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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
m
m Muon ‘g—2"

m

5 /70



Physics beyond the Standard Model

New Physics Candidates

etc...

Hints of “New Physics”
Dark matter
Dark energy

Neutrino mass

Higgs mass (“naturalness”)
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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
m
m Muon ‘g—2"
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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
| B Gauge coupling unification
etc... ®m Higgs mass (“naturalness”)
m Muon ‘g—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”

B 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 >HB Dark matter

N . >~ " m Gauge coupling unification

N\ ~

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

[Minimal Supersymmetric Standard Model]
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Physics beyond the Standard Model

New Physics Candidates Hints of “New Physics”
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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”)
“a Muon ‘g — 2"

147



Gauge coupling unification

B SM = 3 forces: U(1), SU(2),

measured theoretical prediction

SU(3) [Why three?]
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Gauge coupling unification

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

measured theoretical prediction
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Dark matter candidate in MSSM

m MSSM S Dark matter candidate - 3@ % % %
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» not detected by astrophysics / direct search / LHC
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Dark matter candidate in MSSM

m MSSM > Dark matter candidate - g@ g@ %
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Dark matter candidate in MSSM

m MSSM > Dark matter candidate - y@ g@ %
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Neutralino relic density

®=§@W°@ﬁg@i—7°
u

o B-like? | - “overabundant” problem

o V-like? Qh?>0.12
o H-like?
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Neutralino relic density

@=§@W°@i—73@i—70
u

o B-like? | - “overabundant” problem

o V-like? Qh?>0.12
o H-like?

| > MSSM AGamodel
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Outline Abdullah, Feng, S|, Lillard [1608.00283]

Introduction: why overabundant?

Model: MSSM4Gasolves overabundance.

Analysis:
» cosmic rays (CTA, Fermi, MAGIC)

> colliders (LHC)
» direct detection (LUX)

summary with discussion seeds
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Bino relic density

m Early Universe with T > mg

pair creation equilibrium pair annihilation

- ® P
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Bino relic density

m Early Universe with 7 < mg

pair creation eqNjQfum pair annihilation

kinetic energy ~ T @
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Bino relic density

m Early Universe with T < mgz/20

pair creation pair annihilation

@ 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?
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Bino relic density

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

r~

3 3 B Wf
m pure B-DM (i.e., LSP @ is B-like) f
> ({ov) strongly depends on mz
L mz ~ 100 GeV B—~"""—f

mz > 100 GeV = (ov) too small

—> “overabundant” problem
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Co-annihilation

n

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

e
e

> ‘V\/\/\/,Y
mass splitting

mpg
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Co-annihilation

B And Anexample in CMSSM with T-coann.: bn
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Outline Abdullah, Feng, S|, Lillard [1608.00283]

“
Model: MSSMA4G' solves overabundance.
Analysis:
» cosmic rays (CTA, Fermi, MAGIC)

> colliders (LHC)
» direct detection (LUX)

summary with discussion seeds
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MSSMA4G outline

m MSSM = 3Generations A

4 A\
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MSSMA4G outline

m A new solution to increase (oVv): MSSM4G

Booo . —f Boe . — T
I
B—""—f B~" "1y

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

if®2§>1’4
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MSSMA4G outline

(Qz; z;LzaE)‘|‘(Hu,Hd) [MSSM]
_ (i=1...3)
—|-(E4, Ey) mssmac)

SUB)color  SU(2)weak U(1)y
~ Q; 3 2 1/6
B>o/ ooul s Y

y : E; 1 1 !
| D, 3 1 1/3
g Y | @ L; 1 2 —1?2
; H, 1 2 1/2
NDM\L\ H 1 2 >
B T4 Ej 1 1 @
By 1 1

W = YuHuQﬁ -+ YdeQD —+ YveHdLE
+ Mg,E4Ey + ¢;HqL;E,

[vector-like mass]  [mixing with SM leptons]
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MSSMA4G : Two models

60— T——T—— T T T :

B MSSM +EE - breaks coupling unification =

40F

m QUE model : MSSM + QQUUEE 1
gauge coupling unification i

Log, ,(Q/GeV)

