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ELFT Winter School “Physics beyond the Standard Mode?: Modern Approaches” @ ELTE & ONLINE

Cf.) Martin, "A Supersymmetry Primer" [hep-ph/9709356],
Web pages of ATLAS and CMS public results of SUSY searches,
Endo, Hamaguchi, Iwamoto, Kitahara [2001.11025]
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Plan for this 120 min.

1) Introduction (intentionally overlaps with Dezsé's lecture)

» What is SUSY?
> Why SUSY?
.. DM, GUT, Natural, (g=2),

2) LHC
> Review of SUSY searches

3) (g-2),-SUSY vs LHC  Enco, Hamaguchi Iwamoto, Kitahara [2001.11025]
> indepth 1: Theory
> indepth 2: LHC
» Fight!



https://arxiv.org/abs/2001.11025

Plan for this 120 min.

1) Introduction (intentionally overlaps with Dezsd's lecture)
> What is SUSY? \_4omin.
» Why SUSY?
.. DM, GUT, Natural, (g=2), y
g
2) LHC .
> ~20min.
» Review of SUSY searches
g
3) (g—Z)H-SUSY vs LHC Endo, Hamaguchi, lIwamoto, Kitahara [2001.11025]
> indepth 1: Theory ~30min. .. 90min?
> indepth 2: LHC
» Fight!

Much time for questions.


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 > 100MeV ~ 102 °C) is
approximately given byF:rI
H(T) = 3 log (size of the Universe) ~ | “~g.(T) r
= — log (size of the Universe) = 1/ —g+(T) ——————3
T 905243 1018 GeV
where {ng, ng}(7T) is the DOF of {bosons, fermions} which have mass smaller than 7. Therefore, if we
consider only the Standard Model (SM), the parameter g. above the top-quark mass is given by

§o(1) ~ () + 2 (1),

7
g« = (Bosonic DOF of the SM) + g(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.

*IDerivation is given in many textbooks: Kolb—Turner “The Early Universe” §3, Weinberg “Cosmology” §3.1, etc.

This document is licensed under the Creative Commons CC-BY-NC 4.0 International Public License.


https://twitter.com/
https://creativecommons.org/licenses/by-nc/4.0/

Plan for this 120 min.

1) Introduction

»| What is SUSY?

> Why SUSY?
.. DM, GUT, Natural, (g=2),

2) LHC
> Review of SUSY searches

3) (g-2),-SUSY vs LHC
> indepth 1: Theory
> indepth 2: LHC
> Fignt!




SM + SUSY = (Minimal) Supersymmetric Standard Model

B SUSY = supersymmetry
fermion < boson

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

B standard model + SUSY = Supersymmetric Standard Model

» Minimal SSM € our focus today
» Next-to-Minimal SSM
> ..

Sho Iwamoto / SUSY Phenomenology at the LHC ELFT Winter School, 2 Feb. 2021
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SM + SUSY = (Minimal) Supersymmetric Standard Model

B Standard Model

mass
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Sho Iwamoto / SUSY Phenomenology at the LHC
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https://commons.wikimedia.org/wiki/File:Standard_Model_of_Elementary_Particles.svg

SM + SUSY = (Minimal) Supersymmetric Standard Model

B Standard Model

ESU(B)ColorSU(Z)Weak U(1)y /* Y, : up-type quarks

Q|_ 3 2 1/6 = (U|_, d|_)
mater Y 3 2/3 = ug >—» w4 : down-type quarks
(spinor) Dg i 3 -1/3 = dr
L, 2 -1/2 =(y, e
x3 ge”EL1 ----- W e ——  ,:charged leptons
R | - = eR
g 8 QW Y, : neutrinos
gauge ., .,
w v (3 W-bosons)
bosons T A/~ n
B Y } > (W, W, 2) Y
scalar = (1t iy,
boson H 2 1/2 h+i@s)

Can you exercise "DOF counting"?
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SM + SUSY = (Minimal) Supersymmetric Standard Model

B Standard Model

é - up-type quarks
ESU(B)CoIorSU(Z)weak U(UY / wu p yp q
Q|_ 3 2 1/6 = (UL, d|_)
mater Yy 3 2/3 = Uq >—» y, : down-type quarks
(spinor) Dg 3 -1/3 = dr
L|_ 5 2 -1/2 = (VL, e|_)
xdgem- DT —— ), charged leptons
ER 5 — = GR\>
g Vv (8 gluons) V. . heutrinos
gauge \/ --------------------- (3 W-bosons)
bosons _
--------------------------------------------------------------- > (WH W, 2) +
scalar = (<p1+ | (0o, scalar: real =1
boson M 2 172 h+i @) complex =2
' spinor: Weyl (massless) =
Dirac (massive) =
Majorana (massive) =
vector: massless =
massive =3
Sho Iwamoto / SUSY Phenomenology at the LHC ELFT Winter School, 2 Feb. 2021 8 /72



SM + SUSY = (Minimal) Supersymmetric Standard Model

m MSSM
SU@)color SU(2)weak U(T)y  Weyl F. <> complex scalar B.  "sfermion’
Q@ 3 2 1/6 =(u,d) (T, dy)
matter Ur 3 2/3 = UR ﬂR "Scalar quark"
(spinor) Dg i 3 -1/3 = dr + C/ZVR
L, 2 -1/2 =(y,e VL, €L . ,
><3gen._______';___% ................................................... (v &) ( - ) Scalar l€pton
ER ol = €Rr CR
Vv (8 gluons) g "gluino” x 8
g 9
gauge Y (3 W-bosons) + W wino" x 3
bosons T "Hino" x 1
B v vector B. < Weyl F. "gauginos”
scalar Hu - 2 12 g my (i A9
bosons _ N ot . .
_ Ha | 2 /2 (HY, HY) (HJ,Hy) "Higgsinos'
scalar geoarlnplex ) complex scalar B. <> Weyl F.
spinor:  Weyl (massless) =2
Dirac (massive) =4
Majorana (massive) =2
vector: massless =2
massive =3

Sho Iwamoto / SUSY Phenomenology at the LHC ELFT Winter School, 2 Feb. 2021 9 /72



SM + SUSY = (Minimal) Supersymmetric Standard Model

B MSSM: extra particles C> search target @ LHC et
» extra Higgs bosons
0 - AQ — =
H ) H+; H IA 8 (uLa dL) R
> colored SUSY particles UR "Scalar qUark’
g, (UL,dL,’U,R,dR) x 3 gen. : JR :
> non-colored SUSY particles ("L, eL) "Sealar lepton”
- €R
- charged sleptons (er,, €r) x 3 gen. \ = _ <
« sneutrinos L x 3 gen. - ..ql.um? X8
. . W wino" x 3
- charginos (W=, H™) = "bino" x 1

* neutralinos (E,Wg,ﬁg,flﬂ)

(H., H)
(Hq, Hy) (HY,Hy) "Higgsinos'

h, Hol H+; H_I A° (& @1—3)

Sho Iwamoto / SUSY Phenomenology at the LHC ELFT Winter School, 2 Feb. 2021 10 /72



Plan for this 120 min.

1) Introduction

>
>

What is SUSY?

Why SUSY?
.. DM, GUT, Natural, (g=2),

2) LHC

>

Review of SUSY searches

3) (g-2),-SUSY vs LHC

>
>
>

in depth 1: Theory
in depth 2: LHC
Fignt!

11



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

m Problems in SM
» Neutrino mass = 0.
» No dark matter.
» No gravity / dark energy.
» No inflation.
» No baryon asymmetry.
» Non-unification of 3 forces.
» Unnatural Higgs mass.
> Unnatural 8cp.

» Discrepancies in expm:
* muon g-2
*b—ospupy
* R(D), R(D")

Sho Iwamoto / SUSY Phenomenology at the LHC ELFT Winter School, 2 Feb. 2021 12 /72



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

m Problems in SM
» Neutrino mass = 0.

> No dark matter. — Mssm?

> Non-unification of 3 forces.
» Unnatural Higgs mass.
> Unnatural 8cp.

» Discrepancies in expm:
* muong-2 — MSsSM?
*b—sypy
* R(D), R(DY)

— introduce vg. (2

— many models are proposed.
(far above the collider energy)

— MSSM?

— introduce axion?

— 3—40 level; need efforts on expm/theory.

(cf. MSSM+vgt+axion+inflaton+leptogenesis+....
would explain all these.)

Sho Iwamoto / SUSY Phenomenology at the LHC ELFT Winter School, 2 Feb. 2021 13 /72



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

B Dark matter Qe

» necessary!!

