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Particles to search in MSSM4G Scenario

B MSSM4G = MSSM + 4t (and 5™") generation

in QUE model

the well-known
SUSY particles (T“), ba, T4, Ts in QDEE model

B4
+ their SUSY rs

B "Minimum" set-up?

» Dark matter : Bino-like neutralino @ - Overabundant problem
QDMh2 > 0.12

» To solve the overabundance: ‘T4 @ (theory >> observed)

extra vector-like lepton + slepton

e Other particles are introduced to maintain GUT compatibility.
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Particles to search in MSSM4G Scenario

B MSSM4G = MSSM + 4t (and 5'") generation o "GUT-compatible’

models

\
in QUE model

the well-known

SUSY particles

T4
Ba
SU(2)-doublet quarks
B "Minimum" set-up? SU(2)-singlet quark

, ba, T4,Ts in QDEE modeIJ
+ t\eir SUSY

\
SU(2)-singlet lepton(s)

» Dark matter : Bino-like neutralino @ - Overabundant problem
Qpmh? > 0.12
> To solve the overabundance: T4 @ DMh™ >

(theory >> observed)
extra vector-like lepton + slepton

e Other particles are introduced to maintain GUT compatibility.
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Agenda

search

B MSSMA4G = MSSM + 4th ¢xtra VL-lepton (T

‘3. Extra VLQ search l( + in QUE model

the well-known )

SUSY particles (

E\l

~

, ba, @ T5 in QDEE model
+ their SUSY
‘2. Extra VL-slepton @ search ‘

4

B '‘Minimum" set-up?

Dark matter : Bino-like neutralino - Overabundant problem
Q[)Mh2 > 0.12

To solve the overabundance: "4 (theory >> observed)

extra vector-like lepton + slepton

Other particles are introduced to maintain GUT compatibility.

“ﬁm



Agenda

search

B MSSMA4G = MSSM + 4th $xtra VL-lepton @
T

4 .
(84) in QUE model
the well-known
SUSY particles (gj) ba, O Ts in QDEE model

L4,

B '‘Minimum" set-up?
Dark matter : Bino-like neutralino { - Overabundant problem

QDMh2 > 0.12
To solve the overabundance: T4 C (theory >> observed)

extra vector-like lepton + slepton

Other particles are introduced to maintain GUT compatibility.
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Vector-like Lepton search : Theory

m Vector-like lepton T4

~100 GeV
» Mass hierarchy (to reduce bm) @ 2@ > T4 (> LEP bounds)

» Production & Decay:
pp%7'47_'4, T4%W_V7;, le_, hlz_

"Drell-Yan" production Decay through "SM-4G mixing"

q L5 N HyLiTy > Ty -[; mixing
Y, 4 o .
If Ta is mixed with...
> mainlye: 74 = Wve, Ze, he
(i.e. )\4’>>)\Z3)

q > mainlyy: ™ — Wuv,, Zu, hu

A\

mainlyt: 7, - Wuv,., Z7, ht

» more than 2 gen. with a large extent
- combinations of the above.
(less motivated for flavor constraints)

(cf. SM Yukawa coupling Ly D (ye)ijHLiE;)

6



Vector-like Lepton search : Theory

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

e a collider study: 1510.03456 (Kumer & Martin)

"excluding any range of masses requires 0(1000)/fb"
(e, = 0.4, ¢ = 0.001)

but testable at Cherenkov Telescope Array (CTA).
... observe gamma-ray from x°x° — 1474 — 77

You will see in LHC!
(next slides)

"> mainlye: 74 — Wve, Ze, he
(e A > L)

> mainlyp: ™ — Wy, Zu, hp

» mainlyt: 7y — Wuv,, Z7, ht

"Partially available" at LHC. <@ > more than 2 gen. with a large extent
(down by the BR) - combinations of the above.
(less motivated for flavor constraints)
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https://arxiv.org/abs/1510.03456

Vector-like Lepton search : Theorists' Monte Carlo game

with I; =(eoru) =1

m Vector-like lepton : pp — TaTa Ta— ZI1;, Ww, hif

v, 4

Wb

-

Z;
Y

How do you capture this signature?

8 /2



Vector-like Lepton search : Theorists' Monte Carlo game

with I; =(eoru) =1

m Vector-like lepton: pp — T4 Ta

T4—>Zl@'_7

W= V;, hlz_

» Our "most basic" approach: multi-£* (3—52*) search
- HL-LHC may exclude m+, < 350 (425) GeV.

