57
@XoIS AT
|D: | d El
% ?:“_.{ _ I—J ,\;:/.’/1
S, MCOXXIT Q
/C//? . _\&y

MSSM in the light of (g-2), and DM

Sho IWAMOTO G4 #)

1 May 2018
Seminar @ KIAS

Based on

« Endo, Hamaguchi, Iwamoto, Yanagi [1704.05287]

« Endo, Hamaguchi, Iwamoto, Yoshinaga [1303.4256]

and a few ongoing projects.

N.B. partially overlapped with my plenary talk @ Gwangju (18—-19 Oct. 2016)


http://www.misho-web.com/
http://creativecommons.org/licenses/by-nc/4.0/
http://www.misho-web.com/
https://arxiv.org/abs/1704.05287
https://arxiv.org/abs/1303.4256
http://creativecommons.org/licenses/by-nc/4.0/
http://active.pd.infn.it/g4/

Contents

Introduction
» Why did we expect new physics @ LHC?

> (g-2), anomaly
Four scenarios of MSSM

as the solution of (g—2), anomaly
» QOverview

» Collider physics
» Dark Matter

Discussion for each scenario
» "Chargino” scenario: multi-lepton signature is promising.

» "Pure-bino" scenario: di-lepton, but production not sufficient.

> "BHR" or "BHL": multi-tau, combined with direct detections.

2 /58



Current situation: Leaving from LHC? http.//resonaances.blogspot.jp/2018/03/where-were-we.html

m LHC found a Higgs boson, and nothing

» 'Crisis is no longer a whispered word,
but it's openly discussed”’
from "Resonaances”.

» But we need new physics.

Where were we?

B Three directions (proposed in the blog post)

» Astrophysics for DM, baryogenesis, inflation,

» Precision physics for neutrino mass, Higgs sector, B-anomalies(?),

» Formal theoretical developments.

» But also: LHC physics until its last day. ...high risk, high return.
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10 years ago, we had three nice motivations for LHC.

m Motivation for LHC? (i.e., for students in ATLAS/CMS groups)

= for 0.1-1 TeV new particles.
> (g—2)u anomaly - next slides  [g-2 = anomalous magnetic moment]
» Hierarchy problem

2 2 2 2 3IAI2 -

my ~mg +Amp, Am(SM) ~ _WAcutoff + finite.
h----@---h
(100GeV)* ~ Agyot = Acurort

- New physics @ 0.1-1 TeV?
» Dark matter "WIMP miracle”

simplest scenario predicts (DM as a thermal relic, freezing out by pair-annihilation)
a2
1.1x107 - ¢ 15 z¢ 3 x107%®cm® /s

Qpah? ~ 0.1 with x¢ = mpm /Tt
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Muon g—2 SM expectation : 3-40 discrepancy!

(9—2)y
2 N MR

Ay

(5-loop) (2*-loop)

e o]+ )+ @)

ay(QED) = (11658471.886  0.003) x 10~°,

ay(EW) = ( 15.36 +£0.11 ) x10710,
See also:
SM combination according to Jegerlehner [1804.07409]. QED: Laporta [1704.06996], Marquard et al. [1708.07138].
QED:  Aoyama, Hayakawa, Kinoshita, Nio [1205.5370] (cf. [1712.06060]). HVP-LO: Keshavarzi, Nomura, Teubner [1802.02995]
EW:  Gnendiger, Stockinger, Stockinger-Kim [1306.5546). HVP-HO: Kurz, Liu, Marquard, Steinhauser [1403.6400],
QCD:  Jegerlehner [1711.06089] [1705.00263]. HLbL:  Jegerlehner, Nyffeler [0902.3360], 5 /58
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10 years ago, we had three nice motivations for LHC.

m Motivation for LHC? (i.e., for students in ATLAS/CMS groups)

Qem my 2
> (g-2), anomal Aa, =10x10"10 ( )
(9-2), y H 4t \[200 GeV

» Hierarchy problem
3|Al?

