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4th generation?

chiral: £ y(H)prw,

m Chiral (, .. disfavored by vector-like: £ mppy,
o(gg — h)

m Vectorlike g,

» Motivated by MSSM Higgs mass enhancement
» Searched for at the LHC: pp — g494 — 2q + 2 bosons

m Chiral €, ... 7?2 (at least GUT incompatible?)

m Vectorlike e,

> Motivated by MSSM4G model (and more)
» Search-able at the (HL-)LHC
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4th generation?

chiral: £ y(H)prw,

m Chiral (, .. disfavored by vector-like: £ mpgy,
o(gg — h)

m Vectorlike g, 1 (Introduction)
» Motivated by MSSM Higgs mass enhancement
» Searched for at the LHC: pp — 494 — 29 + 2 bosons

m Chiral €, ... 727 (at least GUT incompatible?)

m Vectorlikee, 2

> Motivated by MSSM4G model (ahhd more)
- Search-able at the (HL-)LHC| 3
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SUSY as the solution to Naturalness problem

B SUSY = solution to Naturalness

old-d ays eXpeCtatiOn . Papucci, Ruderman, Weiler [1110.6926]
A_l —1/2
< 200 GeV
JORS e (20% )
: loo(A /T ~1/2 ;A1 —1/2
\/m% T2 < 600 Gev S (log(d/TeV)
f to V1t a2 3 20 %
C (log(A/TeV)\ V2 7 A-1\ 1/
mz S 900 GeV - sin 3 ( 3 0
difficulties:
 LHC bounds
- radiative Higgs mass A "naturalness

a = Ai/m; (stop mixing parameter)

A : SUSY-breaking scale 4
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SUSY as the solution to Naturalness problem

m SUSY = solutior = #7250 o
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mg < 900 GeV - sin /

200 400 1600 8?)0 100'0 : I120
m; [GeV]
difficulties:
« LHC bounds ... avoidable”
- radiative Higgs mass A naturalness®

a = Ai/m; (stop mixing parameter)

A : SUSY-breaking scale 5
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Radiative Higgs mass

m MSSM prediction

3 2 i 2 m2 2
m7 ~ m3 cos>(2f) + yt;;; b m? [log — + « (1 — %)
m

(125Gev)>  (91GeV)®  gysy-breaking effect from W S y; Huqsis

—m;yZ1TeV

cf. Hall, Pinner, Ruderman [1112.2703] etc.

m To relax this constraint
> add a scalar particle ("NMSSM")
» add "another top" ... MSSM + vectorlike quark
e.g. MSSM + q4 + Us + G4 + ug:

WvLq =y Huqals + Mg, q4Ga + My, usla

vectorlike mass terms
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Vectorlike quark (g, = T) searches

assuming T — Wb or Ht or Zt,
mt < 1100 GeV is excluded for any decay patterns (BRs).

1 ATLAS
1 Vs=13TeV, 36.1fb"

=== Exp. exclusion [[] Obs. exclusion

W(Iv)b+X arxiv:1707.03347]

H{bb)t+X [arxiv:1803.00678]

Z(VV)HX [arxivi1705.10751]

Trilep./same-sign [cERN-EP-2018-171]

Z(I/b+X [arxiv:1806.10555]

All-had [cERN-EP-2018-176]

% SU(2) doublet @ SU(2) singlet
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4th generation?

m Chiral 44 .. disfavored by o(gg — h)

m Vectorlike g,

» Motivated by MSSM Higgs mass enhancement
» Searched for at the LHC: pp — 494 — 29 + 2 bosons

m Chiral €, ... 727 (at least GUT incompatible?)

m Vectorlikee, 2

> Motivated by MSSM4G model (ahhd more)
- Search-able at the (HL-)LHC| 3
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One motivation for vectorlike lepton

» add "another top" ... MSSM + vectorlike quark

e.g. MSSM GUT compatibility?

5=qg+ u+ einSU(5)-GUT
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MSSM4G scenario

m MSSMA4G scenario . Abdullah, Feng [1510.06089]
= use this e, to solve "bino overabuncance”

NTTT—

If dark matter is @ and it is pure-Bino B ,
it would give larger DM density than observed.

@: lightest neutralino

@ =§®W°@Flg@l:i°
u
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MSSM4G scenario

B MSSM4G scenario . Abdullah, Feng [1510.06089]
= use this e, to solve "bino overabuncance”

NTTT——

If dark matter is @ and it is pure-Bino B ,
it would give larger DM density than observed.

