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Executive Summary

B A mismatch® in the muon g-2
B can be solved by SUSY.

> Large parameter space is not-yet constrained by experiments;
waiting for future experiments (HL-LHC, XENONRNT, ...).

m SUSY has a DM candidate: X; . However,

B if we try to explain the 40 anomaly by SUSY,
and if we assume X} is

> wino-like,  then Xi will not* explain 100% of DM. ]9 additional DM
or

» Higgsino-like, then X1 will not* explain 100% of DM. .
to give up g-2.

> bino-like, then X} can* explain 100% of DM.

= SUSY solves DM and g-2! ... How about future experiments?

(*) Caveats are there; these are simplified statements.
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Agenda

1. Introduction
» Muon g-2 "anomaly”

> New physics for (g-2),

2. SUSY
> Why SUSY?
> How SUSY explains (g-2), : Four possibilities
> Scenario T “WHLforg2'  EReraReEee e

3. SUSY and Dark Matter

> Neutralino dark matter with freeze-out

» Scenario 2.  "'BLR for g-2' Endo, Hamaguchi, lwamoto, Kitahara [2104.03217]

» Scenario 3&4: "BHL and BHR for g-2"  Endo, Hamaguchi, Iwamoto, Yanagi [1704.05287]

Extra) SUSY-breaking scenarios for g-2

lwamoto, Yanagida, Yokozaki [2104.03223]
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Latest situation of the muon g-2

(cf. The previous ELTE seminar by Zoltan Fodor)

Theory Predictions

"White paper" [2006.04822]

ap™ = 11659181.0(4.3) x 1017

BMWC [2002.12347v3]

a, PO =1707.5(5.5) x107'? [lattice]

Standard Model predictions Experiment

-

4.2 0 BNL g-2
I ® I

WhitePaper 1.5 0

® —
WP but BMWc/HVP
P

+t—>

210

FNAL g-2

Mainz [2104.02632] (preliminary)

m

aHLPL-LOuds — 10 7(1.5) x 10710 [lattice]

WP + Mainz/LbL
®

Average

175 180 185 190 195 200 205 210 215

Measurements

Brookhaven Nat. Lab. [hep-ex/0602035]
%™ = 11659208.9(5.4)stat (3-3)sys x 1070

Fermilab [2104.03247)
%’ = 11659204.0(5.1)stat (1.9)sys x 1070

"Average’
aS? = 11659206.1(3.7)stat (1.8)sys x 1077

Sho Iwamoto / Muon g-2 for SUSY

ELTE particle physics seminar, 18 May 2021

a, x 10" - 11659000
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Latest situation of the muon g-2

(cf. The previous ELTE seminar by Zoltan Fodor)

~
9p — 2

Theory Predictions = calculate a, = 5 = Re( @ )
ML MR

"White paper" [2006.04822]

_ 10
aSM = 11659181.0(4.3) x 10~

BMWC [2002.12347v3]

w

Mainz [2104.02632] (preliminary)

w

Measurements
"Average’

aS? = 11659206.1(3.7)stat (1.8)sys x 107
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Ny
uy
Ny
-.....
Ny
Ny
Ta,

alVPLO — 707.5(5.5) x 10710 [lattice] <

White paper values

aHLPL-LOuds — 10 7(1.5) x 1071 [lattice]

ELTE particle physics seminar, 18 May 2021

e S QED: 11658471.9 (0.0)
EW: 15.4 (0.1)

»HVP-LO:  693.1 (4.0) [data-driven]
2.1 o tension | HVP-NLO: —9 8 (0.1)
HVP-NNLO: 1.2 (0.0)

HLbL-LOuds: 8.9 (1.9) [data-driven]

» HLbL-LOuds: (3 5) [lattice]
to update HLbL-LOc: 3 (0.1) inagreement
HLbL-NLO: 0.2 (0.1)
U 11659 181.0 (4.3)
— -—

Hadronic Vacuum Polarization (LO) Hadronic Light-by-Light (LO)
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Latest situation of the muon g-2 (cf. The previous ELTE seminar by Zoltan Fodor)

~

- G — 2
Theory Predictions = calculate a, = Z*—— = Re
2 ML @ MR

WP but BMWc White paper values

< QED: 11658471.9 (0.0) < QED: 11658471.9 (0.0)
EW: 15.4 (0.1) EW: 15.4 (0.1)
HVP-LO: 707.5 (5.5) [lattice]« »HVP-LO:  693.1 (4.0) [data-driven]
HVP-NLO: —9 8 (0.1) 2.1 ¢ tension | HVP-NLO: —9 8 (0.1)
HVP-NNLO: 1.2 (0.0) HVP-NNLO: 1.2 (0.0)
HLbL-LOuds: 8.9 (1.9) [data-driven] HLbL-LOuds: 8.9 (1.9) [data-driven]
HLbL-LOuds: 7.9 (3.5) [lattice] HLbL-LOuds: (3 5) [lattice]
HLbL-LOc¢: 3 (0.1) HLbL-LOc: 3 (0.1) inagreement
HLbL-NLO: 0.2 (0.1) HLbL-NLO: 0.2 (0.1)

_ 11659195.4 (5.9) L 11659 181.0 (4.3)

in agreement
(1.50)
Measurements

"Average”
aS? = 11659206.1(3.7)stat (1.8)sys x 107

4.2 6 anomaly . hint of physics beyond the SM? (SUSY?)

