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The Standard Model of Particle Physics

Universe =
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The Standard Model of Particle Physics

Universe =

dark matter?
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The Standard Model of Particle Physics

Universe =

dark energy?



Physics beyond the Standard Model

Hints of “New Physics”
Dark matter
Dark energy

Neutrino mass

Higgs mass (“naturalness”)

m
m
m
B Gauge coupling unification
u
m Muon ‘g—2"

u
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Physics beyond the Standard Model

New Physics Candidates

etc...

Hints of “New Physics”
Dark matter
Dark energy

Neutrino mass

Higgs mass (“naturalness”)

m
m
m
B Gauge coupling unification
u
m Muon ‘g—2"

u

6/



Physics beyond the Standard Model

New Physics Candidates

SUSY [supersymmetry]

etc...

Hints of “New Physics”
Dark matter
Dark energy

Neutrino mass

Higgs mass (“naturalness”)

m
m
m
B Gauge coupling unification
u
m Muon ‘g—2"

u
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Physics beyond the Standard Model

New Physics Candidates Hints of “New Physics”
m SUSY [supersymmetry] m Dark matter
| |
Please fill this list Dark energy
H with your models B Neutrino mass
/ models you like
n B Gauge coupling unification
etc... B Higgs mass (“naturalness”)
. Muon llg . 2"
|
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Physics beyond the Standard Model

New Physics Candidates
B SUSY [supersymmetry]

B Gauge-Higgs unification
m Hidden strong SU(N)

etc...

Hints of “New Physics”

m Dark matter

m Dark energy

m Neutrino mass

Gauge coupling unification
Higgs mass (“naturalness”)

Muon ‘g — 2"
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Physics beyond the Standard Model

New Physics Candidates Hints of “New Physics”

m SUSY >HW Dark matter

~
| . >~ W Gauge coupling unification

~ ~

etc... AN 2@ Higgs mass (“naturalness”)
\\
“m Muon ‘g— 2"
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Physics beyond the Standard Model

[Standard Model]

u SM =

Image by MissBJ [CC BY 3.0], via Wikimedia Commons
(changes were made by S.I) 1 1 /72
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Physics beyond the Standard Model

[Minimal Supersymmetric Standard Model]

m VISSM =

Image by MissBJ [CC BY 3.0], via Wikimedia Commons
(changes were made by S.I) 1 2 /72
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Physics beyond the Standard Model

New Physics Candidates Hints of “New Physics”

m SUSY >HW Dark matter

~
S, ~._ B Gauge coupling unification

~ ~

\\ M " n
\\ *m Higgs mass (“naturalness”)
N
S " n
“m Muon ‘g—?2
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Physics beyond the Standard Model

New Physics Candidates Hints of “New Physics”
m SUSY |>l Dark matter

B Gauge coupling unification

~

\\:“l Higgs mass (“naturalness”)
“m Muon “g— 2"
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Gauge coupling unification

m SM = 3 forces : U(1), SU(2), SU(3) [Why three?]

measured theoretical prediction
f A \

B Gauge coupling unification

N

Figure from S. P. Martin, A Supersymmetry Primer, hep-ph/9709356

15
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Gauge coupling unification

m SM > 3 forces: U(1), SU(2), SU(3) [Why three?]

measured theoretical prediction
f A \

B Gauge coupling unification

-—

Figure from S. P. Martin, A Supersymmetry Primer, hep-ph/9709356
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Dark matter candidate in MSSM

B MSSM > Dark matter candidate

—
m Dark matter?

> stable (at least 1010 yr)

\{charge neutral

> density Qh? =0.12
» not detected by astrophysics / direct search / LHC

17



Dark matter candidate in MSSM

B MSSM > Dark matter candidate

—
m Dark matter?

introduce R-parity

if we
\{stable (at least 1010 yr)

\{charge neutral

> density Qh? =0.12
» not detected by astrophysics / direct search / LHC
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Dark matter candidate in MSSM

B MSSM = Dark matter candidate

—
B Dark matter?

