOWRii5QGdWQhnRko3f0gT7Rl6ALifAqjP+iS0J6c4BmJLz9ABNpf1I=</latexit>

( ÂB, ÊW3, ÂH0
d , ÂH0

u)

× 3 gen.

× 3 gen.
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gauge eigenstates

<latexit sha1_base64="O+czjEZQv326sZvhGZwCndNSA0g=">AAACDHicZY/LTsJQEIbPwQtYb1WXbogkBhJDWkB0iSEkuACrXA0l5FBGcsLpxZ5TY0PYufZp3Bm3voLxYUykSqjIv/pm5p8/M32HUS4U5RNHVlbX1qOxDWlza3tnV97bb3Lbcw1oGDaz3XafcGDUgoaggkHbcYGYfQat/qgYzFsP4HJqW3XhO9A1ydCid9QgYtrqyffHSV1QNoA49NSTOWZCzIaYC/E0xHxK16V5jG55YVBQZP4W2ZTUkxNKWvlRfBnUGSTQTFpPftIHtuGZYAmDEc47quKI7pi4ghoMJpKkO2QIXPgMxmA6wp9IusfBIcZo2u9oN6VaqVq/qF9eVbvjil+0TZNYg9yCa1y5LZe0xUXxGNhrjA6AT4Kz1f9HLkMzk1bzaeU6lyiczx6IoUN0hJJIRWeogMpIQw1koA/0hddxFD/jF/yK336tETzbOUALwu/fa+GTbg==</latexit>

(Âe1, Âe2, Âe3, Âe4, Âe5, Âe6)
(Â‹1, Â‹2, Â‹3)

<latexit sha1_base64="liUGapPpOOOvghqJEbstAWUSCEE=">AAACAXicZY/NTsJAFIWn/mL9q7p0YyQxkBgyRaIuMYQEF2CVX0OxmU4HnDBtJ53B2DSs9GXcGbe+gi/ga7jVhaDdFM7q3HO/m5xrc0aFhPBTWVhcWl5ZTa2p6xubW9vazm5L+KMAkyb2mR90bCQIox5pSioZ6fCAINdmpG0PS9N9+4EEgvpeQ4ac9Fw08GifYiQnkaX1jzKmpMwhJr6ndyZ3Lf14JshnTVNNYDAJQSufHE+SYyGrWloa5uCfDuaNHps0iGVY2rPp+HjkEk9ihoTo6pDLXoQCSTEjY1U1ORoQIUNGIuJyGY5VcyQIR3g4ybvGTblerjUuGpdXtV5UDUu+6yLPKSSoqHpbKRvJQ/k4xeuMOkSMp7X12ZLzppXP6ac5eF1IF8/jB1JgHxyCDNDBGSiCCjBAE2DwAb7AN/hRnpQX5VV5+0cXlPhmDySkvP8CnvuTAA==</latexit>

(Â‰±
1 , Â‰±

2 )
(Â‰0

1, Â‰0
2, Â‰0

3, Â‰0
4)

mix
because of off-diagonal mass terms

<latexit sha1_base64="BGOFTOjT4uDjW8owkJWYEHZV15Q=">AAACKnicZY/LTgIxFIZbrzjeUJdsiKjBxJAZRHSJISS4AEe5GoaQTltJQ+eSaTFOCDv3vohP44649RXcC0JokH/15fQ/X05tnzMhdX0EV1bX1jc2I1va9s7u3n704LAuvH6AaQ173AuaNhKUM5fWJJOcNv2AIsfmtGH38pP3xgsNBPPcqgx92nZQ12XPDCM5HnWi72dJSzJOaLzfMS7mmFZ4qTCj8Eph9tyytLmGKA1RGqI0RGmI0pCpRutEE3pK/0t8GYwZJMAsZif6ZhEP9x3qSsyREC1D92V7gALJMKdDTbN81KVChpwOqOPLcKhZfUF9hHvject8LFQK5ept9e6+3B6UwrznOMglmYXWoPRULJiLi/J1Uq9wRqgYTs42/h+5DPV0ysim9IdMIncz+0AExMAxSAIDXIMcKAIT1AAGPzAGT+Ap/ICfcAS/ptUVONs5AguB379kSJ1C</latexit>

(Âu1, Âu2, Âu3, Âu4, Âu5, Âu6)
( Âd1, Âd2, Âd3, Âd4, Âd5, Âd6)

<latexit sha1_base64="2WbETE8Rvq7HxIuNaakxcD+wvQM=">AAABoXicZY9LT8JAFIXv4AvrC3XphtiNK9IaIi4xhAQWYOVtKCHT6ZVMmLaTzmBsGnb+Arf6x/w3gnaDfKuTc89JzvWk4Epb1jfJ7ezu7R/kD42j45PTs8L5xUBFi5hhn0UiikceVSh4iH3NtcCRjJEGnsChN6+t78NXjBWPwp5OJE4COgv5C2dUr6yRq7nwsTibFkyrZP1S3BZ2JkzIcKaFd9eP2CLAUDNBlRrbltSTlMaaM4FLw3AlnaHSicAUA6mTpeEuFErK5it/7HTq3Xq799BrPrYnaSupRUFAQ7+8kUpbz426s1nUb+t4V3Af1dJYzbb/j9wWg9uSfVeynspm9T57IA9XcA03YEMFqtAAB/rAQMAHfMIXMUmTOKTzF82RrHMJG5DxD4ajbu0=</latexit>

Âg



n MSSM: extra particles
Ø extra Higgs bosons

H0, H+, H−, A0

Ø colored SUSY particles

Ø non-colored SUSY particles
• charged sleptons

• sneutrinos

• charginos

• neutralinos

Gauge eigenstates and Mass eigenstates of the MSSM particles.

<latexit sha1_base64="B3u5zUda+uIpYa8iZP15xsNSMXY=">AAAB4XicZU/LTsJAFL3FF9YX6tJNI11gQkhLjLrEEAwmgpW3oYRMpyOZMH2kM1VJw86NO+PWX/Br3Bn9GEG7qZzVed3kXMtnlAtN+5RSS8srq2vpdXljc2t7J7O71+FeGGDSxh7zgp6FOGHUJW1BBSM9PyDIsRjpWuPyPO/ek4BTz22JiU8GDhq59I5iJGbWMHOhmoIymygjNa+ouViE5oNylVdiZSfUPGskssaROsxktYL2C2 WR6DHJQgxjmHkybQ+HDnEFZojzvq75YhChQFDMyFSWTR+NCBcTRiLi+GIylc2QEx/h8czvG41Ks1Jvnbcur+uDqDYpe46DXPs40Ypqt9WKkTwUj/N6k1Gb8Kk8m63/H7lIOsWCflLQborZ0ln8QBoO4BByoMMplKAKBrQBwzt8wBd8S1h6ll6k179qSopv9iEB6e0H3daEiw==</latexit>

Âg- (ÂuL, ÂdL, ÂuR, ÂdR) × 3 gen.

<latexit sha1_base64="K48VFPWdy0yPG+BsHMSln5zY4m8=">AAABuXicZU/LSsNQFDzxWeMr6lKQYLuoICUpooKbSilUsDX2LU0pN8mxXnvzIPdWDaG7fo1b/Rn/xlazsHZWc+bMwIwVMMqFpn1JS8srq2vrqQ15c2t7Z1fZ229xfxTa2LR95ocdi3Bk1MOmoIJhJwiRuBbDtjUszv7tFww59b2GiALsuWTg0UdqEzGV+spRJmsKyhxU0XxVb0/VP1ftJNNX0lpO+4G6SPSEpCGB0VcmpuPbIxc9YTPCeVfXAtGLSSiozXAsy2ZABshFxDBGNxDRWDZHHANiD6d616iV6qVq47pxc1ftxZWo6Lsu8ZyzOVdceSiXjPmgeJvZ64w6yMfytLb+v+QiaeVz+nlOu8+nC5fJgBQcwjFkQYcLKEAZDGiCDRN4hw/4lK4kIj1Jz7/WJSnJHMAcJP4NTxl2Ug==</latexit>

(ÂeL, ÂeR)
<latexit sha1_base64="of2PIAgfYibirJShiP7kVh3XPGw=">AAABq3icZY9LT8JAFIVv8YX1VXXpphEWbiQtMeoSQ0gwEazyVErIdHolE6aPdKZo07DzZ7jV/+S/EbQb5FudnHtOcq4TciakYXwrubX1jc2t/La6s7u3f6AdHnVFEEcUOzTgQdR3iEDOfOxIJjn2wwiJ53DsOZPq4t6bYiRY4LdlEuLQI2OfvTBK5NwaaVrRloy7qNt+bL/qd8WRVjBKxi/6qjAzUYAMa6S9225AYw99STkRYmAaoRymJJKMcpypqh2SMQqZcEzRC2UyU+1YYEjoZO4PrMdaq9Zs37Rv75vDtJFUA88jvnuxlEobT/WatVyUb4t4izMXxUydzzb/j1wV3XLJvCwZD+VC5Tp7IA8ncApnYMIVVKAOFnSAwhQ+4BO+lHOlpTwr9l80p2SdY1hCwR8X0nHL</latexit>

Â‹L
<latexit sha1_base64="3Nnrl9ZEycxTdVMvo/FGknV2zAw=">AAABuXicZU/LTsJQFDzFF9ZX1aWJIcICE0NaYtTEDYaQ4AKs8jQUye3tEa/cPtJ7MTYNO77Grf6MfyNoN8isZubMJHPsgDMhdf1bSa2srq1vpDfVre2d3T1t/6At/HFIsUV97oddmwjkzMOWZJJjNwiRuDbHjj0qz++dNwwF872mjALsu2TosWdGiZxZA+04l7ck4w5mOk9W4J5lElWdq9PcQMvqBf0XmWViJCQLCcyBNrUcn45d9CTlRIieoQeyH5NQMspxoqpWQIYoZMQxRjeQ0US1xgIDQkczv2c+VBqVevOmeXtX78e1qOy7LvGc84VUXHusVszFonyfxxucOSgm6my28X/kMmkXC8ZFQb8vZktXyQNpOIITyIMBl1CCKpjQAgpT+IBP+FKuFaK8KK9/0ZSSdA5hAYr4Ae2BdtE=</latexit>

(ÊW ±
, ÂH±)

<latexit sha1_base64="0PUX/Xpn27o03iXW52GcA28B5Rw=">AAAB03icZY9LT8JAFIWnPrG+qi7dNMICE0NaNMoSJSS4AKtQwFBspu2VTJg+0pmqTcPGsPUv+Gvc6t5/I2hjApzVd889NznXCihhXFG+haXlldW19cyGuLm1vbMr7e23mR+FNui2T/2wa2EGlHigc8IpdIMQsGtR6FjDynTfeYKQEd9r8TiAvosHHnkkNuYTy5RKubzBCXVAvjqRU+qYp/9ce1CMZ9mZm6PjnClllYLyK3kR1BSyKJVmSmPD8e3IBY/bFDPWU5WA9xMccmJTGImiEeABMB5TSMANeDwSjYhBgO3hxO9pd9VmtdG6bF3fNPpJPa74ros952wmldTva1Vt9pC/TONNShxgI3FSW50vuQjtYkE9Lyi3xWy5lD6QQYfoCOWRii5QGdWQhnRko3f0gT7Rl6ALifAqjP+iS0J6c4BmJLz9ABNpf1I=</latexit>

( ÂB, ÊW3, ÂH0
d , ÂH0

u)

× 3 gen.

× 3 gen.
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gauge eigenstates

<latexit sha1_base64="liUGapPpOOOvghqJEbstAWUSCEE=">AAACAXicZY/NTsJAFIWn/mL9q7p0YyQxkBgyRaIuMYQEF2CVX0OxmU4HnDBtJ53B2DSs9GXcGbe+gi/ga7jVhaDdFM7q3HO/m5xrc0aFhPBTWVhcWl5ZTa2p6xubW9vazm5L+KMAkyb2mR90bCQIox5pSioZ6fCAINdmpG0PS9N9+4EEgvpeQ4ac9Fw08GifYiQnkaX1jzKmpMwhJr6ndyZ3Lf14JshnTVNNYDAJQSufHE+SYyGrWloa5uCfDuaNHps0iGVY2rPp+HjkEk9ihoTo6pDLXoQCSTEjY1U1ORoQIUNGIuJyGY5VcyQIR3g4ybvGTblerjUuGpdXtV5UDUu+6yLPKSSoqHpbKRvJQ/k4xeuMOkSMp7X12ZLzppXP6ac5eF1IF8/jB1JgHxyCDNDBGSiCCjBAE2DwAb7AN/hRnpQX5VV5+0cXlPhmDySkvP8CnvuTAA==</latexit>

(Â‰±
1 , Â‰±

2 )
(Â‰0

1, Â‰0
2, Â‰0

3, Â‰0
4)

mass eigenstates
mix

because of off-diagonal mass terms
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n What is this?
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The five diagrams of the MSSM contribution to the muon g–2.
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�aµ =( 27.9 ± 7.6 ) ◊10≠10 from new physics!? SUSY?

MSSM
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+ (2+-loop)

"mass insertion
approximation"
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¥

mass eigen. to use in the actual calculation

gauge eigen. for pheno discussion
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The five diagrams of the MSSM contribution to the muon g–2.
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[W]

[pure-B]

[BHR]

[BHL]
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Lopez, Nanopoulos, Wang [ph/9308336]
Chattopadhyay, Nath [ph/9507386]

Moroi [ph/9512396]
(cf. Cho et al. [1104.1769])

http://arxiv.org/abs/hep-ph/9308336
http://arxiv.org/abs/hep-ph/9507386
http://arxiv.org/abs/hep-ph/9512396
https://arxiv.org/abs/1104.1769
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Usually, the "Wino contribution" (first two diagrams) is the dominant one.

Wino contributions [red+blue; tree; slep=sneu]

regions preferred
by the anomaly
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à We'll discuss LHC constraints on these parameter space.

[W]

[W]
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1) Introduction
Ø What is SUSY?
Ø Why SUSY?

... DM, GUT, Natural, (g–2)μ

2) LHC
Ø Review of SUSY searches 

3) (g–2)μ-SUSY vs LHC
Ø in depth 1: Theory 
Ø in depth 2: LHC
Ø Fight!
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Plan for this 120 min.



n Production XS of
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Non-colored particles have smaller production cross section. 

200 400 600 800 1000
0.1

1

10

100

1000

104

mass [GeV]

13
Te
V
cr
os
s
se
ct
io
n
[f
b]

cf.) LHC Run 2:
Energy ~ 6.5 TeV × 2
Luminosity ~ 140 fb–1

←140000ev

←1400ev

←14ev

...Why so small?[The "actual" XS (e.g.,                              ) is "mixture" of these.]