QUE Ty QDEET&Ts
(same mass assumed)
Wwvzi — 31 (13%) WvZzi — 471 (04%) § . 14 TeV LHC exclusion | e %P, at 300fb
— N e-mixed VLL o
Wvhi -3¢ (0.6%) | hiZL— 4*4 (1.0%) S 1005 .. oo ol to0m
hiz1 — 3£ (0.8%) Z1Z1 — 4%4 (0.8%) g —e— L0 cross section (QUE)
(2 S AN --@= LO cross section (QDEE)
hihf — 31 (0.8%) hihf — 4% ¢ (0.2%) a e e,
o ) T
30 ~ 4% 50 ~ 2% ° -
, . . , 10
WZ(5) WZ(¢) ZZ(j) ZZ(0) .
N, >3 > 4 > 4 > 5 i
Nj > 2 <2 > 2 — A B R B R B
‘m o mw‘ < 20GeV o - - 200 250 300 350 400 450 500
JJ ' _like i i VLL mass [GeV]
my; — my| - - 10 GeV € W/Z-like jet pair
Er > 60GeV > 100 GeV — —  &Llarge mET from v&W
Nz er) — — > 1 >1  &Z-like lepton pair

B Snowmass BKG set is used.

» MG5-Pythia—Delphes + NLO K-factor

> di-boson + tt dominated

m Signal by FR-MG5aMC-Pythia—Delphes (LO)

B PTcut: (¢1,0,4;) >

B Uncertainties = stat. + 20% syst.

(120,60, 20) GeV, (j) > 20 GeV.

S B




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

with I; =(eoru) =1 _ _ _
m Vector-like lepton: pp — TaTe Te— Z1;, W v, hl;

> Our "most basic" approach: multi-£* (3- SF) search
- HL-LHC may exclude m+, < 350 (425) GeV.

QUE Ty QDEET4&Ts
(same mass assumed)

WvZi — 31 (1.3%) WvZl — 4% (0.4%)

[fb]

14 TeV LHC exclusion
e-mixed VLL

B of}L a5, &t 300fb

Wvhi — 3£ (0.6%)
htz{ — 31 (0.8%)

hiht — 3¢ (O:S%MM
30 ~ 4% 5l ~ 2%

hizi — 471 (1.0%)
ZI1Z1 — 471 (0.8%)

Reconstruct & tag W/Z from Jets'?

Cross

wz(j)  wz()  zz(j) | b-tagto reconstruct higgs?
jf:[’f 53 2;1 f; tau-tag to capture more W/Z?
‘ i —jmw\ < 26 GeV <_ - 200 250 300 350 400 450 500
77 . . .
im; — mz| B - < 40 GeV & W/Z-like jet pair VLL mass [GeV]
Er > 60GeV > 100 GeV — &Large mET from v&W
Nz — — > 1 > &Z-like lepton pair

B Snowmass BKG set is used.
» MG5-Pythia—Delphes + NLO K-factor
» di-boson + tt dominated

m Signal by FR-MG5aMC-Pythia—Delphes (LO)

m P\ cut: (¢1,02,4;) >

(120,60, 20) GeV, (j) > 20 GeV.

M tau-tag / b-tag not used (avoided)
B Uncertainties = stat. + 20% syst.
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[marketing] [Possibly SPAM] [off-topic] SUSY EWKino search

1200 “*

l;
m Boson (W/Z/h)-tag is desired ~ Muong-2anomaly

: . "predicts” <1TeV EWKino.
also in SUSY EWKino searches. 5t wore by

Endo, Hamaguchi, Iwamoto,
December 2017 ATLAS Preliminary  {s=8,13 TeV, 20.3-36.1 f"  Kitahara, Yanagi, Yoshinaga
T T T T T [1303.4256] [1309.3065] [1704.05287]

| === Expected limits === Observed limits All limits at 95% CL

—~—y o~

via /¥ 2l ATLAS-CONF-2017-039, arXiv:1403.5294

— vis 575, 2 aniviron Reconstruct&tag W/Z from jets?

—Via ‘r‘l_l V. 21, arXiv:1708.07875, arXiv:14

B —— via WW  2I, arXiv:1403.5294
S 1000— %72 017-039, arXiv:1509.07152
B 21431, ATLAS-CONF-2017-039, arXiv:1403.5294 .
800f—.. = - : , i 2
Syeyale via T/ V. 21,arXiv:1708.07875 b tag to reconstruct hlggS :

——via T, 31+4l, arXiv:1509.07152

600 tau-tag to capture more W/Z?

et
....
o
ot
....