SU(5) GUT
> extra HuQaUa interaction > mj, UPA

m QDEE model : MSSM + QQDDEEEE
gauge coupling unification
€9 SU(5) GUT
» extra HqQ4D4 coupling 2> m, slightly :’y
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MSSMA4G : 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 + T4, By, ba, T4, Ts,

Tar, Tar, Bar, Bar, bar, bar, Tar, Tar, TsL, T5R
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MSSM4G : Working assumption (the minimal setup)

m MSSM +EE - breaks coupling

m QUE model : MSSM + QQUUEE

/Other working assumptions \

M L UL M
> LSP X3 is B-like

* All the other SUSY particles &

—> MSSM + Tz;84+t4, T4, \extra Higgses are decoupled./
T4L, Tar, Bar; Bar-tar-tar, 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, 1 4R, ’ ’ » T4, T4R, T51, T5R
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MSSM4G : Working assumption (the minimal setup)

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

- - _ =0 . ~
® QUE model : MSSM + QQUUEE > LSP X; is B-like
* All the other SUSY particles &

E> SM + X?(N E), T4, \extra Higgses are decoupled./

T41, T4R
. _J

.
assumed to be equal-mass

m QDEE model : MSSM + QODDEEEE

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

TaL, T4R, TsL, T5R
. ~ /)
assumed to be equal-mass
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MSSMA4G : Two models

Abdullah, Feng [1510.06089]
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MSSM4G _Iwa madels Abdullah, Feng [1510.06089]
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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 DWM
hH,Z

f /\
f f

tir_ne
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Constraints from cosmic-ray observations

B DM indirect detection (= searches for DM annihilation)

W,
<=— 0 forB

DM

DM

tir_ne
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Constraints from cosmic-ray observations

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

DM DM

W+ v
f4 T4 T4 —_— Z + l [V — Ve, V,Lll VTJ
/ / o
Wv:Zl:hl~2:1:1
‘W 3 Y,H4LE A
+ Mg, E By + ¢;HyL; Fy
_ [vector-like mass]  [mixing with SM leptons]
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Constraints from cosmic-ray obseruatianc

B DM indirect detection L

W > )/eHdLE
+ ME4E4E4 + EinLiE4

Wv:Zl:hl~2:1:1

\JDM ______ <3M
@

T T
DM DM—
T4(5) mixeswithe | WTW~ ZZ hh v e'e”
Ta(s) mixeswith U | WTW~™ ZZ hh vi ptp”
T4(5) mixeswith T | WTW~ ZZ hh ve 7777
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Constraints from cosmic-ray obsenatinnc

®m DM indirect detection L

W > )/eHdLE

~ - DM DM
+ Mg, BaEy + e, Hy L, Ey <

Wv:ZlL:HI~2:1:1

1y T4
insensitive (IceCube)
I itive /
DM DM— IeaergeS%nP?(ISIt\J/Ecertainty
(w N .
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I [
[
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o v N T[O N ’Y

—>...—)’Y
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Gamma-ray searches in QUE models

Abdullah, Feng, S|, Lillard [1608.00283]

valid for any mixing patterns

nr, (GeV) Y—yield: Z ~W* ~ h)
0 300 400 500 600
k pe®

6 \:_)(G\—“ _______________
< _MACIC T
= FG‘E‘P—‘—-%"'— f
\39 4+ e :,— Uture
c',:a e * Q’sftiv'
X —— 1ty
z , MSSM4G region Tt
~ e 5‘_-—--STA

E W< mg/2
100 150 200 250 300
E (GeV) (with m+, = 0.83mj)

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 2%(cm’ /%)

WW (any mixing pattern) 1T (only for T-mixing cases)
m;, (GeV) m;, (GeV)
0 390 490 590 600 0, 390 490 590 600
I gl
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~~~~~~~ = 08"
2L e 206
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~~~~~~~~ 04immme CTA
100 150 200 250 300 100 150 200 250 300
E (GeV) E (GeV)
v T-mixing fully covered
v’ e/p-mixing with mg > 340—-380 GeV covered
MAGIC: 158 hr of Segue 1 (with m-, = 0.83mp)
Fermi-LAT: 6 yr of 15 dSph (incl. Segue 1) CTA prospect : 500hr of Milky Way
DM profile: NFW DM profile: Einasto