1) In early Universe with T>mg - DM "equilibrium"

pair creation (ff — BB) pair annihilation (BB — ff)
o~ equilibrium '~
R

f—— > j B==—""""—f

)

kinetic energy ~T (> mp)
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MSSM4G scenario

B MSSMA4G scenario . Abdullah, Feng [1510.06089]
= use this e, to solve "bino overabuncance”

NTTT——

If dark matter is @ and it is pure-Bino B ,
it would give larger DM density than observed.

2) In early Universe after T<mg -> DM decreases

pair annihilation (BB — ff)

7
" f

equiPpRrium

kinetic energy ~ T (%g)
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MSSM4G scenario

m MSSMA4G scenario . Abdullah, Feng [1510.06089]
= use this e, to solve "bino overabuncance”

NTTT——

If dark matter is @ and it is pure-Bino B ,
it would give larger DM density than observed.

3) after T <mg/20 - DM frozen-out

pair annihilation (ixm
/B\%%%
far apart due to

« pair annihilation
* Universe's expansion

<

M
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MSSM4G scenario

B MSSM4G scenario . Abdullah, Feng [1510.06089]
= use this e, to solve "bino overabuncance”

NTTT——

If dark matter is @ and it is pure-Bino B ,
it would give larger DM density than observed.

2) In early Universe after T<mg -> DM decreases
pair annihilation (BB — ff)
f

B : smaller cross section =
“" 7 B f
- “overabundant problem

of Bino thermal relic DM
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MSSM4G scenario

m MSSMA4G scenario . Abdullah, Feng [1510.06089]
= use this e, to solve "bino overabuncance”

B Wf Baai — T4
P+ @
B="""—f B~"" T T4
extra annihilation channel
if @ e B >
gy2yzmd  \JmE—m - abundance reduced
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MSSM4G scenario

Q32 16  Q:(3.2-10
m MSSMA4G scenario U: (3’1’ —2/3)  U:(3, 2/3)
= use this e, to solve "bino ov{ 2 &1 /3 D: (3’1’ 1/3)
(1,1, 1) E:(1,1,-1)
(same as SM) (vectorlike partners)

m QUE model : MSSM + QQUUEE
gauge coupling unification
SU(5) GUT
» extra HuQ4Ua interaction - m;, YPA

m QDEE model : MSSM + QQDDEEEE
73 gauge coupling unification

€-SU5)6UT

> extra HgQ4D4 coupling = m), slightly US4

16/33


https://arxiv.org/abs/1510.06089

MSSM4G scenario C_) 3. 1/6) 6_2 ( 6]
B MSSMA4G scenario U (3,1, —2/3)  U: (3, 2/3)
= use this e, to solve "bino oy 2 &% 13 D: (371’ 1/3)
E: (1,1, 1) E:(1,1,-1)
(same as SM) (vectorlike partners)

® QUE model : MSSM + QQUUEE
gauge coupling unification
SU(5) GUT

> extra HuQ4Ua interaction - m;, YPA
vectorlike mass terms

_ _ l ~ - —
Waue =y HuQaUy — y"HqQuUs + MpQuQ4+ MyU,Uy + MpELE,

—|—l eiHuQil_LL + e;HuQ4U¢ — GQ/HdLiEALI

SM-Vectorlike mixings ,
.. we need an approximate

« dangerous : induce flavor violations . DlSCRETE Zz

* necessary : let VLF decay (SM: even, VLF: odd)

17 s
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MSSMA4G scenario 6;2 ( 1/6) Q ( 1/6)
m MSSM4G scenario U: (3’1’ s UB1, 2
= use this e, to solve "bino ov{ 2 &1 /3 D: (3’1’ 1/3)

E: (1,1, 1) E:(1,1,-1)
(same as SM) (vectorlike partners)

m QUE model : MSSM + QQUUEE

Wapgg = ¥ HiQ4Dy — y"HqaQ4Dy + MgQ4Qy+ MpDyDy+ MpE Ey + MpEsE5
— ¢, H4Qi;Dy — €. HaQuD; — €/ HaL;Ey — €/" HaL; Es
m QDEE model : MSSM + QQDDEEEE
73 gauge coupling unification

€-SU5)6UT

> extra HgQ4D4 coupling = m), slightly US4
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MSSM4G : Two models

Abdullah, Feng [1510.06089]

QUE model
550
my, (GeV)
500
‘Ji') 350
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3500 %%
300
250 color bands show
QOh?=0.12+0.01
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MSSMA4G : Constraints Abdullah, Feng, lwamoto, Lillard [1608.00283]