» maybe: New non-colored neutral stable particle? * charged slepton:

ﬁL x 3 gen.

- charginos (W¥, H*)
* neutralinos (E,Wg,ﬁg,ﬁg)

e sneutrinos 7y,
e neutralinos (B, Ws, HY, HY)

Requirements:

1) Stable. = R-parity 'if R-parity is conserved,
the Lightest SParticle become stable.” Inext>]

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

depends on sparticle mass & couplings (= later) i
but 1, tends to fail.

p,n >

Sho Iwamoto / SUSY Phenomenology at the LHC ELFT Winter School, 2 Feb. 2021 14 /72



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

m Nature: No proton decay.
B MSSM induces proton decay.@ & SM does not. 0

U 'accidental conservation of
U baryon- & lepton-numbers’

- Need to ensure proton stability

R by introducing some artificial symmetry...

0
«\QCOO% "R-parlty" iSI\/I particles = even.

C> The LSP becomes stable.

nice biproduct!

SUSY particles = odd.

B 'MSSM + R-parity” keeps proton stable. 0

and the LSP = DM candidate! ©

Sho Iwamoto / SUSY Phenomenology at the LHC ELFT Winter School, 2 Feb. 2021 19 /72



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

1) "MSSM + R-pari’[y" has a dark matter candidate (the lightest neutralino).

» Thisis a gOOd motivation. (but there are much simpler models just for DM.)

Sho Iwamoto / SUSY Phenomenology at the LHC ELFT Winter School, 2 Feb. 2021 16 /72



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

m \\Velwho?l helieve the 3 forces are to be unified
... Grand Unification Theory".

but the strong force is strong,
{ weak force is weak. Different.
% = 1617r2 (;l(l)g§>

B Gauge couplings "run’ because of renormalization. & == (54

Consider
RGE running!

at ~ 1672 \ 6 %2
dgg 1 3
s . .
I g.1 ........... (a; = g7 /am, t=1logQ, g1 =+/5/3gy)
4 A Bl Pty (Cf. Machacek, Vaughn, Nucl. Phys. B222 (1983) 83)
30 go'weakl e
Lo [ owwememmT
g e
20 e
1 T e 1 |’ n
-3 "strong

1000 10° 10° 10'2 1015 10'8

Energy Scale [GeV]

Sho Iwamoto / SUSY Phenomenology at the LHC ELFT Winter School, 2 Feb. 2021 Courtesy of pakutaso.com 17 /72



https://www.pakutaso.com/
https://inspirehep.net/literature/188748

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

m \\elvho?l pelieve the 3 forces are to be unified
... Grand Unification Theory".
Consider

{ RGE running! i
% - 1617r2 (411(1)9?>

: 1 n . . dgs 1 -19 4
m Gauge couplings "run’ because of renormalization. % == ()

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

dgg 1 3
T T T _— _7
S at = 16q2 (79)
g7 e (i = g7 /4m, t=10gQ, g1 =/5/3gy)
4 A (Cf. Machacek, Vaughn, Nucl. Phys. B222 (1983) 83)
----____'_-.-:.:_:; ........
_ 3 g "WGak_ii ______________________________ ]
R S oot
g e
20 e
1[- e
g3 'strong”

0 S S S SO
1000 106 10° 1012 101 1018
Energy Scale [GeV]
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https://www.pakutaso.com/
https://inspirehep.net/literature/188748

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

m \\Velwho?l helieve the 3 forces are to be unified
... Grand Unification Theory".

B Extra particles modify the renormalization group evolution:

dgr 1 <3393>
if all sparticle masses are 104 GeV de—167% X 5

dg 1
1 ot = o0 (+193)
dg 1
5 [ T T T T T T T T T T T T T T ] (17;3 : 167_[_2 (_39:33)

(i =g?/dn, t=1logQ, g1 =+/5/39v)

-3 'strong'

1000 10° 10° 10'2 1015 10'8
Energy Scale [GeV]

Grand Unification @ 107¢ GeV!?

Sho Iwamoto / SUSY Phenomenology at the LHC ELFT Winter School, 2 Feb. 2021 Courtesy of pakutaso.com 19 /72
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Motivation for MSSM (2) Gauge-coupling unification is realized if we introduce SUSY.

1) "MSSM + R-pari’[y" has a dark matter candidate (the lightest neutralino).

» Thisis a gOOd motivation. (but there are much simpler models just for DM.)

2) helps gauge coupling unification if mass ~1-100 TeV.

> Thisis a Stl’Oﬂg motivation. (but just a coincidence? Who believe in Grand Unification?)

Sho Iwamoto / SUSY Phenomenology at the LHC ELFT Winter School, 2 Feb. 2021 20 /72



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

B Higgs mass is unnatural. quantum correction
—
m? ~m?2_ + Am?
h bare h A (cutoff) ~ Planck or GUT scale
—Z 2 393 2
physical mass SM: Amj, ~ —ﬁ/\ T
104 GeV2 .

h""@'"h "naturalness problem”
"hierarchy problem”

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

before 2012

> 3y? 3y?
. 2 t 2 t 2

'scalar top ¢ " contribution

"Quadratic divergence" is cancelled out: Power of symmetry!

Sho Iwamoto / SUSY Phenomenology at the LHC ELFT Winter School, 2 Feb. 2021 21 /72



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

B Higgs mass is unnatural. quantum correction
—
m? ~m?2_ + Am?
h bare h A (cutoff) ~ Planck or GUT scale
—Z 2 3%? 2
physical mass SM: Amj, ~ —ﬁ/\ T
104 GeV2 .

h""@"'h "naturalness problem”
"hierarchy problem”

4 July 2012: Higgs discovery

> N

2 2
> SUSYII MSSM: Am2 ~ — 5% g2 | SVt g2
A2 472

'scalar top ¢ " contribution

"Quadratic divergence" is cancelled out: Power of symmetry!

Sho Iwamoto / SUSY Phenomenology at the LHC ELFT Winter School, 2 Feb. 2021 22 /72



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

Kitano, Nomura [hep-ph/0602096]

m However....

> if scalar-top massis 300GeV : 10° + (—10°) ~ 10* [10%] & natural
1000 GeV : 10° 4 (—10°) ~ 10* [1%] @
3000GeV : 107 + (=107) ~ 10* [0.1%] W unnatural

(my subjective opinion)

« We expected scalar quark at 0(0.1-1) TeV. (motivation for 14 TeV LHC!)

After 2018 (LHC Run 2)
» No SUSY yet. Strong constraints on ~300 GeV squarks. [~ later]

Sho Iwamoto / SUSY Phenomenology at the LHC ELFT Winter School, 2 Feb. 2021 23 /72


https://arxiv.org/abs/hep-ph/0602096

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

Kitano, Nomura [hep-ph/0602096]

mH

~

MSSM condition for EWSB:
m2 9 m%{d — m%{u tan® 3 (little hierarchy problem
5 - H + tan2 B — 1 on Higgsino mass p)
Requirements for "natural SUSY" Papucci, Ruderman, Weiler [1110.6926]
Higgsino mass A1 ~1/2
< 2
» | S OOGeV(2O%) |
scalar-top mass _1/2 —1/2 ra
: 1 ~1 -
\/m~ + mg < 600 GeV sin § ( og(A/TeV)) (A ) [pinion)
V14 a? 3 20 %
gluino mass lo —1/2 —1\ —1/2
_ g(A/TeV) A
k g,SQOOGeV-smB( 3 509
After 2018 (LHC Run 2)
» No SUSY yet. Strong constraints on ~300 GeV squarks. [~ later]
> SUSY fails to solve the hierarchy problem?????
Sho Iwamoto / SUSY Phenomenology at the LHC ELFT Winter School, 2 Feb. 2021 24 /72
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Motivation for MSSM (3) "Naturalness" was the primary motivation for SUSY.

1) "MSSM + R-pari’[y" has a dark matter candidate (the lightest neutralino).

» Thisis a gOOd motivation. (but there are much simpler models just for DM.)

2) helps gauge coupling unification if mass ~1-100 TeV.

> Thisis a Stl’Oﬂg motivation. (but just a coincidence? Who believe in Grand Unification?)

3) solves hierarchy problem if scalar-top mass < 1TeV.

» This was the best-strongest motivation (because not much alternatives).