[cross section]
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n Non-colored SUSY production vs. Colored SUSY production

Ø Non-colored XS is smaller because
• Smaller couplings
• s-channel only
• Needs anti-quark from p

Ø
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Non-colored particles have smaller production cross section. 
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Beenakker, Borschensky, et al. [1607.07741]
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<latexit sha1_base64="2WbETE8Rvq7HxIuNaakxcD+wvQM=">AAABoXicZY9LT8JAFIXv4AvrC3XphtiNK9IaIi4xhAQWYOVtKCHT6ZVMmLaTzmBsGnb+Arf6x/w3gnaDfKuTc89JzvWk4Epb1jfJ7ezu7R/kD42j45PTs8L5xUBFi5hhn0UiikceVSh4iH3NtcCRjJEGnsChN6+t78NXjBWPwp5OJE4COgv5C2dUr6yRq7nwsTibFkyrZP1S3BZ2JkzIcKaFd9eP2CLAUDNBlRrbltSTlMaaM4FLw3AlnaHSicAUA6mTpeEuFErK5it/7HTq3Xq799BrPrYnaSupRUFAQ7+8kUpbz426s1nUb+t4V3Af1dJYzbb/j9wWg9uSfVeynspm9T57IA9XcA03YEMFqtAAB/rAQMAHfMIXMUmTOKTzF82RrHMJG5DxD4ajbu0=</latexit>

Âg

<latexit sha1_base64="XUMg/RWRLIYkLG7z7KfVcK4drn0=">AAABoXicZY9LT8JAFIXv4AvrC3XphtiNK9Iaoi4xhAQWYOVtKCHT6ZVMmLZjZzA2DTt/gVv9Y/4bQbtBvtXJueck53pScKUt65vktrZ3dvfy+8bB4dHxSeH0rK+iecywxyIRxUOPKhQ8xJ7mWuBQxkgDT+DAm1VX98ErxopHYVcnEscBnYb8mTOql9bQ1Vz4WHyZFEyrZP1S3BR2JkzIcCaFd9eP2DzAUDNBlRrZltTjlMaaM4ELw3AlnaLSicAUA6mTheHOFUrKZkt/5LRrnVqre99tPLTGaTOpRkFAQ7+8lkqbT/Was17Ub6t4R3Af1cJYzrb/j9wU/euSfVOyHstm5S57IA8XcAlXYMMtVKAODvSAgYAP+IQvYpIGcUj7L5ojWecc1iCjH5K/bvc=</latexit>

Âq

<latexit sha1_base64="AGKU/jl3cL9tIbUXe5SJk6X0Tnw=">AAABmnicZY9LT8JAFIXv4Avrq+pSF0Y2rkhriLpECQnEgEXKwwAh0+FCJkzbSWcwNg07d271x/lvBO0G+VYn556TnOtJwZW2rG+S2djc2t7J7hp7+weHR+bxSVuFs4hhi4UijLoeVSh4gC3NtcCujJD6nsCONy0t751XjBQPA1fHEgc+nQR8zBnVC6sxGZo5K2/9crEu7FTkIMUZmu/9UchmPgaaCapUz7akHiQ00pwJnBtGX9IJKh0LTNCXOp4b/ZlCSdl04fec53KzXHfv3epTfZDU4lLo+zQYFVZSSe2lUnZWi/ptGW8KPkI1Nxaz7f8j10X7Om/f5K1GIVe8Sx/IwhlcwhXYcAtFqIADLWCA8AGf8EXOyQOpkse/aIaknVNYgbg/YyBsGQ==</latexit>g

<latexit sha1_base64="AGKU/jl3cL9tIbUXe5SJk6X0Tnw=">AAABmnicZY9LT8JAFIXv4Avrq+pSF0Y2rkhriLpECQnEgEXKwwAh0+FCJkzbSWcwNg07d271x/lvBO0G+VYn556TnOtJwZW2rG+S2djc2t7J7hp7+weHR+bxSVuFs4hhi4UijLoeVSh4gC3NtcCujJD6nsCONy0t751XjBQPA1fHEgc+nQR8zBnVC6sxGZo5K2/9crEu7FTkIMUZmu/9UchmPgaaCapUz7akHiQ00pwJnBtGX9IJKh0LTNCXOp4b/ZlCSdl04fec53KzXHfv3epTfZDU4lLo+zQYFVZSSe2lUnZWi/ptGW8KPkI1Nxaz7f8j10X7Om/f5K1GIVe8Sx/IwhlcwhXYcAtFqIADLWCA8AGf8EXOyQOpkse/aIaknVNYgbg/YyBsGQ==</latexit>g

<latexit sha1_base64="XUMg/RWRLIYkLG7z7KfVcK4drn0=">AAABoXicZY9LT8JAFIXv4AvrC3XphtiNK9Iaoi4xhAQWYOVtKCHT6ZVMmLZjZzA2DTt/gVv9Y/4bQbtBvtXJueck53pScKUt65vktrZ3dvfy+8bB4dHxSeH0rK+iecywxyIRxUOPKhQ8xJ7mWuBQxkgDT+DAm1VX98ErxopHYVcnEscBnYb8mTOql9bQ1Vz4WHyZFEyrZP1S3BR2JkzIcCaFd9eP2DzAUDNBlRrZltTjlMaaM4ELw3AlnaLSicAUA6mTheHOFUrKZkt/5LRrnVqre99tPLTGaTOpRkFAQ7+8lkqbT/Was17Ub6t4R3Af1cJYzrb/j9wU/euSfVOyHstm5S57IA8XcAlXYMMtVKAODvSAgYAP+IQvYpIGcUj7L5ojWecc1iCjH5K/bvc=</latexit>

Âq

<latexit sha1_base64="wBD6j+VOfRRYVcX1LEel8xEy+eU=">AAABo3icZY9LT8JAFIVv8YX1hbp0QyQmxgVpDVGXGEKCMWCF8lBayXR6JROmDztTY9Ow8ye41f/lvxG0G+RbnZx7TnKuE3ImpKZ9K7mV1bX1jfymurW9s7tX2D/oiSCOKHZpwINo4BCBnPnYlUxyHIQREs/h2Hcmtfm9/4qRYIFvyiRE2yNjnz0zSuTMerQk4y4WX57ORoWSVtZ+KS4LPRMlyDBGhXfLDWjsoS8pJ0IMdS2UdkoiySjHqapaIRmjkAnHFL1QJlPVigWGhE5m/tBo1zv1lnlt3ty17LSZ1ALPI75bWUilzYdG3Vgsyrd5vMOZi2Kqzmbr/0cui955Wb8oa/eVUvUqeyAPR3AMp6DDJVShAQZ0gYIPH/AJX8qJcqu0FfMvmlOyziEsoNg/hyRvkw==</latexit>

Âqú

if similar mass
<latexit sha1_base64="+pwb+/7KNo7H9KX727+ZD7xAuqU=">AAAB+nicZY/LTsJAFIanXrHeqi7dENm4Iq0h6opgCAkmgpW7oaSZDsdmwvRCZ1Cbys4ncWfc+go+hM/gVveCNsHKv/rO//8nOcfyGeVCVd+lhcWl5ZXV1Jq8vrG5ta3s7La4NwoINInHvKBjYQ6MutAUVDDo+AFgx2LQtgbFad6+hYBTz22I0Ieeg22X3lCCxcQyFdMQlPUhbRucOjCMp6Fh2zGKRGDNgnY+hvLMY8Zd+iL/Z6iZSkbNqj9Kz4MWQwbF0k3l0eh7ZOSAKwjDnHc11Re9CAeCEgZjWTZ8bAMXIYMIHF+EY9kYcfAxGUz8rl4r1UvVxlnj/LLaiyph0XMc7PZziVZUuS6X9OSiuJ/W64z2gY/lydna/yPnoXWU1Y6z6lUuUziNH0ihfXSADpGGTlABlZGOmoigN/SBPtGX9CA9Sc/Sy291QYp39lBC0us3+2+SmA==</latexit>

Âg ƒ Âq ∫ Ât ƒ Âb ∫ ÊW > ÂH ∫ ÂlL > ÂlR

https://arxiv.org/abs/1607.07741
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LHC Run 2 results on NON-colored SUSY searches
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(They usually assume .)
<latexit sha1_base64="2DSpk39AZJwZHskR0h4FcccaJ8I=">AAAB3nicZY87TwJBFIVn8YXrC7W0IUJhgiGzxKglhpBgAa7yNCyss7NXnDD7cGcgEkJn7Iytf8FfYyv/RpAtBE51cu53knMtnzMhMR4rkZXVtfWN6Ka6tb2zuxfbP6gJrxdQqFKPe0HDIgI4c6EqmeTQ8AMgjsWhbnVz03u9D4FgnluRAx9aDum47JFRIieRGcslDcm4DQZ9YmamjQ147rH+LIvX2zh5Gv9PaO3UApFKqmYsgdP4T/Flo4UmgULpZuzVsD3ac8CVlBMhmhr2ZWtIAskoh5GqGj7pgJADDkNwfDkYqUZPgE9od5I39bt8OV+qXFWub0qtYXGQ8xyHuPbZHDUs3hfy+nxRvkzxMmc2iNF0trY4ctnUMmntPI1vM4nsZfhAFB2hY3SCNHSBsqiAdFRFFH2hb/SDxsqD8qa8Kx8zNKKEnUM0J+XzF8yLhXw=</latexit>

Â‰0
2 © ÊW 0- Â‰+

1 © ÊW +

ATLAS, SUSY March 2019 Summary Plot

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SUSY/


n Wino > sleptons

Ø Search targets:
• Wino pair à 2–3 lepton + mET
• slepton pair à 2 lepton + mET

n Wino < sleptons

Ø Search targets:
• Wino pair à WZ + mET
• Wino pair à Wh + mET
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We need to think the decay patterns....

<latexit sha1_base64="zDpBL28OGMi93XwHrm/Hm7cqEvI=">AAABoXicZY9LT8JAFIXv4AvrC3XphtiNK9IaIi4xhAQWYOVtKCHT6ZVMmLaTzmBsGnb+Arf6x/w3gnaDfKuTc89JzvWk4Epb1jfJ7ezu7R/kD42j45PTs8L5xUBFi5hhn0UiikceVSh4iH3NtcCRjJEGnsChN6+t78NXjBWPwp5OJE4COgv5C2dUr6yRq7nwsTicFkyrZP1S3BZ2JkzIcKaFd9eP2CLAUDNBlRrbltSTlMaaM4FLw3AlnaHSicAUA6mTpeEuFErK5it/7HTq3Xq799BrPrYnaSupRUFAQ7+8kUpbz426s1nUb+t4V3Af1dJYzbb/j9wWg9uSfVeynspm9T57IA9XcA03YEMFqtAAB/rAQMAHfMIXMUmTOKTzF82RrHMJG5DxD3NDbt0=</latexit>

ÊW

<latexit sha1_base64="6P17LDzbKz1En68i8O2a6yot3a8=">AAABoXicZY9LT8JAFIXv4AvrC3XphtiNK9Iaoi5RQgILsPI2lJDp9EomTNtJZzA2DTt/gVv9Y/4bQbtBvtXJueck53pScKUt65vktrZ3dvfy+8bB4dHxSeH0rK+iecywxyIRxUOPKhQ8xJ7mWuBQxkgDT+DAm1VX98ErxopHYVcnEscBnYb8hTOql9bQ1Vz4WHyYFEyrZP1S3BR2JkzIcCaFd9eP2DzAUDNBlRrZltTjlMaaM4ELw3AlnaLSicAUA6mTheHOFUrKZkt/5LRrnVqre99tPLbGaTOpRkFAQ7+8lkqbz/Was17Ub6t4R3Af1cJYzrb/j9wU/euSfVOynspm5S57IA8XcAlXYMMtVKAODvSAgYAP+IQvYpIGcUj7L5ojWecc1iCjH1nVbsg=</latexit>

ÂB

<latexit sha1_base64="zDpBL28OGMi93XwHrm/Hm7cqEvI=">AAABoXicZY9LT8JAFIXv4AvrC3XphtiNK9IaIi4xhAQWYOVtKCHT6ZVMmLaTzmBsGnb+Arf6x/w3gnaDfKuTc89JzvWk4Epb1jfJ7ezu7R/kD42j45PTs8L5xUBFi5hhn0UiikceVSh4iH3NtcCRjJEGnsChN6+t78NXjBWPwp5OJE4COgv5C2dUr6yRq7nwsTicFkyrZP1S3BZ2JkzIcKaFd9eP2CLAUDNBlRrbltSTlMaaM4FLw3AlnaHSicAUA6mTpeEuFErK5it/7HTq3Xq799BrPrYnaSupRUFAQ7+8kUpbz426s1nUb+t4V3Af1dJYzbb/j9wWg9uSfVeynspm9T57IA9XcA03YEMFqtAAB/rAQMAHfMIXMUmTOKTzF82RrHMJG5DxD3NDbt0=</latexit>

ÊW

<latexit sha1_base64="6P17LDzbKz1En68i8O2a6yot3a8=">AAABoXicZY9LT8JAFIXv4AvrC3XphtiNK9Iaoi5RQgILsPI2lJDp9EomTNtJZzA2DTt/gVv9Y/4bQbtBvtXJueck53pScKUt65vktrZ3dvfy+8bB4dHxSeH0rK+iecywxyIRxUOPKhQ8xJ7mWuBQxkgDT+DAm1VX98ErxopHYVcnEscBnYb8hTOql9bQ1Vz4WHyYFEyrZP1S3BR2JkzIcCaFd9eP2DzAUDNBlRrZltTjlMaaM4ELw3AlnaLSicAUA6mTheHOFUrKZkt/5LRrnVqre99tPLbGaTOpRkFAQ7+8lkqbz/Was17Ub6t4R3Af1cJYzrb/j9wU/euSfVOynspm5S57IA8XcAlXYMMtVKAODvSAgYAP+IQvYpIGcUj7L5ojWecc1iCjH1nVbsg=</latexit>

ÂB

<latexit sha1_base64="Ov/DBErbismy6Z5jBtjJP4Mg++s=">AAABoXicZY9LT8JAFIXv4AvrC3XphtiNK9IaIi4xhAQWYOVtKCHT6ZVMmLaTzmBsGnb+Arf6x/w3gnaDfKuTc89JzvWk4Epb1jfJ7ezu7R/kD42j45PTs8L5xUBFi5hhn0UiikceVSh4iH3NtcCRjJEGnsChN6+t78NXjBWPwp5OJE4COgv5C2dUr6yRq7nwsSimBdMqWb8Ut4WdCRMynGnh3fUjtggw1ExQpca2JfUkpbHmTODSMFxJZ6h0IjDFQOpkabgLhZKy+cofO516t97uPfSaj+1J2kpqURDQ0C9vpNLWc6PubBb12zreFdxHtTRWs+3/I7fF4LZk35Wsp7JZvc8eyMMVXMMN2FCBKjTAgT4wEPABn/BFTNIkDun8RXMk61zCBmT8A4yxbvI=</latexit>