2 2 2 2 2 :
my ~mg +Amp, Am(SM) ~ _WAcutoff + finite.
h---—@---h
2 2 2
(100GeV)” ~ Acutoff B Acutoff

- New physics @ 0.1-1 TeV?
» Dark matter "WIMP miracle”

simplest scenario predicts (DM as a thermal relic, freezing out by pair-annihilation)
a2
1.1x107 - ¢ 15 z¢ 3 x107%®cm® /s

QDM/’L2 ~ 0.1 with Is — mDM/TfO.
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And SUSY was very motivated. [MSSM: Minimal SUperSYmmetric Standard Model]

m MSSM = SUSY version of the Standard Model

mass —» =2.3 MeV/c? =1.275 GeV/c? =173.07 GeV/c? 0 =126 GeV/c?
charge » 2/3 23 & 23 0 ' H
spin - 172 112 1/2 1 8 By
up charm top t';ggg?,s
N =4 8§ MeV/c? =05 MeV/c* =4 18 GeV/c? 0
A3 ) A3 i A3 ; 0 @
& 1 112 1
down strange bottom photon @ @
0.511 MeVic? 105.7 MeV/c? 1.777 GeVic? 91.2 GeV/c? @
-1 -1 0
12 1/2 1
electron muon tau Z boson ﬁ
N
m <22eVic <017 MeV/c? <15.5 MeV/c? 80.4 GeVic? 8
= 0 0 0 +1 w
E 112 112 T 1 O
Y -
electro muon tau
"ﬂ neutrino neutrino neutrino W boson g
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And SUSY was very motivat¢

a MSSM = SUSY versit¥1-4

mass - =2.3 MeV/c®
charge -» 2/3

spin -» 1/2

=1.275 GeVic?

U, C

1/2

up

~ . - - ~
=BoW e HyeHy, X,,=W"@H"
=173.07 GeV/c? 0 =126 GeV/c?

‘(2) MSSM has superpartner of top -

2 112 §©w
down strange

bottom photon

hlerarchy problem? \

‘(1) MSSM has superpartner of muon. - ( g 2) anomaly?

c
D-_—g

LEPTON

12 - _@112 B :'_
electron muon

<2.2eVic? <0.17 MeV/c?

0 0

1/2 1) 1/2 e 1/2
electro muon
neutrino neutrino

.26
taue Z boson - \

(3) MSSM has extra fermions:
4 neutralinos + 2 charginos.

- dark matter?

neutrno il "
L
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And SUSY was very motivated. [MSSM: Minimal SUperSYmmetric Standard Model]

B MSSM = SUSY version of the Standard Model

X u
> (g-2), anomaly : _ + ‘/ may explain the anomaly

—————— L.

if these particles are 0(100) GeV.

(we'll discuss later.)
» Hierarchy problem
3|AI%

mZ~m?Z _+AmZ,  Am’(MSSM) ~ —

h bare h

—— N’ 2 3|A|2A2 0(log A
82 cutoff X 1672 cutoff + (Og cutoff)-

» Dark matter "WIMP miracle”
The lightest neutralino @ may be stable. > DM?
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And SUSY was very motivated. [MSSM: Minimal SUperSYmmetric Standard Model]

B MSSM = SUSY version of the Standard Model

X a
> (g-2), anomaly : _ + o . may explain the anomaly

Vlu / X

—————— L.

if these particles are 0(100) GeV.

(we'll discuss later.)
» Hierarchy problem
2

3y
2 2 2 2 t 2
m? ~m? _+Am2,  Am2(MSSM) ~ — M log

/\cutoff

my

- top partner ("scalar top") should be S 1TeV!

» Dark matter "WIMP miracle”
The lightest neutralino @ may be stable. > DM?
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But nowadays this good-old story is less motivated.

m MSSM = SUSY version of the Standard Model

just 3—-40 from single experiment

> (g-2),anomaly : _/_fj_@“ t "\\ may explain the ancf)malvd
Not found yet.

L.

if these particles are O(100) GeV.

(we'll discuss later.)