— -—

Hadronic Vacuum Polarization (LO) Hadronic Light-by-Light (LO)
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The 4.2 6 anomaly and its interpretation

> theory: WP ax™ = 11659181.0(4.3) x 10~
> experiment: average a9 = 11659206.1(3.7)gpat (1.8)gys x 1071

Aa, (WP—AVG) = 25.1(5.9) x 1071 [4.2 7]

CL/J, - ML ‘LOOP; »MR — SM + @ ???

> CLEP > 0 (positive!)

> a, ~ 1077 > 0t order estimation:

Np Mo (new coupling) ?

g 1672 (new mass)”

new I11nass

~ 150 GeV

new coupling
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BSM scenarios for the muon g-2 anomaly

i i i [Refs: Athron et al., 2104.03691; Buen-Abad et al., 2104.03267;
NeW phySICS Interpretatlons Krnjaic et al., 1902.07715; Dermisek et al., 2103.05645]
~ ~0=* - h~0 W:i: ~0
Supersymmetry ,f‘—fr 200-500 GeV X = () (W*Xl)
SAER pp — Yy — b4
Scalar extensions <7 2 e B
A 150-250 GeV h— AA
Axion-like particle o 40 MeV -6 GeV  ete” = va,a — vy
4
Q [RR——
Leptoquark et \ a 1.5-2 TeV pp — LQLQ
[ bt
2 5 Te~ tu= 7'
u(1) p-t 10-200 MeV ce mupn
s K~ —uvZ
. wR Wy
Vector-like lepton AN <7TeV hZ — ptu
[ VL ’
Precision measurement TR 2 #1112 A0
LRHF (BHEAY BEFRB/KM): BT ¥ PR EEER HIEMARR, 2021.4.22, A 51> G L

slide courtesy of Teppei Kitahara
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An example : Lu-Lt gauge boson

Amaral, Cerdeno, Cheek, Foldenauer [2104.03297]

10! .

Lz = e, Z, [y u—TY'T+ u,Y v, — U V]
UMy L- Ly

COHERENT LAr
7

10~*+ White Dwarfs ,"

Gur

-1/3 0

T L, =L
L,:-1/2 0: e i-¢ e g
_____________________________ J:-.-.-.-_;._______. 3 ‘Eurlz.’]ur/ﬂ) 3
I 10-1 100 10"
| | My [GeV]
_______________________________________________ FIG. 1. Current constraints on the parameter space of the gauge boson of a minimal U(1)z, 1, gauge group

from Neg [35], Borexino [52], white dwarf cooling [59], COHERENT CsI [51] and LAr [52], neutrino tridents

\/ (Charm-II) [60, 61] and BaBar [62] and CMS [63] 4 searches in grey. We show the neutrino trident constraint

from CCFR as a grey dashed line, since some backgrounds have not been properly taken into account [47].

The corresponding plot for a simplified U(1)z, with the same kinetic mixing looks exactly the same with the

1 / 2 O exception of the BaBar and CMS 4y limits, which are slightly shifted towards smaller couplings by a factor

\/BRY,./BRY,,,,, ~ 0.87 (0.71) below (above) the ditau threshold due to the increased branching ratio of

the L, boson to muons. The green band shows the region favoured at 2¢ by the recent confirmation of the

(g—2), excess by the E989 experiment [1]. The blue band shows the region favoured by Ho [35]. For illustrative
purposes we also show the four benchmark points BP1 - BP4 used for analysis in this work.

' + = + = !
2 7 10-200 MeV ere” s ptp 2
s K~ = u 02

new mass 100 MeV
new coupling 103
~ 150 GeV
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BSM scenarios for the muon g-2 anomaly

i i i [Refs: Athron et al., 2104.03691; Buen-Abad et al., 2104.03267;
NeW phySICS Interpretatlons Krnjaic et al., 1902.07715; Dermisek et al., 2103.05645]
~ ~0=* - h~0 W:i: ~0
Supersymmetry ,f‘—fr 200-500 GeV X = () (W*Xl)
SAER pp — Yy — b4
Scalar extensions <7 2 e B
A 150-250 GeV h— AA
Axion-like particle o 40 MeV -6 GeV  ete” = va,a — vy
4
Q [RR——
Leptoquark et \ a 1.5-2 TeV pp — LQLQ
[ bt
2 5 Te~ tu= 7'
u(1) p-t 10-200 MeV ce mupn
s K~ —uvZ
. wR Wy
Vector-like lepton AN <7TeV hZ — ptu
[ VL ’
Precision measurement TR 2 #1112 A0
LRHF (BHEAY BEFRB/KM): BT ¥ PR EEER HIEMARR, 2021.4.22, A 51> G L

slide courtesy of Teppei Kitahara
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1. Introduction
» Muon g-2 "anomaly”