400

200

'-‘.-u.. : I 1 1 Lo oy e by
0 200 400 600 800 1000 1200

m( ¥, %, %, ) [GeV]
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https://arxiv.org/abs/1303.4256
https://arxiv.org/abs/1309.3065
https://arxiv.org/abs/1704.05287

Agenda

B MSSM4G = MSSM + 4th Ta

the well-known

SUSY particles

‘2. Extra VL-slepton @ search ‘

B "‘Minimum" set-up?

Dark matter : Bino-like neutralino - Overabundant problem
QDMhZ > 0.12

To solve the overabundance: "4 (theory >> observed)

extra vector-like lepton + slepton

Other particles are introduced to maintain GUT compatibility.

:l:ZﬂB



Vector-like Slepton search : Theory

m Vector-like slepton @
~100 GeV

» Mass hierarchy (to reduce bm) @ 2@ > T4 (> LEP bounds)
» Production & Decay:

~ Tk ~ ~0 7— * All the other channels are
PP — T4Ty, T4 — X l’b kinematically closed.

"Drell-Yan" production (again) Decay through "SM-4G mixing"
q ,l
V7 i *@ has the same mixing pattern as T4 (in QuE mode)).
\

q

- Exactly the same as MSSM slepton ZR
[ T

3
=
\
<
—o
=3
2
\

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

m Vector-like slepton PP %@@, @—> li@

[, =eoru:CMSresult [; = 1:ATLAS HL-LHC simulation

CMS rreliminary 35.9 fb™ (13 TeV)

W

9]

(=]
1

> op -8 8.7 [ —_ ATL-PHYS-PUB-2016-021
8 ,.,HEOHR —:103£§‘ B L L L L L L L B LN
= 300|B(1—1%)=1 NLO-NLL excl. - 5 &8 - ATLAS Simulation Preliminary Gy =30% -
£°  |=observed 10, | © 5001 s=14TeV,L =300 fbo!, <u> = 200 —
e - eory ] o~ B 7
250| =:: Expected + 1 O experiment . e = - combined, 5 ¢ discovery ]
C - ) % 400 e combined, 95% excl ]
200 9 _E 10 3 B ELEL,Scdiscovery 5
r 7 ] cC I T, 7., 95% excl H
r -4 S o B —— Tatp. Sodiscovery =777 -~ ]
150 e = ] E 300:_ ---------- %, 7o, 95% excl ’ ’/——" - . :
100f_ . 3 _f = 10 § 200 :— /:-“-‘:—{;—;: -- . ‘\\‘ _:
r ‘\ 7 _ > B '/'. ) ' "- i
C Y 14 A N : .
50 : =41 © 100 \ -
P 5 B ] BQ ::.’:':: : :
?.lllllllllIIIIIIllll:lll_lilll||i|||||||:-1 g :"‘ ol il AR | IEI Ll IEI | |E| L :
00 150 200 250 300 350 400 450 900 500 3oy 400 500" 600500800
CMS-PAS-SUS-17-009 m-.[GeV] .
l This contour, but m; [GeV]
(But x1 (x2) production x.s. expected with x2 (x4) production x.s.
for QUE (QDEE) model.) for QUE (QDEE) model.

Nothing to add; thanks for your work & please continue!
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http://cds.cern.ch/record/2297116
http://cds.cern.ch/record/2220805

Mid-point Summary

m DM overabundant problem if bino-Iike@ is DM.

m A solution: MSSMA4G = 4t-gen. vector-like (s)lepton T4 @

» T4 : multi-lepton + multi-(Z/W/h) signature = dedicated searches.
> @ : 2-lepton + mET signature = MSSM slepton searches.

... Decays through mixing : if with (e or y) > sensitive @ LHC
T - less sensitive... rather at CTA.

