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Tension with LHC results

L -1

po00 CMS prreiiminary 137 fo™' (13 TeV)
PP—390.8—q0q zf Acprox. NNLO+NNLL exclusion | = _| 4 a
1800 - 2
, — Observed + 1 S heory . 8
1600( ===Expected £ 16, ian / -§
. N .l -1 0N
gluino can be 14001 S o 4107
N - = 2
~1.4TeV 1200 4 1 £
- 1 A —
1000 — 5 — , O
‘\‘ d _: 10° =
800 v | 1 E
6004 b e - ‘é’
I LR 1 H1p7 S
400— s 1] = —J
] Excluded 408 O
2008 1] S
r " i Tp)
", | | L | | | [ l [ | | [ y il B 4 O)

0 10
600 800 1000 1200 1400 1600 1800 2000 2200 2400
m; [GeV]

2 2

Msusy




gluino can be
~ 1.4TeV

137 fb™ (13 TeV)

PP—99.C—qq Zf Approx. NNLO+NNLL exclusion

—Observed + 16,
---Expected 1o

ry

exparimeant

200

Illl]lllll

lllllllllll

Excluded

| [ | | l | Ll I

Illlll

Illlllllll

o

llllllllllllll

2 2

0 | |
600 800 1000 1200 1400 1600 1800 2000 2200 240

m; [GeV]

A

Mgsysy

ém"
—;10‘2
—;10“"
0 -10‘
-—

95% CL upper limit on cross section [pb]

Tension with LHC results

CMS Preliminary

It helps fine-tuning
if the log factor is
small



Gravitino LSP in GMSB

- Gauge mediation: SUSY breaking field —» S®J@ «— messenger field
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Neutralino (NLSP) decay
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How the LHC limit on gluino and stop masses change

if gravitino is the LSP? J-S.Kim, S.Pokorski, K.Rolbiecki, KS, 1905.05648
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Monte Carlo simulation with CheckMATE

CheckMATE identifier Description L[fb~1]
atlas_1709_04183 t, b-jets + Emiss 36.1
atlas_1712_02332 q, g, jets + Emiss 36.1
atlas_1710_11412 dark matter with ¢ or b, b-jets, leptons 36.1
atlas_1802_03158 GMSB, ~(> 1) + B 36.1
atlas_conf_2017_019 t, Z or h + Emiss 36.1
cms_1801_03957 electroweak, diboson final states (W, Z,h) | 35.9
cms_sus_16_046 GMSB, ~(> 1) + Emiss 35.9
atlas_conf_2018_041 g, b-jets + Emiss 79.9

J-S.Kim, S.Pokorski, K.Rolbiecki, KS, 1905.05648



Stop-Higgsino

~ ’]:/LO (BR W) 10 tanﬁ: 10
t1 =t ~ 2970 ' ~ ~
5 N1+ —— A'—hG
B ~ 0.8 1 ~ ~
t1 — biL (BR ~ 50%) —_— B0 7
t, — thy (BR ~ 25%) 0.6
et
M
~0 ~ 0.4
BR(R? — ~G) = 0
~ ~ 2(1 2 2 4 0.21
(R — zG)  les + ssl*(1 —mz/mig
— L~ T
F(h? — hG) |CB _ 35|2 (1 — m%/mgo) 00 200 300 400 500 600 700 800
i mj, |GeV]
neutralino LSP gravitino LSP
1200 - i—)tﬁ?’g, bi:L—i_ ‘((\k%“\:“ (((\,,‘(\Xj(/‘}f’// 1200 - i—)tﬁ?’z, bﬁ+ “\R4“\:“ ((({\»X:f(’\)f///
o R 2C, hG G
1000 - 1000 - pp s hh
e 7 g
% 800 - : :?o 800 - cms_1801 03957
g g g atlas_1709 04183
g g
S 600- = 600-
s00{ 200{ ——
_ atlas_ 1710 11412 B
200 _/ \ atlas 1709 04183 200 -
600 800 1000 1200 1400 600 800 1000 1200 1400

m;|GeV]| m;|GeV]|



Gluino-Higgsino

neutralino LSP
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Muon and Electron g-2



Muon and Electron g-2 #=4(5,)¢
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- Smuon-Selectron mass splitting is difficult
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Higgs mediation

SUSY breaking
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Bino contribution; Chargino cotr. -
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Favoured Regions
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- physical masses
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LHC constraint
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LHC constraint

- physical masses
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Gauge Coupling Unification
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Grand Unification
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Grand Unification
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Grand Unification
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Grand Unification
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Grand Unification
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Gauge Coupling Unification
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SUSY spectrum GUT spectrum

/\SM lv MSSM ¢ - su(s)

Q =’mz Ag
GCU gives constraints on SUSY and GUT spectrum.