> New physics for (g-2),

2. SUSY
> [Why SUSY?
> How SUSY explains (g-2), : Four possibilities
> Scenario T “WHLforg2'  EeTame e

3. SUSY and Dark Matter

> Neutralino dark matter with freeze-out

» Scenario 2.  'BLR for g-2' Endo, Hamaguchi, lwamoto, Kitahara [2104.03217]

» Scenario 3&4: "BHL and BHR for g-2"  Endo, Hamaguchi, Iwamoto, Yanagi [1704.05287]

Extra) SUSY-breaking scenarios for g-2

lwamoto, Yanagida, Yokozaki [2104.03223]
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SUSY: Introduction and motivations

B SUSY = supersymmetry ... boson < fermion
» extra bosons: squarks & sleptons

» extra fermions: higgsinos & gauginos

Standard Model of Elementary Particles SUSY partiC|e_S

three generations of matter ﬁnteractions | force carriers\ three generations of matter ﬁnteracﬁons | force carriers
(fermions) (bosons) (fermions) (bosons)
| 1] 1 | 1] 1l
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 GeV/c? 0 =124.97 GeV/c
charge % u % C % t 0 & 0 H charge % u % C % t & 0 H
spin | % A A 1 0 spin % VA VA 1 0
I L
up charm top gluon higgs Sup Scharm Stop glwino higgsl 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
% % % 0 % N -y AN -y AN ~
% d % S % b 1 'L % d % S % b 1 L | g
L
down strange bottom photon @ Sdown S strange Sbottom phot:
ino £
=0.511 MeV/c? =105.66 MeV/c? =1.7768 GeV/c? =91.19 GeV/c? w =0.511w/c‘ =105.6%V/c‘ =1.776%V/c‘ =91 .19%//0’ 8
-1 -1 -1 0 -1 -1 -1 0 (7p)
% (8 ) » & % (8 s W » L
g . O 0
electron muon tau Z boson S electron S muon Stau Z| n O‘ c
— — -/ O
<1.0 eV/c? <0.17 MeV/c? <18.2 MeV/c? =80.39 GeV/c? <1.0 ev% <0.17 M%/c2 <18.2 Ivre~\//<:2 =80.39%//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 / o S neutrino S neutrino Sneutrino / KW I n OJ
N — 7 B X
SM fermions SM bosons extra bosons extra fermions

(squarks/sleptons) (higgsinos, gauginos)
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SUSY: Introduction and motivations

B SUSY = supersymmetry ... boson < fermion
» extra bosons: squarks & sleptons

» extra fermions: higgsinos & gauginos

A
supersymmetric? | 10" GeV
m \Why SUSY? (for string theory) | = (Gn) ™2
| r
» "superstring theory" at 101° GeV
SUSY happens<
somewhere
\.
NOT 10? GeV
supersymmetric! | = (Gr)™'/?
(no stop at 173 GeV)
(no smuon at 0.5 GeV)
15/ 50
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SUSY: Introduction and motivations

B SUSY = supersymmetry ... boson < fermion

» extra bosons: squarks & sleptons

» extra fermions: higgsinos & gauginos

m\Why SUSY?
» 'superstring theory" at 10"° GeV

m\Why TeV-scale SUSY?

i'e" Why MMN 103 GeV (mSparticles ~ 103 GGV) 77

> gauge-coupling unification ><

» muon g—2 > next slides

non-SUSY

T8 100 102 105 10t
Energy Scale [GeV]

.

______.\_J“' 1
aemm T ]

SUSY

» dark matter - postpone to next section
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00 100 102 10
Energy Scale [GeV]
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SM + SUSY = MSSM

B Minimal Supersymmetric Standard Model mssw
> extra bosons: squarks & sleptons & extra Higgs bosons (H°, H*, H-, AY)
« squarks g =~ (Ur,, UR, CL, CR, L1, 12)

d1—6 =~ (dL7 dR7 SL, SR, b17 b2)

» sleptons €16 =~ (eL, €r, fiL, IR T1, T2)

fljl*3 =~ (gea gua D/T)

» extra fermions: higgsinos & gauginos ‘ |
'minimal”...
- higgsinos (H9, HO, H¥)
+ bino/winos/gluino B / (WO, W) / §

We only consider this "MSSM" in the following discussion.
17 /50
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Agenda

1. Introduction
» Muon g-2 "anomaly”

> New physics for (g-2),

2. SUSY
> Why SUSY?
» [How MSSM explains (g-2), : Four possibilities
> Scenario T WHLforg 2’ EReTaRE e

3. MSSM and Dark Matter

> Neutralino dark matter with freeze-out

» Scenario 2.  'BLR for g-2' Endo, Hamaguchi, lwamoto, Kitahara [2104.03217]

» Scenario 3&4: "BHL and BHR for g-2"  Endo, Hamaguchi, Iwamoto, Yanagi [1704.05287]

Extra) SUSY-breaking scenarios for g-2

lwamoto, Yanagida, Yokozaki [2104.03223]
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MSSM may contribute to g-2.