Âl

<latexit sha1_base64="tNR2NqXXgl9G9k+KTVt0Y/kIwZE="></latexit>

ÊW +ÊW 0 æ (l+‹ ÂB)(l≠l+ ÂB) = 3¸ +�ET

ÂlÂlú æ (l≠ ÂB)(l+ ÂB) = 2¸ +�ET

<latexit sha1_base64="vRteDhVdPN7ToT9XjdfjpFINswM=">AAABrnicZY9LT8JAFIVv8YX1VWXphsjGhSGtIeoSQ5rgAqzyNLRpptMrTpg+0pkam4ad/8Ot/iT/jaDdIGf15dxzknO9mDMhdf1bKW1sbm3vlHfVvf2DwyPt+GQoojShOKARj5KxRwRyFuJAMslxHCdIAo/jyJu1lvfRKyaCRWFfZjE6AZmG7JlRIheWq1VsybiPVX5RgB2mrlbT6/qvqutgFFCDQparvdt+RNMAQ0k5EWJi6LF0cpJIRjnOVdWOyRSFzDjmGMQym6t2KjAmdLbwJ9aj2TO7/dv+3X3XyTtZKwoCEvqNlVTeeWqb1mpRvi3jPc58FHN1Mdv4P3Idhpd146quPzRqzZvigTKcwhmcgwHX0IQ2WDAAChl8wCd8KboyVBzF/YuWlKJTgRUpLz+SoHOK</latexit>

Âl, Â‹

<latexit sha1_base64="klt4qVcdEpcGLugofkF85bevLUE=">AAABonicZY9LT8JAFIVv8YX1hbp0Y8SFC0NaQ9QlhpCgCVjkHYpkOlzJhJl20pkam4ad/8Ct/jD/jaDdIN/q5NxzknM9yZnSlvVtZNbWNza3stvmzu7e/kHu8Kijgiik2KYBD8KeRxRy5mNbM82xJ0MkwuPY9ablxb37iqFigd/SscShIBOfvTBK9Nzq82dXikvXj0a5vFWwfjldFXYq8pDijHLv7jigkUBfU06UGtiW1MOEhJpRjjPTdCWZoNIxxwSF1PHMdCOFktDp3B84T5Vmpd66a90/1odJLS4HQhB/XFxKJbV+teIsF/XbIt7kbIxqZs5n2/9HrorOVcG+LliNYr50mz6QhRM4gwuw4QZKUAUH2kBBwAd8wpdxbjwYDaP5F80YaecYljDcH0B1b3A=</latexit>

l±, ‹

<latexit sha1_base64="sPMZlD4jlPH7f7Mj+iGz6sJwzAQ=">AAABonicZY9LT8JAFIVv8YX1hbp0Y8SFC0NaQ9QlhpCgCVjkHYpkOlzJhJl20pkam4ad/8Ct/jD/jaDdIN/q5NxzknM9yZnSlvVtZNbWNza3stvmzu7e/kHu8Kijgiik2KYBD8KeRxRy5mNbM82xJ0MkwuPY9ablxb37iqFigd/SscShIBOfvTBK9Nzq82dXyEvXj0a5vFWwfjldFXYq8pDijHLv7jigkUBfU06UGtiW1MOEhJpRjjPTdCWZoNIxxwSF1PHMdCOFktDp3B84T5Vmpd66a90/1odJLS4HQhB/XFxKJbV+teIsF/XbIt7kbIxqZs5n2/9HrorOVcG+LliNYr50mz6QhRM4gwuw4QZKUAUH2kBBwAd8wpdxbjwYDaP5F80YaecYljDcH0Byb3A=</latexit>

lû, ‹
<latexit sha1_base64="LyC7PHSyfwkyC4mB2n8rhcbt7Kk=">AAABonicZY9LT8JAFIVvfWJ9oS7dGHHhgpDWEHWJISRoAhZ5S5FMhytOmGknncHYNOz8B271h/lvBO0G+VYn556TnOtJzpS2rG9jZXVtfWMztWVu7+zu7acPDlsqmIQUmzTgQdjxiELOfGxqpjl2ZIhEeBzb3rg4v7dfMVQs8Bs6ktgXZOSzZ0aJnlnd9pMrRfYl+zhIZ6yc9cvJsrATkYEEZ5B+d4cBnQj0NeVEqZ5tSd2PSagZ5Tg1TVeSESodcYxRSB1NTXeiUBI6nvk956FUL1UbN43b+2o/rkTFQAjiD/MLqbjSLZecxaJ+m8frnA1RTc3ZbPv/yGXRusjZlzmrls8UrpMHUnAMp3AONlxBAcrgQBMoCPiAT/gyzow7o2bU/6IrRtI5ggUM9wfEEG8K</latexit>

W ±, h, Z

<latexit sha1_base64="klt4qVcdEpcGLugofkF85bevLUE=">AAABonicZY9LT8JAFIVv8YX1hbp0Y8SFC0NaQ9QlhpCgCVjkHYpkOlzJhJl20pkam4ad/8Ct/jD/jaDdIN/q5NxzknM9yZnSlvVtZNbWNza3stvmzu7e/kHu8Kijgiik2KYBD8KeRxRy5mNbM82xJ0MkwuPY9ablxb37iqFigd/SscShIBOfvTBK9Nzq82dXikvXj0a5vFWwfjldFXYq8pDijHLv7jigkUBfU06UGtiW1MOEhJpRjjPTdCWZoNIxxwSF1PHMdCOFktDp3B84T5Vmpd66a90/1odJLS4HQhB/XFxKJbV+teIsF/XbIt7kbIxqZs5n2/9HrorOVcG+LliNYr50mz6QhRM4gwuw4QZKUAUH2kBBwAd8wpdxbjwYDaP5F80YaecYljDcH0B1b3A=</latexit>

l±, ‹

<latexit sha1_base64="70Etw+9fKEEfhaUgs0SZnhRtNSU=">AAAB2XicZY/LSsNAFIYnXmu8RV26KRakIpREirqSainURWu0V01qmSTHOnRyITOVhpCC4ELc+go+jVvd+Da2Giq1/+rjv8A5hkcJ47L8JczMzs0vLCaWxOWV1bV1aWOzztyeb0LNdKnrNw3MgBIHapxwCk3PB2wbFBpGNz/KGw/gM+I6VR540LJxxyF3xMR8aLWlk12dE2pBsnG7PyZZ5276zzjbS2s3Ooc+DweuP4juW+OgLaXkjPyj5DQoMaRQLLUtPemWa/ZscLhJMWOaInu8FWKfE5NCJIq6hzvAeEAhBNvjQSTqPQYeNrtDX1OvCpVCuXpaPb8ot8JSkHdtGztWdqIVlq6LBXVyyPujeoUSC1gkDs9W/h85DfWDjHKYkS+zqdxx/EACbaMdlEYKOkI5VEQqqiETvaF39IE+BU14FJ6Fl9/qjBBvttCEhNdvIpqEHQ==</latexit>

ÊW +ÊW 0 æ (W + ÂB)([Z Q` h] ÂB)
[no need to rely on slepton production]
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LHC Run 2 results on NON-colored SUSY searches ATLAS, SUSY March 2019 Summary Plot
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(They usually assume .)
<latexit sha1_base64="2DSpk39AZJwZHskR0h4FcccaJ8I=">AAAB3nicZY87TwJBFIVn8YXrC7W0IUJhgiGzxKglhpBgAa7yNCyss7NXnDD7cGcgEkJn7Iytf8FfYyv/RpAtBE51cu53knMtnzMhMR4rkZXVtfWN6Ka6tb2zuxfbP6gJrxdQqFKPe0HDIgI4c6EqmeTQ8AMgjsWhbnVz03u9D4FgnluRAx9aDum47JFRIieRGcslDcm4DQZ9YmamjQ147rH+LIvX2zh5Gv9PaO3UApFKqmYsgdP4T/Flo4UmgULpZuzVsD3ac8CVlBMhmhr2ZWtIAskoh5GqGj7pgJADDkNwfDkYqUZPgE9od5I39bt8OV+qXFWub0qtYXGQ8xyHuPbZHDUs3hfy+nxRvkzxMmc2iNF0trY4ctnUMmntPI1vM4nsZfhAFB2hY3SCNHSBsqiAdFRFFH2hb/SDxsqD8qa8Kx8zNKKEnUM0J+XzF8yLhXw=</latexit>

Â‰0
2 © ÊW 0- Â‰+

1 © ÊW +

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SUSY/


100 200 300 400 500 600 700 800
 ) [GeV]0

2c
~, ±

1c
~m( 

0

50

100

150

200

250

300

350

400

 ) 
[G

eV
]

0 1c~
m

( 

Expected limits
Observed limits

WW      2l
arXiv:1403.5294

arXiv:1908.08215

  via -
1c
~ +1c

~

WZ       2l, 3l
arXiv:1806.02293

arXiv:1911.12606

ATLAS-CONF-2020-015

, 3lggWh  lbb, 
arXiv:2004.10894

arxiv:1909.09226

ATLAS-CONF-2020-015

  via0
2c
~ ±1c

~

All limits at 95% CL PreliminaryATLAS -1=8,13 TeV, 20.3-139 fbs May 2020

 ) ]
2
0c~, 

1
±c~ ) + m( 

1
0c~ [ m( 2

1 ) = n~/ Lt
~/ Ll

~m( 

 )0
1c~

 ) 
= 

m( 

0
2c~

m( 

 ) 
+ 

m( Z
 )

0
1c~

 ) 
= 

m( 

0
2c~

m( 

 ) 
+ 

m( h
 )

0
1c~

 ) 
= 

m( 

0
2c~

m( 

Sho Iwamoto / SUSY Phenomenology at the LHC          ELFT Winter School, 2 Feb. 2021 / 7261

LHC Run 2 results on NON-colored SUSY searches ATLAS, SUSY July 2020 Summary Plot Update
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n Wino > sleptons > Higgsino

n Higgsino LSP

n Wino > Higgsino > sleptons

Sho Iwamoto / SUSY Phenomenology at the LHC          ELFT Winter School, 2 Feb. 2021 / 7263

Story can, of course, be complicated....
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1) Introduction
Ø What is SUSY?
Ø Why SUSY?

... DM, GUT, Natural, (g–2)μ

2) LHC
Ø Review of SUSY searches 

3) (g–2)μ-SUSY vs LHC
Ø in depth 1: Theory 
Ø in depth 2: LHC
Ø Fight!
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Plan for this 120 min.
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The "Wino (WHL)-dominant scenario" has five important parameters.

[W]

[W]
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slepton mass

n The relevant parameters:               à our simplification:

and we draw on
-mass plane.
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<latexit sha1_base64="OyqGVwD98jRy9scxXTkori8n/6o=">AAABtnicZY9LT8JAFIVvfWJ9VV2yIbJx1bSEKBsTDCHBBVjlaSg2w3AlDdN20pkamqYLE/+LW/05/hsBu0G+1cm55yTnjjlzhTSMH2Vre2d3bz93oB4eHZ+camfnPRFEIcUuDVgQDsZEIHN97EpXMhzwEIk3Ztgfz2rLe/8NQ+EGfkfGHEcemfruq0uJXFiOlre96NbUjaZTsiXOZVIIwkJaWhmOVjR0Y0VhU5iZKEKG5Wgf9iSgkYe+pIwIMTQNLkcJCaVLGaaqanMyRSFjhgl6XMapakcCOaGzhT+0nurteqtz17l/aI2SZlwLPI/4k/JaKmk+N+rWelHOl/E2cycoUnUx2/w/clP0Srp5rRuP5WK1kj2QgzxcwhWYcANVaIAFXaDwDp/wBd9KRXlRUJn+RbeUrHMBayj8F+GbdXc=</latexit>

µ = 1.0M2 Q` 2.0M2

(lighter chargino, left-handed slepton)
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[A] LSP = 100GeV bino,  Higgsino is heavier. Large wino XS helps LHC searches.

<latexit sha1_base64="zDpBL28OGMi93XwHrm/Hm7cqEvI=">AAABoXicZY9LT8JAFIXv4AvrC3XphtiNK9IaIi4xhAQWYOVtKCHT6ZVMmLaTzmBsGnb+Arf6x/w3gnaDfKuTc89JzvWk4Epb1jfJ7ezu7R/kD42j45PTs8L5xUBFi5hhn0UiikceVSh4iH3NtcCRjJEGnsChN6+t78NXjBWPwp5OJE4COgv5C2dUr6yRq7nwsTicFkyrZP1S3BZ2JkzIcKaFd9eP2CLAUDNBlRrbltSTlMaaM4FLw3AlnaHSicAUA6mTpeEuFErK5it/7HTq3Xq799BrPrYnaSupRUFAQ7+8kUpbz426s1nUb+t4V3Af1dJYzbb/j9wWg9uSfVeynspm9T57IA9XcA03YEMFqtAAB/rAQMAHfMIXMUmTOKTzF82RrHMJG5DxD3NDbt0=</latexit>

ÊW

<latexit sha1_base64="6P17LDzbKz1En68i8O2a6yot3a8=">AAABoXicZY9LT8JAFIXv4AvrC3XphtiNK9Iaoi5RQgILsPI2lJDp9EomTNtJZzA2DTt/gVv9Y/4bQbtBvtXJueck53pScKUt65vktrZ3dvfy+8bB4dHxSeH0rK+iecywxyIRxUOPKhQ8xJ7mWuBQxkgDT+DAm1VX98ErxopHYVcnEscBnYb8hTOql9bQ1Vz4WHyYFEyrZP1S3BR2JkzIcCaFd9eP2DzAUDNBlRrZltTjlMaaM4ELw3AlnaLSicAUA6mTheHOFUrKZkt/5LRrnVqre99tPLbGaTOpRkFAQ7+8lkqbz/Was17Ub6t4R3Af1cJYzrb/j9wU/euSfVOynspm5S57IA8XcAlXYMMtVKAODvSAgYAP+IQvYpIGcUj7L5ojWecc1iCjH1nVbsg=</latexit>

ÂB

<latexit sha1_base64="lxz1Cf90K8Tc2ZwSdaJtW4GPHkw=">AAABoXicZY9LT8JAFIXv4AvrC3XphtiNK9IaIi4xhAQWYOVtKCHT6ZVMmLaTzmBsGnb+Arf6x/w3gnaDfKuTc89JzvWk4Epb1jfJ7ezu7R/kD42j45PTs8L5xUBFi5hhn0UiikceVSh4iH3NtcCRjJEGnsChN6+t78NXjBWPwp5OJE4COgv5C2dUr6yRq7nwsdiYFkyrZP1S3BZ2JkzIcKaFd9eP2CLAUDNBlRrbltSTlMaaM4FLw3AlnaHSicAUA6mTpeEuFErK5it/7HTq3Xq799BrPrYnaSupRUFAQ7+8kUpbz426s1nUb+t4V3Af1dJYzbb/j9wWg9uSfVeynspm9T57IA9XcA03YEMFqtAAB/rAQMAHfMIXMUmTOKTzF82RrHMJG5DxD2EZbs4=</latexit>