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

Sho Iwamoto / SUSY Phenomenology at the LHC ELFT Winter School, 2 Feb. 2021 25 /72



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

e
=g—3=S
H =g 2my

- MUOH g_2 anOmaly [magnetic moment]  [spin]
> lepton's g-tfactor Y

ge,,u,T ~ 2 < ? Re( 14 f((‘ - ) [tree level = classicall

> muon g—2 [anomalous magnetic moment] v

9u — 2
a —— Re [loop level
H 2 ( ML @ HR ) = gquantum correction]

e SM [theory] ("muon g-2 white paper" 2006.04822) [ next slide]
° Experiment @Brookhaven National Laboratory, 2004
|||||||||||||||||llllll|||a'LL
0.0011659180.001165910900116592810011659§i001165922 3.60_|eve| discrepancy!
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Motivation for MSSM (4) Non-colored SUSY particles may explain 3¢ discrepancy in muon g—2

N

(5-loop) (2*-loop) a, =

+
—
\d vacuum polarization had. light-by- Ilght
a,(expm) = (11659208.9 +6.3 ) x107'% BNL '04 +2018 copata
a,(SM)=(11659181.0 +£4.3 )x10"'" "muon g-2 white paper" [2006.04822]
ED = (11658471.893 & 0.010) x 10710, |
Q ( ) established!
EW = ( 15.36 +0.10 ) x107'°, |
HVP = ( 684.5 +4.0 )x107' ) needimprovements
HLbL = ( 02 +£1.8 )x10710. / under discussion

expm: Muon g-2 collaboration [hep-ex/0602035]

QED: Aoyama, Hayakawa, Kinoshita, Nio [1205.5370] (cf. Atoms 7 (2019) 28)
EW: Gnendiger, Stockinger, Stockinger-Kim [1306.5546].

SM combination given in "Muon g-2 whitepaper" [2006.04822]

Sho Iwamoto / SUSY Phenomenology at the LHC ELFT Winter School, 2 Feb. 2021 27 /72
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Motivation for MSSM (4) Non-colored SUSY particles may explain 3o discrepancy in muon g-2.

Lopez, Nanopoulos, Wang [ph/9308336
(5-loop) (2*-loop) Chattopadhyay, Nath [ph/9507386

Moroi [ph/9512396

had. vacuum polarization had. light-by-light
\ ¢ P g y-lig )

a,(expm) = (11659208.9 +6.3 ) x107'% BNL '04 +2018 copata
a,(SM)=(11659181.0 +£4.3 )x10"'" "muon g-2 white paper" [2006.04822]

Aa, =( 27.9 +£7.6 ) x10"'° from new physics!?

0th order estimation:

2 . \2
S (new coupling) mass

# 1672 (new mass)2 coupling

~ 150 GeV

100-500 GeV non-colored SUSY particles may explain this anomaly.
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Interlude: Recent discussions and excites on the muon g-2 anomaly.

B theory side: HVP and HLbL 9

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

Contribution Section Equation Value x10'!  References

Experiment (E821) Eq. (8.13) 116592089(63) Ref. [1]

HVPLO (¢*e) Sec.2.3.7 Eq.(2.33) 6931(40) Refs. [2-7]

HVP NLO (e*e”) Sec.2.3.8  Eq.(2.34) —-98.3(7) Ref.[7] C M d 'I 6 f f H v P

HVP NNLO (e*e™) Sec.2.3.8  Eq.(2.35) 12.4(1) Ref. [8] Ite re S . Or

HVP LO (lattice, udsc) Sec.3.5.1 Eq.(3.49) 7116(184) Refs. [9-17]

HLbL (phenomenology) Sec.494 Eq.(4.92) 92(19) Refs. [18-30]

HLbL NLO (phenomenology) Sec. 4.8 Eq. (4.91) 2(1) Ref. [31] C . d —I 5 f f H L b L

HLbL (lattice, uds) Sec. 5.7 Eq. (5.49) 79(35) Ref. [32] Ite re S . O r

HLbL (phenomenology + lattice) Sec. 8 Eq. (8.10) 90(17) Refs. [18-30, 32]

QED Sec. 6.5 Eq. (6.30) 116584718.931(104) Refs. [33, 34] . | d
Electroweak Sec. 7.4 Eq. (7.16) 153.6(1.0)  Refs. [35, 36]

HVP (e¢*e¢”, LO + NLO + NNLO) Sec. 8 Eq. (8.5) 6845(40) Refs. [2-8] Ve ry l nVO Ve T
HLbL (phenomenology + lattice + NLO)  Sec. 8 Eq. (8.11) 92(18) Refs. [18-32]

Total SM Value Sec. 8 Eq. (8.12) 116591 810(43)  Refs. [2-8, 18-24, 31-36]

Difference: Aa,, :=a;," — a™ Sec. 8 Eq. (8.14) 279(76)

< Two methods to estimate HVP dispersion relation

1) dispersionrel. (ete”) 693.1 £ 4.0 . C :Z{X}

2) lattice calculation  711.6 & 18.4 when the whitepaper was written
= 708.7 £ 5.3 Borsanyi, Fodor, Guenther, et al. [2002.12347]

expm

» Two methods to estimate HLbL disp. |—e—

lattice (old) | . o |
1) |OW—eﬂergy EFT 94419 lattice (new/prelim.) ||—e—]

lattice is improving!
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Interlude: Recent discussions and excites on the muon g-2 anomaly.

B experiment side: New result is coming out!

a,(expm) = (11659208.9 +6.3) x 107! € Only one experiment @ BNL.
a,(SM) = (11659 181.0 & 4.3) X 10—10 & Uncertainty is now larger.

» New experiment @ Fermilab is Running since 2018. \
A\
a,.(Fermilab) = (11659 772.7 £ [~ 6 ]) x 107" in SPRING 2021 "

(11659 772.7 + [~ 1.5]) x10710 in 202X

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

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

1) "MSSM + R-pari’[y" has a dark matter candidate (the lightest neutralino).

» Thisis a gOOd motivation. (but there are much simpler models just for DM.)

2) helps gauge coupling unification if mass ~1-100 TeV.

> Thisis a Stl’Oﬂg motivation. (but just a coincidence? Who believe in Grand Unification?)

3) solves hierarchy problem if scalar-top mass < 1TeV.

» This was the best-strongest motivation (because not much alternatives).

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

4) may explain the Muon g—2 anomaly.
» Non-colored sparticle mass should be T00—500 GeV.

» This is ONE motivation. Not much alternatives. . ... o, a6 evel + many remarks)
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Plan for this 120 min.

1) Introduction
» What is SUSY?
» Why SUSY?
.. DM, GUT, Natural, (g=2),

2) LHC
> Review of SUSY searches

3) (g-2),-SUSY vs LHC
> indepth 1: Theory
> indepth 2: LHC
> Fignt!
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The Large Hadron Collider: A machine for colored SUSY particles.

m|HC= pl’OtOI’] collider ‘ | copyright © 2005 CERN

=~ 80— | | | | | ]
£ [ ATLAS Online Luminosity 3
> 70— —— 2011pp (s=7TeVv —]
-"5 - —— 2012pp Vs=8TeV .
o - = 2015pp (s=13TeV .
£ 60— — 2016 pp Vs =13 TeV u
e T  ——2017pp (s=13TeV ]
3 50:_ — 2018 pp Vs =13 TeV _:
8 C .
o 40 —
= C .
[} C ]
Q 30: g

20 —

- 18

10— — §
(): | | | .

yor o) AN oct

Month in Year

from LuminosityPublicResultsRun?