B Minimal Supersymmetric Standard Model mssw

» extra bosons: squarks & sleptons & extra Higgs bosons (H°, H+ H-, A9)

 squarks u; ¢ ~ (ur,UR, CL, CR, t1,12) )
d1f6 ~ (dL,dR,gL,gR,bl,bg) > |:>ML @

» sleptons €16 =~ (eL, €r, fiL, IR T1, T2)

/1;173 =~ (gea Dpa D}.)

» extra fermions: higgsinos & gauginos
» higgsinos (H9, HO, H¥)

+ bino/winos/ gluino B / (W9, W) /9 )

Sho Iwamoto / Muon g-2 for SUSY ELTE particle physics seminar, 18 May 2021 19 /50



MSSM may contribute to g—2.

B Minimal Supersymmetric Standard Model mssw

» extra bosons: squarks & sleptons

\

 squarks u; ¢ ~ (ur,UR, CL, CR, t1,12)

d1—6 =~ (dLa dR7 SL, SR, b17 b2)

& extra Higgs bosons (H°, H*, H~, A9)

- ),

5 diagrams at the 1-loop level

» sleptons €16 =~ (eL, €r, fiL, IR, T1, T2)

/771*3 =~ (gea D/,u) D/T)

» extra fermions: higgsinos & gauginos

» higgsinos (H9, HO, H¥)

+ bino / winos / gluino B / (W9, W4, Xy

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

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

Sho Iwamoto / Muon g-2 for SUSY ELTE particle physics seminar, 18 May 2021
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/ A \
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MSSM for g—2: Four scenarios are available.

("Cooperation” is also possible.)

1) WHL scenario su@ symmetric.

~—a always in similar size.

2) BLR scenario

WE-_H* Hi AR
g /_N_{JJ Tl s
/ \
/ \ // A
______ —p—b >& ——L L —
AL VH AR ML W—F/d Hr AL fé AR
WHL _ @2 My 8- f M2 p? BLR _ a4y ™ Ml/" tanB- f ( ?“L %R
a an C a 2 n N 29 2
u 2 ) o2 u “ <
41 Mop Vﬂ 5, 47 mMLmMR M; " M;j
2 2 2
_agm Ms p
Y EtanfB- fn | ——, —2)
2H ml—'-L Mo
3) BHL scenario 4) BHR scenario
// "\ / \\\
IJ_L.: L NXN \ >/J_R H_L.: = ~7\< ~ >/J_R
B-Hgy Hyq-B
) 2 2 2 M2 2
BHL _ @y "My My p BHR Qy My 1 M
a tan 3 - fn (—— a tanB- fn | ——, —5—
7 2 1 9 v 2 2
8w Mip m2 2 A7 Mip ms o
C hsoseewtey 2 oy ]|
gotei =y [ - e o |
! 3+z+y+zy 2zInz 2ylny |
| P | = (z—y)(z—l)f(z—yxy—n?»}‘,'
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Agenda

1. Introduction
» muon g-2 "anomaly’

> New physics for (g-2),

2. SUSY
> Why SUSY?
> How MSSM explains (g-2), : Four possibilities
>[Scenario T _WHLTorg 2 | B FEE

3. MSSM and Dark Matter

> Neutralino dark matter with freeze-out

» Scenario 2.  'BLR for g-2' Endo, Hamaguchi, lwamoto, Kitahara [2104.03217]

» Scenario 3&4: "BHL and BHR for g-2"  Endo, Hamaguchi, Iwamoto, Yanagi [1704.05287]

Extra) SUSY-breaking scenarios for g-2

lwamoto, Yanagida, Yokozaki [2104.03223]
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WHL scenario: a good benchmark scenario for the LHC.

1) Wino—Higgsino—Left-smuon scenario

WE-_H= HL
W=-H=r /_‘(:-’J aWVHL —
/ \
______ — eyl -
ML 37 MR A A7 L1 HR
Vu W-Hg4

Qo M2 'u2
” tan @ - fo 2 5
41 Mop myu mg,
2 2 2
_[ag M My
£ tan /8 : fN _227 2
8m Map L M

» tend to be larger (for similar sparticle mass) because a2 > ay

> ay' >0 if "mu-parameter” is positive.
» Wino, Higgsino, and Left-smuons
should be < 1 TeV.
> LHC search?
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A parameter space of WHL scenario. Endo, Hamaguchi, Iwamoto, Kitahara [2104.03217

: 1000121 Spring
fixed parameters —m—~_ = 2My, My = My \ //é/
contours: a, >*M x 10" —> ///

1Q //x = 095 )
anomaly solved! 8O0\ ........................ ........................ A gc}\”’y -7

[16/ 20 levels] |
—Excluded by LHC

N | (slepton searches
O
SlepL mass 5 600N N\ sund N by ATLAS/CMS)
L. .
'3
£ , > Excluded by LHC
............. (CMS Wino search)

Something like
Wino mass

[three lines to be joined

800

m(¥7) [GeV]