ÂH

<latexit sha1_base64="TbtdZ+ktCDr3HKSd1n3XEOqesg8=">AAABtHicZU/LTsJAFL3FF9ZX1ZVxQ2TjgpDWEHSJISSYCFZ5GoaQ6fRKJkwf6Qxq0xA3/opb/R7/RtBukLM699xzknOcUHCpTPNby6ytb2xuZbf1nd29/QPj8Kgrg2nEsMMCEUR9h0oU3MeO4kpgP4yQeo7AnjOpLv69Z4wkD/y2ikMcenTs8yfOqJpLI+OEKC5czAnykrstkEJ6En86MvJm0fxFbpVYKclDCntkvBM3YFMPfc UElXJgmaEaJjRSnAmc6ToJ6RiligUm6IUqnulkKjGkbDLXB/ZDrVVrtq/bN3fNYdKIq4HnUd8tLbmSxmO9Zi8H1evC3hLcRTnT57Wt/yVXSfeiaJWL5n0pX7lKB2ThFM7gHCy4hArUwYYOMHiDD/iEL62sEY1p+GfNaGnmGJag+T/BMHWN</latexit>

ÂlL, Â‹

<latexit sha1_base64="zDpBL28OGMi93XwHrm/Hm7cqEvI=">AAABoXicZY9LT8JAFIXv4AvrC3XphtiNK9IaIi4xhAQWYOVtKCHT6ZVMmLaTzmBsGnb+Arf6x/w3gnaDfKuTc89JzvWk4Epb1jfJ7ezu7R/kD42j45PTs8L5xUBFi5hhn0UiikceVSh4iH3NtcCRjJEGnsChN6+t78NXjBWPwp5OJE4COgv5C2dUr6yRq7nwsTicFkyrZP1S3BZ2JkzIcKaFd9eP2CLAUDNBlRrbltSTlMaaM4FLw3AlnaHSicAUA6mTpeEuFErK5it/7HTq3Xq799BrPrYnaSupRUFAQ7+8kUpbz426s1nUb+t4V3Af1dJYzbb/j9wWg9uSfVeynspm9T57IA9XcA03YEMFqtAAB/rAQMAHfMIXMUmTOKTzF82RrHMJG5DxD3NDbt0=</latexit>

ÊW

<latexit sha1_base64="6P17LDzbKz1En68i8O2a6yot3a8=">AAABoXicZY9LT8JAFIXv4AvrC3XphtiNK9Iaoi5RQgILsPI2lJDp9EomTNtJZzA2DTt/gVv9Y/4bQbtBvtXJueck53pScKUt65vktrZ3dvfy+8bB4dHxSeH0rK+iecywxyIRxUOPKhQ8xJ7mWuBQxkgDT+DAm1VX98ErxopHYVcnEscBnYb8hTOql9bQ1Vz4WHyYFEyrZP1S3BR2JkzIcCaFd9eP2DzAUDNBlRrZltTjlMaaM4ELw3AlnaLSicAUA6mTheHOFUrKZkt/5LRrnVqre99tPLbGaTOpRkFAQ7+8lkqbz/Was17Ub6t4R3Af1cJYzrb/j9wU/euSfVOynspm5S57IA8XcAlXYMMtVKAODvSAgYAP+IQvYpIGcUj7L5ojWecc1iCjH1nVbsg=</latexit>

ÂB

<latexit sha1_base64="lxz1Cf90K8Tc2ZwSdaJtW4GPHkw=">AAABoXicZY9LT8JAFIXv4AvrC3XphtiNK9IaIi4xhAQWYOVtKCHT6ZVMmLaTzmBsGnb+Arf6x/w3gnaDfKuTc89JzvWk4Epb1jfJ7ezu7R/kD42j45PTs8L5xUBFi5hhn0UiikceVSh4iH3NtcCRjJEGnsChN6+t78NXjBWPwp5OJE4COgv5C2dUr6yRq7nwsdiYFkyrZP1S3BZ2JkzIcKaFd9eP2CLAUDNBlRrbltSTlMaaM4FLw3AlnaHSicAUA6mTpeEuFErK5it/7HTq3Xq799BrPrYnaSupRUFAQ7+8kUpbz426s1nUb+t4V3Af1dJYzbb/j9wWg9uSfVeynspm9T57IA9XcA03YEMFqtAAB/rAQMAHfMIXMUmTOKTzF82RrHMJG5DxD2EZbs4=</latexit>

ÂH

<latexit sha1_base64="TbtdZ+ktCDr3HKSd1n3XEOqesg8=">AAABtHicZU/LTsJAFL3FF9ZX1ZVxQ2TjgpDWEHSJISSYCFZ5GoaQ6fRKJkwf6Qxq0xA3/opb/R7/RtBukLM699xzknOcUHCpTPNby6ytb2xuZbf1nd29/QPj8Kgrg2nEsMMCEUR9h0oU3MeO4kpgP4yQeo7AnjOpLv69Z4wkD/y2ikMcenTs8yfOqJpLI+OEKC5czAnykrstkEJ6En86MvJm0fxFbpVYKclDCntkvBM3YFMPfcUElXJgmaEaJjRSnAmc6ToJ6RiligUm6IUqnulkKjGkbDLXB/ZDrVVrtq/bN3fNYdKIq4HnUd8tLbmSxmO9Zi8H1evC3hLcRTnT57Wt/yVXSfeiaJWL5n0pX7lKB2ThFM7gHCy4hArUwYYOMHiDD/iEL62sEY1p+GfNaGnmGJag+T/BMHWN</latexit>

ÂlL, Â‹
<latexit sha1_base64="uVJAE+qbrihgjVImkOTYOnFPq8s=">AAABx3icZY/LTsJAGIWnXrHeqi7dNLIxwZBWibrEkCawAKuUi6FIptNfMmF6SWdAmqYLE5/Ap3Grb+HbCNqYIGf15fznJOd3Qka50LQvaWV1bX1jM7clb+/s7u0rB4dtHowjAi0SsCDqOpgDoz60BBUMumEE2HMYdJxRZX7vTCDiNPAtEYfQ9/DQp0+UYDGzBsqZLShzQe08Fv5Is0WgXtjAWMEm2CfAEiO1n1VroOS1ovYjdRn0DPIokzlQXm03IGMPfEEY5ryna6HoJzgSlDBIZdkO8RC4iBkk4IUiTmV7zCHEZDTze+a90TQa1o1Vu230k3pcCTwP+25pIZXUH6qGuVgU03m8yagLPJVns/X/I5ehfV7UL4vaXSlfvs4eyKFjdIJOkY6uUBlVkYlaiKA39I4+0KdUkwJpIk1/oytS1jlCC5JevgGTDH0O</latexit> ÊW

+ ÊW
0 æ 3¸ +�E T

<latexit sha1_base64="NBbdou6v4zFL9N5D4R5/UUuIXO4=">AAABxHicZY9LT8JAFIWnPrG+qi7dNLLRkJDWEHWJITW4AKsUiqFIhukVJ0wf6UzVpqkr9/4at/o7/DeCNibIWX0595zk3GHIKBea9iUtLC4tr6wW1uT1jc2tbWVnt8ODOCLQJgELou4Qc2DUh7aggkE3jAB7Qwb2cFyb3u1HiDgNfEskIfQ9PPLpPSVYTKyBcuQIylxQ7Tvtj0qOCNQHu+QQ7BNgqZE5T6o1UIpaWfuROg96DkWUyxwor44bkNgDXxCGOe/pWij6KY4EJQwyWXZCPAIuEgYpeKFIMtmJOYSYjCd+z7wxWkbTOrcur5r9tJHUAs/DvluZSaWN27phzhbF8zTeYtQFnsmT2fr/kfPQOS7rJ2XtulKsnuUPFNA+OkCHSEenqIrqyERtRNAbekcf6FO6kJjEpfg3uiDlnT00I+nlG7Mce+M=</latexit>

ÊW 0ÊW + æ hW +�ET
<latexit sha1_base64="i6Mp9MioWuXqgcVYR9velB2Vl/E=">AAABxHicZY9LT8JAFIWnPrG+qi7dNLLREElriLrEkBpcgFUKxVAkw/RKJkwf6UzVpqkr9/4at/o7/DeCNibIWX0595zk3GHIKBea9iUtLC4tr6wW1uT1jc2tbWVnt8ODOCLQJgELou4Qc2DUh7aggkE3jAB7Qwb2cFyb3u1HiDgNfEskIfQ9PPLpAyVYTKyBcuQIylxQ7fvSHx07IlBtu+QQ7BNgqZE5T6o1UIpaWfuROg96DkWUyxwor44bkNgDXxCGOe/pWij6KY4EJQwyWXZCPAIuEgYpeKFIMtmJOYSYjCd+z7w1WkbTurCurpv9tJHUAs/DvluZSaWNu7phzhbF8zTeYtQFnsmT2fr/kfPQOSnrp2XtplKsnucPFNA+OkCHSEdnqIrqyERtRNAbekcf6FO6lJjEpfg3uiDlnT00I+nlG5lje88=</latexit>

ÊW +ÊW ≠ æ WW +�ET

<latexit sha1_base64="YQZd5pAHXpC81oRgLDlyOOU+Wo4=">AAAB0HicZU/JTsJQFL3FCetUdemGyMZoQlqCwxJDmmAiiMyGInm8XskLr0P6HkrTNMbElb/g17jVL/BvBGWDnNW5Z0jO7fucCanr30piaXlldS25rm5sbm3vaLt7TeGNAooN6nEvaPeJQM5cbEgmObb9AInT59jqDwtTv/WIgWCeW5ehj12HDFz2wCiRE6mnnVqScRst5Nx6Sl3PX/fHlvSy0+vEosSlyCMznhj1npbWM/ovUovEmJE0zFDpaa+W7dGRg66knAjRMXRfdiMSSEY5xqpq+WSAQoYcI3R8GcaqNRLoEzqc6J1K1ayZ5fpl/eqm3I1KYcFzHOLaublUVLormpX5ohxP4zXObBSxOplt/B+5SJrZjHGW0W9z6fzF7IEkHMAhHIEB55CHIlSgARTe4QM+4UupKmPlWXn5iyaUWWcf5qC8/QCIBIF6</latexit>

Â̧L Â̧ú
L æ 2¸ +�ET

↑ Wino

Endo, Hamaguchi, Iwamoto, Kitahara [2001.11025]

https://arxiv.org/abs/2001.11025
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[B] LSP = (M2/2) bino,  Higgsino is heavier. Wino has large XS but is quasi-degenerate with Bino.

<latexit sha1_base64="uVJAE+qbrihgjVImkOTYOnFPq8s=">AAABx3icZY/LTsJAGIWnXrHeqi7dNLIxwZBWibrEkCawAKuUi6FIptNfMmF6SWdAmqYLE5/Ap3Grb+HbCNqYIGf15fznJOd3Qka50LQvaWV1bX1jM7clb+/s7u0rB4dtHowjAi0SsCDqOpgDoz60BBUMumEE2HMYdJxRZX7vTCDiNPAtEYfQ9/DQp0+UYDGzBsqZLShzQe08Fv5Is0WgXtjAWMEm2CfAEiO1n1VroOS1ovYjdRn0DPIokzlQXm03IGMPfEEY5ryna6HoJzgSlDBIZdkO8RC4iBkk4IUiTmV7zCHEZDTze+a90TQa1o1Vu230k3pcCTwP+25pIZXUH6qGuVgU03m8yagLPJVns/X/I5ehfV7UL4vaXSlfvs4eyKFjdIJOkY6uUBlVkYlaiKA39I4+0KdUkwJpIk1/oytS1jlCC5JevgGTDH0O</latexit> ÊW
+ ÊW

0 æ
3¸ +�E T

<latexit sha1_base64="YQZd5pAHXpC81oRgLDlyOOU+Wo4=">AAAB0HicZU/JTsJQFL3FCetUdemGyMZoQlqCwxJDmmAiiMyGInm8XskLr0P6HkrTNMbElb/g17jVL/BvBGWDnNW5Z0jO7fucCanr30piaXlldS25rm5sbm3vaLt7TeGNAooN6nEvaPeJQM5cbEgmObb9AInT59jqDwtTv/WIgWCeW5ehj12HDFz2wCiRE6mnnVqScRst5Nx6Sl3PX/fHlvSy0+vEosSlyCMznhj1npbWM/ovUovEmJE0zFDpaa+W7dGRg66knAjRMXRfdiMSSEY5xqpq+WSAQoYcI3R8GcaqNRLoEzqc6J1K1ayZ5fpl/eqm3I1KYcFzHOLaublUVLormpX5ohxP4zXObBSxOplt/B+5SJrZjHGW0W9z6fzF7IEkHMAhHIEB55CHIlSgARTe4QM+4UupKmPlWXn5iyaUWWcf5qC8/QCIBIF6</latexit> Â̧ L
Â̧ú L

æ
2¸

+ �E T
<latexit sha1_base64="zDpBL28OGMi93XwHrm/Hm7cqEvI=">AAABoXicZY9LT8JAFIXv4AvrC3XphtiNK9IaIi4xhAQWYOVtKCHT6ZVMmLaTzmBsGnb+Arf6x/w3gnaDfKuTc89JzvWk4Epb1jfJ7ezu7R/kD42j45PTs8L5xUBFi5hhn0UiikceVSh4iH3NtcCRjJEGnsChN6+t78NXjBWPwp5OJE4COgv5C2dUr6yRq7nwsTicFkyrZP1S3BZ2JkzIcKaFd9eP2CLAUDNBlRrbltSTlMaaM4FLw3AlnaHSicAUA6mTpeEuFErK5it/7HTq3Xq799BrPrYnaSupRUFAQ7+8kUpbz426s1nUb+t4V3Af1dJYzbb/j9wWg9uSfVeynspm9T57IA9XcA03YEMFqtAAB/rAQMAHfMIXMUmTOKTzF82RrHMJG5DxD3NDbt0=</latexit>

ÊW
<latexit sha1_base64="6P17LDzbKz1En68i8O2a6yot3a8=">AAABoXicZY9LT8JAFIXv4AvrC3XphtiNK9Iaoi5RQgILsPI2lJDp9EomTNtJZzA2DTt/gVv9Y/4bQbtBvtXJueck53pScKUt65vktrZ3dvfy+8bB4dHxSeH0rK+iecywxyIRxUOPKhQ8xJ7mWuBQxkgDT+DAm1VX98ErxopHYVcnEscBnYb8hTOql9bQ1Vz4WHyYFEyrZP1S3BR2JkzIcCaFd9eP2DzAUDNBlRrZltTjlMaaM4ELw3AlnaLSicAUA6mTheHOFUrKZkt/5LRrnVqre99tPLbGaTOpRkFAQ7+8lkqbz/Was17Ub6t4R3Af1cJYzrb/j9wU/euSfVOynspm5S57IA8XcAlXYMMtVKAODvSAgYAP+IQvYpIGcUj7L5ojWecc1iCjH1nVbsg=</latexit>