» Hierarchy problem

2

3 A
mi~mp o +AmE, Amp(MSSM) ~ _4_};1‘2,”% 10g wmt:ff
"natural" is subjective and unnecessary Not found yet.
dbe STTTEV!

> Dark matter "WIMP miracle| depends on history of the universe
The lightest neutralino may be stable. > DM Not found yet.

difficult to capture at the LHC
and we are about to be lost.
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But nowadays this good-old story is less motivated.

B MSSM = SUS \ | of the Standard Model

mml:=

+ i & — . L
> g-2 anomaly is actual!

if these particies are O(1UU) GeV.
(we'll discuss later.)

» Hierarchy problem

2

3 A
mi~mp o +AmE, Amp(MSSM) ~ —4—},;2m%log wmt:ff
"natural" is subjective and unnecessary Not found yet.
dbe STTTEV!

> Dark matter "WIMP miracle| depends on history of the universe
The lightest neutralino may be stable. > DM Not found yet.

difficult to capture at the LHC
and we are about to be lost.
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Muon g—2 anomaly : Possibilities

m Muon g-2 anomaly: What is the origin?
» Just a statistical fluctuation.

» Just an issue in the experiment. ,
aem m
> 0(100) GeV particles with 0(0.1) couplings 10 x107 "% ~ ( & )

® MSSM ~200GeV
» keV—-MeV particles with tiny couplings. (e2/4m) [ my )2
—10
e dark photon (extra U(1) gauge boson) 10107 ATt (mnew)
/
keV-MeV

a m 2
ay(NP)? .. 10x107"0 » em( . )
4 \ 200 GeV

e a™M=(11659178.344.3) x 1071
- B a>"' = (11659209.2 £ 6.3) x 107'°  (BNL '04+CODATA '14)
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Muon g—2 anomaly : Possibilities

®m Muon g-2 anomaly: What is the origin?

S istical f ion.

we assume it is "actual”.
. . oy . |

dem [ M :
» 0(100) GeV particles with 0(0.1) couplings 10x107 " ~ ( : )

AT \ Mpew
e MSSM ~200GeV
» keV—-MeV particles with tiny couplings. o (2/4m) ( m, )2
10x107 " =~
o—darkphoton{extra U(1)-gauge boson) ATt Mnew
/
keV-MeV

ete™ — yA’, A’ = invisible
BaBar [1702.03327]

m,. (GeV) '° 17



https://arxiv.org/abs/1702.03327

Muon g—2 anomaly : Possibilities

coupling e,

m Muon g-2 anomaly: What is the origin?

>—Justa-statistical-fluctuation- . "
we assume it is "actual”.
o . i . |

Qem m .
> 0(100) GeV particles with 0(0.1) couplings 10 x107 " ~ ( : )

4t
® MSSM

Mnpew

~200GeV

» keV—-MeV particles with tiny couplings.

o—darkphoton{extra U(1)-gauge boson) Amt

10 %1070 » (82/4”)( My )2

Mpew

® extra L,—L; gauge boson Gninenko, Krasnikov [ph/0102222), /

Baek, Deshpande, He, Ko [ph/0104141] keV-MeV

Ly =e,Z [0 u—Tv'T+ v,y v, — vy vy

| Gninenko, Krasnikov [1801.10448|

2 3
10 10 10
m,., MeV

18 s


https://arxiv.org/abs/hep-ph/0102222
https://arxiv.org/abs/hep-ph/0104141
https://arxiv.org/abs/1801.10448

Muon g—2 anomaly : Possibilities

m Muon g-2 anomaly: What is the origin?
o stical f on.
(100"
, : i : |
: : : _10 . Yem [ My z
(100) GeV particles with 0(0.1) couplings 10x10" " ~ e \
® MSSM

we assume it is "actual”.