Conclusion 1: MSSM can (still) explain the anomaly!
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Other parameter p|anes of WHL scenario. Endo, Hamaguchi, Iwamoto, Kitahara [2104.03217

10007 =
7
7

1000 ————m
,u =2M,, my = 100 GeV
[ :

800

different

|
I
I
I
[
\
|
I
I
I
I
I
I
|
I
I
I
I
I
\

5 600 iy e NI\ 4\ Z RS RA %2 w0l N\
= parameters g
151 151
g i H
4001 400
200
g cminvay = 200
PP S S
200 400 600 800 1000 200 400 600 800 1000

m(¥7) [GeV] 1000 m(7¥) [GeV]

800

m(fir) [GeV]

400 PONA

i

200 400 600 800 1000
m(¥7) [GeV]

Conclusion 1: MSSM can (still) explain the anomaly!
2550
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A bit more precise / detailed for experts... Endo, Hamaguchi, Iwamoto, Kitahara [2104.03217

m MSSM has 6 important parameters for g-2: ) .
. (00} M2 M
tan 8 := (H,)/(Hg) > fixed to 40. aWHL — =2 F tan ,
anﬁ E >/< d> 7 An M2ﬂ' B fC %ﬂ %u
M, ~ B-
LY DTIAss } varied among 4 figs. ) mi tan 3 - f M3 p?
1 ~ H-mass 87 Moy N %L ’ m%L

Mo =~ W-mass } axES
mi ~ I;-mass

.
my ~ [r-mass - assumed heavy (1 TeV).

> Lepton universality maintained. (€ ~ i~ 7)

> Other particle masses are also set "heavy". [squarks, gluino, extra Higgses]

1000 ———

m | HC bounds are recasted analytically. N\

800 ¢
[their result] ® [cross section reduction] ® [Branching factor] N

! o ,, wol\ %o\
They use "simplified models. \ \ \

Realistic models will have different production rate .
& complicated decay pattern. 40 \

0 &“'

> No Monte Carlo simulation = free from extra systematic errors. 4 /
200 20\ \

» NC/3L is analyzed only at 3 strips. |

TP VO WP O W S S
200 400 600 800 1000

m(%7) [GeV]
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A bit more precise / detailed for experts...

Endo, Hamaguchi, Iwamoto, Kitahara [2104.03217

m MSSM has 6 important parameters for g-2:

tan 8 := (Hy)/(Hq) > fixed to 40.

M7 ~ B-mass
W~ H-mass
My ~ W-mass

mi ~ I;-mass

} varied among 4 figs.

} axes.

m% =~ Ig-mass - assumed heavy (1 TeV).

B Only some "typical” spectra are considered:

A _
i

~

lL?

W

B

=

m L>

. TL<W
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v

—
—

)

A

I, U

)

W H

~

B

widely allowed.

excluded.

mg - mg
2 2 2
ay M My p
- —=—EtanB- fy | ==, —5-
8m Map a M

1000 —

800

600\ < J

m(fL) [GeV]
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Other parameter p|anes of WHL scenario. Endo, Hamaguchi, Iwamoto, Kitahara [2104.03217
7 e
/ 1000 e A

1000 =

AN

7 \)z = My My =‘M‘2/2’\ |
4 : Q

L 1 s L ——

GeV

different
parameters

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

1000
m()?:lt) [GeV] 1000

200 400 600 800 1000
m(¥7) [GeV]

600k N @R

m(fir) [GeV]

400 PQjie

D gt

200 400 600 800 1000
m(¥7) [GeV]

Conclusion 1: MSSM can explain the anomaly, but LHC also did well.
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Agenda

1. Introduction
» Muon g-2 "anomaly”

> New physics for (g-2),

2. SUSY
> Why SUSY?
> How MSSM explains (g-2), : Four possibilities
> Scenario T “WHLforg2'  EReraRE e FE

3. MSSM and Dark Matter

> | Neutralino dark matter with freeze-out

» Scenario 2.  'BLR for g-2' Endo, Hamaguchi, lwamoto, Kitahara [2104.03217]

» Scenario 3&4: "BHL and BHR for g-2"  Endo, Hamaguchi, Iwamoto, Yanagi [1704.05287]

Extra) SUSY-breaking scenarios for g-2

lwamoto, Yanagida, Yokozaki [2104.03223]
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MSSM has a good DM candidate.

B Minimal Supersymmetric Standard Model mssw

> extra bosons: squarks & sleptons & extra Higgs bosons (H°, H*, H-, AY)
« squarks g =~ (Ur,, UR, CL, CR, L1, 12)
di_¢ ~ (dy,dr, 51, 3, b1, b2)
* sleptons ¢ ¢ ~ (€r, €r, fiL, IR, 71, T2)
D15~ (Do, Uy Ur)
» extra fermions: higgsinos & gauginos
- higgsinos (HY, HY, H¥)
+ bino/winos/gluino B / (WO, W*) / g

B MSSM needs R-parity [or similar symmetries]
» to forbid proton decay.