15



Model parameter space

m if 4G is mixed with e or u:

600. QUE-model

Fixed by
DM abundance,

500
\

400/

>
g
®

——————————
-
-

300, - pa

.‘.
- ] ~
4 ~

200

350 400 450 500 550 600

@[Gev]
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Model parameter space

m if 4G is mixed with e or u:

600. QUE-model

Fixed by
DM abundance,
500

L]
—————
="
-

.................... expected excl.
‘ in @ -searches

350 400 450 500 550 600

@[Gev]
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Model parameter space

m if 4G is mixed with e or u:
600, QUE | w1 QDEE

18/29



Model parameter space

m if 4G is mixed with e or u:

600

200 200

350 400 450 500 550 600
m, [GeV]

LHC + CTA cover the whole region!
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Model parameter space

m if 4G is mixed with T;

QDEE (but similar for QUE)

800

700

TI||||||||II|IIII|III

— 600
e N
ATLAS Si@Jlation
Vs = 14 Te"’?jg_

combi§ed, 5cd
.......... combined, i Y

~ o~

T, TL» D o discov

.......... ‘T’L?EL, 95% excl

TRTR’ 5o di

\
i
A
e

I

]
h
D
,®
o))
()
o

s

=
0

=
o

1
7NN

o]
D
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Mid-point Summary

m DM overabundant problem if bino-Iike@ is DM.

m A solution: MSSMA4G = 4t-gen. vector-like (s)lepton T4 @
» T4 : multi-lepton + multi-(Z/W/h) signature - dedicated searches.
> @ : 2-lepton + mET signature = MSSM slepton searches.

... Decays through mixing : if with (e or y) > sensitive @ LHC
T - less sensitive... rather at CTA.

€ Long-lived if mixing is tiny.
> Long-lived charged (ta®) & colored (VLQ) particle searches.

21/29



Long-lived charged particle searches ("stable" case)

CMS-PAS-EXO-16-036 129 b (13 TeV)

'8_ 10 ?CMS | Tra'cker + TOF3
~ - Prelimina =
© IR -
- B Theoretical Prediction —— gluino; 50% gg 7]
° 1L gluino (NLO+NLL)  —s— gluino; 10% &g =
€ E L b stop (NLO+NLL)  —=— stop .
== Ty e stau, dir. prod. (NLO) —e— stau; dir. prod. .
d 1 L e stau (NLO) —e— stau |
{10 = L BedQl=1e(LO) —e—|Q| = 1€ E
Lﬂn - — |Q|‘= 2e (LO) |Ql =2e .
(02} B N _
1072 :
: T4
_3
107 ¢ _5\ @
1 0—4 L r | | \\\"\ L | |
1000 2000
Mass (GeV)

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

*"displaced jets / leptons” are also possible.

22


https://cds.cern.ch/record/2205281

Agenda

B MSSM4G = MSSM + 4th Ta

‘ 3. Extra VLQ search [(

the well-known

SUSY particles

B '‘Minimum" set-up?

Dark matter : Bino-like neutralino - Overabundant problem
QDM/’)Z > 0.12

To solve the overabundance: "4 (theory >> observed)

extra vector-like lepton + slepton

Other particles are introduced to maintain GUT compatibility.

23 )2



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

_ -li :
Vector-like quarks Production: similar to top-quark

pp — tata, ta — Wq,Zq,hqg Decay: similar to T4 (through mixing’)
pp — baba, ba — Wq,Zq,hq

» Assuming mixing w. 3"4-gen. only,

16

= - e : _ o

L 0.sEaNR m. =800GeV 1: m, =850 GeV | ATLAS Preliminary

T B s Y It 1 V5= 1
[ ' 1 ¥s=13TeV, 3.2-36.1 fb

— 06m ::t_.\\.({’?o@ ' 1 _ _

E 0.4F : - & 3 ==«Exp. limit @ Obs. limit

— : Wb+X - 36.1 !

0.2F
= [EXOT-2016-14]
Ht+X - 13.2 fb!

0 85: 3 [CONF-2016-104]
TEETs, O ] Z(VWteX - 36.1 1!
0.6} o - 3 ] [anxiv:1705.10751]

Same-sign - 3.2 fo’!
[CONF-2016-032]

%, | M SUE)doublel & SU(2)singlet

0.4F
0.2h

0t m, = 1050 GeV :"\; "m, = 1100 GeV

B T o, ]
" ] ] It »° & ]

0-6ge. H . s e, m %’3:3,,. ]

0.4 NG Iy NG ]
o +* \\ ] 3 - N~ ]

0.2F J ] B, TH' . S ]
i R LA SUDTRUITRCY - DI O SO &

08 - m, = 1150 GeV ] m, = 1200 GeV m, = 1300 GeV
L & i & 4 &

0-6m 2 e in £ n Dy,

0.4F _,,f:/ @ B ¥ T

0.2f) i 3 T *
L H ] H ~

O i 1 1 oA 1 b ol 1 1 | g 1 I 1 I Fal

0 02 04 06 08 0 02 04 06 08 0 02 04 06 08 1

BR(T — Wb)
[https://twiki.cern.ch/twiki/bin/view/AtIasPubIic/ExoticsPubIicResuIt324 /29