A‘g?mkE
2019 2020 2021 2022 2023 2024 2025 2026 2027

[AM3]3[A[S[ONID{3 [FIMIAM]3]3[AlS[OINID
ARNNARNNNRNNARNNARENN

ELENA

ISOLDE
BOOSTER [ 1992 |

[AM3 [ ATSIONID 3 [FIMAMA A [ [FMAM3[I[A OFM N} FIMAM3 3 [AIS[OIND 3 FIMAM3 [3[AISTOIND 3 [FIMAM
IRRRpRRRRRRRRRRERRNRNNNRENNN
(NN ARRRRRRAN

(delayed due to COVID-19)

REX/HIE
20012015 ] e

2028 2029 2030 2031 2032 2033 2034 2035 2036

N\
J[FIMAM]3[3]ATS[OIND} 3 [FIMAMI3 [3ATS|OIN[D|3 [FIMAIM]3 [ 3 [A[S[oIN[D| 3 [FIMAIM3 [3[A[S[OINID{ 3 [FIMIAIM3 ] [A]S[OINIDY 3 [FIMAIM3 [3]ATS[OIN[D! 3 [FIMIAIM 3 [ ]ATSTOIN[D 3 [FIMAM 3 [ [ATSOIND| 3 [FIMAIM]3 [ 3 [A[S [N AR U » 7 1 CLEAR
II I “ ‘ H ‘ 202 EA
LEIR
Run 4 Ls4 Runs /(e
|TT1T

L] Smudonnsrechmcar s from CERN accelerating science webpage
[ | Protons physics
!:ot:‘r:missioning with beam

[ | Hardware commissioning/magnet training from CERN LHC-CommISSIOﬂIﬂG WebDaOe

il
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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

The Large Hadron Collider: A machine for colored SUSY particles.

m | HC = proton collider
- machine to produce TeV-scale colored particles.

g 2
q X colored (i”L’ dv) “ "
partiC|eS UR Scalar quark
I:> J
g %
vy, € . ;
( - NL) Scalar |epton
\ CR )
g "gluino” x 8
W ”Wino” X 3
J E ||binoll X 1

(H, HY)

t*
strong couplings
{(ffé’ﬁd) "Higgsinos' ]

H°, H*, H-, A°
extra Higgs
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The Large Hadron Collider: A machine for colored SUSY particles.

m | HC = proton collider

- machine to produce TeV-scale colored particles.

i R
(ur, dr)
» 3 channels for colored-SUSY production UR Sealer qUark
~ 1% (&
e p+p—>g+ a(*) ( b NL) "Scalar |epton"
-~ €R
c p+tp—q+q" b - <
_ 9 "gluino” x 8
> Particles have many decay patterns W "Wino" x 3
N [ next slide] N e
e Ttx? B bino" x 1
o t—=bYXy = DBWTYY
~ 7+ 170
~ HO H— 1] . . n
R (Hq,Hy)  "Higgsinos
H°, H*, H-, A°
extra Higgs
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The Large Hadron Collider: A machine for colored SUSY particles.

an example from | ¢ g
p+p—9g+g /\ l\
t* t—->WTh
jet—u u \\—> et v.b
2jets— ¢§ — W+ d X1 b — bjet’
l\ It is often assumed that the
ot ~0 LSP is the lightest neutralino
jet—d s (to explain DM).

\—————————

/g/g N 4]2[)(26)08(2,“)08 _I_/E(T Signature

[opposite sign]  [missing transverse energy]

Various decay pattern depending on mass spectrum.
= We usually consider "simplified models."
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LHC Run 2 results on colored SUSY particle searches  ATLAS, SUSY July 2020 Summary Plot Update

Vs=13 TeV, 36.1 - 139 fb™ July 2020 cf.) natural SUSY: og(A /T /2 /Aty 12
— ||||||||||||||||||||||.||.|||_ m~§900GeV-sin<Og e)()
% 3500 g qﬁif 0 lep. [CONF-2019-040) ATLAS Prellmlnary_— ’ ’ i 20%

O - G- bby’ >3 brjets [CONF-2018-041]

e - g i) 2 3b-jets + >2 lep. SS [CONF-2018-041, 1706.03731]
123000 __§—> q@awy, oo lep. + 1 lep. [CONF-2019-040, CONF-2020-047]

| G qgWZy, 27-12jets +1lep. + >2lep. SS

B [CONF-2020-002, 1708.08232, 1909.08457]

25005 qivvi’ viaT9 2 lep. OS SF + >3 lep. [1805.11381, 1706.03731

>11[1808.06358]
> 1y [1802.03158]

Colours indicate different models
Observed limits at 95% CL

N

-

-

o
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—7

II|IIII|IIII|IIII|IIIII—rIIII|IIII
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2020-020/

LHC Run 2 results on colored SUSY particle searches  ATLAS, SUSY July 2020 Summary Plot Update

m(,) = m@+m() mE) = Jx(m@E)+mGL)  May 2020 cf.) natural SUSY:
;‘2000_| L N B S O Y L B ’ ’ lo (A/TeV) —1/2 A1 —-1/2
® " ATLAS Preliminary > 7-12 jots expected m~< 900 GeV - sin g [ —22/2EY)
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— L 99— qoaWzZy. = e 1 lepton expected ] ~t 1 ~ 0
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] o - [ 1-lepton: CONF-2020-047 mits &t 557 ]
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LHC Run 2 results on colored SUSY particle searches  ATLAS, SUSY July 2020 Summary Plot Update

Vs=8-13 TeV, 20.3 - 139 fb™ July 2020

3000 i | T T T T | T T T T | T T y T T ]
> - aThase ATLAS Preliminary -
92500__ q— qz‘) 0 lep. + mono-jet [CONF-2019-040, 1711.03301] ]
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LHC Run 2 results on colored SUSY particle searches  ATLAS, SUSY July 2020 Summary Plot Update

cf.) natural SUSY:

m2 +m2 < 600GeV
t1l t2

sin 3 (log(A/TeV))_l/2 (A‘1>1/2
/1 +Ol2 3 20%
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LHC Run 2 results on colored SUSY particle searches

ATLAS, SUSY July 2020 Summary Plot Update
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cf.) natural SUSY:
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== Bino LSP
2004.14060, ATLAS-CONF-2019-17
ATLAS-CONF-2020-003,
ATLAS-CONF-2020-046,
36110
== BinoLsP
1709.04183, 1711.11520, 1708.03247
171103301, 1903.07570
Higgsino LSP T, - bi‘
171111520
= Higgsino LSP T, =T,
1709.04183, 171111520
=== Higgsino LSP T, ~T,
1709.04183, 171111520
7= Higgsino EWK
1712.08119
= Wino NLSP u<0
170904183, 1711.11520, 1708.03247
Wino NLSP 10
170904183, 1711.11520, 1708.03247
Wino EWK
1806.02293
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MSSM has a huge possibility-space = huge parameter space due to SUSY-breaking.

B You'd have noticed the biggest problem in MSSM....

many many many possibilities!!!!
[SUSY-breaking]

& many (>100) unknown SUSY parameters.
B [f SUSY is still a symmetry:

Standard Model of Elementary Particles Standard Model of SUSY pal‘tiC|eS

three generations of matter interactions / force carriers three generations of matter interactions / force carriers
(fermions) (bosons) (fermions) (bosons)
| I I | I 1}
mass | =2.2 MeV/c? ~1.28 GeV/c? =173.1 GeV/c? 0 ~124.97 GeV/c? mass | =2.2 MeV/c? ~1.28 GeV/c? ~173.1 GeVi/c? 0 ~ :124.9;2:%2
charge ' % % % 0 0 charge % % % 0 0
spin | % U A C A t & 0 H spin | % U VA C VA t 1 & l 0 H
L
up charm top gluon higgs Sup Scharm Stop glwino higags|NO
S
~4.7 MeV/c? ~96 MeV/c? ~4.18 GeV/c? 0 ~4.7 MeV/c? ~96 MeV/c? ~4.18 GeV/c? 0
4 4 4 ) ~y ) ~NS ) ~J. .
% % -% 0 -% % -% 0
@ @ |+ @ @ I @ 1@ [ @ - @ | 8
L
down strange bottom photon ] S down S strange Sbottom phot1| n O c
S
©
=0.511 MeV/c? ~105.66 MeV/c? ~1.7768 GeV/c? ~91.19 GeVic? m ~0.511 MeV/c? ~105.66 MeV/c? ~1.7768 GeV/c? ~91.19 GeV/c? U)

®le e |'e ® e e | @ |
% % % 1 % % % 1 &)
-4 . (@]
electron muon tau Z boson S electron S muon Stau Z| n Ow c
— — -/ Ommm
<1.0 eV/c? <0.17 MeV/c? <18.2 MeV/c? =80.39 GeV/c? <1.0 eV/c? <0.17 MeV/c? <18.2 MeV/c? =80.39 GeV/c? g
0 0 0 +1 0 0 0 +1
% Ve % VIJ. % VT 1 \M % Ve % VIJ. % VT 1 \M m
electron muon tau electron muon tau ° U)
neutrino neutrino neutrino W boson S neutrino Sneutrino Sneutrino w | n OJ

7))
We know SM mass & parameters. = The same parameters in SUSY sector.
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MSSM has a huge possibility-space = huge parameter space due to SUSY-breaking.