R_paf.\ty
if we introduce
\{stable (at least 1010 yr)
charge neutral

> density Qh? =0.12
» not detected by astrophysics / direct search / LHC

19/72



Neutralino relic density

=§@W°@i—73@i—78

o B-like? | = “overabundant” problem

o W-like?

o H-like?

20



Neutralino relic density

=§@W°@i—73@i—78

o B-like?

o W-like?

i N
MSSM4G model

solves this problem!

21



Outline Abdullah, Feng, S|, Lillard [1608.00283]

Introduction: why overabundant?

S\
Model: MSSMAG\soIves overabundance.

Analysis:
» cosmic rays (CTA, Fermi, MAGIC)
> colliders (LHC)
» direct detection (LUX)

summary with discussion seeds

227
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Bino relic density

m Early Universe with T > mg

pair creation equi“brium pair annihilation
fo B > B T
7 7
f— 8 BT f
)

kinetic energy ~ T

237



Bino relic density

m Early Universe with 7 < mj

pair creation eqWNjAfum pair annihilation
< B W'f

kinetic energy ~ T
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Bino relic density

m Early Universe with T < mz/20

pair creation pair annihilation

iwf

; f

far apart due to
« pair annihilation
* Universe's expansion

“relic density”
N

B-~""""———f
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Bino relic density

m “observed” relic density Qh?
{— “proper” crosssection {0V) of (DM)(DM)->SM

]_ I T TTTTII I T TTTTIT T TTTT Ef
0.1 ;
10-2 BT f
10-% Increasin
10-5 g
10-6 <gv>
10-7
10-8 S
10-9
10—10 ~__ ' -
10—11
~12 N
%8—13 Ye ——
10—14 | IIIIIII| | IIIIIII| (N
1 101 1(32 103
m/T ime—

Figure from Gelmini and Gondolo, 1009.3690
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Bino relic density

m “observed” relic density Qh?
{— “proper” crosssection {0V) of (DM)(DM)->SM

) i Baeo —f
m pure B-DM (i.e.,, LSP s B-like) ]7;

» (ov) strongly depends on ms

L m: ~1006Gev B~"""—f

27 >



Bino relic density

m “obd Anexample in CMSSM:

B pure

) (DM)>SM

7

Figure from Edsjo, Schelke, Ullio, Gondolo, hep-ph/0301106
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Co-annihilation

n

m An old solution to increase (oV) : “co-annihilation

e
e

> ‘V\/\/\/,Y
mass splitting

Mmpg

297



Co-annihilation

B AnC

An example in CMSSM:

bn"

Figure from Edsjo, Schelke, Ullio, Gondolo, hep-ph/0301106
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Co-annihilation

B AnC

An example in CMSSM with T-coann.: bn”

Figure from Edi80, Schelke, Ullio, Gondolo, hep-ph/0301106
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Outline Abdullah, Feng, S|, Lillard [1608.00283]

S\
Model: MSSM4G\soIves overabundance.

Analysis:
» cosmic rays (CTA, Fermi, MAGIC)
> colliders (LHC)
» direct detection (LUX)

summary with discussion seeds

32
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MSSMA4G outline

B MSSM = 3Generations A

4

extra vector-like
4-Generation lepton

1
MSSM4G

Image by MissBJ [CC BY 3.0], via Wikimedia Commons
(changes were made by S.1) 3 3 /72
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MSSMA4G outline

m A new solution to increase (oV): MSSM4G

extra annihilation channel
> larger Qh?
- “proper” (oV)

if =B>
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MSSMA4G outline

(Qz; D;,L;, E, )+ (H ,H,) [MssMm]
_ (i=1...3)
—|-(E4, Ey) mssmac)