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

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

m Vector-like quarks:
pp — tats, ts — Wq,Zq,hq
pp — baba, bg — Wq,Zq,hq

» Assuming mixing w. 379-gen. only,

m, = 1050 GeV :

"
‘0
L1 1

Production: similar to top-quark

Decay: similar to T4 (‘through mixing")

==+ Exp. limit [JObs. limit

Wb+X - 36.1 fb™
[EXOT-2016-14]

Ht+X - 13.2 fb™
[CONF-2016-104]

_ Z(vW)t+X - 36.1 fb™
[arxiv:1705.10751]
Same-sign - 3.2 fb™
[CONF-2016-032]

Il SU(2) doublet <= SU(2) singlet

Br(ts — W'b)

[https://twiki.cern.ch/twiki/bin/view/AtIasPubIic/ExoticsPuincResuIt325 /29



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

Vector-like Quark search : if short-lived ... Done b

pp — tats, t4 — Wq,Zq,hq
pp — b454; b4 — Wq; Zq; hq -doublet quarks

-up? SU(2)-singlet quark

m Vector-like quarks: {

» Assuming mixing w. 379-gen. only,
QDEE: doublet T4
N m. = 1050 GeV :

==+ Exp. limit  [JObs. limit

Wb+X - 36.1 fb™
[EXOT-2016-14]

1 ___ Ht+X-13.21b"

—_ [CONF-2016-104]

_ Z(vW)t+X - 36.1 fb™
[arxiv:1705.10751]
Same-sign - 3.2 fb™’
[CONF-2016-032]

Il SU(2) doublet <= SU(2) singlet

-~

.’ —

QUE: T4 and t4 are mixed e,

.-« wider possibility W

[https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults] 2 & /2o



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

Vector-like Quark search : if short-lived ... Done b

m Vector-like quarks:
pp — t4i4; {4 — qu Zq'hq [
pp — b454; b4 — Wq; Zq; hq -doublet quarks

-up? SU(2)-singlet quark

> Assumlng mlxmgw 3rd-gen. only,

" m, =850GeVi ATLAS Preliminary . .
i e-nrevszsein’ v Very impressive to me;

_: == Exp. limit ) Obs. limit no CommentS/requeStS from me.
— Wb+X-36.110"
[EXOT-2016-14) thank you SO mUCh

Ht+X - 13.2 b
[CONF-2016-104]

_ Z(vV)t+X - 36.1 fb
[arxiv:1705.10751]

samesan-32' v | @gs-motivated possibilities:

[CONF-2016-032]
T W SU2) doublet o SU(2) singlet

- T« mixing with 1st/20d gen.
_;_E ~~t mr=1100GeV_:
i r ] . e . .
W %, {1 <+ mixing with multiple gen.
2 = .“09/ 3
§ i .. flavor constraints
08_-" .:m, 1150:GeV__ll 1mT '1200 Gev mT 1300 Gev
0.6 '. %,0% _'. (429,2%‘ ) ". %,0,?&@ A
0.4F 2 e o + G
0.9k + *\ 1 + 2 +
“t PN N
0 i3 1 L A 1 ol 1 1 L2, 1 S 1 1 1 I 2l
0 02 04 06 08 0 02 04 06 08 0 02 04 06 08 1
BR(T — Wb)

[https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults] 27 /29



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

Vector-like Quark search :

if short-lived ...

bottom-like : two corners left

m Vector-like quarks:
pp — taty,

t4 — Wq,Zq,hg

Production: similar to top-quark

pp — baba, bsa — Wg,Zq, hg

> Assumlng mlxmgw 3rd-gen. only,

(B — Hb)

T

B

0.8F
0.6F
0.4f
0.2F

0.8F
0.6F
0.4F
0.2F

0.8f
0.6f
0.4f
0.2F

1=
0.8f
0.6f
0.4F
0.2F

3 m, = 800 GeV m, =850 GeV | ATLAS Preliminary
% @ Vs=13TeV, 3.2-36.1 fb”
3 N2, 2%,
K . *P/és/ S *9’6(9/ A P T
- : ~ NG ==-Exp. limit [JObs. limit bab
R HIL 404
F 5 . : ; Wh+X - 36.1 fb!
3 m, = 900 GeV m, = 950 GeV [EXOT-2016-14]
F & 2 Same-sign - 3.2 fo”'
- 2, “2
s e e [CONF-2016-032]
o ;' "\'39/ .-"s:??/
= \~~ l‘ ‘.‘\ W SU(2) doublet o SU(2) singlet
s e [ ~,
my = 1000 Gev m, = 1050 GeV m, = 1100 GeV
7 & &
£ s, P .
= » b/C‘G/ /%/ /0‘9/
& .‘\ "
2 LR * s + ,
E \ ,5 S & S
m, = 1150 Ge\l m, = 1200 GeV m, = 1300 GeV
& & &
e, Dy, P,
&Qa"/ ‘%6/ '5>q9/
+ s *