~200GeV
> keV—MeV particles with tiny couplings. 2 2
P y pPling 10 (e7/4m) [ my
10x10 ~
o—dark-photon{extra U(1)-gauge boson) AT Mnew
® extra L,—L; gauge boson Gninenko, Krasnikov [ph/0102222), /
_ Baek, Deshpande, He, Ko [ph/0104141] keV-MeV

couplinge,

10 10° - mg’o" 1 9 /58
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Muon g-—2 anomaly can be solved by MSSM.

Y Y
5 = (g Bl 2)I~’ _ + 2
H= 2 ML MR ML MR
ﬂ ;" /;O\ ({:H/ ﬂSUSV (560 ﬁ) i~ g‘f/ mi L;g1'1(;;) tan 8 +
/ ' / ~ ' ) VAt o
u - X e 1 ﬁ (4?1-)2 mgﬁﬁ.
2 2
SUSY (~+ — 92 M
a (X", 0,) = 5 —5 — sgn(p) tan 5.
H g (471-)2 mguft

e lighter SUSY-particles SUSY
* larger tan 3 — larger "

. . e A Lopez, Nanopoulos, Wang [ph/9308336]
W s uH,Hg (higgsino mass term), tang = (H,)/(Hy), Chattopadhyay, Nath [ph/9507386]
n Moroi [ph/9512396]

21
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SUSY contribution to muon g—2 : gauge basis

mass eigenstates '
ZSUSY 3 +
H Ve
Xi_,=B®
gauge eigenstates
WE_H%~ HL—HR W

7
/

“L —— ~

(“mass insertion” technique)



SUSY contribution to muon g—2 : gauge basis

WE-Hx~
R
7 \ [C]| 92 Maptan = ( My u )
T N 872 ms “\mz, mz,
H HL s — ~
R [C] 92my Maptan 3 ) ( My, u )
/ \ - 2 4 . ~ T~
HL W ﬁ MR 167 mﬁL MpL My
- 2 2
o d gy my, ptan 3 7 My, Mg
HLHR o~ 82 M} M, M
/’ N 2.2
/ \ [BHR] _ 9v™ M;iptan 3 F, ( M, u )
ML o~ HR . i ?
B fin - 8w?  my, M Mg
- 2 2 7,
2 . - ¢ —_
HL ~ o~ HR 167 mﬁL Mgy, Mpy
Hyq-B
A -
i N
/ \ Fa,Fp are loop functions and positive.
— e e
“L —~ e HR :'-I"J2 1 TJ2 . 4 "-2 .'{'2 ¥ "g TE
B-Hg4 Fula,y) %m( 13 —j;l W) Fy(z, ) —% v T_I — ;2 W),
J—dr+ 1’4 2logx 1 —1*+2rloga

Ci(zx) =

Ny() =

“ _ .r_‘]-" “ _ 3.';':‘.
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SUSY contribution to muon g—-2 : (1) "Chargino" contributions

WE-H%r~
/"’6\ [C] ggmi My tan 3 F ( M, pu )
o _“‘5#“ o " 872 m%” “\mz, mz,
,/“{\!J [C'] _ggmi Moy tan 3 B ( My )
- : b 1672 ms *\ma,  ma,

W-H
m "Chargino contribution”
m X g§ (not 9\2/) - tends to be the dominant contribution.

m SU(2) pair > [C]~—0.5[C] > p>0 to be positive.
m Higgsino, Wino, and HL must be 0(100)GeV.

Fa, Fp are loop functions and positive.

, 1Oy (2%) - Cy(y?) . 1 Na(2®) = Na(y®)
Fiolx,y) 2 e \ Fylz,y) ~3 o ;
3—dr+ 1’4+ 2logx o1

(1—x)3 Valz)

2 i
r* 4+ 2rlogx
(1—a)®

24 /s
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SUSY contribution to muon g—-2 : (1) "Chargino" contributions

W*-_H%~
2 [C]
HL ~ HR
Vu 1
ML
(5
—b—%—»—

ML MR

W-Hgq

gam: Moyitan 3 _

872  m:

Vi

My

L

mg, My,

_Qé?mi Mpptan 5

2 4
167 m;

My

1

B (o )
Mp, Moy

2000

500 1000

 [GeV]