SUB)color SU2)weak U(1)y
E 6_22 3 2 1/6
e o3 .7

. E; 1 1 1

gYY D; 3 1 1/3

, L; 1 2 —1/2
; H, 1 2 1/2
NPM\\ Hy 1 2 —
orer Q)
E4 1 1

W = YuHuQU -+ YdeQD —+ YveHdLE'
+ Mg, EsEy + ¢, HqL; E,

[vector-like mass]  [mixing with SM leptons]
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MSSM4G : Two models

m MSSM + EE - breaks coupling unification

m QUE model : MSSM + QQUUEE
gauge coupling unification
SU(5) GUT
> extra HuQaUa interaction - m;, Y74

m QDEE model : MSSM + QQDDEEEE
gauge coupling unification
€9 SU(5) GUT
> extra HgQ4D4 coupling > m,, slightly YA
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MSSM4G : Two models

m MSSM + EE - breaks coupling unification

m QUE model : MSSM + QQUUEE
—> MSSM + Ty, Ba, ta, T4,

Tar, Tar, Bar, Bar, tar, tar, Tar, Tar

m QDEE model : MSSM + QODDEEEE
> MSSM + Ty, B4, bsa, T4, Ts,

Tar, Tar, Bar, Bar, bar, bar, Tar, Tar, TsL, T5R

37



MSSM4G : Working assumption (the minimal setup)

m MSSM +EE - breaks coupling

m QUE model : MSSM + QQUUEE

/Other working assumptions \

M L UL M
> LSP X; is B-like

 All the other SUSY particles &

—> MSSM + Tz, 84+t4, T4, \extra Higgses are decoupled./
TaL, Tar, Bar; Bar-tar-tan, TaL, T4R

assumed to be “decoupled” (very heavy)

and we will ignore them.

m QDEE model : MSSM + QODDEEEE

—> MSSM + Tz Bay-ba, Ta, Ts,

r~ r~~

r~ r~

4L, T4R, Bar; Bars , TaL, T4R, T5L, T5R
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MSSM4G : Working assumption (the minimal setup)

m MSSM +EE - breaks coupling /Other working assumptions N
M L UL M

- - _ =0 . ~
m QUE model : MSSM + QQUUEE | > SP X1 is Brlike
 All the other SUSY particles &

—> SM+ X/(=B), T4 extra Higgses are decoupled.
1 ‘ \_ -

:F4L, T4@
'

assumed to be equal-mass

m QDEE model : MSSM + QODDEEEE

~0 ~ ——"—— assumed to be equal-mass
—> SM+ X,(=~B), T4,Ts,

TaL, T4R, Ts5L, T5R
. ~ /)
assumed to be equal-mass
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MSSM4G : Two models Abdullah, Feng [1510.06089]

QUE model QDEE model

color bands show
Qh%?=0.12+0.01

4%
e
Vv

40/
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MSSM4G _Twa madels Abdullah, Feng [1510.06089]

Lodel

vanilla stau-coann. QUE QDEE

2§>
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Outline Abdullah, Feng, S|, Lillard [1608.00283]

Analysis:
» cosmic rays (CTA, Fermi, MAGIC)
> colliders (LHC)
» direct detection (LUX)

summary with discussion seeds
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Constraints from cosmic-ray observations

m DM indirect detection (= searches for DM annihilation)

DM

DM DUM
h,H,Z

f /\
f f

tir_ne

43



Constraints from cosmic-ray observations

B DM indirect detection (= searches for DM annihilation)

tir_ne

DM DM D

2 2
2 O
gvprged Mo m
2T mis (2 2 . 2)2
B(mé—kmf mf)
(in convention of Q = T3 +Y)

44,
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Constraints from cosmic-ray observations

m DM indirect detection (= searches for DM DM — T474)

DM DM
W+ v
— T4 Z + l {V -_ Ve’ Vl.ll VTJ
h+( (=euT
Wv:ZlL:hl~2:1:1
— 2 2
‘W S Y.H,LE Y oy = HYEYE ™3 Jmg —m3
_ _ 9 — 2
+ Mg, Eabiy + ¢, HaL; Fy T M (m o m% - mi)
[vector-like mass]  [mixing with SM leptons] (in convention of Q = T3 +Y)

-
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Constraints from cosmic-ray observatianc