B You'd have noticed the biggest problem in MSSM....
many many many possibilities!!!!
[SUSY-breaking]

& many (>100) unknown SUSY parameters.
B [f SUSY is still a symmetry:

Standard Model of Elementary Particles Standard Model of SUSY pal‘tiC|eS

three generations of matter interactions / force carriers three generations of matter interactions / force carriers
(fermions) (bosons; ) (fermions) (bosons )
| 1] ] | 1] ]
ass  ~2.2 MeV/c? ~1.28 GeV/c? ~173.1 GeV/c? 0 ~124.97 GeVi/c? mass | ~2.2 MeV/c? ~1.28 GeV/c? ~173.1 GeV/c? 0 ~124.97 GeV/c?
charge ' % % % 0 0 charge % - % - % - 0 - 0 T
@ |- & |- & @ |- H wn e (W) | @ |+ (L @ |- H

up charm top gluon | higgs
j]] MeVi/c? iie MeV/c? ::;.18 Gevic? z B ut S U SY i s b ro ke n .

« @ @& |+ b T

down strange bottom plmtiJ
= Fa & e Everything here is unknown!!

Y% e Y% u % T 1

4
electron muon tau Zboson | K2 ¢ L CloCUCl goslnlll tau Z ‘ L
\® ] \® ] w7 iV _J .=
<1.0eV/c? <0.17 MeV/c? <18.2 MeV/c? =80.39 GeV/c? <1.0 eV/c? <0.17 MeV/c? <18.2 MeV/c? =80.39 GeV/c? g
0 0 0 +1 0 0 0 +1
v v v i Y Y Y i
% € % % T 1 A € % % T 1
H 7 H 7 1]
electron muon tau electron muon tau ° m
neutrino neutrino neutrino W boson | S neutrino Sneutrino Sneutrino w | n OJ

7))
We know SM mass & parameters. = The same parameters in SUSY sector.
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MSSM has a huge possibility-space = huge parameter space due to SUSY-breaking.
R-parity violating terms

m [ agrangian of MSSM NS .
- vanish if we impose R-parity.
Wrec = pHuHa = Yui iUy HiQj + yaij Dy HaQj + yeij By HaLj, SUSY parameters
(we know!)

Uy D

1
Wrpv = —k; L; H, + iAijkLiLjEk —r ’\/]kL QJ Z-i— 2 1]’»

" Lsusy

1 o o ~——
= —5 (A[gg()g() + ]\Igww + Allbb + HC) — VS—U’W
Vadey = (aGEmyar + lfmilL + @fymietin + diympedr + Efymipeer + miy ||+ m, |hal?)

+ (—ﬁ}k{huaqu + Jﬁhdaqu + éﬁhdanL +bH,Hy + H.C.)
+ (+ﬁ1§h§cu(h + dﬁh:cdq[, + éﬁh:CeZL + H.C.) \

N 1 - - 1
VSR”PS;Y—V — (—bilLiHu -+ iTijleileéI*{k —r TJLleQLJde + 2Tz,;k ~I*lzdRJ kT leAILsz + H.c. )

= (C}jki{iqual’;k + C2hEheél,; + C2rdritif ek + Cjdequ]qu + H. c)

\

§JJ5’V parameters - There are many "SUSY-breaking models"
(unknown) (to reduce #params).

[gauge mediation, anomaly mediation, ..]
457
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Plan for this 120 min.

1) Introduction
» What is SUSY?
» Why SUSY?
.. DM, GUT, Natural, (g=2),

2) LHC

. AW 4 |
> REWEW OI SUSY SCdILIICS

3) (g-2),-SUSY vs LHC
> indepth 1: Theory
> indepth 2: LHC
> Fignt!
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Now we are coming to the main part....

B The previous section:

DM : lightest neutralino LSP 0 ... but no discussion on relic density.
unification : 1-100 TeV SUSY %

naturalness : < 1TeV colored (stop etc.) <= our focus

(0-2),75 -colored

B The next part: "(g—2)-motivated MSSM vs LHC Run 2"

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

DM : lightest neutralino LSPQ ... but not much discussion on relic density.
unification : 1-100 TeV susv@

+ Lo e o fa¥a
maturatness—s-—HreV-celored{stop-etc)

(g—2),: < 500 GeV non-colored € our focus
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https://arxiv.org/abs/1303.4256
https://arxiv.org/abs/2001.11025

Plan for this 120 min.

1) Introduction
» What is SUSY?
» Why SUSY?
.. DM, GUT, Natural, (g=2),

2) LHC
> Review of SUSY searches

3) (g-2),-SUSY vs LHC
> indepth 1: Theory

> indepth 2: LHC
> Fignt!
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The five diagrams of the MSSM contribution to the muon g-2.

Aa,=( 279 =£7.6 ) x10"'° from new physics!?

m

m \\What is this?

~ 8
L,

— //

— 7T +(2+oop)

ML \ UR
>0
X1-4
'mass insertion
approximation’
WE—H=* ML—MR 7
~ 0 2N AL
/, \\‘ \\‘
T R || ST
u B B-Hgy
He - He
/// \\ 7 \\
Lopez, Nanopoulos, Wang [ph/9308336 e = =25 : T T > ‘ -
Chattopadhyay, Nath [ph/9507386 W-Hg Hd—g
Moroi [ph/9512396
(cf. Cho et al. [1104.1769])
49,72
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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

Gauge eigenstates and Mass eigenstates of the MSSM particles.

m MISSM: extra particles

ﬁxtra Higgs bosons \ /N \
HO, H*, H-, A© ’
(271,&2,?,13,&4,175,276)

» colored SUSY particles /({i dy, ds, dy, ds, dg)
~ » ~ r S 102,43, U4, W5, UG

g, (UL7 dL,UR, dR) x 3 gen.

> non-colored SUSY particles

» charged sleptons (€1, €r) x 3 gen qummmmlp- (€1, &5, €3, €4, €5, €6)

(€1
e sneutrinos L X 3 gen nu—— (11, U, U3
« charginos (W=, H¥) (XE,xT)
(

\neutralinos (B, Ws, HO, HY) ?1),%3,52&552) /

gauge eigenstates —= mass eigenstates
mix
because of off-diagonal mass terms
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Gauge eigenstates and Mass eigenstates of the MSSM particles.

m MISSM: extra particles
ﬁxtra Higgs bosons
HO, H* H~, AD

> colored SUSY particles
57 (ﬂln dL, ’I/ZR, dR) x 3 gen.

> non-colored SUSY particles

« sneutrinos L,
. charginos (W*, H*)

\neutralinos (E,Wg,ﬁg,ﬁﬂ)

~

—T

gauge eigenstates

mix

-~

» charged sleptons (€1, €R) x 3 gen ) ¢
x 3 gen s—— 1/ 3 " (;e, /Vv'u, D/T)

(
(

; h

Ul-6 = (uLa UR, CL, CR, tl) t2)

d1—6 =~ (dLa dRa SL, SR b17 b2)

Y

(ér, er, fir; UR, T1,T2)

/

~4 ~4
X1 7X2)
~0 ~0 ~0 ~0
X17X27X37X4)

—= mass eigenstates

because of off-diagonal mass terms
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The five diagrams of the MSSM contribution to the muon g-2.

Aa, =( 27.9

m \\What is this?

mass eigen. to use in the actual calculation

~y

~+
X1,2

ML

"mass insertion

approximation’

WwE_4o+
~ W~
~ N

HL 2 HR
Vu

> non-colored SUSY particles
« sneutrinos 7L x 3 gen. m— 1) 3~ (Vg, Uy, Ur)
. charginos (W=, H*) > (X, X5)
: n 1. o0 770 S0 S0 50 50
* neutralinos (B, W5, HY, H) we——)- (X1, X2, X3, X4)

Sho Iwamoto / SUSY Phenomenology at the LHC

gauge eigen. for pheno discussion

+ 7.6 ) x107'° from new physics!?

m

ELFT Winter School, 2 Feb. 2021

~ 7
L,
//
/ N + (-
, \ (2+-loop)
ML \ UR
~0
X1-4
HL—HR o
//X\\PIJ /’HI:‘(JJJ
/, \\ \\
L. \ N& \
— > — > >
ML = MR HL ~" T~ MR
B B-Hgy
He - He
I’/ “\ . N\
L. NA \ N, \

— > > — % >
ML —_— ~ MR HL s = MR
W-H g4 Hq-B
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The five diagrams of the MSSM contribution to the muon g-2.