ÂB

<latexit sha1_base64="lxz1Cf90K8Tc2ZwSdaJtW4GPHkw=">AAABoXicZY9LT8JAFIXv4AvrC3XphtiNK9IaIi4xhAQWYOVtKCHT6ZVMmLaTzmBsGnb+Arf6x/w3gnaDfKuTc89JzvWk4Epb1jfJ7ezu7R/kD42j45PTs8L5xUBFi5hhn0UiikceVSh4iH3NtcCRjJEGnsChN6+t78NXjBWPwp5OJE4COgv5C2dUr6yRq7nwsdiYFkyrZP1S3BZ2JkzIcKaFd9eP2CLAUDNBlRrbltSTlMaaM4FLw3AlnaHSicAUA6mTpeEuFErK5it/7HTq3Xq799BrPrYnaSupRUFAQ7+8kUpbz426s1nUb+t4V3Af1dJYzbb/j9wWg9uSfVeynspm9T57IA9XcA03YEMFqtAAB/rAQMAHfMIXMUmTOKTzF82RrHMJG5DxD2EZbs4=</latexit>

ÂH

<latexit sha1_base64="TbtdZ+ktCDr3HKSd1n3XEOqesg8=">AAABtHicZU/LTsJAFL3FF9ZX1ZVxQ2TjgpDWEHSJISSYCFZ5GoaQ6fRKJkwf6Qxq0xA3/opb/R7/RtBukLM699xzknOcUHCpTPNby6ytb2xuZbf1nd29/QPj8Kgrg2nEsMMCEUR9h0oU3MeO4kpgP4yQeo7AnjOpLv69Z4wkD/y2ikMcenTs8yfOqJpLI+OEKC5czAnykrstkEJ6En86MvJm0fxFbpVYKclDCntkvBM3YFMPfc UElXJgmaEaJjRSnAmc6ToJ6RiligUm6IUqnulkKjGkbDLXB/ZDrVVrtq/bN3fNYdKIq4HnUd8tLbmSxmO9Zi8H1evC3hLcRTnT57Wt/yVXSfeiaJWL5n0pX7lKB2ThFM7gHCy4hArUwYYOMHiDD/iEL62sEY1p+GfNaGnmGJag+T/BMHWN</latexit>

ÂlL, Â‹

<latexit sha1_base64="zDpBL28OGMi93XwHrm/Hm7cqEvI=">AAABoXicZY9LT8JAFIXv4AvrC3XphtiNK9IaIi4xhAQWYOVtKCHT6ZVMmLaTzmBsGnb+Arf6x/w3gnaDfKuTc89JzvWk4Epb1jfJ7ezu7R/kD42j45PTs8L5xUBFi5hhn0UiikceVSh4iH3NtcCRjJEGnsChN6+t78NXjBWPwp5OJE4COgv5C2dUr6yRq7nwsTicFkyrZP1S3BZ2JkzIcKaFd9eP2CLAUDNBlRrbltSTlMaaM4FLw3AlnaHSicAUA6mTpeEuFErK5it/7HTq3Xq799BrPrYnaSupRUFAQ7+8kUpbz426s1nUb+t4V3Af1dJYzbb/j9wWg9uSfVeynspm9T57IA9XcA03YEMFqtAAB/rAQMAHfMIXMUmTOKTzF82RrHMJG5DxD3NDbt0=</latexit>

ÊW

<latexit sha1_base64="6P17LDzbKz1En68i8O2a6yot3a8=">AAABoXicZY9LT8JAFIXv4AvrC3XphtiNK9Iaoi5RQgILsPI2lJDp9EomTNtJZzA2DTt/gVv9Y/4bQbtBvtXJueck53pScKUt65vktrZ3dvfy+8bB4dHxSeH0rK+iecywxyIRxUOPKhQ8xJ7mWuBQxkgDT+DAm1VX98ErxopHYVcnEscBnYb8hTOql9bQ1Vz4WHyYFEyrZP1S3BR2JkzIcCaFd9eP2DzAUDNBlRrZltTjlMaaM4ELw3AlnaLSicAUA6mTheHOFUrKZkt/5LRrnVqre99tPLbGaTOpRkFAQ7+8lkqbz/Was17Ub6t4R3Af1cJYzrb/j9wU/euSfVOynspm5S57IA8XcAlXYMMtVKAODvSAgYAP+IQvYpIGcUj7L5ojWecc1iCjH1nVbsg=</latexit>

ÂB

<latexit sha1_base64="lxz1Cf90K8Tc2ZwSdaJtW4GPHkw=">AAABoXicZY9LT8JAFIXv4AvrC3XphtiNK9IaIi4xhAQWYOVtKCHT6ZVMmLaTzmBsGnb+Arf6x/w3gnaDfKuTc89JzvWk4Epb1jfJ7ezu7R/kD42j45PTs8L5xUBFi5hhn0UiikceVSh4iH3NtcCRjJEGnsChN6+t78NXjBWPwp5OJE4COgv5C2dUr6yRq7nwsdiYFkyrZP1S3BZ2JkzIcKaFd9eP2CLAUDNBlRrbltSTlMaaM4FLw3AlnaHSicAUA6mTpeEuFErK5it/7HTq3Xq799BrPrYnaSupRUFAQ7+8kUpbz426s1nUb+t4V3Af1dJYzbb/j9wWg9uSfVeynspm9T57IA9XcA03YEMFqtAAB/rAQMAHfMIXMUmTOKTzF82RrHMJG5DxD2EZbs4=</latexit>

ÂH

<latexit sha1_base64="TbtdZ+ktCDr3HKSd1n3XEOqesg8=">AAABtHicZU/LTsJAFL3FF9ZX1ZVxQ2TjgpDWEHSJISSYCFZ5GoaQ6fRKJkwf6Qxq0xA3/opb/R7/RtBukLM699xzknOcUHCpTPNby6ytb2xuZbf1nd29/QPj8Kgrg2nEsMMCEUR9h0oU3MeO4kpgP4yQeo7AnjOpLv69Z4wkD/y2ikMcenTs8yfOqJpLI+OEKC5czAnykrstkEJ6En86MvJm0fxFbpVYKclDCntkvBM3YFMPfcUElXJgmaEaJjRSnAmc6ToJ6RiligUm6IUqnulkKjGkbDLXB/ZDrVVrtq/bN3fNYdKIq4HnUd8tLbmSxmO9Zi8H1evC3hLcRTnT57Wt/yVXSfeiaJWL5n0pX7lKB2ThFM7gHCy4hArUwYYOMHiDD/iEL62sEY1p+GfNaGnmGJag+T/BMHWN</latexit>

ÂlL, Â‹

↑ Wino

Endo, Hamaguchi, Iwamoto, Kitahara [2001.11025]

https://arxiv.org/abs/2001.11025
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[C] LSP = 100GeV bino,  with Higgsino/Wino mixing. Smaller neutralino-chargino production XS.

<latexit sha1_base64="zDpBL28OGMi93XwHrm/Hm7cqEvI=">AAABoXicZY9LT8JAFIXv4AvrC3XphtiNK9IaIi4xhAQWYOVtKCHT6ZVMmLaTzmBsGnb+Arf6x/w3gnaDfKuTc89JzvWk4Epb1jfJ7ezu7R/kD42j45PTs8L5xUBFi5hhn0UiikceVSh4iH3NtcCRjJEGnsChN6+t78NXjBWPwp5OJE4COgv5C2dUr6yRq7nwsTicFkyrZP1S3BZ2JkzIcKaFd9eP2CLAUDNBlRrbltSTlMaaM4FLw3AlnaHSicAUA6mTpeEuFErK5it/7HTq3Xq799BrPrYnaSupRUFAQ7+8kUpbz426s1nUb+t4V3Af1dJYzbb/j9wWg9uSfVeynspm9T57IA9XcA03YEMFqtAAB/rAQMAHfMIXMUmTOKTzF82RrHMJG5DxD3NDbt0=</latexit>

ÊW

<latexit sha1_base64="6P17LDzbKz1En68i8O2a6yot3a8=">AAABoXicZY9LT8JAFIXv4AvrC3XphtiNK9Iaoi5RQgILsPI2lJDp9EomTNtJZzA2DTt/gVv9Y/4bQbtBvtXJueck53pScKUt65vktrZ3dvfy+8bB4dHxSeH0rK+iecywxyIRxUOPKhQ8xJ7mWuBQxkgDT+DAm1VX98ErxopHYVcnEscBnYb8hTOql9bQ1Vz4WHyYFEyrZP1S3BR2JkzIcCaFd9eP2DzAUDNBlRrZltTjlMaaM4ELw3AlnaLSicAUA6mTheHOFUrKZkt/5LRrnVqre99tPLbGaTOpRkFAQ7+8lkqbz/Was17Ub6t4R3Af1cJYzrb/j9wU/euSfVOynspm5S57IA8XcAlXYMMtVKAODvSAgYAP+IQvYpIGcUj7L5ojWecc1iCjH1nVbsg=</latexit>

ÂB

<latexit sha1_base64="lxz1Cf90K8Tc2ZwSdaJtW4GPHkw=">AAABoXicZY9LT8JAFIXv4AvrC3XphtiNK9IaIi4xhAQWYOVtKCHT6ZVMmLaTzmBsGnb+Arf6x/w3gnaDfKuTc89JzvWk4Epb1jfJ7ezu7R/kD42j45PTs8L5xUBFi5hhn0UiikceVSh4iH3NtcCRjJEGnsChN6+t78NXjBWPwp5OJE4COgv5C2dUr6yRq7nwsdiYFkyrZP1S3BZ2JkzIcKaFd9eP2CLAUDNBlRrbltSTlMaaM4FLw3AlnaHSicAUA6mTpeEuFErK5it/7HTq3Xq799BrPrYnaSupRUFAQ7+8kUpbz426s1nUb+t4V3Af1dJYzbb/j9wWg9uSfVeynspm9T57IA9XcA03YEMFqtAAB/rAQMAHfMIXMUmTOKTzF82RrHMJG5DxD2EZbs4=</latexit>

ÂH

<latexit sha1_base64="TbtdZ+ktCDr3HKSd1n3XEOqesg8=">AAABtHicZU/LTsJAFL3FF9ZX1ZVxQ2TjgpDWEHSJISSYCFZ5GoaQ6fRKJkwf6Qxq0xA3/opb/R7/RtBukLM699xzknOcUHCpTPNby6ytb2xuZbf1nd29/QPj8Kgrg2nEsMMCEUR9h0oU3MeO4kpgP4yQeo7AnjOpLv69Z4wkD/y2ikMcenTs8yfOqJpLI+OEKC5czAnykrstkEJ6En86MvJm0fxFbpVYKclDCntkvBM3YFMPfc UElXJgmaEaJjRSnAmc6ToJ6RiligUm6IUqnulkKjGkbDLXB/ZDrVVrtq/bN3fNYdKIq4HnUd8tLbmSxmO9Zi8H1evC3hLcRTnT57Wt/yVXSfeiaJWL5n0pX7lKB2ThFM7gHCy4hArUwYYOMHiDD/iEL62sEY1p+GfNaGnmGJag+T/BMHWN</latexit>

ÂlL, Â‹

<latexit sha1_base64="zDpBL28OGMi93XwHrm/Hm7cqEvI=">AAABoXicZY9LT8JAFIXv4AvrC3XphtiNK9IaIi4xhAQWYOVtKCHT6ZVMmLaTzmBsGnb+Arf6x/w3gnaDfKuTc89JzvWk4Epb1jfJ7ezu7R/kD42j45PTs8L5xUBFi5hhn0UiikceVSh4iH3NtcCRjJEGnsChN6+t78NXjBWPwp5OJE4COgv5C2dUr6yRq7nwsTicFkyrZP1S3BZ2JkzIcKaFd9eP2CLAUDNBlRrbltSTlMaaM4FLw3AlnaHSicAUA6mTpeEuFErK5it/7HTq3Xq799BrPrYnaSupRUFAQ7+8kUpbz426s1nUb+t4V3Af1dJYzbb/j9wWg9uSfVeynspm9T57IA9XcA03YEMFqtAAB/rAQMAHfMIXMUmTOKTzF82RrHMJG5DxD3NDbt0=</latexit>

ÊW

<latexit sha1_base64="6P17LDzbKz1En68i8O2a6yot3a8=">AAABoXicZY9LT8JAFIXv4AvrC3XphtiNK9Iaoi5RQgILsPI2lJDp9EomTNtJZzA2DTt/gVv9Y/4bQbtBvtXJueck53pScKUt65vktrZ3dvfy+8bB4dHxSeH0rK+iecywxyIRxUOPKhQ8xJ7mWuBQxkgDT+DAm1VX98ErxopHYVcnEscBnYb8hTOql9bQ1Vz4WHyYFEyrZP1S3BR2JkzIcCaFd9eP2DzAUDNBlRrZltTjlMaaM4ELw3AlnaLSicAUA6mTheHOFUrKZkt/5LRrnVqre99tPLbGaTOpRkFAQ7+8lkqbz/Was17Ub6t4R3Af1cJYzrb/j9wU/euSfVOynspm5S57IA8XcAlXYMMtVKAODvSAgYAP+IQvYpIGcUj7L5ojWecc1iCjH1nVbsg=</latexit>

ÂB

<latexit sha1_base64="lxz1Cf90K8Tc2ZwSdaJtW4GPHkw=">AAABoXicZY9LT8JAFIXv4AvrC3XphtiNK9IaIi4xhAQWYOVtKCHT6ZVMmLaTzmBsGnb+Arf6x/w3gnaDfKuTc89JzvWk4Epb1jfJ7ezu7R/kD42j45PTs8L5xUBFi5hhn0UiikceVSh4iH3NtcCRjJEGnsChN6+t78NXjBWPwp5OJE4COgv5C2dUr6yRq7nwsdiYFkyrZP1S3BZ2JkzIcKaFd9eP2CLAUDNBlRrbltSTlMaaM4FLw3AlnaHSicAUA6mTpeEuFErK5it/7HTq3Xq799BrPrYnaSupRUFAQ7+8kUpbz426s1nUb+t4V3Af1dJYzbb/j9wWg9uSfVeynspm9T57IA9XcA03YEMFqtAAB/rAQMAHfMIXMUmTOKTzF82RrHMJG5DxD2EZbs4=</latexit>

ÂH

<latexit sha1_base64="TbtdZ+ktCDr3HKSd1n3XEOqesg8=">AAABtHicZU/LTsJAFL3FF9ZX1ZVxQ2TjgpDWEHSJISSYCFZ5GoaQ6fRKJkwf6Qxq0xA3/opb/R7/RtBukLM699xzknOcUHCpTPNby6ytb2xuZbf1nd29/QPj8Kgrg2nEsMMCEUR9h0oU3MeO4kpgP4yQeo7AnjOpLv69Z4wkD/y2ikMcenTs8yfOqJpLI+OEKC5czAnykrstkEJ6En86MvJm0fxFbpVYKclDCntkvBM3YFMPfcUElXJgmaEaJjRSnAmc6ToJ6RiligUm6IUqnulkKjGkbDLXB/ZDrVVrtq/bN3fNYdKIq4HnUd8tLbmSxmO9Zi8H1evC3hLcRTnT57Wt/yVXSfeiaJWL5n0pX7lKB2ThFM7gHCy4hArUwYYOMHiDD/iEL62sEY1p+GfNaGnmGJag+T/BMHWN</latexit>

