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(@ Introduction: why and what
(2 Models of new quarks and their signals

(@ Seesaw and other models for new leptons
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Introduction

Motivation

Despite the tremendous (recent) popularity of 41 generation. . .

@ There are other possibilities for new fermions
@ Alternative models give even more striking signals at LHC
@ They can also explain discrepancies in B physics

o Let experiments decide!
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Introduction

Direct vs indirect signals of new fermions

PDF suppression is stronger in principle, but ...

@ )\ constrained by precision data

@ ) tightly constrained by low energy physics

... then, dominant effect depends on the type of new physics
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Introduction

Direct vs indirect signals of new fermions

E.g. vector-like singlet 7 [JAAS, Botella, Branco, Nebot NPB *05]

T parameter
allows

N
-

~

if new
phases large

rare K decays
and B mixing allow

phase in B; mixing (a; /) encourages search for other effects
1= if T not seen at LHC, forget everything else . ..
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Introduction

Why multi-leptons?

(1) Beyond new physics discovery: Model discrimination

o Jet multiplicity 7& parton multiplicity

On the other hand, charged leptons (e, i) are clean objects

e Most convenient signal classification: lepton multiplicity

Leptons pzx leading role in model discrimination
o Further classification: # of Z candidates, b jets
(2 Multi-lepton signals may provide early discoveries

o Smaller backgrounds

o Need less detector calibration
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Introduction

Why multi-leptons?

(3 Multi-leptons originate from cascade decays in most NP models

o MSSM

o Minimal seesaw I, II, III

Heavy leptons (seesaw or not)

Heavy quarks
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Introduction

What is in this talk

air production of heav uarks coupling to ami
(D Pair production of heavy quarks coupling to 3™ family

(2 Pair production of heavy leptons with special attention to seesaw

What is not in this talk

(1) Minimal seesaw I ~=>  small signals

@) Seesaw II =>» not fermions; clear identification

easy discrimination from other

!
© W+N models with new leptons

easy discrimination from models

4™ generation => . .
@ & with vector-like quarks
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Heavy quarks

Models with new quarks

New quarks coupling to 3™ family can appear in many SM extensions

and many SU(2),, x U(1)y representations:
o vector-like singlets and doublets
T Bir (TB)ig (XT)tr (BY)Lg
o chiral (4" family)
@ higher representations (triplets)

The discrimination among these possibilities is very easy at the
Lagrangian level but Lagrangians are not directly observed at LHC
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Heavy quarks

Models with new quarks

“Top partners” gz new quarks mainly coupling to 3" generation

multiplet charges coupling to  label

TL,R 2/3 t,b T
BL,R —1/3 t,b By
(T B)L,R 2/3, *1/3 t,b TBd]
(T B)L,R 2/3, —1/3 t TBd2
(X T)L,R 5/3, 2/3 t XTy
(BY)Lr —1/3,-4/3 b BYq

They appear in extra dimensions, little Higgs, . ..
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Production cross section
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Processes
@ Pair production (QCD)
only depends on mass

@ Single production (EW)
o x V?
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Heavy quarks

Heavy vector-like quark decays

B—Wit— W Wb

T — 7t —ZW'h
T — Ht — HW'b

T —Wth
T =7t — ZWTh
T — Hr— HW'b

B —Zb
Y — Wb B — Hb B—>Wt—W Wb

B —Zb
B — Hb

X—>Whtr— wtwts

|

Saavedra Multi-lepton signals from non-sequential quarks and leptons



Heavy quarks

Heavy quark identification

Important comments

(1) All quarks produced by QCD, distinguished by decays
1= single production o< V2. ignored here

(@ Each decay must be identified in a suitable final state and

distinguished from similar signals from other quarks

(@ Quark charges determined in suitable decays

(e.g. with Z bosons)

@) 12 different final states tested for model discrimination

=z only two examples shown here
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Heavy quarks

Quark identification

Each decay must be identified in a suitable final state and
distinguished from similar signals from other quarks J

Example: T, B singlets and (T B) doublet in /*¢*¢¥ (Z) final state
TT — ZtW b — ZW bW b Z =00, WW — lvgg
TT — ZtVi — ZW b VW™ b Z — 0 WW — lvqq',V — qq/vi
BB —ZbW T - ZbWtW™b  Z— 0T ,WW — lvgqd
(almost) same final state but different invariant mass peaks

must use a probabilistic method based on kinematics
to classify signals as T7T or BB efficiently

(the same for £7 ¢~ (Z) final state, with WW — q4'qq’)
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Heavy quarks

T, B quark identification

0 Aasan’ 016,
— 1T(W) — 1T (W)
0.08 1% - TT@ZH) s -= 1T (ZH)
-~ BB 012 W B

0.06]
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Heavy quarks

T, B quark identification

(E0E0F (Z)

events classified as TT events classified as BB
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- 1
0 - E
30+ 15 i
- TB e
9 . 2 i
] — XT, 3 1z
Q -+ SM bk, el TR
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B — Zb established J
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Heavy quarks