1500

2000

C+C'-contribution [tree-level; slep=sneu]

2000
tang =40,
mL = 500
1500
>
D
S,
EN 1000
500
500 1000 1500 2000
H [GeV]
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SUSY contribution to muon g—2 : (2) BHR contribution

WE-_HE~
R
N o B (T
Ty, e 82 mj “\mg, my,
H HL s — -
R \ [Cl] gamy, Mopitan 3 B, ( Mo 14 )
/ \ - 2 4 . ~ T~
HL W ﬁ MR 167 mﬁL MpL My
- 2 2
o d gy my, ptan 3 7 My, Mg
“,fol il 82 M7} M, M,
/- ) 2.2
. § o ~ {72 m2 M= 1~
MR {Jf KR MR HR
= 2 22 2,
2 4 ! .
HL ~ o~ HR 167 mﬁL Mgy, Mpy
Hyq-B
B
g A
_,_L,%é*ﬁq\,‘_,_ Fa,Fp are loop functions and positive.
ML ~" T~ HR " (172 _ Nop(22) — Na(3?
B—Hd Folx,y) %m[' 13 _;-; v :I, Fylz,y) —% Va T_I — ;2 it ]I:
J—dr+ 1’4 2logx 1 —1*+2rloga

Ci(x) =

1"".-'-2 I:;I':l =

(1—2) (e
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SUSY contribution to muon g—2 : (2) BHR contribution

m 'BHR contribution” (Bino, Higgsino, fir must be 0(100)GeV)

m |f y-parameter < 0, this is the only viable contribution.

(Higgsino-mass parameter)

mxg’

[BHR] _g%?ﬂ,i M ptan 8 ' F, ( M, I )

2 4 S —
//’ RN
/ ‘\
HL r—, o MR
Hq-B

Fa, Fp are loop functions and positive.

1Cy(2?) - Oy (1) 1 Na(2?) - Na(y?) |

Fala,y) 3 Fyla,y) = —=

2 r? —y? 2 2 — g2
L J—dr+4+ 1’ +2logz o l=r*42zlogr
C(x) oy Na(z) P
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SUSY contribution to muon g-2 : (3) pure-Bino contribution

WE-_HE~
R
N o B
Ty, e 82 mj “\mg, my,
H HL s — -
R \ [Cl] gamy, Mopitan 3 B, ( Mo 14 )
/ \ - 2 4 . ~ T~
HL W ﬁ MR 167 mﬁL MpL My
- 2 2
" d gym, ptan 8 7 (m;;L mi‘IR)
L—HR : :
%X~ o 82 M7} M, = M,
’ ) 2.2
. § o ~ {72 m2 M= 1~
MR {Jf KR MR HR
- 2 2 7,
2 4 ! .
HL ~ o~ HR 167 mﬁL Mgy, Mpy
Hyq-B
A
g A
_,_L,%é*ﬁq\,‘_,_ Fa,Fp are loop functions and positive.
ML ~" T~ HR " (172 _ Nop(22) — Na(3?
B—Hd Folx,y) %m[' 13 _;-; v :I, Fylz,y) —% Va T_I — ;2 it ]I:
J—dr+ 1’4 2logx 1 —1*+2rloga

Ci(x) =

1"".-'-2 I:;I':l =

(1—2) (e
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SUSY contribution to muon g-2 : (3) pure-Bino contribution

m "pure-Bino contribution": Bino and ., lg must be O(100)GeV.

» Higgsino and Wino can be any heavy.

B  pytanB - heavier Higgsino gives larger contribution.

2 pan 2 ,
o gy rﬂ.“ 7 tan 6 ‘ Fb Mg, Mag
HL—HR o~ 82 M; My~ My
X 1
/// R
. ———

ML

HR

B

Fa, Fp are loop functions and positive.