QUE model m LHC searches
550
me, (GeV) » Searches forVL-sIepton@
500 - 2 lepton + mET search
450 > Searches for VLL ‘T4
400 250, }
350 200 | B Gamma-ray observation
o~ » from t-leptons coming from
(DM)+(DM) > Ta T4
250 color bands show > (Z71)(Z7)
Oh? =0.12+0.01
350 400 450 500 550 . .
m; (GeV) @ m (DM direct detection)
» LZ, DARWIN, ...
@z8>u
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4th generation?

m Chiral 44 .. disfavored by o(gg — h)

m Vectorlike g,

» Motivated by MSSM Higgs mass enhancement
» Searched for at the LHC: pp — g494 — 2q + 2 bosons

m Chiral €, ... 727 (at least GUT incompatible?)

m Vectorlike e,

> Motivated by MSSM4G model (aihd more)

i Search-able at the (HL-)LHC| 3
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Vector-like Lepton search : Theory

m Vector-like lepton T4
> Lagrangian Lextra — e HL;Ty +mMmTy14 + (kinetic)
» production & decay:
pp — TaTa, Ta — W7 v, Z17, hl

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

v, Z B 3 benchmark scenarios assuming

hierarchical g
(if not = flavor-violation constraints)

e Br(ry — eorv,) ~ 100%
e Br(ry — porv,)~ 100%
e Br(ry — 7 or v;) =~ 100%

cf. Br(W) :Br(Z) :Br(h) = 2:1: 1
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Vector-like Lepton search : Collider signature

m Vector-like lepton: pp — TaTa Ty — Z1;7, W w;, bl

~, 7 [, orv
T lj or vV

)é)é

How do you capture this signature?

24 s



Vector-like Lepton search : Collider signature

m Vector-like lepton: pp — Ta Ty Ta— Z17, W™ v, hi;

3 4] 6!

z | z | z | z
() ) )

v, 4
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Vector-like Lepton search : Collider signature

m Vector-like lepton: pp — T4 Ta

T — Z1, W v, hi;

» Our "most basic" approach: multi-£* (3—5[*) search

> HL-LHC may exclude Mt < 350 GeV

details for experts

if VLL decays to e or p.

(= "mixes with")

WZG) | Wz 22G)  22(0)
N, >3 > 4 > 4 > 5
Nj > 2 <2 > 2 —
imj; —mw| < 20GeV — — — o .
imj; —my| - _ < 40 GeV <W/Z-like jet pair
B >60GeV > 100GeV * — <Large 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: (¢1,02,4;) > (120,60,20) GeV, (j) > 20GeV.
W tau-tag / b-tag not used (avoided)
B Uncertainties = stat. + 20% syst.

26 :



Vector-like Lepton search : Collider signature

m Vector-like lepton: pp — Tj,fj, Tg — 21, W, hiy

> Our "most basic" approach: multi-£* (3-5£%) search

> HL-LHC may exclude Mt < 350 GeV
if VLL decays to e or p.

(= "mixes with")
details for experts

S, 14 TeV LHC exclusion | ---@---- 00959 at 300fb

. e-mixed VLL — & = %P 554 at 1000fb

“, =— 0%"{’;95% at 3000fb
~ ‘" —&— L.O cross section (QUE)

=@ = LO cross section (QDEE)

[\
’
’

[a—
-

o
a
a
.....
0
“
0
“

cross section [fb]

[
-

coeoo e o b oy b e oy by
200 250 300 350 400 450 500
VLL mass [GeV] 2 7 /33



Vector-like Lepton search : Collider signature

m Vector-like lepton: pp — Ta Ty Ta— Z17, W™ v, hi;

» Our "most basic" approach: multi-£* (3—5[*) search

> HL-LHC may exclude Mt < 350 GeV
if VLL decays to e or p.

(= "mixes with")
B Possible by expm. physicists) improvements

» This bound is for " "VLL.
- stronger bound expected for left-handed VLL.

» Use t1-tagging to capture VLL mixed with T.
» Use Higgs-tagging to capture VLL decays to h.

28 /33



Conclusion

m Vectorlike q,
» m;, (MSSM) 9 ; excluded up to 1.1TeV

B Vectorlike e, Leoxtra = €, HL; Ty + m7414 + (kinetic)
» MSSMA4G model: solves Bino-overabundance

» HL-LHC expectation : 350 GeV if "right-handed" & mixed with e or

What | skipped
» MSSMA4G is testable also by DM-direct and Gamma-ray.