T, B quark identification (E050F (2)

events classified as TT (a) events classified as BB
T T 13 T T
Class (a) — Class (©) | _,
15 -- & -- B,
> . I‘Rd > o . IH«! ]
> >
3 ; w1, 8 x,
200 i - SMbkg| & - SMbkg
.\"_’ :: A1
g b1 RS
& L 4 .
. !
i
oy s
o=l = - T A e -
0 250 500 750 1000 1250 0 250 500 750 1000 1250
I?l.r‘ m

T — Wb established B — Wt established
but better in /* (2b) J > not (BY) J
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Heavy quarks

T, B quark identification (E050F (2)

events classified as 77 (b) events classified as BB
2 : — ; 13 T T
) — =] —
B - B,
o 15+ Tb'd 1 > ok IHd i
3 J “ — T, & xr,
& ~- SM bkg & ~- SMbkg
Lol ] a i
El E :”Lé
a J ;1 &9 S 1
5 M :L__J o
R
0 1250 0 ?:—0 5[‘10 " 750 g m‘m‘v 1250

T — Vt ambiguous: B — Wt established
need other channels J i not(BY) J
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Heavy quarks

T, B quark identification

T,Bor (T B)? s {(distribution in 7 rest frame

Theoretical events classified as 7T
0,06 T T T 6 T T
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Heavy quarks

X quark identification

X — Wt — WWb X — Wt — WWb
WW hadronic WW leptonic

80— T 25 T
— B, B
ok | I 1B, ] 20 L .18,
z 1 oM > I‘ — &,
8 - SMbkg 2L - SMbkg
(=3
a0k ‘ "‘ - a 1
g [+ E ]
§ —I_L g 10~
B ; o i ]
200 T rel ‘ 7~
sk
L p :
Tuie e = rert i it Ty Tl kide L
(] 750 1000 1250 1500 o 250 500 750 1000 1250 1500
r"’lc by
X

m

X charge —1/3,5/3 | X charge —5/3, —7/3 |

Multi-lepton signals from non-sequential quarks and leptons



Heavy quarks

Comparison: multi-lepton signals from heavy quarks

Discovery luminosities in fb~! mg = 500 GeV

T, B, TBy TBy, XI; BY,
ottt (Z2) - 24 18 23 23 10
ottt (2 11 14 57 34 33 50
0Hete¢— (moZz)y 35 25 11 33 35 -
PEoEgF Z) 34 34 1.1 073 072 26
e AT A (moZz) 11 35 11 025 025 -
AT As 17 41 15 023 023 -
a Z) 22 45 24 44 44 18
/e (Z,4b) - - 30 - - 92
/e (moZz) 27 93 083 11 1.1 087
= (2b) 1.1 - 060 - - 018
A (4b) 070 19 025 016 0.16 6.2
o+ (6b) 11 - 94 27 27 -
Fast simulation results [JAAS JHEP ’09]
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Heavy quarks

Summary: roadmap to quark identification

* T singlet; T € (T B),

o discovered in ¢+ (4b)

o identified in £* (2b) and (F(*(F (Z)
* Te(TB)Te(XT)

o discovered in ¢* (4b), enhanced signal
e no signal in /* (2b)
e enhanced signal in (*(*(F (Z)

* Xe(XT)

o discovered in /=¢* and (E¢=¢F (no Z)
e also visible in T ¢T ¢~ ¢~ (no Z)
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Heavy quarks

Summary: roadmap to quark identification

* Bsinglet; B € (T B);

discovered in £+ (4b)

identified in (¢ (F (Z)

further evidence from ¢*¢=¢¥F (no Z)

* B¢ (T B),

discovered in /% ¢* and ¢=¢*(F (no Z)
identified in /T ¢~ (no Z)

* Bc (BY)

discovered in £ ¢~ (Z), enhanced signal
does not give (=(*(F (Z, no Z)
enhanced (¢t 00— (ZZ)
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Heavy quarks

Summary: roadmap to quark identification

* Y e (BY)

o discovered in /* (2b), enhanced signal
o further evidence from enhanced ¢+ ¢~ (no Z)
o signals with Z absent
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Heavy leptons

Motivation for heavy leptons

SM neutrinos are massive
@ heavy neutrino singlets N
Three types of seesaw mechanism | @) a scalar triplet A

® fermion triplets X
can yield an effective Majorana mass term for light neutrinos

(0s); = *L,L¢ oL

upon integration of heavy fields N, A or X

Seesaw most popular, but alternative mechanisms also possible. . .
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Heavy leptons

Motivation for heavy leptons at LHC

Large colliders offer the best hope to probe
the neutrino mass origin

@ [(3(0v cannot reveal mechanism for » mass generation

o If A ~ v, seesaw messengers N, A, X could be directly produced
at colliders and indirect effects could be seen in dim 6 operators

o If A > v, indirect effects of seesaw not observed either

= ... and LHC startup is near

Saavedra Multi-lepton signals from non-sequential quarks and leptons



Heavy leptons

A new paradigm for seesaw at LHC

New paradigm: multi-leptons for seesaw

Not all seesaw models involve heavy Majorana states

in fact, heavy Dirac states at the TeV scale are often
regarded as more natural [Kersten, Smirnov PRD *07]

popular like-sign dileptons are just a piece in the global puzzle

Signals with 2, 3 and 4 leptons discriminate among several models

trilepton signals are always produced and in most

cases have the highest statistical significance

Trileptons: the golden channel for seesaw at LHC
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Heavy leptons

