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Particles to search in MSSM4G Scenario 
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 MSSM4G = MSSM + 4th (and 5th) generation

 "Minimum" set-up?

➢ Dark matter : Bino-like neutralino  Overabundant problem

➢ To solve the overabundance:

extra vector-like lepton + slepton

 Other particles are introduced to maintain GUT compatibility.

the well-known

SUSY particles

in QUE model

in QDEE model

+ their SUSY partners

(theory >> observed)
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 MSSM4G = MSSM + 4th (and 5th) generation

 "Minimum" set-up?

➢ Dark matter : Bino-like neutralino  Overabundant problem

➢ To solve the overabundance:

extra vector-like lepton + slepton

 Other particles are introduced to maintain GUT compatibility.

the well-known

SUSY particles

in QUE model

in QDEE model

+ their SUSY partners

(theory >> observed)

two "GUT-compatible"
models

SU(2)-doublet quarks
SU(2)-singlet quark

SU(2)-singlet lepton(s)
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the well-known

SUSY particles

+ their SUSY partners

(theory >> observed)

2. Extra VL-slepton search

3. Extra VLQ search in QUE model

in QDEE model

1. Extra VL-lepton         search



Vector-like Lepton search : Theory
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 Vector-like lepton

➢ Mass hierarchy (to reduce DM)

➢ Production & Decay:

"Drell-Yan" production

LEP bounds
~100 GeV

Decay through "SM-4G mixing"

 mixing 

If         is mixed with...
➢ mainly e :

➢ mainly μ :

➢ mainly τ :

➢ more than 2 gen. with a large extent
 combinations of the above.

(less motivated for flavor constraints)
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 Vector-like lepton

➢ Mass hierarchy (to reduce DM)

➢ Production & Decay:

"Drell-Yan" production

LEP bounds
~100 GeV

Decay through "SM-4G mixing"

 mixing 

If         is mixed with...
➢ mainly e :

➢ mainly μ :

➢ mainly τ :

➢ more than 2 gen. with a large extent
 combinations of the above.

(less motivated for flavor constraints)

You will see in LHC!
(next slides)

LHC is less sensitive... (yes, tau-tag...)

 a collider study: 1510.03456 (Kumer & Martin)

"excluding any range of masses requires O(1000)/fb"

but testable at Cherenkov Telescope Array (CTA).
... observe gamma-ray from 

"Partially available" at LHC.
(down by the BR)

https://arxiv.org/abs/1510.03456


Vector-like Lepton search : Theorists' Monte Carlo game
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 Vector-like lepton :

How do you capture this signature?



 Snowmass BKG set is used.

➢ MG5–Pythia–Delphes + NLO K-factor

➢ di-boson + tt dominated

 Signal by FR–MG5aMC–Pythia–Delphes (LO)

 PT cut:

 tau-tag / b-tag not used (avoided)

 Uncertainties = stat. + 20% syst.

Vector-like Lepton search : Theorists' Monte Carlo game
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 Vector-like lepton :

➢ Our "most basic" approach:  multi- search
 HL-LHC may exclude

QUE           QDEE             
(same mass assumed)
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W/Z-like jet pair

Large mET from
Z-like lepton pair



 Snowmass BKG set is used.

➢ MG5–Pythia–Delphes + NLO K-factor

➢ di-boson + tt dominated

 Signal by FR–MG5aMC–Pythia–Delphes (LO)

 PT cut:

 tau-tag / b-tag not used (avoided)

 Uncertainties = stat. + 20% syst.

Vector-like Lepton search : Possible improvements "You will do much better".
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 Vector-like lepton :

➢ Our "most basic" approach:  multi- search
 HL-LHC may exclude

QUE           QDEE             
(same mass assumed)
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LO cross section (QUE)

LO cross section (QDEE)

14 TeV LHC exclusion

e-mixed VLL

W/Z-like jet pair

Large mET from
Z-like lepton pair

Reconstruct & tag W/Z from jets?

b-tag to reconstruct higgs?
tau-tag to capture more W/Z?



[marketing] [Possibly SPAM] [off-topic] SUSY EWKino search
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 Boson (W/Z/h)-tag is desired
also in SUSY EWKino searches.

muon g–2 anomaly
"predicts"    1TeV EWKino.

 cf. works by
Endo, Hamaguchi, Iwamoto,
Kitahara, Yanagi, Yoshinaga
[1303.4256] [1309.3065] [1704.05287]

Reconstruct & tag W/Z from jets?

b-tag to reconstruct higgs?
tau-tag to capture more W/Z?

https://arxiv.org/abs/1303.4256
https://arxiv.org/abs/1309.3065
https://arxiv.org/abs/1704.05287
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the well-known

SUSY particles

(theory >> observed)

1. Extra VL-lepton         search

3. Extra VLQ search

+ their SUSY partners

in QUE model

in QDEE model

2. Extra VL-slepton search



Vector-like Slepton search : Theory
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 Vector-like slepton

➢ Mass hierarchy (to reduce DM)

➢ Production & Decay:

"Drell-Yan" production

LEP bounds
~100 GeV

(again) Decay through "SM-4G mixing"

*       has the same mixing pattern as        (in QUE model).