Fermi-LAT dominates MAGIC in almost all E-range. No syst. unc. (stat only) 47 70
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Gamma-ray searches in QDEE models Abdullah, Feng, S|, Lillard [1608.00283]

(ov) X102 (cm® )

WW (any mixing pattern) 1T (only for T-mixing cases)

m;, (GeV) m, (GeV)
10 300 400 500 600 700 800 0 300 400 500 600 700 800
T, ol | D ——
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————— \\\\ \ Cl\?l \
\\\\ 9
S X 21;
2 el 806
____________ CTA R o V. N—
100 150 200 250 300 350 400 100 150 200 250 300 350 400
E (GeV) E (GeV)

v T-mixing fully covered
v’ e/p-mixing with mg > 340—-380 GeV covered

MAGIC: 158 hr of Segue 1 (with m-, = 0.83mp)

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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Summary

e-mixing M-mixing T-mixing

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

HL-LHC

e/y-mixing, QUE T/y-mixing, QUE

m;, (GeV) my, (GeV)

10 300 400 500 600 10 300 400 500 600

o=

e

.
oo
~.

(ov) X107%(cm? /)
i
1
1
Y
1
1
1
1
1
1
1
1
(ov) X 10720 (cm? 4)

S o

__________________________ CTA

100 150 200 250 300 100 150 200 250 300
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Outline Abdullah, Feng, SI, Lillard [1608.00283]

Analysis:

> colliders (LHC)
» direct detection (LUX)

Ssummary 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?(% B), T4,
T4, T4R
(. J

g
assumed to be equal-mass

m QDEE model : MSSM + QODDEEEE

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

T4, T4R, TsL, T5R

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

m MSSM +EE - breaks coupling unification

B QUE model : MSSM + QQUUEE slepton search

= M+ REB(n)

extra lepton search

assumed to be efjual-mass

m QDEE model : MSSM\+ QODDEEEE
—>  SM+ X{(=B),

T4, T4R, TsL, T5R

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

m MSSM +EE - breaks coupling unification

B QUE model : MSSM + QQUUEE slepton search

= M+ =Bt )
extra lepton search

44 _ WV, Z[, h[i assumed to be efju 2(4) T
(as discussed before) YDDEEEE E X
d d bef KQQDDEEE R/

standard searches ssu ed to\Be equal-mass
for vectorlike leptons

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

~

— (e, u, 7)+ B

—
assumed to be equal-mass
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Collider prospects for extra slepton searches l
N* Tk
—_ T — [ [ p
PP = Ta(5) a5 = PP 7y .
determined by mixing parameters -~
2 (4 T %
e/y-mixing - slepton searches X T4 X1
(ér, UR) p
)
14 TeV prOSpeCtS studied in 1408.2841 (Eckel, Ramsey-Musolf, Shepherd, Su)
- re-interpreted
% 350 I T 1T I T 17T T I‘.ml IIII L I T T T I 17 \: ;‘ 400: IIIIQMsll e |\"|§|=|8.-|.—e.vl . LI 195f|t),1, — ,,: _: 102 3
o} ATLAS —— Observed limit (i1c§g§:,) . () - pp—een, I 95% CL CLs NLO Exclusions 1 - =
5300 [Ldt=203b" 1s=8Tev = Expected limit (+15,,)  —| S 350 - RR"RTR - 5
E T - I LEP2 i _excluded ] 9.3 - —— Observed + 1o, 1 - S
All limits at 95% CL ] S 300 g (I,—1%) --- I a
250 sa - - R === Expec:tedi1csexperiment . @
I 1] s
200 E 200 F- 24 {10 §
] - 1 S E
150 - 150 = I~
] C 4 A 3
] 100 |- B =
100 ] C . -
: 50:_ ,/—_'\‘ _: ) 3
50 _: ;_.'_r_ﬁ?;\...l...m...m Lo O .E_.] %
) N § Qo0 150 200 250 300 350 400 450
| 1 L1 1 | L1 1 1 | 1 I<-I I‘l L1 1 1 | L1 1 | | 1 | 1 \_
0100 150 200 250 300 350 400 [GeV]
m- [GeV]