1 Cy(2?) — Oy (y?) 1 No(z2) — No(z?!
Fula,y) = 3 20 ) S 0 () = - 22T R,

3 Te — _.!}.'.3 3 T ."12

3—dr+ 1’4+ 2logx . l=r*42rlogr
; 3 Na(z) : 3
(1 —x) (1 —uax)
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SUSY contribution to muon g-2 : (3) pure-Bino contribution

Endo, Hamaguchi, Kitahara, Yoshinaga [1309.3065]

ﬁL—ﬁR’_ﬂ

P gymy ptan B (mg, M,
- L sr2 M3 U\ M;’ M

HL = HR
B 2 *
> m(lL) my (A}, — ptan 3)
from M = (mﬁ(ﬂz — ptan j3) m(lg)?
y tanp has upper bounds:

VHiggs D — (mT ptan B - 7{ Th
+ my ptan B - iy firh)
mz/my
=1 =my S 300(420) GeV
=2 = < 440(620) GeV
=0 = < 1.4(1.9) TeV

200 300 400 500 600 700

mﬁl [GGV] 30


https://arxiv.org/abs/1309.3065

SUSY contribution to muon g—2 : (4) BHL contribution

B "BHL contribution” (Bino, Higgsino, U, must be 0(100)GeV)

B nothing special.

2 2 a, /
[BHL]| 9v™u M ptan 3 My, pu
16 2 4 ' Fb o ! —
T R Mp, g,
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/ \ Fa,Fp are loop functions and positive.
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SUSY contribution to muon g—2 : gauge basis

WE-HE~
2 [C]
HL T~ T MR
Vu s
ML
A el
\
HL — MR
W-H 4
U’L;flR\ W
N — - [BHR]| _
HR i
,’/ N\ [BHL]
HL — — MR
Hq-B
ML s
ML : HR

gam: Moyitan 3

F (Mg

;l tend to be Iarge/domlnant

v [“',IJ.. _.[V..l.i..U'.- Lcbll S

LWL

)

1672

%othln; speélhn

- Fy, .
1672 ms mi, mﬁL
2.9 ‘
gy my, Min
-enhancement
8?‘2 E T ‘ ﬁurl )
gym, M pr " |ﬂff1 )
ne ative
872 il g |m Mzn
gym: 1 )

My

HL

) L

Fa, Fp are loop functions and positive.

1Y [: ) {’|[r,.l:|

E 2 —4;

J—dr+4+ 1’ +2logz
(1—x)?

Folx,y)

Ci(x)

l;a'l-l:i'] ,";

2 (1P J

Fylz,y) 5 o

1 =1 + 2rlog:

No(x)

[ 1 — _;,.'J:i-

32/58



Contents

Four scenarios of MSSM
as the solution of (g—2), anomaly
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» "Chargino” scenario: multi-lepton signature is promising.

» "Pure-bino" scenario: di-lepton, but production not sufficient.
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M/hat can we expect at the LHC?

WELHE~ [fb] p
1000 ¢

(tree-level)

— 14TeV LHC
------ 8 TeV LHC
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How can we explain the dark matter relic density?

WE-H=~ .
m (g-2), always requires @
S S - good DM candidate!
L - MR -
V“ AL s
——ts—~»_m Relic Density?
o W-Hq > depends on thermal history of Univ.
HL—HR .
,,x\\”ﬂ » too much - some mechanism to reduce.
—a . z ——— » too little - late production or other DM.
HR .~
- ' T - Let's discuss simplest case!
Hq-B
HL 7
HL ~" "~ : MR
B-H 4
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How can we explain the dark matter relic density? 0 % T
102
B Simplest @-DM scenario 1073 | |
10-5 Increasing
. oy . -6
> DM was in thermal equilibrium > freeze-out. > 197 7
108 -t -
.-+ {(0V)DM DM—any ~ 3 x 10720 cm?/s o o
10—11
» No other component of DM. 10-12 v o
10 13
10 14

eq
Cocondl il

(SN

10t 10° 108
m/T ime——

m |f @ is almost...

» pure-Bino - almost no interaction - over-abundant.
» pure-Higgsino - m ¢, ~ 1TeV for correct abundance.

» pure-Wino > m ¢p ~ 2.5TeV for correct abundance.