29



Conclusion

m Vectorlike q,
» m;, (MSSM) 9 ; excluded up to 1.1TeV

B Vectorlike e, Leoxtra = €, HL; Ty + m7414 + (kinetic)
» MSSMA4G model: solves Bino-overabundance
» HL-LHC expectation : 350 GeV if "right-handed" & mixed with e or y

[b]

._.
<0
13/

Cross section

What | skipped
» MSSMA4G is testable also by DM-direct and Gamma-ray. |

v b e b v e b e e L a
200 250 300 350 400 450 50(
VLL mass [GeV]
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MSSM4G : Two models

QUE model : e or

550
my, (GeV)
500

450

300

250 color bands show

Qh2 — o 12+ 0.01
350 500 550

m;, (GeV) @

5950

500

450

400

350
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250

QUE model : T

my, (GeV)

200

350 500

m;, (GeV) @

550
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MSSM4G : Two models

QUE model : e or

550

500

250 color bands show

Qh2 — o 12 £ 0.01
350 500 550

my, (GeV) @

550

500

450

400

300

250

QUE model : T

350 500

my, (GeV) @

550
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Conclusion

m Vectorlike q,
» m;, (MSSM) y ; excluded up to 1.1TeV

m Vectorlike e, Leoxtra = €, HL; Ty + m7414 + (kinetic)

» MSSMA4G model: solves Bino-overabundance

» HL-LHC expectation : 350 GeV if "right-handed" & mixed with e or

cross section [fb]

B @i
..........................

What | skipped

» MSSMA4G is testable also by DM-direct and Gamma-ray. ...

VLL mass [GeV]
QUE model : e orpu QUE model : T
550 550

10

500

450
g 400 400

=350 1350

300

250 color bands show 250

Qh?=0.12+0.01

350 400 450 500 550 350 400 450 500 550

m, GeV) @) m, GeV) () 3 3 /33



MSSM4G "official"” space
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Collider prospects summary

m if 4G lepton decays to electron or muon

600,

800 300 fb~! 700

2000350 400 450 500 550 600 299 400 500 600 700 800

m if 4G lepton decays to tau-lepton

LHC insensitive ... ¢ - w -

35 /33



Collider - Gamma-ray search combination

m if 4G lepton decays to electron or muon

600

2000350 400 450 500 550 600 299 400 500 600 700 800

m if 4G lepton decays to tau-lepton

LHC insensitive ... ¢ - w -
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DM indirect detection Backup
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Cosmic rays

m charged particles > diffusion e
» e:.~1Kkpc are observable )
> P:~0(10) kpc ~ Milky Way - -
m neutral particles Earth,(_f_»_::ffg.\..(-/-- ------------ object’
» from (neighbor of) galactic center "
e larger density, huge BKG (miss-ID & irreducible) DM halo

e J~ 1072 GeV?/cm?® (NFW; cuspy)
» from dwarf spheroidals (mini-galaxies near MW)

® DMrrich, less baryon - low BKG

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

/dle/ dS,O

— s>+ R? — ZRSCOSbcosl)
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Gamma-ray observatories

B <100 GeV : satellites

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

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

m > 100 GeV : ground-based Air Cherenkov Telescopes
> several degree, 10°°°m?2 ~20% energy resolution
» VERITAS : 4x12m telescopes, Crab 360/vhr = 1%Crab in 35h
» MAGIC : 2x17m telescope, 196/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

39



Gamma-ray from DM annihilation

Spectra from Cembranos et al. (PRD 83:083507)

1 —— =TT

dN’/dE

10°° Generated by DAMASCO (c) UCM-GAE 2011

1010 I I | I I I I I I I I
50 100 150 200 250 300 350 400 450 500 550
E [GeV]
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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|

23

107 £ -
~ Einasto profile, 500 h —bb k
: -_—1T -23
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- - W'W s .
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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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Constraints from cosmic-ray observations

B DM indirect detection by Gamma-ray observation

DM DM

vV o+
l+h>~211
[ + Z

/

{v = Ve, Vyu, VTJ
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Constraints from cosmic-ray observations

B DM indirect detection by Gamma-ray observation

*A ' ‘a ',a;».f.,,, sl

DM DM

UNRN
NN
(N .

Fermi-LAT (satellite)
©co 0 —> 'Y MAGIC (Air Cherenkov telescope)

CTA (future A. C. Telescope)

[v = Ve, Vu, VTJ
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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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Gamma-ray searches in QUE models

Abdullah, Feng, S|, Lillard [1608.00283]

if 4G lepton decays to tau-lepton
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SI direct detection constraints
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MSSMA4G : DM direct detection

B spin-independent cross section oSI(le — le)

DM acacroas
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MSSMA4G : DM direct detection

B spin-independent cross section GSI(le — le)

if a deCOUpled (as we assume)
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MSSMA4G : DM direct detection

B spin-independent cross section USI(le — le)

if a deCOUpIed (as we assume)
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MSSMA4G : DM direct detection