Can we formulate such a constraint analytically?



The condition of GCU (2-loop level)
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The condition of GCU (2-loop level)
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The condition of GCU (2-loop level)
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: SUSY
General solution to RGE| full MssMm threshold
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M7 = 2.08 TeV

2T 2w
a;(my) ar,
2
T — bz In (
a;(mz)
2 %k
Z- -+ bz In ( G
o A

M}, =1.27-10*° GeV

af T =255

M*
_*‘szln( G)—(Siln(

mz

*

A
_)‘|‘5i‘|‘ri‘|—’7i‘|‘Ai

degenerate SUSY
without GUT thres

general solution

)—&iln(MS)—l—si—l—m

mz

I

SUSY threshold

!

GUT threshold




2T 2T M, M degenerate SUSY
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Any 3D vector can be decomposed into a sum of 3 independent vectors: 1, b;, i
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2T 2T M, M degenerate SUSY
CARTICAR

i (my) ak, my my without GUT thres
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The condition of gauge coupling unification:
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The unified coupling at A
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The unified coupling at A
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Uncertainty of a,(mz)
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Application to Minimal SU(5)



Minimal SUSY SU(5)
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Minimal SUSY SU(5)

4 )
H(5) = Hu) 3(24) = (Zs, 23] 1, 2(2.3), B2.34))
k H(5) = (Hd Hi)  V(24) = (G.W.B.[X.Y).(X. 7))
|(Ho, He)| = Mue = 5AuV mass | (U(1)xSU(2)xSU®B3)) | (b1, bo, b3)
M (-1,1,3), (£,1,3) (2,0,1)
t — M, — 5\/5 V Heo 35+ y \ 3 2 5y s
LX), (X, Y] oo My | (3.2.3). (3.2.3) | (-10,6,—1
(Zs:5)] = My = sV Ms (0,3,1), (0,1,8) (0,2,3)

Te, 5 15 25 me
In (57) = 30 (— 5egtt — 762+ 132%5) ()
A Zg: 2881 ~ 762 T 11a%) M (A

0. 24, 14 -
In Qg =Y (-85 — b5 + 765 ) In (55)
LR %:191 19721 19%) "\




Minimal SUSY SU(5)
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Minimal SUSY SU(5)

D=5 proton decay rate can be calculated from the SUSY masses!

D=5 proton decay
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Vanilla SUSY
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AMSB with Wino DM
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Orbifold SUSY SU(5) GUT

S/ (Zy x Z}) orbifold in the fifth dimension [Hall, Nomura ’01]

two orbifold parities (P, P’)
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Mc: = 1/R, (i.e. X,Y boson mass) can be predicted from SUSY
spectrum, allowing to predict D=6 proton decay



D=6 proton decay

\_/UL XY +

GCU condition
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Mc: = 1/R, (i.e. X,Y boson mass) can be predicted from SUSY
spectrum, allowing to predict D=6 proton decay



A SUSY plane with GCU
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A SUSY plane with GCU
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Conclusion

- In gauge mediation with light gravitino models, the LHC constraints
gets stronger, but the fine-tuning can nevertheless be relaxed.

- Muon and Electron g-2 can be explained within Higgs mediation SUSY
models without introducing flavour problem. The spectrum contains
very light EW states, but the LHC constraints can be satisfied due to
compressed spectrum.

- Requirement of gauge coupling unification tells us a relation between
SUSY and GUT spectra. For minimal SU(5) and orbifold SU(5) models,
proton lifetime can be predicted from low energy SUSY spectrum
alone. We found a complementarity between collider and proton
decay measurements.









a = unbroken generators

a = broken generators

n=0,1,2-
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 doublet-triplet splitting can be achieved by the parity assignment

« X,Y fields are absent at the 3-brane at O’

=> SU(D) is explicitly broken at O’

* non-universal contribution to the gauge couplings from the 3-brane at O’

faWCLW& o

the effect is negligible due to the dominant bulk contribution if the extra
dimension is large, RA > 4 [Hall, Nomura '01]

» The success of charge quantisation in 4d GUTs can be kept by placing the
matter fields at the SU(5) symmetric brane at O.

- D=5 proton decay is absent due to an accidental U(1)r sym.
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- Above the KK mass scale, M: = 1/R, KK modes appear and the three gauge
couplings approach each other. They finally unify at the cut-off scale, A,
where the 5d theory is incorporated into a more fundamental theory.
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