B Possibilities:

» Bino-like + some mechanism to reduce the relic density
(100-500GeV)

» Higgsino DM, or Bino—Higgsino mixed DM ("well-tempered scenario")
(~1TeV) (100-1TeV)

» Bino—Wino mixed DM.
(100-2.5TeV)

Figure from Gelmini and Gondolo, 1009.3690 3 7 /58
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How can we explain the dark matter reli

B Simplest @-DM scenario

> Bino-slepton co-annihilation

(mgzrrr;) 34

» H-or Z-resonance (“funnel")
n ( §=mH/20rmz/2)

» MSSMA4G

Abdullah, Feng [1510.06089],
Abdullah, Feng, SI, Lillard [1608.00283]

» pure-Wino > m| TeV for COTTect apunaance.

B Possibilities:

tan/?

excluded (XENON1T old)

e

(@s xn1) pepnjoxe

200 400 600 800
mygp (GeV]

Oh' =012, uM, =0  future sensiti

..............

.......
2 3

» Bino-like + some mechanism to reduce the relic density

(100-500GeV)

» Higgsino DM, or Bino—Higgsino n
(~1TeV)

xed DM (‘well- "
almost excluded by XENON1T

» Bino—Wino mixed DM.

ltheoretically not nice
Figure from G ; SOY0

Badziak, Olechowski, Szczerbiak [1701.05869]
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Muon g—2 vs LHC (1) Wino & Higgsino < 1TeV - "Chargino" scenario
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g—2vs LHC (1) Wino & Higgsino < 1TeV - "Chargino" scenario

8T

2 mi

Vi

gamy, Moy tan 3

Qmi Moy tan ﬁ

MR

1672 m2
ML

m Wino&Higgsino < TeV - chargino scenario.

» X 92 - relevant particles <1TeV

» DM: not considered here

o (g—2), < (W,HT); DM« (I,B) ..."

® co-annihilation or resonance ma
(mg ~ ) (mg ~mgz/2 or mp/2

» LHC: Wino pair-production

o(pp = WW)141ev ~50fb @ my; =

1.5fb

work.

500 GeV
1TeV

orthogonal®
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"Chargino" scenario may give multi-lepton signature. Endo, Hamaguchi, SI, Yoshinaga [1303.4256]

pp — XOx* (WOW+ or HOH*); then?

S0 ot X X1
S N
Z/h W XoXT —ZW/hW + mET
NO —l S e—
LSP (X7) =55 LSP (— 3L+ mET)
but Z-like leptons
S0 ot X X1
X2f Xl \K V/
Z XoXT — 30+ mET
~p /
NO °
LSP (Xl) 5 5 Z-unlike
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"Chargino" scenario may give multi-lepton signature. Endo, Hamaguchi, SI, Yoshinaga [1303.4256]

pp — XOx* (WOW+ or HOH*); then?

~0 o

X2 X1 _: ~0
X50 X7 —
zwh 2TV TRu v
Lcp — LSP
=0 o+

~0 o+ ,

X2 X3 =, X2 XE% — T/ Vv
[ —— /
=,
X5 Xq

$£N0.5 .Cl?gNl
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"Chargino" scenario may give multi-lepton signature. Endo, Hamaguchi, SI, Yoshinaga [1303.4256]

pp — XOx* (WOW+ or HOH*); then?

%3, X — / AN

: 20’2:1:_ 3/ + mET
Z W h 27 §U,£V (some may be soft)
LSP — -SP
ZW + mET/ \
/0 4 50 o= 50 o= \
v0 ¥ Xor X X X
X, X 2! AL s 2 1?
2 j V\LV / LV / v
£ ~, j\ﬂ ; ’
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"Chargino" scenario may give multi-lepton signature. Endo, Hamaguchi, SI, Yoshinaga [1303.4256]

S 80T T
8 | pMSSM w.
= 700 F2012-154 1 g, g-decoupled.
g B—se/arch) %
600 IR, T, Tr also
decoupled.
500
400
300 e tan(3 =40
o M =M>/2
200 ' ’
560 '300' 700500 600 700 e U= M>

6 years ago! M2 [GeV]
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"Chargino" scenario may give multi-lepton signature. Endo, Hamaguchi, SI, Yoshinaga [1303.4256]

| > pMSSM w.
q, g-decoupled.