B spin-independent cross section
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SD direct detection constraints
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Spin-dependent direct detection constraints on MSSM4G scenario

J—
<
N

Proton SD cross section (pb)

| M |ul<400 GeV

T |ul<6.4 TeV

B |u|<800 GeV
W |y<32TeV

Neutralino Mass (GeV)

Neutron SD cross section (pb)

Note
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parameter space is not
preferred in the MSSM because
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Vectorlike lepton search DATA
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SR definition

WZ(j) WZ(¢) ZZ(j) ZZ(¢)
N, > 3 > 4 > 4 > 5
Nj > 2 < 2 > 2 —
m;; —mw| < 20GeV — — —
imj; —mz| — — < 40 GeV —
Fr > 60GeV > 100GeV o —
Nz e — — > 1 > 1
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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] NuL
di-boson |tri-boson| top |total [300 fb~1{1000fb~1|3000 fb~!

Ny, >3 222 5.1 13.4 | 249 | — — —

WZ(3)~ | 0071 | 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(¥)~ | 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(H)Y | 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(5)*% | 0.020 | 0.004 | 0.019 [0.043 10.2 22.2 55.9
ZZ(5)7F%| 0.008 | 0.001 | 0.008 [0.017| 6.7 11.9 25.5
ZZ(0) <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(5): a Z-like £¢ (SFOS, |mg — mz| < 10GeV)

(4):
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 2" nd-leading leptons

Z-flag for ZZ(j): leading-lepton does NOT form Z-like pairs
ZZ(¢) divided by number of jets
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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 %, T and { are the most sensitive

for exclusion at £ = 300, 1000, and 3000 fb~, respectively.

(4
Z-flag for WZ(¢
)

)

J-flag for ZZ(j):
L-flag for ZZ(j5):

a Z-like ¢¢ in 3T rd-leading leptons

m, [GeV], mixing| 200, e | 200, w | 300, e |300, p| 400, e | 400, u
total 95.7 | 96.0 | 21.2 | 21.2 | 6.76 6.74
Ny >3 2.23 | 242 | 0.634 [0.671| 0.231 | 0.230
WZ(5)~ 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
W Z(£)? 0.012 | 0.014 |0.008 | 0.008 | 0.003 | 0.004*
ZZ(5)° 0.066 | 0.065 | 0.035 | 0.044 | 0.015 | 0.015
ZZ(5)7 0.035 | 0.033 | 0.018 | 0.023 | 0.008 | 0.007
ZZ(j)F 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)'F 0.025 | 0.025 | 0.013 | 0.016 | 0.006 | 0.006
ZZ(5)7% 0.021 | 0.022 | 0.013 |0.015*| 0.005 | 0.006
ZZ (5% 0.039 | 0.042 | 0.025 [0.029*| 0.010" | 0.012*
ZZ(j)7% 0.021 | 0.022 | 0.013 | 0.015| 0.005 | 0.006
ZZ(f) 0.015]0.014™| 0.005 | 0.007 | 0.003* | 0.002
ZZ(0)<? 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

): a Z-like £¢ (SFOS, |mg —mz| < 10GeV)

a Z-like jj (10 GeV)

a Z-like £¢ in 2T nd-leading leptons
Z-flag for ZZ(j): leading-lepton does NOT form Z-like pairs

ZZ(¢) divided by number of jets
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Discovery sensitivity

o, le
5 = 14 TeV LHC discovery
’J R . o
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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 350730 GeV
p-mixed 270750 GeV 330t GeV (37010 GeV
30 discovery |e-mixed | 01250 GeV 2501‘28 GeV 300“:?8 GeV
p-mixed | 07280 GeV 260170 GeV|320150 GeV
50 discovery |e-mixed — 01210 GeV 220+§8 GeV
p-mixed — 01210 GeV (240720 GeV

QDEE model 300fb~ | 1000fb~' | 3000fb~?
95% CL exclusion | e-mixed 350+§8 GeV|390140 GeV 430+28 GeV
p-mixed [360190 GeV[400170 GeV[440140 GeV
3o discovery |e-mixed 290+ GeV 340+60 GeV 380+ GeV
p-mixed 310+ GeV (360730 GeV 400+ GeV
50 discovery |e-mixed 0+200 GeV 260+§3 GeV 310+§g GeV
p-mixed| 07260 GeV 280730 GeV|320150 GeV
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Extra slepton search in tau-mixing scenario

rescaling / MC —— QUE
0.3, 1, 3/ab at 14TeV
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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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Figure from S. P. Martin, A Supersymmetry Primer, hep-ph/9709356
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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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