» biproduct: the Lightest SUSY Particle becomes stable.
- DMII

_..if it is non-colored & non-charged.
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MSSM has a good DM candidate.

gauge eigenstates Mmass eigenstates

o 1170 170 170 mix} ~0 ~0 ~0 =~0
(B,W 7Hu7Hd) (X17X27X37X4)
DM!? "neutralinos”

(W, HE) =53 (3.%)
"charginos”
» extra fermions: higgsinos & gauginos
* higgsinos @
* bino / winos / gluino 7) /g
B MSSM needs R-parity [or similar symmetries]
» to forbid proton decay.
» biproduct: the Lightest SUSY Particle becomes stable.
- DM
...if it is non-colored & non-charged.
37 /50
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MSSM has a good DM candidate.

gauge eigenstates Mmass eigenstates

(B,W", Hy, Hq) = (X1,Xz2, X3 X4)

DM!? "neutralinos"

Trr = mix ~+ ~+

(WiﬂHi) — (Xl 7X2)
"charginos”

m Neutralino DM
= bino-like, wino-like, higgsino-like (or mixed).

m |f DM density is determined by freeze-out mechanism
under "standard" thermal history of Universe:

> bino-like DM 2> M sp < 100 GeV

Cf. Hisano, Matsumoto, et al. [ph/0610249]

» higgsino-like DM 2> m gp ~ 1 TeV i |
Farina, Pappadopulo, Strumia [1303.7244]

» wino-like DM 2> mgp ~ 3 TeV Then, g-2?
32 /50
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MSSM: DM & g-2 ... possible?

B g-2 motivates SUSY mass of 100—1000 GeV.

» bino-like DM with ~7100 GeV = overabundance.
» non-standard thermal history?vk too heavy = too small annihilation

« with helpers for annihilation?

-> co-annihilation: Binetruy, Girardi, Salati (1984), Griest, Seckel (1991)
vectorlike leptons: Abdullah, Feng [1510.06089], Abdullah, Feng, lwamoto, Lillard [1608.00283

> wino- or higgsino-like DM with ~100 GeV = underabundance.

 non-standard thermal history? ptoo light = too much annihilation
» extra particles for DM?

> bino-higgsino mixture = strong constraints from DM direct detections.

"well-tempered scenario” ... not talking today

Jreeze—out mechanism
under "standard" thermal history of Universe:

> bino-like DM 2> Mygp < 100 GeV

> higgsmo_nke DM = My sp ~ 1 TeV Cf. Hisano, Matsumoto, et al. [ph/0610249]
Farina, Pappadopulo, Strumia [1303.7244]
» wino-like DM 2> migp ~ 3 TeV

33/ 50
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Freeze-out of Bino DM = overabundance in standard thermal history.

m Early Universe with T > m

creation equilibrium annihilation

with kinetic energy ~ T

34 50
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Freeze-out of Bino DM = overabundance in standard thermal history.

m Early Universe with 7" 5 m

creation eqilibium annihilation

35/ 50
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Freeze-out of Bino DM = overabundance in standard thermal history.

m Farly Universe with 7" < 1 /20

creation

Sho Iwamoto / Muon g-2 for SUSY

®
O 6

9 o
e
0
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annihilation

B%%%/f

AN

N

r~~

B

| N

| f

far apart due to
* pair annihilation
» Universe’s expansion
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Freeze-out of Bino DM = overabundance in standard thermal history.

m Farly Universe with 7" < 1 /20

creation annihilation

Y

@ far apart due to
@ * pair annihilation
O % T TTTTTT T TTTTI T TTTIT @ @ * Unlverse's eXpanSIOn
102
90
%8:2 increasing g
10-7 o “thermal relic” I
100 = = pffd\\f
JLoce | B
19 . ¥ ... too much for ~100GeV bino-like DM.
10-13 .
10—141 | |||||1||(|)1| |||||1||l)2| |||||1O3 QDMhzz 1.1><1()9.xf ol 15 ﬁgxlo—%cmiﬁ/s o /T
time——= \/ﬁMm(OU)’GeV ) V= 30 (ov) f DM/ Lfo-

m /T
%@%@%t@@%%@gﬁw ELTE particle physics seminar, 18 May 2021 37 /50
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Freeze-out of Bino DM = overabundance in standard thermal history.

m Early Universe with 7" < m - with stau-coannihilation

creation eqilibium annihilation

close in mass .
= more help T
= more annihilation l
= heavier bino allowed -
'Y — » /\/\/\/‘Y

annihilation helper!

cf. Edsjo, Schelke, Ullio, Gondolo, hep-ph/0301106
Sho Iwamoto / Muon g-2 for SUSY ELTE particle physics seminar, 18 May 2021
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Freeze-out of Bino DM = overabundance in standard thermal history.