* All the other channels are
kinematically closed.

Exactly the same as MSSM slepton



Vector-like Slepton search : Just to reinterpret slepton/stau searches
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 Vector-like slepton *

Nothing to add; thanks for your work & please continue!

e or μ : CMS result               τ : ATLAS HL-LHC simulation

CMS-PAS-SUS-17-009

(But x1 (x2) production x.s. expected
for QUE (QDEE) model.)

ATL-PHYS-PUB-2016-021

This contour, but
with x2 (x4) production x.s.
for QUE (QDEE) model. 

http://cds.cern.ch/record/2297116
http://cds.cern.ch/record/2220805


Mid-point Summary

 DM overabundant problem if bino-like        is DM.

 A solution: MSSM4G = 4th-gen. vector-like (s)lepton              .

➢ : multi-lepton + multi-(Z/W/h) signature  dedicated searches.

➢ : 2-lepton + mET signature = MSSM slepton searches.

... Decays through mixing : if with (e or μ) sensitive @ LHC
τ  less sensitive... rather at CTA.
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 Long-lived if mixing is tiny. 
 Long-lived charged (           ) & colored (VLQ) particle searches.



Model parameter space
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Model parameter space
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Model parameter space

 if 4G is mixed with e or μ:

 τ-mixing case

➢ LHC insensitive … (´・ω・`)
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 if 4G is mixed with e or μ:

QUE QDEE
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LHC + CTA cover the whole region!



Model parameter space

 if 4G is mixed with τ:
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Mid-point Summary

 DM overabundant problem if bino-like        is DM.

 A solution: MSSM4G = 4th-gen. vector-like (s)lepton              .

➢ : multi-lepton + multi-(Z/W/h) signature  dedicated searches.

➢ : 2-lepton + mET signature = MSSM slepton searches.
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 Long-lived if mixing is tiny. 
 Long-lived charged (           ) & colored (VLQ) particle searches.



Long-lived charged particle searches ("stable" case)
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CMS-PAS-EXO-16-036

(but theoretical production is not the same; x1—4 depending on models.)

* "displaced jets / leptons" are also possible.

https://cds.cern.ch/record/2205281
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Vector-like Quark search : if short-lived ... Done by ATLAS (top-like)
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 Vector-like quarks:

➢ Assuming mixing w. 3rd-gen. only,

[https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults]

Production: similar to top-quark

Decay: similar to         ("through mixing")

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
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 Vector-like quarks:

➢ Assuming mixing w. 3rd-gen. only,

[https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults]

Production: similar to top-quark

Decay: similar to         ("through mixing")

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults


Vector-like Quark search : if short-lived ... Done by ATLAS (top-like)
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 Vector-like quarks:

➢ Assuming mixing w. 3rd-gen. only,

✓Very impressive to me;
no comments/requests from me.
thank you so much.

✓ Less-motivated possibilities:

• mixing with 1st/2nd gen.

• mixing with multiple gen.

... flavor constraints

[https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults]

Production: similar to top-quark

Decay: similar to         ("through mixing")

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults


Vector-like Quark search : if short-lived ... bottom-like : two corners left
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 Vector-like quarks:

➢ Assuming mixing w. 3rd-gen. only,

... Z/h-tagging?

[https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults]

Production: similar to top-quark

Decay: similar to         ("through mixing")

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults


Summary

 DM overabundant problem if bino-like        is DM.

 A solution: MSSM4G = 4th-gen. vector-like (s)lepton              .

➢ : multi-lepton + multi-(Z/W/h) signature  dedicated searches.

➢ : 2-lepton + mET signature = MSSM slepton searches.

... Decays through mixing : if with (e or μ) sensitive @ LHC
τ  less sensitive... tau-tagging!

 We can further make GUT-compatible : adding VLQ.

➢  VLQ-searches done by ATLAS.
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✓ Most channels are covered! Thanks for your work!

✓ This is also expected from SUSY EWKino.
 Interesting! Improvements by "boson-tagging"?

 Long-lived if mixing is tiny. 
 Long-lived charged (           ) & colored (VLQ) particle searches.
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 A solution: MSSM4G = 4th-gen. vector-like (s)lepton              .

➢ : multi-lepton + multi-(Z/W/h) signature  dedicated searches.

➢ : 2-lepton + mET signature = MSSM slepton searches.
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 Long-lived if mixing is tiny. 
 Long-lived charged (           ) & colored (VLQ) particle searches.