. . W - )/eHdLE A
B DM indirect detection + Mg, EsEy+ ¢, HaL, E4 > <

Wv:Zl:hl~2:1:1 =

DM DM—

T4(5) mixeswithe | WTW~ ZZ hh vi ete”
T4(5) mixes with U WTW~ ZZ hh vi ptp~

T4(5) mixeswith T | WTW~ ZZ hh vv 7777
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Constraints from cosmic-ray obseruatinnc

®m DM indirect detection L

W > YeHdLE

DM DM—

Wv:ZlL:HI~2:1:1

i i DM DM
+ Mg, EsEy 4+ ¢, HaL; Fy > <

insensitive (IceCube)

()

less sensitive /
large BKG uncertainty

T4(5) mixes with €

T4(5) mixes with U

T4(5) mixes with T

(-

WTw-

WHw-
\—

ZZ@

Z7Z  hh

47  hh
_/

—_—) e o o

-

(~

lete!
| |

— Tl —>‘y

47 />



Gamma-ray searches in QUE models

Abdullah, Feng, S|, Lillard [1608.00283]

valid for any mixing patterns

m;, (GeV) (v y-yield: Z ~ W* ~ h)
300 400 500 600
10 x x x
V pe )

6 \:_)(G\—“ __________________
< _ AGX(_: _________
= Feﬁf‘-‘-}‘j& - f
\9 4 i '_.—:"' utu’.e
S P o NN Sepa-
b ?__=:' Awq~ nslti .
X \L\‘t \ Vlty
2 o MSSMA4G region e
~ --~~‘~‘_-—--ETA

E W< mg/2
100 150 200 250 300
E (GeV)

MAGIC: 158 hr of Segue 1
Fermi-LAT: 6 yr of 15 dSph (incl. Segue 1)
DM profile: NFW

Fermi-LAT dominates MAGIC in almost all E-range.

CTA prospect : 500hr of Milky Way
DM profile: Einasto

No syst. unc. (stat only)
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Gamma-ray searches in QUE models

Abdullah, Feng, S|, Lillard [1608.00283]

(ov) X107 ?%(cm’ /)

WW (any mixing pattern) 1T (only for T-mixing cases)
m;, (GeV) m;, (GeV)
0 300 400 500 600 1o 300 400 500 600
L 8 [
8 UE W* W~ : - AGIC e -
7 Q ) 6 Fng}‘}Z—MAQ'- QUET'T
6 T 4 e
C T
/N‘AG} —————— [3o)
N -
4 —’Ee—x—q‘——— \g 2
——————————— \\ IEQ. T~
: - N =
~~~“~ % 1 L
Ry = 08"
20 - 206
e CTA
~~~~~~~~ R CTA
100 150 200 250 300 100 150 200 250 300
E (GeV) E (GeV)

v T-mixing fully covered
v' e/py-mixing with mg > 340-380 GeV covered

MAGIC: 158 hr of Segue 1
Fermi-LAT: 6 yr of 15 dSph (incl. Segue 1)
DM profile: NFW DM profile: Einasto

Fermi-LAT dominates MAGIC in almost all E-range. No syst. unc. (stat only)

CTA prospect : 500hr of Milky Way
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Gamma-ray searches in QDEE models

Abdullah, Feng, S|, Lillard [1608.00283]

(ov) X102 (cm? )

WW (any mixing pattern)

n, (GeV)
0 300 400 500 600 700
s
- QDEE W* W~
| ARSI
perml_ =7
J
20 el
100 150 200 250 300 350
E (GeV)

v T-mixing fully covered

(ov) X 10726 (cm? /)

1T (only for T-mixing cases)

m, (GeV)
0 300 400 500 600 700 800
1 S
L C _______________
o @\,,,,—9""' QDEE 11
4 v
2 L
\
1.
08
06
e CTA ...
100 150 200 250 300 350 400
E (GeV)

v' e/py-mixing with mg > 340-380 GeV covered

MAGIC: 158 hr of Segue 1
Fermi-LAT: 6 yr of 15 dSph (incl. Segue 1)
DM profile: NFW

Fermi-LAT dominates MAGIC in almost all E-range.