WE—Hx~
s ‘\ (W]
ML T~ MR
Vu e
W
ML ~ : MR
W-Ha  [pure-B]
,UL—HR'JJ
- XK= §
ST [BHR]
5 MR
s N [BHL]
B amracrany™
gy Hla=b
e
B-Hgy

Lopez, Nanopoulos, Wang [ph/9308336]
Chattopadhyay, Nath [ph/9507386]
6l

Moroi [ph/951239
(cf. Cho et al. [1104.1769])
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gsm;, Moy tan 3
4 - Fo
72 mg.

B gsm;, Moy tan 3

2 4
167 ms
2. 2
g2 m? ptan B
3 - by
82  M;
gy My My ptan §
_ . . F,
82 m=
HR

gy ™My Myptan §

1672 m2
ML

Fa, Fp are loop functions (F > 0):

2

1 NQ(SL‘Q)

— No(y?

).

x2—y2

1—2%+2zlogx

1Ci(2?) - Ci(y?)
Fa(l',y):§ x2—y2 ) Fb(xay):__
_ 2
Cl(a:)=3 dr +2° + 2logx Ny(z) =

(1 —z)? ’

ELFT Winter School, 2 Feb. 2021
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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

Usually, the "Wino contribution” (first two diagrams) is the dominant one.

Higgsino mass v [GeV]

Sho Iwamoto / SUSY Phenomenology at the LHC

Higgsino mass v [GeV]

2,2
e \ (WI[ g3m2 My tan B - ( My p )
" La ’
TS T TR 82 m% i, 0,
H He - =
EL 2. 2
oL W[ ¢3m? Moy tan B 5 ( My p )
g \ - 2 4 . SO AEe
HL e HR 167 mﬁL Mpy, Moy
W-Hg4
Wino contributions [red+blue; tree; slep=sneu]
2000F 2000
tang = 40, tang = 40,
mL = 100 mL = 500
1500} 1500 )
regions preferred
~ s |
] & by the anomaly
~ 1000} = 1000
S S /
() w
() w
@® @©
& 500! £ 500
o o
£ E
= 500 1000 1800 2000 = 500 1000 1500 2000

- We'll discuss LHC constraints on these parameter space.
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Plan for this 120 min.

1) Introduction
» What is SUSY?
» Why SUSY?
.. DM, GUT, Natural, (g=2),

2) LHC
> Review of SUSY searches

3) (g-2),-SUSY vs LHC
> indepth 1: Theory

> indepth 2: LHC

> Fignt!

00



Non-colored particles have smaller production cross section.

N PI’OdUCtIOﬂ XS Of > non-colored SUSY particles

CI’OSS SGCTIOH

» charged sleptons (€L, €R) x 3 gen mumm—lp- &, ¢ ~ (8L,,8R, i, IR, 71, 72)
« sneutrinos VL, X 3 gen m— 1) 3 ~ (U, Uy, Ur)

- charginos (W, H*)

* neutralinos (B, Ws, HY, H?) e (X1, %3, %3, X1)

> (Xl aX2)

cf.) LHC Run 2:

Energy ~ 6.5 TeV x 2

10 Luminosity ~ 140 fb™
= 1000 «140000ev
5 -
8 100
o —1400ev
>
O
—~
«

200 400 600 800 1000 —ldev
mass [GeV]
[The "actual’ XS (e.q., o(pp — Xox1 ) ) is 'mixture" of these] ...Why so small?
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Non-colored particles have smaller production cross section.

m Non-colored SUSY production vs. Colored SUSY production
w+ q

13 TeV cross section [fb]

104§ T
10005

100

—_
(=}

[u—
T

q

g 7 ¢

0.1L—

» Non-colored XS is smaller because 1078

104
10!
100 F
107! F
1072
1073
1074 |

=

1075 |

ONNLL-fast (pb)
LHC, V'S = 13 TeV 1

200

mass [GeV]

« Smaller couplings

 s-channel only

800

* Needs anti-quark from p

1000

1079 |

107

1500 2000 2500 J000

my;, = my (GeV)

Beenakker, Borschensky, et al. [1607.07741]

300 1000

~

~

~

~

S~

Plg~g>t~b>W

> ﬁf > TL > TR if similar mass
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https://arxiv.org/abs/1607.07741

LHC Run 2 results on NON-colored SUSY searches

ATLAS, SUSY March 2019 Summary Plot

39 fb'

March 2019 ATLAS Preliminary

700

) [GeV]

ciq-GOO

m( %

500

400

300

200

100K

s=8,13 TeV, 20.3-1

2l
1000 o
~t ~

N

'_|_L
& Bl
o
< O

(They usually assume 3 =W X7 =Ww+t)
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Observed limits at 95% CL

~ o~

A1 Ay Via

........ v 2
arXiv:1509.07152
ATLAS-CONF-2019-008

— /Y, 2
arXiv:1407.0350
arXiv:1708.07875

= =: WW 2l

arXiv:1403.5294
ATLAS-CONF-2019-008

~t ~0 .
Ay %, Via
/v 2.3l

arXiv:1509.07152
arXiv:1803.02762

==:WZ 21+3I
arXiv:1403.5294
arXiv:1712.08119
arXiv:1803.02762
arXiv:1806.02293

= =+ Wh Ibb+2job+lyy+IT*

arxiv:1812.09432
~y~_~tE~Q -
1 XAy Xy Via
—_—F Y, 2

arXiv:1708.07875

S
[_<
0.1 : : :
200 400 600 800 1000
mass [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SUSY/

We need to think the decay patterns....

m \Wino > sleptons

A o~
W
l\li,y
1,7
l \ﬁ,u
\
B

WHW? — (1tvB)(I" 1T B) = 30 + Er

I* = (I"B)(ItB) = 20 + Er

» Search targets:

« Wino pair 2 2-3 lepton + mET
* slepton pair = 2 lepton + mET

m \Wino < sleptons

4
l\li,y
(1%
l\

B

W* h Z

WHW° — (W+tB)([Z or h|B)

[no need to rely on slepton production]

» Search targets:

* Wino pair > WZ+ mET
* Wino pair > Wh+ mET

59



LHC Run 2 results on NON-colored SUSY searches

ATLAS, SUSY March 2019 Summary Plot

March 2019 ATLAS Preliminary

s=8,13 TeV, 20.3-139 fb"

700

) [GeV]

ciq-GOO

m( %

500

400

300

200

100K

v
TIEA

2l
1000 o
~t ~

N

'_|_L
& Bl
o
< O

(They usually assume 3 =W X7 =Ww+t)

Br(Z — had) = 69.911(56)%
Br(Z — bb) = 15.12(5)%
Br(Z — e, u,7) ~10.10%
Br(Z — inv) = 20.000(55)%
Br(W — had) = 67.41(27)%
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Observed limits at 95% CL

~y~_ .

A1 Ay Via

-------- vooa
arXiv:1509.07152
ATLAS-CONF-2019-008

— /Y, 2
arXiv:1407.0350
arXiv:1708.07875

- = WW 2|
arXiv:1403.5294
ATLAS-CONF-2019-008

~t ~0 .
Ay %, Via
/v 2.3l

arXiv:1509.07152
arXiv:1803.02762
==:WZ 21+3I
arXiv:1403.5294
arXiv:1712.08119
arXiv:1803.02762
arXiv:1806.02293

= =+ Wh Ibb+2job+lyy+IT*

arxiv:1812.09432

~y~_~tE~Q -

1 XAy Xy Via

—_—F Y, 2
arXiv:1708.07875

13 TeV cross section [fb]

0.1
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200 400
mass [GeV]

600 800 1000

60,72


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

LHC Run 2 results on

NON-colored SUSY searches

ATLAS, SUSY July 2020 Summary Plot Update

July 2019 ATLAS Preliminary Vs=8,13 TeV, 20.3-139 fb™' All limits at 95% CL 400 May 2020 ATLAS Preliminary Vs=8,13 TeV, 20.3-139 fb™' All limits at 95% CL
% 700— ; = =+ Expected limits % - o \*\\ = = Expected limits
L Tix sy 1 ~0 PEEETIRIS — -
O, C MO/ R/¥) =plmiz0) +m(%;, %) 1 —— Observed limits O, 350/ —— Observed limits
S, 600 ctog o S. E
¢ = Xy Xz Via ¢ 300F s ~ta0
= - ~ = — ' “x2 via
€ il 115 2u3 £ - . Xy Xa
500 : arXivi1509.07152 - ,' 74 21, 3l
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C %: i; via 200— ‘| ATLAS-CONF-2020-015
300 s 2 = H CJwh b, vy, 31
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LHC Run 2 results on NON-colored SUSY searches ATLAS, SUSY July 2020 Summary Plot Update

May 2020

; 600 i | T T T T | T T T T | T T T T | T T T T | T T T T | T T T T | T T T T |
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~. 500 | s=13TeV, 1391 20 78 /] arXiv:1908.08215 ]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2020-020/

Story can, of course, be complicated....

m \Wino > sleptons > Higgsino

tw

)

[,v

~~

1
B B
W Higgsino LSP

f ”Wi,o

+
H]f[()

~—

AW

\

0 «— ) «— I

m \Wino > Higgsino > sleptons
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Plan for this 120 min.