0

02 04 06 08

002 04 06 08

0 02 04 06 08

BR(B — W)

Decay: similar to T4 (‘through mixing")

— (W™ t)(W't) : done

(Zb)(Zb)
(hb)(hb)

. Z/h-tagging?

[https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults] 28 /29



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

Summary

m DM overabundant problem if bino-Iike@ is DM.

m A solution: MSSMA4G = 4t-gen. vector-like (s)lepton T4 @
> Ta : multi-lepton + multi-(Z/W/h) signature - dedicated searches.

> @ : 2-lepton + mET sighature = MSSM slepton searches.

... Decays through mixing : if with (e or y) 2> sensitive @ LHC
T - less sensitive... tau-tagging!

€ Long-lived if mixing is tiny.
> Long-lived charged (ta@) & colored (VLQ) particle searches.

m We can further make GUT-compatible : adding VLQ.
> (T',B)/t',b" > vLQ-searches done by ATLAS.

4 Mf)st channels are covered! Thanks for your work!
/(g—Z)U = m<1TeV

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

multi-lepton + multi-(Z/

Long-lived charged (Ts(®

ignature

VLQ-searches

ATLAS Preliminary
1 V5=13TeV,32:36.1 b"

-«<Exp. it @@Obs. limit

Wh+X - 36.1 fo™"

[EXOT-2016-14]

o HWX-132fb"
[CONF-2016-104]

o Z(vWt+X-36.1 1"

[andv:1705.10751]

Same-sign - 320"

[CONF-2016-032]

W SU() doublet. e SU(2) singet

m, =1100 GeV.

i
04 06 08

of ==
o
ol

S,

~ i
0 02 04 06 08

.,

m, = 1300 GeV
%
2
=Y
+*

Love

0 02 04 06 08 1

BR(T — Wb)

BR(B — Hb)

t

m., [GeV]

osk m, =800 GeV 3 m, =850 GeV i ATLAS Preliminary
o6k 1 f5=13Tev,32:36.110
04F -=+Exp. limit [JObs. limit
02
—_ Wb+X-36.1fb"
[EXOT-2016-14]
0.8F
E Same-sign - 3.2 b
08 [CONF-2016-032]
0.4F
0.2F I SU2 doult o U st
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More data from VLL search
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Cut flow (BKG)

TABLE IV: Selection flow of the background events in the vector-like lepton search. Upper bounds
on the number of events in each SR, Ny, are shown for three values of integrated luminosity,
where systematic uncertainty of 20% as well as statistical uncertainty is included.

background cross section [fb] Nur
di-boson |tri-boson| top |total 300 fb~1{1000fb~1|3000fb~!
Ny >3 222 5.1 13.4 | 249 — — —

WZ(5)~ | 0.071 0.013 | 0.082 (0.166] 25.1 70.4 200
WZ(5)% | 0.643 0.071 | 0.183 |0.898| 111 359 1060
WZ(e)~ 0.014 0.025 | 0.017 |0.056] 11.9 27.4 71.1

WZ(£)? |<0.001| 0.005 | 0.003 |0.008 5.1 7.9 14.5
ZZ(j)° 0.194 | 0.016 | 0.058 |0.268| 37.2 111 321
ZZ(5)7 0.064 | 0.007 | 0.022 |0.093| 16.4 41.8 114
ZZ(5)F 0.182 | 0.012 | 0.024 |0.218 31.2 91.7 263
ZZ(5)% | 0.020 | 0.004 | 0.019 [0.043| 10.2 22.2 55.7
ZZ(5)7% | 0.060 | 0.005 | 0.009 |0.075 14.2 35.3 94.3
ZZ(§)74 | 0.008 | 0.001 | 0.008 |0.017| 6.7 11.9 25.6
ZZ(§)¥% | 0.020 | 0.004 | 0.019 |0.043| 10.2 22.2 55.9
ZZ(5)74%] 0.008 | 0.001 | 0.008 [0.017| 6.7 11.9 25.5
ZZ(¢) <0.001| 0.005 |<0.001(0.005 4.7 6.8 11.5
ZZ(£)<? | <0.001| 0.003 |<0.001(0.004 4.2 5.8 9.2
ZZ(¢)<' | <0.001| 0.001 |<0.001(0.001 3.6 4.5 6.3