" {>» IR, TL, Tr also
' decoupled.

200
6 years ago!
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LHC Run 2 searches for multi-lepton signature

March 2018
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Crosssection is for

Read the papers!

model simplification!
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LHC Run 2 searches for soft multi-lepton signature

Cross section [pDb]

B SR + 2-lepton [1512.08002] B VBF + 2-lepton [1508.07628]
HD ~ CIMISI I | I I I I TTT I I I I |1I91 I7Ifb1 ('8 TGV)
Xz g / —)t\r,/?—ﬂ't, m, 2n‘l +2mz
~ _\E‘: .......... > © oL Mll, el UT, 4T, |
,-g Y e > E Observed ;
XO E - Expected+ 1o, m(-rq::SOGeV E
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Discussion for each scenario

» "Pure-bino" scenario: di-lepton, but production not sufficient.

> "BHR" or "BHL": multi-tau, combined with direct detections.
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SUSY contribution to muon g—2 : gauge basis

HL

m Higgsino > TeV - pure-Bino scenario.

» p-enhancement v.s. vacuum stability

» DM: not considered here ("orthogonal”)

® co-annihilation or resonance may work.

HL—HR
JPE SN o

{)‘V m
872

iy enhancement ‘

J.I'.LI

\AJ.J_

H R
My

» LHC: only slepton pair-production

e small cross section: 0.47 (0.18) fb for 500 GeV £, ({gr)

e "di-lepton + missing" signature ...

not easy.
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Muon g—2 vs LHC (2) Pure-bino contribution results in slepton pair-production

> i
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Discussion for each scenario

> "BHR" or "BHL": multi-tau, combined with direct detections.
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BHL and BHR scenarios Endo, Hamaguchi, SI, Yanagi [1704.05287]

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

2 . (b>0) (u<0)
» &gy > relevant particles < 500 GeV

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

: . _excl. by XENON1T .
» DM: Bine—Higgsineo-mixing, bino—slepton co-annihilation.
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SUSY contribution to muon g—2 : gauge basis Endo, Hamaguchi, SI, Yanagi [1704.05287]

u [GeV]

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

2 . (b>0) (u<0)
» &gy > relevant particles < 500 GeV

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

: . _excl. by XENON1T .
» DM: Bine—Higgsineo-mixing, bino—slepton co-annihilation.
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SUSY contribution to muon g—2 : gauge basis Endo, Hamaguchi, SI, Yanagi [1704.05287]

B Bino-slepton (stau) co-annihilation > my_ (or mz,) ~ ms;.
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SUSY contribution to muon g—2 : gauge basis

Endo, Hamaguchi, SI, Yanagi [1704.05287]
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SUSY contribution to muon g—2 : gauge basis Endo, Hamaguchi, SI, Yanagi [1704.05287]

(b>0) (u<0)
m Wino >> TeV & Higgsino < TeV - BHL or BHR scenario.

» DM: Bino-stau co-annihilation > mg =~ (mMz; ormy.) S mg<mg
» DM has small Higgsino component - LUX/XENON1T constraint.

» LHC:pp = HTH®, H*tH™; H— 1+ --- "2t+missing" signature
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Summary

Scenario:

"chargino”
el Sy

/

L HRr

W-Hg

W H < TeV

DM:

] . n
pure-Bino
HL—r
/’X\\:J‘J
HL E ‘ HR

H> TeV

"orthogonal” (determined by mj)

... coannihilation / resonance

(mg =~ my)

Collider: .
multi-lepton

—> promising

("stay tuned!")
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Endo, Hamaguchi, SI, Yoshinaga [1303.4256]

(mg ~mgz/2 or mp/2)

di-lepton
- difficult @LHC
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