1) Introduction
» Whatis SUSY?
» Why SUSY?

.. DM, GUT, Natural, (g=2),

2) LHC

> Review of SUSY searches

3) (g-2),-SUSY vs LHC
> indepth 1: Theory
> indepth 2: LHC

» Fig

Nt!
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The "Wino (WHL)-dominant scenario" has five important parameters.

g%mi Msptan 8 o My
82 ms . g, T,
%

B gsm;, Moy tan 3

I My
1602 m2 [ P
ML ML ML

WE-Hx~
I \ (W]
HL T~ MR
VIJ =
P
e
W-Hg4

B The relevant parameters:

- our simplification:

r

"ino" mass A«

\
slepton mass {

Sho Iwamoto / SUSY Phenomenology at the LHC

tan 8 := (F,)/(Hy) tan 8 = 40
M, ~ B-mass My = 100 GeV or 0.5M,
TR H-mass p = 1.0M5 or 2.0M>
M.
2 EV HHass and we draw on
mi, ~ lp-mass (X%, 1L )ymass plane.

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

WOW+ = hW + Ey

— —
H wrw-sww+ Ep
1000 A7~
N|# = 2Ma, mgpo =100GeV| \ o N
li,, v K =095 H
800 .
=W I - 0Ll — 20 4 Ep —~
3 600 | =S = W
; =~ N i .51 l
1 —
] S ¢S
S "
400 I =,V
M
B
7' 4 < 005
200 400 600 800 1000 M
m( %) [GeV] B

1 Wino

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

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

1000 S ———— 7
N M = 2M2, M1 = M2/2 //
~ \\ /// 7
I, v CO\ [ =095 N

\ 800 \ / v 3y

—~— “\ r \\ ¢)& // é

‘l \ X //
-vlv:' . S !
/ % A4
/ ¥ 600 K IV AL ]
=" % k K“\e\)/ 7 SLSL 2 0.05.-"
B 1/3 />/ //_//
5 4 '/ ///
g -~
7/
400~ r g 00 i
\ \\
200 N\ AT ...................................................................................... o
1 t 1 1 [ 1 1 1 1 1 t 1
200 400 600 800 1000
m( 1) [GeV]
1 Wino
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ol

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

[C] LSP = 100GeV bino, with Higgsino/Wino mixing. Smaller neutralino-chargino production XS.

WHW— = WWw + E'r

1000 S o
- = My, mgo = 100 GeV
~ o N
lL, vV 7 ::g
. o \
\ 200 ._U
N\ N |! 5
\ 77 I
=V \H N o
\ AN AR
! & 600K M \ v
AN LN
1 13,
1 N
Illl S
/ 400
v ‘II
200
1 1 1 t 1 | \ 1 1 1 \\ 1 t 1
200 400 600 800 1000 v
m(x7) [GeV] B

I Wino/Higgsino mixed

Endo, Hamaguchi, Iwamoto, Kitahara [2001.11025]
ELFT Winter School, 2 Feb. 2021 68 /72
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https://arxiv.org/abs/2001.11025

[D] LSP = (M2/2) bino, with Higgsino/Wino mixing. Smaller neutralino-chargino production XS.

1000 w
4
~ ? 315@
4 lL, vV g %‘LX
7 Y )[
\ 300 7’x =095 O

|/ % = W

N*I g ? ....................................
Y T~
? = lL7 4
/
7
’

ool

600 800 1000
m(¥7) [GeV]

I Wino/Higgsino mixed

Endo, Hamaguchi, Iwamoto, Kitahara [2001.11025]
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Summary of the four figures.

V> [
- almost excluded
due to

WHwo — 3¢ + Er
0 ls — 20+ Er

m(fi) [GeV]
m(fir) [GeV]

u /V[\; < va

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

200 400 600 800 1000 200 400 600 800 1000
m(¥7) [GeV]

m(fip) [GeV]
m(fip) [GeV]

S\ .

200 400 600 800 1000 200 400 600 800 1000
m(xy) [GeV] m(¥E) [GeV]

Endo, Hamaguchi, Iwamoto, Kitahara [2001.11025]
70,72
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Summary (1/2)

m Problems in SM

» Neutrino mass = 0. — introduce vg. (2

> No dark matter. — SUSY + R-parity: stable neutralino LSP.

— many models are proposed.
(far above the collider energy)

> Non-unification of 3 forces.— MSSM

» Unnatural Higgs mass. — If scalar-top will be found below 1TeV...
(but only narrow region remains).

» Unnatural 8cp. — introduce axion?
» Discrepancies in expm:

* muon g-2 — Non-colored SUSY particle may explain.
e b— sy RD),RDY, ... ... but LHC constraints? [>next page]
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Summary (2/2)

[most reasonable] [easiest to detect] m > zVL
"Wino-contribution dominating scenario”
- almost excluded
WE-_Hxr~ A - _ dueto
s \ WHTW° — 30+ Ev
\ %
ey ey i~ 2+ B
H W-Hgy
By < [1,
1000 e e | B B S o 1000—————~—7—————— 71— 71— 7 .
N =202 my = 100Gev] \ an Np=amw m=enf o 27 5 excluded only if
800% Ei U; X =0.95 | 800; 10 //;:Ofd’iv p LSP is Very Iight
o A AR & Higgsino is heavy.
% I E N % I ‘\ |
% 6001 |: :// % 600 \ ’/ 0'(/);
400\_ - 400Ky, ’ ‘
Y “‘ | »}:&‘:“ S
200‘ V. 200 & ....................... ......................... .......... i
200—*- | 4—10(—)_ - —T;OO o 860 | ‘IOEOO‘ 200 | | 460 o 6(i)0 o 8(30 o ‘IOEOO‘
m(y) [GeV] m(x7) [GeV]

Note! DM relic density not discussed here at all.
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Appendix) other models for Aa,
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Muon g-2 anomaly : Other possibilities

a,(expm)=(11659208.9 +6.3 )x107'°

. 2
aNP m;, (new coupling) o Mass 150 eV @, (SM) = (11659181.0 +43 )x107
- .
g 1672 (new mass) coupling Aa,=( 279 +7.6 )x107'°
> MSSM: (coupling, mass) ~ (1, 200GeV)

> light Z' models: (coupling, mass) ~ (tiny, tiny)

u(1)y "dark photon"  10°

@

____________________________________________________________

____________________________________________________________

: BABAR 2017
DR _1/3 (_1/3)8 1072
L -1/2  (-1/2)e
Er -1 (-1)e ete” = yA', A’ — invisible
BaBar [1702.03327]
A' """""""""""""""" VA s 102 10” m,. (Gev) 10
H 12 (1/2e —> excluded (as a Aa, solution)
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Muon g-2 anomaly : Other possibilities

a,(expm)=(11659208.9 +6.3 )x107'°

NP mi (new coupling)’ o mass 150 GeV a,(SM) = (11659181.0 +4.3 ) x1071°
“ 167 (new mass)” COUPHng Aa,=( 279 +£7.6 )x1071°
> MSSM: (coupling, mass) ~ (1, 200GeV)
> light Z' models: (coupling, mass) ~ (tiny, tiny)
2 Gninenko, Krasnikov
e ot 10 ) [1801.10448
Q. 1/6 0 g o %
Uz 2/3 0 © e
Dr i -1/3 0 _
L, -1/2 0 € @ -¢ 10
Erp : -1 0 e -e
B 4 10"
zl ------------------------------- \/ -------------- 10 102 " \1[03
H /2 0 > another valid solution
Ly =e,Z, iy’ up— 71+ 4 v, — vy v,
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Appendix) Pure-Bino and BHL/R
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"Pure-bino" scenario: it has "y-term enhancement.”

B "pure-Bino contribution™: Bino and zr, gr must be 0(100)GeV.

» Higgsino and Wino can be any heavy.

B o« putanS > heavier Higgsino gives larger contribution.