Z-flag for WZ(j): a Z-like €€ (SFOS, |mg — mz| < 10 GeV)

Z-flag for WZ(£): a Z-like ¢/ in 3*rd-leading leptons

J-flag for ZZ(j): a Z-like jj (10 GeV)

L-flag for ZZ(j): a Z-like £¢ in 21 nd-leading leptons

Z-flag for ZZ(j): leading-lepton does NOT form Z-like pairs

ZZ(¢) divided by number of jets 3 2 /29



Cut flow (signal)

TABLE V: Selection flow of the signal events in searches for the e- or py-mixed 74 in the QUE
model, displayed as a signal cross section in fb. SRs marked with *, { and { are the most sensitive
for exclusion at £ = 300, 1000, and 3000 fb~ !, respectively.

m, [GeV], mixing| 200, e | 200, w | 300, e |300, | 400, e | 400, w

total 95.7 | 96.0 | 21.2 | 21.2 | 6.76 | 6.74
Ng>3 2.23 | 2.42 | 0.634 | 0.671| 0.231 | 0.230
WZ(j)~ 0.018 | 0.022 | 0.020 |0.024| 0.011 | 0.012
WZ(5)%? 0.049 | 0.063 | 0.034 |0.036 | 0.014 | 0.014
WZ(0)% 0.012 | 0.014 |0.008f | 0.008 | 0.003 | 0.004%
ZZ(j)° 0.066 | 0.065 | 0.035 |0.044 | 0.015 | 0.015
ZZ(j)7 0.035 | 0.033 | 0.018 |0.023| 0.008 | 0.007
ZZ(j)* 0.045 | 0.048 | 0.026 [0.031| 0.011 | 0.012
ZZ(5)%? 0.039* | 0.042* [0.025*1|0.0297| 0.010* | 0.012f

ZZ(5)7L 0.025 | 0.025 | 0.013 | 0.016 | 0.006 | 0.006
Z7Z(5)7% 0.021 | 0.022 | 0.013 |0.015*| 0.005 | 0.006
ZZ (5 0.039 | 0.042 | 0.025 |0.029*| 0.0107 | 0.012*
ZZ(j)7% 0.021 | 0.022 | 0.013 | 0.015| 0.005 | 0.006
ZZ(¢ 0.015#/0.014™*| 0.005 | 0.007 | 0.003* | 0.002
ZZ(0)<2 0.010 | 0.009 | 0.003 | 0.004 | 0.002 | 0.001
ZZ(£)<! 0.004 | 0.003 | 0.001 |0.002 |8 x 107*|6 x 10~*

Z-flag for WZ(j): a Z-like €€ (SFOS, |mg — mz| < 10 GeV)

Z-flag for WZ(£): a Z-like ¢/ in 3*rd-leading leptons

J-flag for ZZ(j): a Z-like jj (10 GeV)

L-flag for ZZ(j): a Z-like £¢ in 21 nd-leading leptons

Z-flag for ZZ(j): leading-lepton does NOT form Z-like pairs

ZZ(¢) divided by number of jets 3 3 /29



Discovery sensitivity

14 TeV LHC discovery
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VLL-search summary table

TABLE II: Future prospects for searches for vector-like leptons at the 14 TeV LHC for three
values of integrated luminosity. The first table is for the QUE models, and the second for the
QDEE models. We consider vector-like leptons with a mass my, > 200 GeV; the expressions
01250 GeV etc. show that the central value of exclusion or discovery limit is below our model
points and we may achieve the limit of 250 GeV with 1o statistical fluctuation. In the dashed
entries the upper limit is less than 200 GeV even with 1o statistical fluctuation. The CLg; method
is used for statistical treatment, where the statistical uncertainty and a 20% systematic uncertainty
for the background contribution are taken into account, while the theoretical uncertainty on the
signal cross section as well as the NLO correction are not considered. See Appendix B for further

details.