More data from VLL search
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Cut flow (BKG)
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Cut flow (signal)
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Discovery sensitivity
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14 TeV LHC discovery

VLL mass [GeV]
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1
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10-4

10-6
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VLL-search summary table
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Bino overabundance
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Bino relic density

equilibriumpair creation pair annihilation

 Early Universe with 
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Bino relic density

 Early Universe with 

equilibriumpair creation pair annihilation
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Bino relic density

 Early Universe with 

far apart due to
• pair annihilation
• Universe’s expansion

pair creation pair annihilation

“relic density”
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Bino relic density

 “observed” relic density

“proper” crosssection of (DM)(DM)SM

Figure from Gelmini and Gondolo, 1009.3690
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http://arxiv.org/abs/1009.3690


Bino relic density

 “observed” relic density

“proper” crosssection of (DM)(DM)SM

 pure    -DM (i.e., LSP       is    -like)

➢ strongly depends on              
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should be ~100 GeV

(i.e.,                    100 GeV)            



Coannihilation & MSSM4G
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Co-annihilation

 An old solution to increase : “co-annihilation”

mass splitting
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Co-annihilation

 An old solution to increase          : “co-annihilation”

mass splitting

Figure from Edsjö, Schelke, Ullio, Gondolo, hep-ph/0301106

An example in CMSSM with    -coann.:
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https://arxiv.org/abs/hep-ph/0301106v2


MSSM4G outline

 A new solution to increase : MSSM4G

extra annihilation channel
 larger 
 “proper”

if 
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MSSM4G outline

[MSSM]

[MSSM4G]

[vector-like mass]       [mixing with SM leptons]
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Cosmic-ray constraint
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Constraints from cosmic-ray observations

DM

 DM indirect detection (= searches for DM annihilation)

DMDM
time

DM
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Constraints from cosmic-ray observations

DM

 DM indirect detection (= searches for DM annihilation)

DM
time

DM DM
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Constraints from cosmic-ray observations

 DM indirect detection (= searches for                         )

[vector-like mass]       [mixing with SM leptons]

DM DM
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Constraints from cosmic-ray observations

 DM indirect detection
DM DM
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Constraints from cosmic-ray observations

 DM indirect detection

insensitive (IceCube)

less sensitive /
large BKG uncertainty

DM DM
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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.

Gamma-ray searches in QUE models

-

+ -

( )

〈σ
〉
×

-
(
/
)

~ ( )

Abdullah, Feng, SI, Lillard [1608.00283]

valid for any mixing patterns

MSSM4G region

CTA prospect : 500hr of Milky Way

DM profile: Einasto

No syst. unc. (stat only) 53 /29

http://arxiv.org/abs/1608.00283


Gamma-ray searches in QUE models
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Abdullah, Feng, SI, Lillard [1608.00283]

WW (any mixing pattern) ττ (only for τ-mixing cases)

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)

✓ τ-mixing fully covered
✓ e/μ-mixing with         > 340–380 GeV covered
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http://arxiv.org/abs/1608.00283


Gamma-ray searches in QDEE models

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

WW (any mixing pattern) ττ (only for τ-mixing cases)

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)

✓ τ-mixing fully covered
✓ e/μ-mixing with         > 340–380 GeV covered
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http://arxiv.org/abs/1608.00283


Cosmic rays

 charged particles  diffusion

➢ e : ~ 1 kpc are observable

➢ P : ~ O(10) kpc ~ Milky Way

 neutral particles

➢ from (neighbor of) galactic center 

 larger density, huge BKG (miss-ID & irreducible)  

 J ~ 1022 GeV2/cm5 (NFW; cuspy)

➢ from dwarf spheroidals (mini-galaxies near MW)

 DM rich, less baryon  low BKG

 J < 1019–20 GeV2/cm5 (smaller profile dependence)
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Gamma-ray observatories

 < 100 GeV : satellites

➢ full-sky, ~1m2, 5–10% energy resolution

➢ Fermi-LAT (2008) : gamma-ray to electron conversion

 > 100 GeV : ground-based Air Cherenkov Telescopes

➢ several degree, 105–6 m2, ~20% energy resolution

➢ VERITAS : 4x12m telescopes, Crab 36σ/√hr = 1%Crab in 35h

➢ MAGIC : 2x17m telescope, 19σ/√hr = 2.2%Crab in 50h

➢ HESS : 4x12m + 28m telescopes, 43σ/√hr 

 > 10 TeV : ground-based Water Cherenkov

➢ HAWC : 2/3-sky, effective area similar to ACT but worse resolution
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Gamma-ray from DM annihilation
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Original data of Fermi-MAGIC constraints Ahnen et al. [1601.06590]

MAGIC:
158 hr of Segue 1

Fermi-LAT:
6 yr of 15 dSph
(incl. Segue 1)

DM profile: NFW
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http://arxiv.org/abs/1601.06590


Fermi-MAGIC v.s. H.E.S.S. Ahnen et al. [1601.06590] v.s. Lefranc, Mourin [1608.08453]

HESS assumes Einasto profile; for NFW weaker by factor ~2. 60 /29

http://arxiv.org/abs/1601.06590
http://arxiv.org/abs/1608.08453


Original data of CTA prospects (MW galactic halo) Carr et al. [1508.06128]
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http://arxiv.org/abs/1508.06128