[pure‘B] g%mi ,utanﬁ B, (mﬁL mﬁR)

HLHR S S72 M M, M

N\

\

Fa, Fp are loop functions and positive.
1C1(2%) = Ci(y?) C1Ny(2?) — Na(y?) |

Fo(z, = Fy(z, =
(,Z‘ y) 9 2 _ yg b(x y) 9 22 — yz
3—dx +2% +2logx 1—2%+2zlogx
C = N. =
1(@) (1—2) 2(7) (1—2)3
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"Pure-bino" scenario: it has "y-term enhancement.” Endo, Hamaguchi, Kitahara, Yoshinaga [1309.3065

ﬁL—ﬁR'J-/

2 9
>< gymy, ptan 8 7, (M Mk
> i '\ o 82 M13 M1 ’ M1
ML E MR

y tanpB has upper bounds:
VHiges O — (mT ptan B - 1 TRA
+ my, ptan § - iy finh)
mz/my
=1 = my < 300(420) GeV

My
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600

GeV]|
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700

=2 =

0 =

< 440(620) GeV
< 1.4(1.9) TeV
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"Pure-bino" scenario - Slepton production only is available; less constrained.

W Higgsino > TeV - pure-Bino scenario.
» I-enhancement v.s. vacuum stability

» DM: not considered here ("orthogonal”)

« co-annihilation or resonance may work.

gym;, ptan 3

H—{R 2 3
" 8n2 M
/ \
/ \\ 104
——L
ML E MR %1000‘
8 100
§ 10F
%
0 1
> LHC: only slepton pair-production ol W w0 s o

mass [GeV]

« small cross section: 0.47 (0.18) b for 500 GeV ZL (ZR)

« "di-lepton + missing" signature ... not easy.
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"Pure-bino" scenario - Slepton production only is available; less constrained.

200

100

JOT ~
Lgllg—>1"1

~0 -0
% X,

T LI | T | T T T T I T T T T | LI B B | II LI I/’I T T T T |

ATLAS

III\\IIII|IIII|IIII|IIII|IIII

100 200
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Vs=13TeV, 139 fb"
All limits at 95% CL

~--~ 1, n Expected Limit ——T7 . Observed Limit
-- ﬁLR Expected Limit s ﬁLR Observed Limit 7]

- - - &_g Expected Limit — &_, Observed Limit __]
[ & , ATLAS 8 TeV arXiv:1403.5294
[ i, ATLAS 8 TeV arXiv:1403.5294

300

400 500 600 700

~

200 300 400 500 600 700
M, |GeV]

m(/) [GeV]
ATLAS [1908.08215] Endo, Hamaguchi, Kitahara, Yoshinaga [1309.3065
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"BHR" scenario: negative py-term; "BHL" scenario: nothing special.

B 'BHR contribution” (Bino, Higgsino, &r must be 0(100)GeV)

> |t y-parameter < 0, this is the only viable contribution.
(Higgsino-mass parameter)

B 'BHL contribution” (Bino, Higgsino, . must be 0(100)GeV)

» nothing special.

2
M XJg 2.2
Y BHRI  gymj, Mjutan B 2 (Ml 7 )
_ > T - Fy, ———
~R(,f 87 ms Mir Mg
//,_\ N [BHL] g%/mi Ml,utanﬁ I (Ml 3 )
S \ 2 4 b S
,U_L.: L. RO »m ].67T m/’zL m,LLL m/,LL
Hyq-B
A
d N
_8 [ Y D Fa,Fp are loop functions and positive.
HL ~7 "~ MR 22) — 2 22) — 2
B_Hd Fa(xay) = %Cl( $3_521<y )’ Fb(xay) :_%Ng( xz_;\?(y )
3—dx +2% +2logx 1—2%+2zlogx
Cilw) = (1—2)3 No(@) = — oy
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"BHR" scenario: g-term < 0; "BHL" scenario: nothing special.

m \Wino >> TeV & Higgsino < TeV = BHL or BHR scenario.

>0 <0
> x gy = relevant particles < 500 GeV =00 < 0)

» LHC: pp — HTH®, H*H~ "not much, but enough'

» DM Bire—Higgstre-rabdare; bino—slepton co-annihilation.
excl. by XENON1T

[BHR] _g%mi Ml,udtanﬁ.F ( My p )

Fr - i T
// \\‘ [BHL] gym,, Mllu:anﬁ R ( M, | L )
. ﬁfg ~ 162 mg M, My
M

4 ,’: N \\\ ) F.,Fp ?;e Icz)op funQCtions and positive. 2 2

B-Hq Fa(z,y) = 5 1(23:5;@ : Fy(z,y) = —%Nz(xxgii\?(y ),
Crla) = 3 4xgic2m; 2log x Noa) = 1= ﬁ—l—i;logx
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"BHR" scenario: g-term < 0; "BHL" scenario: nothing special. Endo, Hamaguchi, lwamoto, Yanagi [1704.05287

m \Wino >> TeV & Higgsino < TeV = BHL or BHR scenario.

>0 <0
> x gy = relevant particles < 500 GeV =00 < 0)

» LHC: pp — HTH®, H*H~ "not much, but enough'
_ . excl. by XENON1T o
» DM:Bire—Higgstre-rabére; bino—slepton co-annihilation.

VOCFTFFT T TTTT T Tammra e R e
= = 3 r -—— | '
1o | o T AT HTH T H T 10 _
1 I I 1 ] 20 I ] I ] I 20
T N L L L) :
1000 ! ] : ! - £, mass 700 - B g 8 8 8 === [gr Mass
: : : : : ———— HL'LHC 1 1 1 1 1 - HL'LHC
: : : : I —— ILC 500 GeV. A 6004 1 i : ; J==="—— ILC 500 GeV
— 8007 I I 1 I -- ;‘ ! ! ! OV"\')_ "—: I
o | I T S o v ! L _pENRT
1 1 1 A== 1 O 5001, 1 —"’| 1 \ n
O 1 I (O] = _a=" o
= 6001 ! ] —*E“} - _j_,.—' 1 E I i ‘.
< L4 : = | 4001 | I \ I
= o 7 1 \ I !
= ? i | LA UXA i !
4001 @ 3001 //:’ ) / :
’_“‘//\\’-/’\1 ——",’ J’) ,—’.}:a—’ ~
2001 __---si---zz3===5
200 ,::::—’ =
¢ ¢
T T T T T T T T 100 T T T T T T T
100 120 140 160 180 200 220 240 260 100 120 140 160 180 200 220 240
M, [GeV] M, [GeV]
HL ~ HR o~
,// \\ /// \\
\ \
TTike e > ML ~ N~ HR
B—-H 4 Hq-B
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"BHR"/"BHL": Higgsino provides multi-t signature. Endo, Hamaguchi, Ivamoto, Yanagi [1704.05287

B Bino—slepton (stau) co-annihilation - my; (or mx ) ~ mx

TR B
N FTTTTTTTT7 Temmta
. ! ! : ! ! 20
m \We assumed: oo T b b L mass
- A T T T e
> slepton universality,  g00q | | | | |~ ILC500 GeV -
L . > ! ', ! S H
» DM density is realized at & l | |
C L — 6001 | L
each point in the plots. 3 |
=
~ < m~ ~ s00] @
> MBS S M "
(~M3) (~1) 200
B - ? 100 120 140 160 180 200 220 240 260
HL-LHC" e
»pp— HTHY, HTH™
»H° —» 77, HY -,
because of tanB. ¢ s
© 0.6 @ 0.6 —
) = — CEfofhw
- multi-tau signature £ £ & vt
go.z g0.2
0.0 . , . . , 0.0 ‘ . ‘ . .
0 10 20 30 40 50 60 0 10 20 30 40 50 60
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"BHR"/"BHL": Higgsino provides multi-t signature.

Endo, Hamaguchi, Iwamoto, Yanagi [1704.05287

Tsoft

Tsoft

mHL-LHC?
>pp — HYH, HYH~
>HC - 77, Ht — 77,
because of tan.

- multi-tau signature
"2T +softy + Missing
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"BHR"/"BHL": Higgsino provides multi-t signature. Endo, Hamaguchi, Iwamoto, Yanagi [1704.05287

(b>0) (<0

m \Wino >> TeV & Higgsino < TeV = BHL or BHR scenario.
» DM: Bino—stau co-annihilation > Mg = (m’;R or m;T) N my < My
» DM has small Higgsino component - LUX/XENON1T constraint.

> LHC: pp —» HTH®, HYH~; H — 7+ --- "2T+missing" signature
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