ATLAS (8TeV full) [1403.5294]

CMS (8TeV full) [1405.7570]
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Collider prospects for extra slepton searches l
N* IE:
— T — l 2 p
PP = Ta(5)ta,5) = PP % .
determined by mixing parameters --"
2 (4 N 1
e/y-mixing - slepton searches X T4 X1
(ér, UR) p
6001 l
_— QUE 14 TeV LHC exclusion |
I e/mu-mixed extra slepton
500¢
[ -14TeV
S 400] -0.3,1,3/ab
O
(@) I
— 300¢
M :
E : B 2 lepton+ MET + mT2 + jet-veto
200 B BKG taken from 1408.2841
: » MG5-Pythia—Delphes (also for signal)
100¢ > rescaled by NLO K-factor
> di-boson dominates
0 800 B Signal events at LO level
B Uncertainties = stat. + 5% syst.
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Collider prospects for extra slepton searches

= p
PP = Ty(5)Ta,5) = PP~ el -
determined by mixing parameters --

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.
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(ov) X107%(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)

full coverage

e/py-mixin T/P-mixing, QUE
m;, (GeV) 600- m;, (GeV)
0 300 400 500 600 QUE 14 TeV LHC sxclusion | 0 300 400 500 600
e/mu-mixed extra slepton 8F
8 QUE W' W~ 500F | ===-- QDEE e 6 o @:_ngig ------------ QUET'T
6 S af
e 2 b
~MACT.- 400 by
Sei Sty
4 —F—E"’ ; § 2
N > \ g
S S 300 \ 5
e s \ X 1
~~~~~~ g Ve =08
T 200 . =0
~~~~~~~~~ CTA ! |
__________ o O e CTA
100 ! :'
I 1 1
100 150 200 250 300 ,: E 100 150 200 250 300
E (GeV) . E (GeV)




Collider prospects for extra vectorlike lepton searches

pp — TZ(’S)TZ,G) (Wv|ht|Zl)(Wv|hl|hZ)

e/U-mixing case

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

(Wvzi - 30(1.3%) [ WvZI — 4%1 (0.4%)

< Wvh{ — 3£ (0.6%) < hiZl — 471 (1.0%)
htzZ{ — 31 (0.8%) ZIZIl — 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 5yTa 5y — (WV|hl|Z)(Wv|hl|hZ)

e/U-mixing case

14 TeV LHC exclusion | <@ o‘fﬁ’gs% at 300fb

e-mixed VLL —e — GfJXf 959, at 1000fb

== P, at 3000fb

—eo— L O cross section (QUE)

--@=- LO cross section (QDEE) 0 3/ab
/ 1/ab

3/ab (with 1&20 band)

cross section [fb]

[N
o

9 14TeV, 3/ab covers

M-, < 350 (425) GeV
Co b o LV 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)
B Signal by FR-MG5aMC-Pythia—Delphes (LO) B Uncertainties = stat. + 20% syst.
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Collider prospects for extra vectorlike lepton searches

pp — TZ(’S)TZ,G) (Wv|ht|Zl)(Wv|hl|hZ)

e/U-mixing case

“vectorlike lepton searches” by
multi-¢* signature (3-5/%)
[Cf. ATLAS collaboration, 1506.01291]
r

(Wvzi - 30(1.3%) [ WvZI — 4%1 (0.4%)

J Wvht =31 (0.6%) ) izt 471 (1.0%)
hiZt — 31 (0.8%) | ZIZE — 4*1(0.8%)
_ htht—30(0.8%) | hihe—a*1(0.2%) 2 14TeV, 3/ab covers

M-, < 350 (425) GeV

QUE QDEE
T-MiXing case
> SRs: 4(e, mu, had-tau) M, < 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/p-mixing cases

600, B}
800 300 fb~! 700

700
600
500/
400

300

200 200

350 400 450 500 550 600
m, [GeV]