ÂlL, Â‹
<latexit sha1_base64="uVJAE+qbrihgjVImkOTYOnFPq8s=">AAABx3icZY/LTsJAGIWnXrHeqi7dNLIxwZBWibrEkCawAKuUi6FIptNfMmF6SWdAmqYLE5/Ap3Grb+HbCNqYIGf15fznJOd3Qka50LQvaWV1bX1jM7clb+/s7u0rB4dtHowjAi0SsCDqOpgDoz60BBUMumEE2HMYdJxRZX7vTCDiNPAtEYfQ9/DQp0+UYDGzBsqZLShzQe08Fv5Is0WgXtjAWMEm2CfAEiO1n1VroOS1ovYjdRn0DPIokzlQXm03IGMPfEEY5ryna6HoJzgSlDBIZdkO8RC4iBkk4IUiTmV7zCHEZDTze+a90TQa1o1Vu230k3pcCTwP+25pIZXUH6qGuVgU03m8yagLPJVns/X/I5ehfV7UL4vaXSlfvs4eyKFjdIJOkY6uUBlVkYlaiKA39I4+0KdUkwJpIk1/oytS1jlCC5JevgGTDH0O</latexit> ÊW

+ ÊW
0 æ 3¸ +�E T

<latexit sha1_base64="i6Mp9MioWuXqgcVYR9velB2Vl/E=">AAABxHicZY9LT8JAFIWnPrG+qi7dNLLREElriLrEkBpcgFUKxVAkw/RKJkwf6UzVpqkr9/4at/o7/DeCNibIWX0595zk3GHIKBea9iUtLC4tr6wW1uT1jc2tbWVnt8ODOCLQJgELou4Qc2DUh7aggkE3jAB7Qwb2cFyb3u1HiDgNfEskIfQ9PPLpAyVYTKyBcuQIylxQ7fvSHx07IlBtu+QQ7BNgqZE5T6o1UIpaWfuROg96DkWUyxwor44bkNgDXxCGOe/pWij6KY4EJQwyWXZCPAIuEgYpeKFIMtmJOYSYjCd+z7w1WkbTurCurpv9tJHUAs/DvluZSaWNu7phzhbF8zTeYtQFnsmT2fr/kfPQOSnrp2XtplKsnucPFNA+OkCHSEdnqIrqyERtRNAbekcf6FO6lJjEpfg3uiDlnT00I+nlG5lje88=</latexit>

ÊW +ÊW ≠ æ WW +�ET

<latexit sha1_base64="YQZd5pAHXpC81oRgLDlyOOU+Wo4=">AAAB0HicZU/JTsJQFL3FCetUdemGyMZoQlqCwxJDmmAiiMyGInm8XskLr0P6HkrTNMbElb/g17jVL/BvBGWDnNW5Z0jO7fucCanr30piaXlldS25rm5sbm3vaLt7TeGNAooN6nEvaPeJQM5cbEgmObb9AInT59jqDwtTv/WIgWCeW5ehj12HDFz2wCiRE6mnnVqScRst5Nx6Sl3PX/fHlvSy0+vEosSlyCMznhj1npbWM/ovUovEmJE0zFDpaa+W7dGRg66knAjRMXRfdiMSSEY5xqpq+WSAQoYcI3R8GcaqNRLoEzqc6J1K1ayZ5fpl/eqm3I1KYcFzHOLaublUVLormpX5ohxP4zXObBSxOplt/B+5SJrZjHGW0W9z6fzF7IEkHMAhHIEB55CHIlSgARTe4QM+4UupKmPlWXn5iyaUWWcf5qC8/QCIBIF6</latexit>

Â̧L Â̧ú
L æ 2¸ +�ET

↑ Wino/Higgsino mixed

Endo, Hamaguchi, Iwamoto, Kitahara [2001.11025]

https://arxiv.org/abs/2001.11025
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[D] LSP = (M2/2) bino,  with Higgsino/Wino mixing. Smaller neutralino-chargino production XS.

<latexit sha1_base64="uVJAE+qbrihgjVImkOTYOnFPq8s=">AAABx3icZY/LTsJAGIWnXrHeqi7dNLIxwZBWibrEkCawAKuUi6FIptNfMmF6SWdAmqYLE5/Ap3Grb+HbCNqYIGf15fznJOd3Qka50LQvaWV1bX1jM7clb+/s7u0rB4dtHowjAi0SsCDqOpgDoz60BBUMumEE2HMYdJxRZX7vTCDiNPAtEYfQ9/DQp0+UYDGzBsqZLShzQe08Fv5Is0WgXtjAWMEm2CfAEiO1n1VroOS1ovYjdRn0DPIokzlQXm03IGMPfEEY5ryna6HoJzgSlDBIZdkO8RC4iBkk4IUiTmV7zCHEZDTze+a90TQa1o1Vu230k3pcCTwP+25pIZXUH6qGuVgU03m8yagLPJVns/X/I5ehfV7UL4vaXSlfvs4eyKFjdIJOkY6uUBlVkYlaiKA39I4+0KdUkwJpIk1/oytS1jlCC5JevgGTDH0O</latexit> ÊW
+ ÊW

0 æ
3¸ +�E T

<latexit sha1_base64="YQZd5pAHXpC81oRgLDlyOOU+Wo4=">AAAB0HicZU/JTsJQFL3FCetUdemGyMZoQlqCwxJDmmAiiMyGInm8XskLr0P6HkrTNMbElb/g17jVL/BvBGWDnNW5Z0jO7fucCanr30piaXlldS25rm5sbm3vaLt7TeGNAooN6nEvaPeJQM5cbEgmObb9AInT59jqDwtTv/WIgWCeW5ehj12HDFz2wCiRE6mnnVqScRst5Nx6Sl3PX/fHlvSy0+vEosSlyCMznhj1npbWM/ovUovEmJE0zFDpaa+W7dGRg66knAjRMXRfdiMSSEY5xqpq+WSAQoYcI3R8GcaqNRLoEzqc6J1K1ayZ5fpl/eqm3I1KYcFzHOLaublUVLormpX5ohxP4zXObBSxOplt/B+5SJrZjHGW0W9z6fzF7IEkHMAhHIEB55CHIlSgARTe4QM+4UupKmPlWXn5iyaUWWcf5qC8/QCIBIF6</latexit> Â̧ L
Â̧ú L

æ
2¸

+ �E T
<latexit sha1_base64="zDpBL28OGMi93XwHrm/Hm7cqEvI=">AAABoXicZY9LT8JAFIXv4AvrC3XphtiNK9IaIi4xhAQWYOVtKCHT6ZVMmLaTzmBsGnb+Arf6x/w3gnaDfKuTc89JzvWk4Epb1jfJ7ezu7R/kD42j45PTs8L5xUBFi5hhn0UiikceVSh4iH3NtcCRjJEGnsChN6+t78NXjBWPwp5OJE4COgv5C2dUr6yRq7nwsTicFkyrZP1S3BZ2JkzIcKaFd9eP2CLAUDNBlRrbltSTlMaaM4FLw3AlnaHSicAUA6mTpeEuFErK5it/7HTq3Xq799BrPrYnaSupRUFAQ7+8kUpbz426s1nUb+t4V3Af1dJYzbb/j9wWg9uSfVeynspm9T57IA9XcA03YEMFqtAAB/rAQMAHfMIXMUmTOKTzF82RrHMJG5DxD3NDbt0=</latexit>

ÊW
<latexit sha1_base64="6P17LDzbKz1En68i8O2a6yot3a8=">AAABoXicZY9LT8JAFIXv4AvrC3XphtiNK9Iaoi5RQgILsPI2lJDp9EomTNtJZzA2DTt/gVv9Y/4bQbtBvtXJueck53pScKUt65vktrZ3dvfy+8bB4dHxSeH0rK+iecywxyIRxUOPKhQ8xJ7mWuBQxkgDT+DAm1VX98ErxopHYVcnEscBnYb8hTOql9bQ1Vz4WHyYFEyrZP1S3BR2JkzIcCaFd9eP2DzAUDNBlRrZltTjlMaaM4ELw3AlnaLSicAUA6mTheHOFUrKZkt/5LRrnVqre99tPLbGaTOpRkFAQ7+8lkqbz/Was17Ub6t4R3Af1cJYzrb/j9wU/euSfVOynspm5S57IA8XcAlXYMMtVKAODvSAgYAP+IQvYpIGcUj7L5ojWecc1iCjH1nVbsg=</latexit>

ÂB

<latexit sha1_base64="TbtdZ+ktCDr3HKSd1n3XEOqesg8=">AAABtHicZU/LTsJAFL3FF9ZX1ZVxQ2TjgpDWEHSJISSYCFZ5GoaQ6fRKJkwf6Qxq0xA3/opb/R7/RtBukLM699xzknOcUHCpTPNby6ytb2xuZbf1nd29/QPj8Kgrg2nEsMMCEUR9h0oU3MeO4kpgP4yQeo7AnjOpLv69Z4wkD/y2ikMcenTs8yfOqJpLI+OEKC5czAnykrstkEJ6En86MvJm0fxFbpVYKclDCntkvBM3YFMPfc UElXJgmaEaJjRSnAmc6ToJ6RiligUm6IUqnulkKjGkbDLXB/ZDrVVrtq/bN3fNYdKIq4HnUd8tLbmSxmO9Zi8H1evC3hLcRTnT57Wt/yVXSfeiaJWL5n0pX7lKB2ThFM7gHCy4hArUwYYOMHiDD/iEL62sEY1p+GfNaGnmGJag+T/BMHWN</latexit>

ÂlL, Â‹

<latexit sha1_base64="zDpBL28OGMi93XwHrm/Hm7cqEvI=">AAABoXicZY9LT8JAFIXv4AvrC3XphtiNK9IaIi4xhAQWYOVtKCHT6ZVMmLaTzmBsGnb+Arf6x/w3gnaDfKuTc89JzvWk4Epb1jfJ7ezu7R/kD42j45PTs8L5xUBFi5hhn0UiikceVSh4iH3NtcCRjJEGnsChN6+t78NXjBWPwp5OJE4COgv5C2dUr6yRq7nwsTicFkyrZP1S3BZ2JkzIcKaFd9eP2CLAUDNBlRrbltSTlMaaM4FLw3AlnaHSicAUA6mTpeEuFErK5it/7HTq3Xq799BrPrYnaSupRUFAQ7+8kUpbz426s1nUb+t4V3Af1dJYzbb/j9wWg9uSfVeynspm9T57IA9XcA03YEMFqtAAB/rAQMAHfMIXMUmTOKTzF82RrHMJG5DxD3NDbt0=</latexit>

ÊW

<latexit sha1_base64="6P17LDzbKz1En68i8O2a6yot3a8=">AAABoXicZY9LT8JAFIXv4AvrC3XphtiNK9Iaoi5RQgILsPI2lJDp9EomTNtJZzA2DTt/gVv9Y/4bQbtBvtXJueck53pScKUt65vktrZ3dvfy+8bB4dHxSeH0rK+iecywxyIRxUOPKhQ8xJ7mWuBQxkgDT+DAm1VX98ErxopHYVcnEscBnYb8hTOql9bQ1Vz4WHyYFEyrZP1S3BR2JkzIcCaFd9eP2DzAUDNBlRrZltTjlMaaM4ELw3AlnaLSicAUA6mTheHOFUrKZkt/5LRrnVqre99tPLbGaTOpRkFAQ7+8lkqbz/Was17Ub6t4R3Af1cJYzrb/j9wU/euSfVOynspm5S57IA8XcAlXYMMtVKAODvSAgYAP+IQvYpIGcUj7L5ojWecc1iCjH1nVbsg=</latexit>

ÂB

<latexit sha1_base64="lxz1Cf90K8Tc2ZwSdaJtW4GPHkw=">AAABoXicZY9LT8JAFIXv4AvrC3XphtiNK9IaIi4xhAQWYOVtKCHT6ZVMmLaTzmBsGnb+Arf6x/w3gnaDfKuTc89JzvWk4Epb1jfJ7ezu7R/kD42j45PTs8L5xUBFi5hhn0UiikceVSh4iH3NtcCRjJEGnsChN6+t78NXjBWPwp5OJE4COgv5C2dUr6yRq7nwsdiYFkyrZP1S3BZ2JkzIcKaFd9eP2CLAUDNBlRrbltSTlMaaM4FLw3AlnaHSicAUA6mTpeEuFErK5it/7HTq3Xq799BrPrYnaSupRUFAQ7+8kUpbz426s1nUb+t4V3Af1dJYzbb/j9wWg9uSfVeynspm9T57IA9XcA03YEMFqtAAB/rAQMAHfMIXMUmTOKTzF82RrHMJG5DxD2EZbs4=</latexit>

ÂH

<latexit sha1_base64="TbtdZ+ktCDr3HKSd1n3XEOqesg8=">AAABtHicZU/LTsJAFL3FF9ZX1ZVxQ2TjgpDWEHSJISSYCFZ5GoaQ6fRKJkwf6Qxq0xA3/opb/R7/RtBukLM699xzknOcUHCpTPNby6ytb2xuZbf1nd29/QPj8Kgrg2nEsMMCEUR9h0oU3MeO4kpgP4yQeo7AnjOpLv69Z4wkD/y2ikMcenTs8yfOqJpLI+OEKC5czAnykrstkEJ6En86MvJm0fxFbpVYKclDCntkvBM3YFMPfcUElXJgmaEaJjRSnAmc6ToJ6RiligUm6IUqnulkKjGkbDLXB/ZDrVVrtq/bN3fNYdKIq4HnUd8tLbmSxmO9Zi8H1evC3hLcRTnT57Wt/yVXSfeiaJWL5n0pX7lKB2ThFM7gHCy4hArUwYYOMHiDD/iEL62sEY1p+GfNaGnmGJag+T/BMHWN</latexit>

ÂlL, Â‹

↑ Wino/Higgsino mixed

<latexit sha1_base64="lxz1Cf90K8Tc2ZwSdaJtW4GPHkw=">AAABoXicZY9LT8JAFIXv4AvrC3XphtiNK9IaIi4xhAQWYOVtKCHT6ZVMmLaTzmBsGnb+Arf6x/w3gnaDfKuTc89JzvWk4Epb1jfJ7ezu7R/kD42j45PTs8L5xUBFi5hhn0UiikceVSh4iH3NtcCRjJEGnsChN6+t78NXjBWPwp5OJE4COgv5C2dUr6yRq7nwsdiYFkyrZP1S3BZ2JkzIcKaFd9eP2CLAUDNBlRrbltSTlMaaM4FLw3AlnaHSicAUA6mTpeEuFErK5it/7HTq3Xq799BrPrYnaSupRUFAQ7+8kUpbz426s1nUb+t4V3Af1dJYzbb/j9wWg9uSfVeynspm9T57IA9XcA03YEMFqtAAB/rAQMAHfMIXMUmTOKTzF82RrHMJG5DxD2EZbs4=</latexit>