CTA prospect : 500hr of Milky Way

D

M profile: Einasto

N

o syst. unc. (stat only)
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Summary

e-mixing

“'miXing

T-mixing

CTA 500hr

HL-LHC

(ov) x107*%(cm’ /)

covers mg > 340-380 GeV

e/-mixing, QUE

m;; (GeV)

10 300 o0 N )
! QUE W*W
/S

| -
4 W““N‘
S e
e CTA
100 150 200 - i}
E (GeV)

full coverage

T/pu-mixing, QUE
m;, (GeV)
10 300 400 500 600
; I
NG (CR— -
) Fermiz MAS o
4l e
5
=
x 1
=038
Los6
Ot »
100 150 200 250 300
E (GeV)
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Outline Abdullah, Feng, SI, Lillard [1608.00283]

Analysis:

> colliders (LHC)
» direct detection (LUX)

summary with discussion seeds
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MSSM4G : Working assumption (the minimal setup)

m MSSM + EE - breaks coupling unification

m QUE model : MSSM + QQUUEE

:> SM + X(])_(% §); T4,
T4, T4R
\ J

.
assumed to be equal-mass

m QDEE model : MSSM + QODDEEEE

~0 ~ ——"—— assumed to be equal-mass
—> SM+ X,(=~B), T4,Ts,

T4L, T4R, TsL, T5R
g J

-
assumed to be equal-mass
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MSSM4G : Working assumption (the minimal setup)

m MSSM + EE - breaks coupling unification

m QUE model : MSSM + QQUUEE slepton search

= M+ QB n)

extra lepton search

assumed to be efijual-mass

m QDEE model : MSSM\+ QODDEEEE
= sM+ X%(~B),

T4L, T4R, TsL, T5R

—
assumed to be equal-mass

54/



MSSM4G : Working assumption (the minimal setup)

m MSSM + EE - breaks coupling unification

m QUE model : MSSM + QQUUEE slepton search

= M+ QB n)

extra lepton search

\

—
assumed to be efju ~ (e,u, T)+B

ﬂu—»Wv,Zl,hl‘Q =2(4) x R

(as discussed before) + QQDD_EEE
At \ Y,
standard searches SS“ ed to be equar-mass
for vectorlike leptons

N (but2xinQDEE)/ TaL, Tar, TsL, TsR|

—
assumed to be equal-mass
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Collider prospects for extra slepton searches l

N* * |
PP = Ty 5)Tss5) = PP ” ’ ﬁxg o

determined by mixing parameters

e/p-mixing > slepton searches X 2 (4) , %{*i* X1

(ér, UR)

14 TeV prOSpeCtS studied in 1408.2841 (Eckel, Ramsey-Musolf, Shepherd, Su)
- re-interpreted

ATLAS (8TeV full) [1403.5294] CMS (8TeV full) [1405.7570] 56
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Collider prospects for extra slepton searches l

PP = Ty 5 Ta (5) =

600

Ty ey = PP — l iy P
T 0
determined by mixing parameters --
e/p-mixing > slepton searches X 2 (4) T4 X1
(€r, UR) p
[
R QUE 14 TeV LHC exclusion |

500}

S 400]
v
O |
— 300!
{oa]
&

200!

100}

e/mu-mixed extra slepton

- 14TeV
- 0.3, 1, 3/ab

m 2lepton+ MET + mT2 + jet-veto

B BKG taken from 1408.2841
> MG5-Pythia—Delphes (also for signal)
> rescaled by NLO K-factor

» di-boson dominates

B Signal events at LO level

B Uncertainties = stat. + 5% syst.
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Collider prospects for extra slepton searches

— T, T = — [, P _
PP = Ta5)Ta5) = PP fr'R -
determined by mixing parameters -7

T-mixing > stau searches X 2 (4)

- No constraint expected.

» LHC Run 1 provided no limit on MSSM stau mass.

» 14TeV, 3/ab LHC will not exclude MSSM4G parameter region.