B T-mixing case

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

B e/y-mixing cases

600

2000350 400 450 500 550 600
m, [GeV]
B T-mixing case

» LHC insensitive, but CTA covers full region
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Summary : MSSM4G scenario

o 30%

£

E

=

n

2 10%

g
3%
1%
3 %o
1 %o

“ N N L R UL L
- tan B=30,A,=0,smallm, -
n>0

M _ upper limit

if rfo fcf)ann. incl. Q=03
- and Qh” less than: B
L 0.1 i
" 0.15 = i
_o_zﬁl |
03—

RIS ENEN VI SR ENEN SNRNECEE § ENRVENE Y S WA AL VI
0 100 200 300 400 500 600 700 800
M [GeV |

Edsjo, Schelke, Ullio, Gondolo, hep-ph/0301106

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

|f @Z§>T4

(ov) x Y4 => MSSM + EE

YuHuQU + YdeQD + YeHdLE
+ Mg, EsEy + ¢, HqL; E,
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m, [GeV]

Summary : Future prospects

e-mixing M-mixing T-mixing

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

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

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

e/y-mixing, QUE / QDEE T/YU-mixing, QUE
600 ) M (GeV)
........ 300 fb~! 800 vt 300 b7 700 " 300 400 500 600
_____ st IR ——
""" 6 o @:MQ;QE-C------"""""' QUET'T
500 700 - 4 e
B
— 600 S
> 5
(OD) X 0sl
400 =, 500 Sos
s 04iee CTA
400
3000 00N\ TN el \ 100 150 200 250 300
.............. \‘ E (GeV)
g ™ 300 \
LHC excl. LHC EXCl
2
00 350 400 450 500 550 600 200 400 500 600 700 800

my, [GeV] m, [GeV] 6 4 /70



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

discussion seeds

. “muon g-2 problem”
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Muon g-2 Problem gy — 2\ |
(2=257)

m (g-2), anomaly

SM(HLMNT'11)  wemrl |1 a®M=(116591828+49) x107 !
Expm BNL'04) e qexp (116592089 + 63) x10~1]
TR T NS P PR P P B ll
Hagiwara, Liao, Martin, Nomura, Teubner [1105.3149] 3 . 30' dlscrepancy

MSSM: extra contribution > MSSM may explain this anomaly.
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Muon g-2 Problem gy — 2\ |

PUSH UP
m(g-2), anomaly~ 2
SM (HLMNT '11) e ﬁ'\" = (116591828 +49) x10~11
bom ENL0H | e qenp = (116592089 % 63) x 10711
Hellgiwalra, Lilao, I\/Ilartin, Nomura, Teubner [1|105.3149] 3 . 30' dlscrepancy

MSSM: extra contribution > MSSM may explain this anomaly.

4G extra contribution?

o -

\

u—‘ —— /i

mixing X

/
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Muon g-2 Problem gy — 2\ |

PUSH DOWN >
m(g-2),a o
SM (HLMNT '11) e | | | a>M=(116591828 £49) x10~H
Expm (BNL'04) | 4= 4eXP = (116592089 % 63) x 10~}
T DT RREE P P FEUE P DO e H
Hagiwara, Liao, Martin, Nomura, Teubner [1105.3149] 3 ] 30' dlscrepancy

MSSM: extra contribution > MSSM may explain this anomaly.

4G extra ibution?

/
u—‘ — p
mixing X
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Muon g-2 Problem

m Why always negative?

, TaL-T4R T4R
@,-—"“\g’"ﬁwy ,.»X-..,.'JJ ’_‘_{fr’
/ R

\ ~ f, \\ /, \\
/ \ —h—‘aeaééeaeo-b—
H-_‘ — . v HL -~ HR ML —~ — UR
X0 B Hyq—-B

TaL s
+
o 3 —

ML ~ MR

B

__eF my, N p
T 16w 6(|Mp2 +m2 )\ [Mg[? +m2
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m, [GeV]

Summary : Future prospects

e-mixing M-mixing T-mixing

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

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

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

e/y-mixing, QUE / QDEE T/YU-mixing, QUE
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