ÂH

Endo, Hamaguchi, Iwamoto, Kitahara [2001.11025]

https://arxiv.org/abs/2001.11025


n

à almost excluded
due to

n

à excluded only if
LSP is very light
&
Higgsino is heavy.
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Summary of the four figures.
<latexit sha1_base64="goJ2cGnebtRH6m0WsV7XxIWyDaE=">AAABsHicZY9LT8JAFIVv8YX1VTWu3BDZuCItIerKYAgJJoJVnoaSZjq9kpFpO+kMatOw84+41V/kvxG0G/Ssvpx7TnKuJziTyjS/tNzK6tr6Rn5T39re2d0z9g96MprGFLs04lE88IhEzkLsKqY4DkSMJPA49r1JbXHvP2MsWRR2VCJwFJBxyB4ZJWpuucaRoxj3sdC/zIA7L4Ub1yiaJfNHhf9gZVCETLZrvDl+RKcBhopyIuXQMoUapSRWjHKc6bojyBilSjimGAiVzHRnKlEQOpn7Q/u+3q63Oled69vWKG0mtSgISOhXllJp86FRt5eL6nURb3Pmo5zp89nW35H/oVcuWWcl865SrF5kD+ThGE7gFCw4hyo0wIYuUEjhHT7gUytrA83VyG80p2WdQ1iS9vQNaWR0Bw==</latexit>

ÊW > ÂlL

<latexit sha1_base64="uVJAE+qbrihgjVImkOTYOnFPq8s=">AAABx3icZY/LTsJAGIWnXrHeqi7dNLIxwZBWibrEkCawAKuUi6FIptNfMmF6SWdAmqYLE5/Ap3Grb+HbCNqYIGf15fznJOd3Qka50LQvaWV1bX1jM7clb+/s7u0rB4dtHowjAi0SsCDqOpgDoz60BBUMumEE2HMYdJxRZX7vTCDiNPAtEYfQ9/DQp0+UYDGzBsqZLShzQe08Fv5Is0WgXtjAWMEm2CfAEiO1n1VroOS1ovYjdRn0DPIokzlQXm03IGMPfEEY5ryna6HoJzgSlDBIZdkO8RC4iBkk4IUiTmV7zCHEZDTze+a90TQa1o1Vu230k3pcCTwP+25pIZXUH6qGuVgU03m8yagLPJVns/X/I5ehfV7UL4vaXSlfvs4eyKFjdIJOkY6uUBlVkYlaiKA39I4+0KdUkwJpIk1/oytS1jlCC5JevgGTDH0O</latexit>

ÊW +ÊW 0 æ 3¸ +�ET
<latexit sha1_base64="YQZd5pAHXpC81oRgLDlyOOU+Wo4=">AAAB0HicZU/JTsJQFL3FCetUdemGyMZoQlqCwxJDmmAiiMyGInm8XskLr0P6HkrTNMbElb/g17jVL/BvBGWDnNW5Z0jO7fucCanr30piaXlldS25rm5sbm3vaLt7TeGNAooN6nEvaPeJQM5cbEgmObb9AInT59jqDwtTv/WIgWCeW5ehj12HDFz2wCiRE6mnnVqScRst5Nx6Sl3PX/fHlvSy0+vEosSlyCMznhj1npbWM/ovUovEmJE0zFDpaa+W7dGRg66knAjRMXRfdiMSSEY5xqpq+WSAQoYcI3R8GcaqNRLoEzqc6J1K1ayZ5fpl/eqm3I1KYcFzHOLaublUVLormpX5ohxP4zXObBSxOplt/B+5SJrZjHGW0W9z6fzF7IEkHMAhHIEB55CHIlSgARTe4QM+4UupKmPlWXn5iyaUWWcf5qC8/QCIBIF6</latexit>

Â̧L Â̧ú
L æ 2¸ +�ET

<latexit sha1_base64="LViM2GUTf2LqJ1S3rJdJHVH+wNo=">AAABsHicZY9LT8JAFIVv8YX1VTWu3BDZuCItIerCBYaQYCJY5WkoaabTKxmZtpPOoDYNO/+IW/1F/htBu0HP6su55yTneoIzqUzzS8utrK6tb+Q39a3tnd09Y/+gJ6NpTLFLIx7FA49I5CzErmKK40DESAKPY9+b1Bb3/jPGkkVhRyUCRwEZh+yRUaLmlmscOYpxHwv9ywy481K4cY2iWTJ/VPgPVgZFyGS7xpvjR3QaYKgoJ1IOLVOoUUpixSjHma47goxRqoRjioFQyUx3phIFoZO5P7Tv6+16q3PVub5tjdJmUouCgIR+ZSmVNh8adXu5qF4X8TZnPsqZPp9t/R35H3rlknVWMu8qxepF9kAejuEETsGCc6hCA2zoAoUU3uEDPrWyNtBcjfxGc1rWOYQlaU/fZuB0BQ==</latexit>

ÊW < ÂlL

Endo, Hamaguchi, Iwamoto, Kitahara [2001.11025]
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https://arxiv.org/abs/2001.11025


n Problems in SM
Ø Neutrino mass = 0. → introduce νR.
Ø No dark matter.
Ø No gravity / dark energy.
Ø No inflation. →many models are proposed.
Ø No baryon asymmetry.
Ø Non-unification of 3 forces.
Ø Unnatural Higgs mass.

Ø Unnatural θQCD.                            → introduce axion?
Ø Discrepancies in expm:
• muon g−2 
• b→ s μ μ, R(D), R(D*), .....
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Summary (1/2)

(far above the collider energy)

→ SUSY + R-parity: stable neutralino LSP.

→MSSM

→ If scalar-top will be found below 1TeV...
(but only narrow region remains).

→ Non-colored SUSY particle may explain.
... but LHC constraints? [ànext page]



n

à almost excluded
due to

n

à excluded only if
LSP is very light
& Higgsino is heavy.

[most reasonable] [easiest to detect]
"Wino-contribution dominating scenario"
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Summary (2/2)
<latexit sha1_base64="goJ2cGnebtRH6m0WsV7XxIWyDaE=">AAABsHicZY9LT8JAFIVv8YX1VTWu3BDZuCItIerKYAgJJoJVnoaSZjq9kpFpO+kMatOw84+41V/kvxG0G/Ssvpx7TnKuJziTyjS/tNzK6tr6Rn5T39re2d0z9g96MprGFLs04lE88IhEzkLsKqY4DkSMJPA49r1JbXHvP2MsWRR2VCJwFJBxyB4ZJWpuucaRoxj3sdC/zIA7L4Ub1yiaJfNHhf9gZVCETLZrvDl+RKcBhopyIuXQMoUapSRWjHKc6bojyBilSjimGAiVzHRnKlEQOpn7Q/u+3q63Oled69vWKG0mtSgISOhXllJp86FRt5eL6nURb3Pmo5zp89nW35H/oVcuWWcl865SrF5kD+ThGE7gFCw4hyo0wIYuUEjhHT7gUytrA83VyG80p2WdQ1iS9vQNaWR0Bw==</latexit>

ÊW > ÂlL

<latexit sha1_base64="uVJAE+qbrihgjVImkOTYOnFPq8s=">AAABx3icZY/LTsJAGIWnXrHeqi7dNLIxwZBWibrEkCawAKuUi6FIptNfMmF6SWdAmqYLE5/Ap3Grb+HbCNqYIGf15fznJOd3Qka50LQvaWV1bX1jM7clb+/s7u0rB4dtHowjAi0SsCDqOpgDoz60BBUMumEE2HMYdJxRZX7vTCDiNPAtEYfQ9/DQp0+UYDGzBsqZLShzQe08Fv5Is0WgXtjAWMEm2CfAEiO1n1VroOS1ovYjdRn0DPIokzlQXm03IGMPfEEY5ryna6HoJzgSlDBIZdkO8RC4iBkk4IUiTmV7zCHEZDTze+a90TQa1o1Vu230k3pcCTwP+25pIZXUH6qGuVgU03m8yagLPJVns/X/I5ehfV7UL4vaXSlfvs4eyKFjdIJOkY6uUBlVkYlaiKA39I4+0KdUkwJpIk1/oytS1jlCC5JevgGTDH0O</latexit>

ÊW +ÊW 0 æ 3¸ +�ET
<latexit sha1_base64="YQZd5pAHXpC81oRgLDlyOOU+Wo4=">AAAB0HicZU/JTsJQFL3FCetUdemGyMZoQlqCwxJDmmAiiMyGInm8XskLr0P6HkrTNMbElb/g17jVL/BvBGWDnNW5Z0jO7fucCanr30piaXlldS25rm5sbm3vaLt7TeGNAooN6nEvaPeJQM5cbEgmObb9AInT59jqDwtTv/WIgWCeW5ehj12HDFz2wCiRE6mnnVqScRst5Nx6Sl3PX/fHlvSy0+vEosSlyCMznhj1npbWM/ovUovEmJE0zFDpaa+W7dGRg66knAjRMXRfdiMSSEY5xqpq+WSAQoYcI3R8GcaqNRLoEzqc6J1K1ayZ5fpl/eqm3I1KYcFzHOLaublUVLormpX5ohxP4zXObBSxOplt/B+5SJrZjHGW0W9z6fzF7IEkHMAhHIEB55CHIlSgARTe4QM+4UupKmPlWXn5iyaUWWcf5qC8/QCIBIF6</latexit>

Â̧L Â̧ú
L æ 2¸ +�ET

<latexit sha1_base64="LViM2GUTf2LqJ1S3rJdJHVH+wNo=">AAABsHicZY9LT8JAFIVv8YX1VTWu3BDZuCItIerCBYaQYCJY5WkoaabTKxmZtpPOoDYNO/+IW/1F/htBu0HP6su55yTneoIzqUzzS8utrK6tb+Q39a3tnd09Y/+gJ6NpTLFLIx7FA49I5CzErmKK40DESAKPY9+b1Bb3/jPGkkVhRyUCRwEZh+yRUaLmlmscOYpxHwv9ywy481K4cY2iWTJ/VPgPVgZFyGS7xpvjR3QaYKgoJ1IOLVOoUUpixSjHma47goxRqoRjioFQyUx3phIFoZO5P7Tv6+16q3PVub5tjdJmUouCgIR+ZSmVNh8adXu5qF4X8TZnPsqZPp9t/R35H3rlknVWMu8qxepF9kAejuEETsGCc6hCA2zoAoUU3uEDPrWyNtBcjfxGc1rWOYQlaU/fZuB0BQ==</latexit>

ÊW < ÂlL

Note! DM relic density not discussed here at all.
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Appendix) other models for Δaμ
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Ø MSSM: (coupling, mass) ~ (1, 200GeV)
Ø light Z' models: (coupling, mass) ~ (tiny, tiny)

/ 7274

Muon g−2 anomaly : Other possibilities
<latexit sha1_base64="/34VY0M0UkkD4ke90Fnei6gmTeA="></latexit>

aµ(2tTK) = (11 659 208.9 ± 6.3 ) ◊10≠10

aµ(aJ) = (11 659 181.0 ± 4.3 ) ◊10≠10

Z1. = (11 658 471.893 ± 0.010) ◊10≠10,

1q = ( 15.36 ± 0.10 ) ◊10≠10,

>oS = ( 684.5 ± 4.0 ) ◊10≠10,

>G#G = ( 9.2 ± 1.8 ) ◊10≠10.

<latexit sha1_base64="3hRCBYngwXt7Q3HDLsHDSncsFCA="></latexit>

�aµ =( 27.9 ± 7.6 ) ◊10≠10

<latexit sha1_base64="CXjkjWKOo9E5beu2kRFokI90PaQ=">AAAB/HicZY/LTsJAGIWneMN6q7p0Q2SDG9ISgi4xhAQXYJWroUiG4YdMmGmbzlQhTV35KO6MW1/BZ/Ah3OrWclmInNXJOd8/OdNzGRVS1z+V2Nr6xuZWfFvd2d3bP9AOjxrC8T0CdeIwx2v1sABGbahLKhm0XA8w7zFo9kaFad98AE9Qx67JiQsdjoc2HVCCZRR1NYy7FvfvA0vCWAYVMwwTlqA8YQ08TAI+KzNhYOQsl0ZmHs/hlA2PCeL40Ux7eBZOsT8Fx0LMwq6W1NP6TIlVYyxMEi1kdrVnq+8Qn4MtCYteaRu6KzsB9iQlDEJVtVw8BCEnDALgrpyEquULcDEZRXnbvC1Wi5XaZe3qutIJypOCwzm2+9klKijflYrm8qEcT/Eqo30QoRrNNv6PXDWNTNrIpfWbbDJ/sfhAHJ2gU5RCBjpHeVRCJqojgj7QF/pGP8qT8qK8Km9zNKYsbo7RkpT3X5OBlQY=</latexit>

aLS
µ ≥

m2
µ

16fi2
UM2r +QmTHBM;V2

UM2r K�bbV2

<latexit sha1_base64="O5eTOrOv+eIaN5NFoPQZmAxHMXU=">AAAByXicZU/LTsJAFL31ifVVdenGyMZV0xp8LDGEiDFglaehhAzDhUyYPuxMDbXpSj/Br3GrP+HfWLQb5KzOPfecm3MHPmdCGsa3srS8srq2nttQN7e2d3a1vf2W8MKAYpN63As6AyKQMxebkkmOHT9A4gw4tgeT0mzffsZAMM9tyMjHnkPGLhsxSmQq9TXdHgWExrbEqYwdIkSSZAP1wrSAO04SWzDHPDPsa2z1tbyhG784WiRmRvKQweprb/bQo6GDrqQ8Pd81DV/2YhJIRjkmqmr7ZIxCRhxjdHwZJaodCvQJnaR613oo18u1xlXj5q7Wi6tRyXMc4g4Lc664+lgpW/NBOZ3Z65wNUSRqWtv8X3KRtE5181w37gv54mX2QA4O4RhOwIQLKEIFLGgChXf4gE/4Um6VJ2WqvPxZl5QscwBzUF5/AEaAgG0=</latexit> K�bb
+QmTHBM; ≥ 150 GeV

U(1)Y "dark photon"
QL 1/6 (1/6)ε
UR 2/3 (2/3)ε
DR −1/3 (−1/3)ε
LL −1/2 (−1/2)ε
ER −1 (−1)ε
B ✓
A' ✓
H 1/2 (1/2)ε excluded (as a Δaμ solution)

BaBar [1702.03327]

<latexit sha1_base64="Wob12ObcwtqkSLWr3yTHzyaWRUM=">AAAByXicZU/LTsJAFJ36xPpCXbppZKGJ2rSGqEsIIcEYsMrTMECmw5VM6MvOQKgNK/0Ev8at/oR/46DdIGdzT8499+RcO3AYF4bxrSwtr6yurac21M2t7Z3d9N5+g/ujkEKd+o4ftmzCwWEe1AUTDrSCEIhrO9C0h4XZvjmGkDPfq4kogI5LBh57YpQIKfXSOnRPoXuOha/hAXFdouWPz7CGNTmliAVMRMy8MeNMRk576YyhG7/QFomZkAxKYPXSb7jv05ELnqAO4bxtGoHoxCQUjMo8VcUBGQAXkQMxuIGIpioecQgIHUq9bT0Uq8VKLV+7uat04nJU8GVFr5+dc8Xlx1LRmj8Uk5m96rA+8Kkqa5v/Sy6SxoVuXurGfTaTu04eSKFDdIROkImuUA6VkIXqiKJ39IE+0ZdyqzwrE+Xlz7qkJDcHaA7K6w9nAH2S</latexit>

e+e≠ æ “AÕ, AÕ æ BMpBbB#H2
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Ø MSSM: (coupling, mass) ~ (1, 200GeV)
Ø light Z' models: (coupling, mass) ~ (tiny, tiny)

/ 7275

Muon g−2 anomaly : Other possibilities
<latexit sha1_base64="/34VY0M0UkkD4ke90Fnei6gmTeA="></latexit>

aµ(2tTK) = (11 659 208.9 ± 6.3 ) ◊10≠10

aµ(aJ) = (11 659 181.0 ± 4.3 ) ◊10≠10

Z1. = (11 658 471.893 ± 0.010) ◊10≠10,

1q = ( 15.36 ± 0.10 ) ◊10≠10,

>oS = ( 684.5 ± 4.0 ) ◊10≠10,

>G#G = ( 9.2 ± 1.8 ) ◊10≠10.