58/72




(ov) X1072(cm’ )

Summary

e-mixing H-mixing

T-mixing

CTA 500hr covers mg > 340-380 GeV

covers mg < 400 (480) GeV

HL-LHC (slepton
(slepton) (but not “degenerate” region)

HL-LHC (lepton)

e/y-mixing

full coverage

T/u-mixing, QUE

n, (GeV) 6000 e my (GeV)
10 300 400 500 600 — QUE 14 TeV LHC exclusion | 10 390 490 SQO 600
e/mu-mixed extra slepton 8 e———————
8 QUE W'W~ 500F | ----- QDEE . . . . - MAGIC eemmme T UET'T
RPN ° Fermi M2 ¢
61 T 4
AC S
_WACY - 4001 “
VgD sabet
4 R — )
——————— \ 2 3
et~ ©. 300 = |
—— ) b
~~~~~~ N =038
20 T 200 Los
~~~~~~~~~~ CTA
__________ L CTA
‘ ‘ ‘ 1001
100 150 200 250 300 100 150 200 250 300
E (GeV) E (GeV)

I I
800




Collider prospects for extra vectorlike lepton searches

pquZ(’S)TZ,(,__.)) (WV‘hl‘Zl)(WV‘hl‘hZ)

e/U-mixing case

“vectorlike lepton searches” by
multi-£* signature (3-5£%)
|Cf. ATLAS collaboration, 1506.01291]
4

(Wvzi - 30(1.3%) [ WvZI — 4%1 (0.4%)

< Wvh{ — 31 (0.6%) < hiZl — 471 (1.0%)
htzZ{ — 31 (0.8%) ZIZ1 — 4%1 (0.8%)

\ htht—3(0.8%) |\ htht—471(0.2%) > Monte Carlo simulation
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Collider prospects for extra vectorlike lepton searches

PP = Ty 5Ty 5) — (WV|hl|Z)(Wv|hl|hZ)

e/y-mixing case

14 TeV LHC exclusion | ===@-=- 58‘595/ at 300fb

e-mixed VLL —e - of}‘f 959, at 1000fb

e ] GS‘LP’%/ at 3000b

—&— LO cross section (QUE)

=@ = LO cross section (QDEE) O 3 a b
Tab

3 ab (with 1&20 band)

cross section [fb]

10

9 14TeV, 3/ab covers
M+, < 350 (425) GeV

T R I B IR TR R BRI QUE QDEE
200 250 300 350 400 450 500

VLL mass [GeV]
B Snowmass BKG set is used. B SR dedicated for WZ / ZZ + leptons
» MG5-Pythia—Delphes + NLO K-factor > 3L, 4L for WZ, and 4L, 5L for ZZ
> di-boson + tt dominated > tau-tag / b-tag not used (avoided)
m Signal by FR-MG5aMC-Pythia—Delphes (LO) ® Uncertainties = stat. + 20% syst.
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Collider prospects for extra vectorlike lepton searches

PP = Ty 5174 5y — (Wv|hl|Z)(Wv|hl|hZ)

e/U-mixing case

“vectorlike lepton searches” by
multi£* signature (3—-5/%)
|Cf. ATLAS collaboration, 1506.01291]
4

(Wvzi - 30(1.3%) [ WvZI — 4%1 (0.4%)

J Wyht—30(0.6%) ) hizi— 41 (1.0%)
hizt —30(0.8%) | ZIZL— 4*1(0.8%)
_ htht—3£(0.8%) |\ hthe—4*1(0.2%) 2 14TeV, 3/ab covers

My, < 350 (425) GeV

QUE QDEE
T-MIXIiNg casSe
v 1510.03456 (Kumar and Matrin) > 13 TeV 3/ab covers
> SRs: 4(e, mu, had-tau) mT4 <234 (264) GeV
> Signal and BKG by their MC (FR-MG5-Pythia—Delphes) with “a very optimistic BKG

estimation”
> no prospects for exclusion if BKG syst. unc. > 10%
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Collider prospects summary

B e/pP-mixing cases

600, B}
800 300 fb~! 700

700
600
500
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300

200 200

350 400 450 500 550 600
m;z4 [GeV]