2021 Sprin,
T T

1000 ————— 7~ — >
- p= M, (m)??=100GeV
E N\ S~— ’
so0- 100 GeV Bino o
N annihilation
0 ’
(E 600k PN N\ T e B %%%//f
s \ ~
400 3Q) :f
J : —~ M\L\
B e e e e e e B f
200 400 600 800 1000 +
m(77) [GeV ~
slepton () 16V Baooo  —T
close in mass close in mass -
= more help T

= more annihilation

= heavier bino allowed - I/\/\/\'Y

annihilation helper!

cf. Edsjo, Schelke, Ullio, Gondolo, hep-ph/0301106
Sho Iwamoto / Muon g-2 for SUSY ELTE particle physics seminar, 18 May 2021 Courtesy of pakutaso.com
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Mini summary: MSSM for DM & g-2

m DM &g-—2
» bino-like DM
* + non-standard thermal history?
* + coannihilation?
o "Minimal" and simplest.

o Fine-tuning between slepton/bino mass.
o WHL seems disfavored by LHC.

» Wino- or higgsino-like DM
* + non-standard thermal history?
 + extra particles for DM?
> bino-higgsino mixture (‘well-tempered" scenario)

* but need to avoid direct detections.
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1. Introduction
» Muon g-2 "anomaly”

> New physics for (g-2),

2. SUSY
> Why SUSY?
> How MSSM explains (g-2), : Four possibilities
> Scenario T “WHLforg2'  EReraRE e FE

3. MSSM and Dark Matter

> Neutralino dark matter with freeze-out

> |Scenario 2. "BLR for g-2' Endo, Hamaguchi, lwamoto, Kitahara [2104.03217]

» Scenario 3&4: "BHL and BHR for g-2"  Endo, Hamaguchi, Iwamoto, Yanagi [1704.05287]

Extra) SUSY-breaking scenarios for g-2

lwamoto, Yanagida, Yokozaki [2104.03223]
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MSSM for g—2: Four scenarios are available. ("Cooperation" is also possible.)

2) BLR scenario

IJL;(,URP,-J
/V// - \\
N_L.: - 'é MR
Bino & sleptons are required to light.
> (naturally) B _ oy MM (m2 m%R)
bino-DM with coannihilation. Yo drmE mE M;* M¢
3) BHL scerfario 4)BHR scenario
,gkf_// \fﬁf
IJ—L-=L’~~,\,\‘~‘>“—R IJ_L.:L\N\A’V\»u_R
B-Hg4 Hq-B
2 2 2 2 2 2
BHL _ &y M . M BHR _ _ &Y M | . My p”
= it in (o T T
o) =a |G Y e G 1Y)
! T T zlnx In |
| T e A e ,'
e T SR oI 4 2/50
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BLR scenario for g-2 + DM

Endo, Hamaguchi, Iwamoto, Kitahara [2104.03217

300

250

200

m(7)) [GeV]

100 150 200 250
m(d) [GeV]

tan 8 := (Hy,)/(Hq) = 5, 10.
My ~ B-mass - axis.

1~ H-mass > tuned to satisfy g—2 + DM + XENON1T + vacuum stability.

My ~ W-mass - assumed heavy
mé ~ I;-mass

.~ } mp, = Mg axis.
my ~ [gr-mass
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..............................
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‘5‘“'. RN
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g—-2 + DM explained with
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BLR scenario for g—2 + DM Endo, Hamaguchi, Iwamoto, Kitahara [2104.03217

300

250
=200
S
cg;
=
" g=2 + DM explained with
y specific (tuned) higgsino mass.
5(1)00 150 200 250 300 350 5(1)00 150 200 250 300 350
(i) [GeV] m(ii) [GeV] o
. AW H
B How to search in future? |
> ILC stau search!  (stau < 150-200 GeV).
» LHC as photon colliders? - Beresford, Liu [1811.06465] %
> (any other ideas?) CLERULUR
VelyUs
_T1
B

Sho Iwamoto / Muon g-2 for SUSY ELTE particle physics seminar, 18 May 2021 44 50


https://arxiv.org/abs/1811.06465
https://arxiv.org/abs/2104.03217

Agenda

1. Introduction
» Muon g-2 "anomaly”

> New physics for (g-2),

2. SUSY
> Why SUSY?
> How MSSM explains (g-2), : Four possibilities
> Scenario T “WHLforg2'  EReraRE e FE

3. MSSM and Dark Matter

> Neutralino dark matter with freeze-out

» Scenario 2.  'BLR for g-2' Endo, Hamaguchi, lwamoto, Kitahara [2104.03217]

> | Scenario 3&4: "BHL and BHR for g-2" | Endo, Hamaguchi, Iwamoto, Yanagi [1704.05287]

Extra) SUSY-breaking scenarios for g-2

lwamoto, Yanagida, Yokozaki [2104.03223]
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BHL or BHR for g—-2 + DM