<latexit sha1_base64="3hRCBYngwXt7Q3HDLsHDSncsFCA="></latexit>

�aµ =( 27.9 ± 7.6 ) ◊10≠10

<latexit sha1_base64="CXjkjWKOo9E5beu2kRFokI90PaQ=">AAAB/HicZY/LTsJAGIWneMN6q7p0Q2SDG9ISgi4xhAQXYJWroUiG4YdMmGmbzlQhTV35KO6MW1/BZ/Ah3OrWclmInNXJOd8/OdNzGRVS1z+V2Nr6xuZWfFvd2d3bP9AOjxrC8T0CdeIwx2v1sABGbahLKhm0XA8w7zFo9kaFad98AE9Qx67JiQsdjoc2HVCCZRR1NYy7FvfvA0vCWAYVMwwTlqA8YQ08TAI+KzNhYOQsl0ZmHs/hlA2PCeL40Ux7eBZOsT8Fx0LMwq6W1NP6TIlVYyxMEi1kdrVnq+8Qn4MtCYteaRu6KzsB9iQlDEJVtVw8BCEnDALgrpyEquULcDEZRXnbvC1Wi5XaZe3qutIJypOCwzm2+9klKijflYrm8qEcT/Eqo30QoRrNNv6PXDWNTNrIpfWbbDJ/sfhAHJ2gU5RCBjpHeVRCJqojgj7QF/pGP8qT8qK8Km9zNKYsbo7RkpT3X5OBlQY=</latexit>

aLS
µ ≥

m2
µ

16fi2
UM2r +QmTHBM;V2

UM2r K�bbV2

<latexit sha1_base64="O5eTOrOv+eIaN5NFoPQZmAxHMXU=">AAAByXicZU/LTsJAFL31ifVVdenGyMZV0xp8LDGEiDFglaehhAzDhUyYPuxMDbXpSj/Br3GrP+HfWLQb5KzOPfecm3MHPmdCGsa3srS8srq2nttQN7e2d3a1vf2W8MKAYpN63As6AyKQMxebkkmOHT9A4gw4tgeT0mzffsZAMM9tyMjHnkPGLhsxSmQq9TXdHgWExrbEqYwdIkSSZAP1wrSAO04SWzDHPDPsa2z1tbyhG784WiRmRvKQweprb/bQo6GDrqQ8Pd81DV/2YhJIRjkmqmr7ZIxCRhxjdHwZJaodCvQJnaR613oo18u1xlXj5q7Wi6tRyXMc4g4Lc664+lgpW/NBOZ3Z65wNUSRqWtv8X3KRtE5181w37gv54mX2QA4O4RhOwIQLKEIFLGgChXf4gE/4Um6VJ2WqvPxZl5QscwBzUF5/AEaAgG0=</latexit> K�bb
+QmTHBM; ≥ 150 GeV

U(1)Y "Lμ − Lτ"
QL 1/6 0
UR 2/3 0
DR −1/3 0
LL −1/2 0 ε −ε
ER −1 0 ε −ε
B ✓
Z' ✓
H 1/2 0 another valid solution

Gninenko, Krasnikov
[1801.10448]
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Appendix) Pure-Bino and BHL/R
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"Pure-bino" scenario: it has "μ-term enhancement."

Fa,Fb are loop functions and positive.

<latexit sha1_base64="nr0JgS/A7RdrKLwtj/lagYLjtNY=">AAABrnicZY9LT8JAFIVv8YX1VWXpxsjGFWkNUZcYQoILsMrT0IZMhytOmHYmnamxadj5P9zqT/LfCNoN8q1Ozj0nOTeQnClt299GYWNza3unuGvu7R8cHlnHJ30lkphijwou4mFAFHIWYU8zzXEoYyRhwHEQzOrL++AVY8VE1NWpRD8k04g9M0r0whpbJU/GQmrhhYmnSeQFqMnYKtsV+5ezdeHkogw57th69yaCJiFGmnKi1MixpfYzEmtGOc5N05NkikqnHDMMpU7nppcolITOFv7IfWx0Gu3ubffuvu1nrbQuwpBEk+pKKms9NRvualG/LeMdziao5uZitvN/5LroX1acq4r9UC3XbvIHinAK53ABDlxDDZrgQg8opPABn/Bl2Ebf8I3xX7Rg5J0SrGC8/ACs5XRs</latexit>

Ã µ tan —

[W]

[W]

[pure-B]

[BHR]

[BHL]

n "pure-Bino contribution": Bino and            must be 𝒪(100)GeV.
Ø Higgsino and Wino can be any heavy.

n à heavier Higgsino gives larger contribution.

<latexit sha1_base64="TMxja6wNDcn5o4HBF4UQaZvPVvA=">AAABuHicZU/LSsNQFDzxWeMr6lIEsRsXUhIpKq4qpVDB1ti3NKXe3BzLpTcPcm/UELLSn3GrX+Pf2GoW1s5qzpwZmLEDzoTU9S9lYXFpeWU1t6aub2xubWs7ux3hRyHFNvW5H/ZsIpAzD9uSSY69IETi2hy79rg8/XefMBTM91oyDnDgkpHHHhklciINtQNLMu6g5UbWc3KTnvw9G+lQy+sF/QeH88TISB4ymEPtzXJ8GrnoScqJEH1DD+QgIaFklGOqqlZARihkzDFBN5BxqlqRwIDQ8UTvm41Ks1JvXbWub+uDpBaXfdclnlOccSW1+2rFnA3Kl6m9yZmDIlUntY3/JedJ57RgnBX0u2K+dJENyME+HMExGHAOJaiCCW2g8Arv8AGfyqXyoIwU9mtdULLMHsxACb8BLml4sw==</latexit>

ÂµL, ÂµR
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"Pure-bino" scenario: it has "μ-term enhancement."

from

μ tanβ has upper bounds:

Endo, Hamaguchi, Kitahara, Yoshinaga [1309.3065]

Sho Iwamoto / SUSY Phenomenology at the LHC          ELFT Winter School, 2 Feb. 2021

https://arxiv.org/abs/1309.3065


n Higgsino > TeV à pure-Bino scenario.
Ø μ-enhancement v.s. vacuum stability
Ø DM: not considered here ("orthogonal")
• co-annihilation or resonance may work.

Ø LHC: only slepton pair-production
• small cross section:
• "di-lepton + missing" signature ... not easy.

/ 7279

"Pure-bino" scenario à Slepton production only is available; less constrained.
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0.47 (0.18) fb 7Q` 500 GeV Â̧L (Â̧R)
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"Pure-bino" scenario à Slepton production only is available; less constrained.

ATLAS [1908.08215] Endo, Hamaguchi, Kitahara, Yoshinaga [1309.3065]

Sho Iwamoto / SUSY Phenomenology at the LHC          ELFT Winter School, 2 Feb. 2021

https://arxiv.org/abs/1908.08215
https://arxiv.org/abs/1309.3065
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"BHR" scenario: negative μ-term; "BHL" scenario: nothing special.

[W]

[W]

[pu

[BHR]

[BHL]

Fa,Fb are loop functions and positive.

(Higgsino-mass parameter)

n "BHR contribution" (Bino, Higgsino,       must be 𝒪(100)GeV) 

Ø If μ-parameter < 0, this is the only viable contribution.

n "BHL contribution" (Bino, Higgsino,       must be 𝒪(100)GeV)

Ø nothing special.

n

<latexit sha1_base64="0KKii6ltPC3+SQl3t8zEkDl7YVI=">AAABpnicZY9LT8JAFIVv8YX1VXXphsiGFWkNUZcYQoKJYBUKGNrgdHolE6YPO1O1adj5H9zqz/LfCNoN8q1Ozj0nOdeNOBNS17+Vwtr6xuZWcVvd2d3bP9AOj/oiTGKKFg15GA9dIpCzAC3JJMdhFCPxXY4Dd9pY3AcvGAsWBj2ZRuj4ZBKwJ0aJnFuOLRn30PYT+7V0M9bKelX/pbQqjFyUIccca++2F9LEx0BSToQYGXoknYzEklGOM1W1IzJBIVOOGfqRTGeqnQiMCJ3O/ZF53+w2O72r3vVtx8naaSP0fRJ4taVU1n5oNc3lonxbxLuceShm6ny28X/kquifVY3zqn5XK9cv8weKcAKnUAEDLqAOLTDBAgrP8AGf8KVUlI5iKYO/aEHJO8ewhPL4A7JBcRU=</latexit>

ÂµL
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ÂµR

<latexit sha1_base64="lWboDGMhPi5kOinH4GL/2U3q+s0=">AAABpnicZY9LT8JAFIVvfWJ9oS7dENmwIi0h6hJDSHABVqE8QisOw5VMmHbGzmBsGnb+B7f6s/w3gnaDfKuTc89Jzh1JzpS2rG9jY3Nre2c3s2fuHxweHWdPTjtKzCKKLhVcRL0RUchZiK5mmmNPRkiCEcfuaFpd3ruvGCkmwraOJfoBmYTsmVGiF5bvyUhILXKTYf+xNMzmraL1S25d2KnIQ4ozzL57Y0FnAYaacqLUwLak9hMSaUY5zk3Tk2SCSsccEwykjuemN1MoCZ0u/IHzUGvVmu2b9u1d008acVUEAQnH5ZVU0ujXa85qUb8t4y3Oxqjm5mK2/X/kuuiUivZl0bov5yvX6QMZOIcLKIANV1CBOjjgAoUX+IBP+DIKRtNwje5fdMNIO2ewgvH0A5AvcPk=</latexit>

Ã g2
Y
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"BHR" scenario: μ-term < 0; "BHL" scenario: nothing special.

[W]

[W]

[pu

[BHR]

[BHL]

Fa,Fb are loop functions and positive.

n Wino >> TeV & Higgsino < TeV à BHL or BHR scenario.
Ø à relevant particles ≲ 500 GeV
Ø LHC:                                        "not much, but enough" 
Ø DM: Bino–Higgsino mixing, bino–slepton co-annihilation.
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Ã g2
Y

excl. by XENON1T

<latexit sha1_base64="kF1nmy0sqesPdcWKwt56y4f8EHA=">AAABr3icZU9LT8JAGPzqE+urPm5ejFzgQraGqAdjMIQED2CVp6GI2+1KNuy2pbs11oabP8Sr/iP/jaC9IHOab76ZZMYJOJMKoW9taXlldW09s6Fvbm3v7Bp7+23pRyGhLeJzP+w6WFLOPNpSTHHaDUKKhcNpxxmVZ//OCw0l872migPaF3josWdGsJpKA+MwZ4voCuXt8TjC7uy4RPmBkUUF9IvjRWKmJAsprIHxbrs+iQT1FOFYyp6JAtVPcKgY4XSi63aAh1SqmNOEikDFE92OJA0wGU31nnVfaVTqzevmzW29n9Tisi8E9tzinCupPVQr1nxQvc7sDc5cKif6tLb5v+QiaZ8WzLMCuitmSxfpgAwcwQnkwIRzKEEVLGgBgTf4gE/40kytoz1qT3/WJS3NHMAcNPYDGEJzEQ==</latexit>

(µ > 0) (µ < 0)
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pp æ ÂH+ ÂH0
, ÂH+ ÂH≠
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n Wino >> TeV & Higgsino < TeV à BHL or BHR scenario.
Ø à relevant particles ≲ 500 GeV
Ø LHC:                                        "not much, but enough" 
Ø DM: Bino–Higgsino mixing, bino–slepton co-annihilation.
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"BHR" scenario: μ-term < 0; "BHL" scenario: nothing special.
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excl. by XENON1T

<latexit sha1_base64="kF1nmy0sqesPdcWKwt56y4f8EHA=">AAABr3icZU9LT8JAGPzqE+urPm5ejFzgQraGqAdjMIQED2CVp6GI2+1KNuy2pbs11oabP8Sr/iP/jaC9IHOab76ZZMYJOJMKoW9taXlldW09s6Fvbm3v7Bp7+23pRyGhLeJzP+w6WFLOPNpSTHHaDUKKhcNpxxmVZ//OCw0l872migPaF3josWdGsJpKA+MwZ4voCuXt8TjC7uy4RPmBkUUF9IvjRWKmJAsprIHxbrs+iQT1FOFYyp6JAtVPcKgY4XSi63aAh1SqmNOEikDFE92OJA0wGU31nnVfaVTqzevmzW29n9Tisi8E9tzinCupPVQr1nxQvc7sDc5cKif6tLb5v+QiaZ8WzLMCuitmSxfpgAwcwQnkwIRzKEEVLGgBgTf4gE/40kytoz1qT3/WJS3NHMAcNPYDGEJzEQ==</latexit>

(µ > 0) (µ < 0)
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pp æ ÂH+ ÂH0
, ÂH+ ÂH≠

Endo, Hamaguchi, Iwamoto, Yanagi [1704.05287]

https://arxiv.org/abs/1704.05287


n Bino–slepton (stau) co-annihilation à
.

n We assumed:
Ø slepton universality,
Ø DM density is realized at

each point in the plots.
à

n HL-LHC?
Ø

Ø
because of tanβ.

à multi-tau signature
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"BHR"/"BHL": Higgsino provides multi-τ signature.

(~M1)                      (~μ)
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n Bino–slepton (stau) co-annihilation à
.

n We assumed:
Ø slepton universality,
Ø DM density is realized at

each point in the plots.
à

n HL-LHC?
Ø

Ø
because of tanβ.

à multi-tau signature
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"BHR"/"BHL": Higgsino provides multi-τ signature.

(~M1)                      (~μ)
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"BHR"/"BHL": Higgsino provides multi-τ signature.

n Wino >> TeV & Higgsino < TeV à BHL or BHR scenario.
Ø DM: Bino–stau co-annihilation à
Ø DM has small Higgsino component à LUX/XENON1T constraint.
Ø LHC:                                  "2τ+missing" signature
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