B T-mixing case

» LHC insensitive ... (" - w+)
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Collider - Gamma-ray search combination

B e/y-mixing cases
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B T-mixing case

» LHC insensitive, but CTA covers full region 64
/72



Summary : MSSM4G scenario

~ —~

o
B " f |
§DM\>\

30% T

mass splitting

1 T T | T 1T | T T ‘ T T | T T | T 11
- tan 3 =30, A, =0, smallm, - ol o .
) >% ’ " | extra annihilation channel

1 = > larger Qh?

f - > “proper” (ov)

I M, upper limit O = 03 | |f 2 B >
10 jlf no cozann. ncl. i

. and Qh” less than: -

_‘”9'% - (ov) x Y4 = MSSM + EE

0.15

3 %0 0_2%' . ~ - -

[ 03— | T YW H QU +YqHqQD + Y . HqLE

174 L1 11 L1 11 ‘ | | || 1114 I 11 14l I n . . n

L 0 1(|)(] 200 300 4(|)0 500 6(|)0 7(|)0 800 + ME4 Bylig + €i HdL?’E4

M, [GeV]
Edsjo, Schelke, Ullio, Gondolo, hep-ph/0301106 6 5 /72
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m, [GeV]

Summary : Future prospects

e-mixing H-mixing T-mixing

CTA 500hr covers mg > 340-380 GeV full coverage

HL-LHC (slepton) covers mg < 400 (480) GeV 3
P (but not “degenerate” region)

covers m, < 350 (430) GeV
HL-LHC (lepton) . —
equivalent to mg < 380 (480) GeV

e/u-mixing, QUE / QDEE T/u-mixing, QUE
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P —
..... 60 MAGIC o= G UE 1
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400 =, 500 o
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400
300 _____________ 100 150 200 250 300
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———— 300
LHC excl. % i
2 N
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m, [GeV] my, [GeV] 6 6 /72



Outline Abdullah, Feng, S|, Lillard [1608.00283]

discussion seeds

. “muon g-2 problem”
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Muon g-2 Problem g -2\ |
(a“ . )

W (9 -2), anomaly
SM (HLMNT 1) +re—|

Expm (BNL'04) | | | ——
I L1111 | 1111 | L1111 | L1111 i L1111 i L1111 i L1111 i 111 Iil 111
Hagiwara, Liao, Martin, Nomura, Teubner [1105.1439]

MSSM: extra contribution > MSSM may explain this anomaly.
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Muon g-2 Problem gu—-2\ |-
m(g-2) anomaly ﬂPUSH up (aul )
u i
SM (HLMNT '11) =i 17
Expm (BNL'04) | |y

IIIIIlIIIIlIIIllllllillllillllilllIillllillll
Hagiwara, Liao, Martin, Nomura, Teubner [1105.1439]

MSSM: extra contribution > MSSM may explain this anomaly.

4G extra contribution?

mixing
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Muon g-2 Problem g -2\ |
(a“ . )

W (g- 2)u a PUSH DOWN ==
SM (HLMNT '11)  +e— | | |
Expm (BNL'04) | |

IIIIIlIIIIlIIIlllllllllllillllilllIillllillll
Hagiwara, Liao, Martin, Nomura, Teubner [1105.1439]

MSSM: extra contribution > MSSM may explain this anomaly.

4G extra ibution?

>

mixing
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Muon g-2 Problem

m Why always negative?

T4L-T4R T4R
)
"Ny
O O O O
T4L
@ @

__leF my, N p
© 1672 6(|Me2 +m2 )\ [Mg[? +m2
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m, [GeV]

Summary : Future prospects

e-mixing H-mixing T-mixing

CTA 500hr covers mg > 340-380 GeV full coverage

HL-LHC (slepton) covers mg < 400 (480) GeV 3
P (but not “degenerate” region)

covers m, < 350 (430) GeV
HL-LHC (lepton) . —
equivalent to mg < 380 (480) GeV

e/u-mixing, QUE / QDEE T/u-mixing, QUE
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