Endo, Hamaguchi, Iwamoto, Yanagi [1704.05287

VO F T T I 7777 Temg |
i | | | | 20
1 1 1 1 1
10001 | d i | === [, mass
A T T T e
1 1 1 1 1 —
— s00] | | | : | ILC 500 GeV -
> | l | | ="
3 l : ONLF
2 600{ 1 __L.-*EN
3 4T e =
= (@) (0]
5 T T
400 A ? | LU ¥e
’\/—\‘\//\1\\
2004 h g
. with old values; needSldeate
100 120 140 160 180 200 220 240 260
M]_ [GeV]
3) BHL scenario
H s
g A
/ \
—p—L S —
ML ~"~ HR
B-Hg4
2 M2 2
BHL _ @y ™y 1 ¥
a, tan 8 - fn 5 =]
8T Mlp, ms  m=
KL KL
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BHL or BHR for g—2 + DM Endo, Hamaguchi, Iwamoto, Yanagi [1704.05287

1200 & — , : : : : : —
FT7 7.7 77777 7o | FTF T AT AT I e 0 A
| | | | | 20 | | | | | 20
1000 + i i ': i i -== [, mass 700 4 IS N o s N --- Iz mass
: : : : I === HL-LHC ¢ ? ? ? $  --- HL-LHC
! ! ! ! I —— ILC 500 GeV. A 600 1 | | | _d-=="—— ILC 500 GeV
—, 8007 | | 1 | - — ) I I WA T-~ : ;
> T e B > |0 e
& : : \ONIFA""7 O 5001 | |- A LN
I I N — I -1 I I I o
— 6001 -t \ 3 .-"" I 1 I \
< 4= & ' |- 4001 I I } I
= g : ) ' E
400{ 9 ' 300 /’./:.,L :’ | i
"‘/_\\//\1 ___z” 7 7 _ZF
2004 \ 2 200 {___--czriizgaaasa=s
. with old values; needs update 100 = with old values; needs update
100 120 140 160 180 200 220 240 260 100 120 140 160 180 200 220 240
M, [GeV] M, [GeV]
m Here,
» Assumed Slepton universality. AW
» Correct DM density by tuning slepton masses. 72
m How to search in future? -
o~ H
>pp— HTHY, H"H
> H° - 77, H' — 77, because of large tan. & multi-T search. eL/RAL/R
1
B
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BHL or BHR for g—2 + DM Endo, Hamaguchi, Iwamoto, Yanagi [1704.05287

1200 £ — — - - - — —
iiii E I B 1
1000 ~ i i I: i i — EL mass 700_% IE g é I'g - ER mass
I I I | | e HIJHC o o o o o ——— M| HC
>
()
S,
3
m Here,
> Assumed Slepton universality. A”Mv/
» Correct DM density by tuning slepton masses. 7
m How to search in future? =
> pp — ﬁI‘LﬁIO, HTH-
> HO — TT, H+ — 77 because of large tanf. > multi-t search. eL/RHIL/R
"2T (+sof) + missing” | ™1
B
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Summary

B The 4.2 0 anomaly*findeed can be solved by MSSM.

WHLWi o i BLR Al BHL ~ g BHR ;5 . ] P -
l/ \‘ ,// - \\ //, ‘\\ /’ \\\
o o _\7_#_ _ = m W_Fld TR m 5 TR ML E—; Eﬁd . HR Hu Fld-E HR

Wide parameter still allowed; LHC did well.

m(fir) [GeV]

200 400 600
m(xy) [GeV]

800 1000

®m Bino DM + coannihilation can explain fu

1
T 77777 7
HL™= =
BW T / 10009 | : : ' hy 7

/,‘e‘ i ! ! [ i, mass --- Igp mass
; P i i : HL-LHC -~ HL-LHC
. Fto | | — ILC500Gev - Jo-='— ILC 500 GeV

~ r e - — 800 H ! 1 [
T /' SLSL-8Tev 3 - B .
: 2 O |t o | ©s00 T
. 3
v - /\/\/\,’y

annihilation helper! (only if close in mass)

vv\th oId values needs update
100 120 140 160 180 200 220 240 260
350 M, [GeV]

150 200 250 300
m(f) [GeV]

with old values; needs update
%0 130 1a0 160 180 200 230 240
M; [GeV]
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Summary

B The 4.2 0 anomaly*findeed can be solved by MSSM.

WHLZ. .. A BLR A e, BHL ™ ] A BHR L4
/ \‘ /// \\\\ // \\\ ,/ \\\
o o _\7_”_ _ - m ’W’_Fld m m 5 TR ML E—; Eﬁd . HR Hu Fld—E HR

Wide parameter still allowed; LHC did well.
== \Wait for HL-LHC (neutralino-chargino, sleptons)

m(fir) [GeV]

ILC (other ideas?) all degenerate = difficult

will be covered by
HL-LHC + XENONNT

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

(] (] [ ]
m Bino DM + coannlhll ion can expla| full DM + g-2.
5 . BHLTZL.LLLLIL—;O i BHR 1
e 7 I R P e s ~-- iy mass
= . A e = :;;;‘;GV
E T g a SLSL-8TeV E ——————————
- I/\/"WY H = -
anmh”ation he|p€r! (Oﬂ|y |f Close in maSS) with old values; needs update with old values; needs update
100 120 140 160 180 200 220 240 260 100 100 120 140 160 180 200 220 240

200 250
m(f) [GeV]

300 350 M; [GeV] M; [GeV]
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