QUE model 300fb~* | 1000fb~' | 3000fb~*
95% CL exclusion|e-mixed 240760 GeV|31073) GeV 350130 GeV
p-mixed 270150 GeV (3301450 GeV (370140 GeV
30 discovery |e-mixed| 01250 GeV 2501'28 GeV 300"_'?8 GeV
p-mixed| 01280 GeV 260770 GeV|320155 GeV
50 discovery |e-mixed . 01210 GeV (220120 GeV
p-mixed — 01210 GeV 240120 GeV

QDEE model 300fb~! | 1000fb~! | 3000fb~?
95% CL exclusion|e-mixed |35075) GeV 390140 GeV|430T7) GeV
p-mixed|360+49 GeV 400740 GeV|440149 GeV
30 discovery |e-mixed |29075) GeV (340150 GeV|[380155 GeV
p-mixed|31018 GeV (360740 GeV|400150 GeV
50 discovery |e-mixed| 07290 GeV |260150 GeV|[31072) GeV
p-mixed| 01260 GeV (280730 GeV|32015) GeV

35/29



Bino overabundance
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Bino relic density

m Early Universe with T > mg

pair creation equilibrium pair annihilation

- ® P
Y X /
f— T™~B e B~ —f
kinetictnergy ~T @ @ @
O ®
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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?

{— “proper” crosssection (OV) o

]_ [T TTTT [T TTTTI [ TTTTI
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Figure from Gelmini and Gondolo, 1009.3690

f (DM)(DM)->SM

r~

1
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Bino relic density

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

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

mz > 100 GeV = (ov) too small

=—> “overabundant” problem

(i.e, Mgz.pm S 100 GeV)
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Coannihilation & MSSM4G
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Co-annihilation

n

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

e
e

> ‘V\/\/\/,Y
mass splitting

mpg
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Co-annihilation

B And Anexample in CMSSM with T-coann.: bn
éﬂ 30% T T T | T T | T T | T T ‘ 1T T ‘ T T | T T
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Figure from EdE0, Schelke, Ullio, Gondolo, hep-ph/0301106
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MSSMA4G outline

m A new solution to increase (oVv): MSSM4G

Baa . f Baa . Ta
A ®
B-"""—f B~=""" "T— T4

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

if @z B>mu

(Y242 mE /s

8 ms (m —I—m}, m3)>2

<UU> s-wave —
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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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Cosmic-ray constraint
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Constraints from cosmic-ray observations

B 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

m DM indirect detection (= searches for DM annihilation)

W
F<=——— (0 forB

DM DM

2 2 —m?
(Y24 mE  \JmE—m

8 mz (m% —l—m%—m?)2

<UU> s-wave —

tir_ne

49/29



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
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Gamma-ray searches in QUE models

Abdullah, Feng, S|, Lillard [1608.00283]

valid for any mixing patterns
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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
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Gamma-ray searches in QDEE models

Abdullah, Feng, S|, Lillard [1608.00283]
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Cosmic rays

m charged particles > diffusion e
» e:.~1kpc are observable )
» P:~0(10) kpc ~ Milky Way o L
B neutral particles Earth.:;f’g&. . ot
» from (neighbor of) galactic center R
e larger density, huge BKG (miss-ID & irreducible) DM halo

e J~ 1022 GeV?/cm?® (NFW; cuspy)
» from dwarf spheroidals (mini-galaxies near MW)
® DMrrich, less baryon - low BKG

e J< 10720 GeV?/cm® (smaller profile dependence)

/dﬂlb/ dSp

— s+ R? — 2Rscosbcosl)
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Gamma-ray observatories

B <100 GeV : satellites

> full-sky, ~1m?2, 5-10% energy resolution

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

B > 100 GeV : ground-based Air Cherenkov Telescopes
> several degree, 10°"*m? ~20% energy resolution
» VERITAS : 4x12m telescopes, Crab 360/vhr = 1%Crab in 35h
» MAGIC : 2x17m telescope, 190/vhr = 2.2%Crab in 50h
» HESS : 4x12m + 28m telescopes, 430/vhr

m >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
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Fermi-MAGIC v.s. H.E.S.S. Ahnen et al. [1601.06590] v.s. Lefranc, Mourin [1608.08453]
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Original data of CTA prospects (MW galactic halo) Carr et al. [1508.06128|
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Figurel. Left: Sensitivity for o v from observation on the Galactic Halo with Einsasto dark matter
profile and for different annihilation modes as indicated. Right: for cuspy (NFW, Einasto) and cored
(Burkert) dark matter halo profiles. For both plots only statistical errors are taken into account. The

dashed horizontal lines indicate the level of the thermal cross-section of 3 x 1072 cm® s7\.
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