Some models with new leptons

Heavy leptons (seesaw messengers) can couple to e, i, 7 in general

Assume they mainly couple to e,

multiplet  particles D/M label
Ng N M  Z'Ny
Nigr, Nogr N D ZNp
YR E~ N M XM
Yir, Yok E{,N.E; D b
(N E)Lr E~,N D NEy4
EL,R E~ — E;
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Heavy leptons

Minimal seesaw II1

The Lagrangian
Triplets 3J; contain a charged lepton E;” and a Majorana N;

They have Yukawa interactions with SM leptons

Froa o g (=v/V2 _
—YingL(Ej'T)fﬁ ()_v{ \V[YthzLNJ(R

and a Majorana mass term
1 = o
— 1 M5 - 5 — — I MyNig Njp

E, N have small mixing ~ 10~ with the SM leptons I, v
but unsuppressed gauge interactions with W, Z,

Saavedra Multi-lepton signals from non-sequential quarks and leptons



Heavy leptons

Dirac variant of seesaw 111

The Lagrangian

Alternative: degenerate triplets 1, >, form (quasi-)Dirac triplet

and lepton number is (approximately) conserved

two (quasi-)degenerate neutrinos Ny, N with Yy, = i¥jy,

opposite CP parities

{ N1R7N2R } — N = %(NIR_FINZR) NR = \%(N]R‘FINQR)

Er, Eog

{ E1L7E1R } . E]_L = %(ElL + iEZL) ED? = %[(ElR + lEZR)
V2

+ _
E, = —




Heavy leptons

Heavy lepton pair production

Production cross section

WETTTTTT T T Processes
10 —E'NEy | 4
P — E'ET (5, =/ *
10 — E*NWE) | 3 ® 499 — W* — EN
E'ETWE)| ] — =

10 NN (NE,) o qq — Z*/"}f‘< — E+E
€ b - E'ET(E)
©

@ gqg —Z7Z' — NN
af 7' with My > 2my)

[

1000
m E'N(GeV)

L L P R
500 1500 2000
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Heavy leptons

Heavy lepton pair production

Production cross section

Processes
S, (pp = Z; — NN) (pb)
e q¢ — W* — EN

1000

my (GeV)

© qq — Z*/y* — ETE~

1 @ gqg —Z7Z' — NN
af 7' with My > 2my)

L I 1
2000 2500 3000 3500
M, (GeV)

I 1
500 1000 1500
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Heavy leptons

Heavy lepton decays

N — wte E- —-Wv N = Wres
N — Wt E- -2t N=av

N — Hv
N —Zv E- — H(™
N — Hv

N — Wt~ \
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Heavy leptons

Model discrimination

Important comments

(1) Several decay channels contribute to each final state:

Complete signal generation crucial 1 Triada

(@ Different final states tested ps model discrimination

@ For discovery potential and model discrimination e =

15 sum e, u in signals and backgrounds

@ Analyses quite generic, small cut optimisation
1= adequate for model-independent NP searches

(B After discovery, separate N — eW, uW,7W and combine

with neutrino oscillation data

Multi-lepton signals from non-sequential quarks and leptons



Heavy leptons

Comparison: multi-lepton signals from heavy leptons

Discovery luminosities in fb~"  m; = 300 GeV Mz = 650 GeV

Y Yp NE; Z'Nu Z'Np
(et moZz) 66 1.8 3.0 - -

PE0ELF ) 25 17 - - -
PE0ELF moZ) 33 15 1.1 21 1.1
Vaad A (nog) 2.1 - = 2.3 =
o @) 35 1.8 - 13 22

=>»  Easy model discrimination!

Fast simulation results [JAAS NPB ’09]
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Heavy leptons

Results mg.y = 300 GeV

Synergy between channels for E, N discovery

CHer e = () =mp T = m(CHp) = my
40 T T T T T
— SMbkg+3 (T1) — SMbkg+3 (TD)
SM bkg = SV bkg 7
30 4
3 3 20 B
9] 5]
B g
— 20| — 151
2 2
& &
i @or
10
sF
0 100 200 300 400 500 600 0 100 200 300 400 500 6

(t¢t¢—¢~ => RBvidence of E production (resonance with charge +1)
A AT AL => Evidence of N production (resonance with charge 0)

(E0* => N is Majorana (signal) or Dirac (no signal)
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Heavy leptons

Results my =300 GeV, My =650 GeV

7' mass reconstruction (¢*¢* ()

8
T
8

Events/ 25 GeV
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5 B
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Heavy leptons

Summary

* Strategy designed for discovery of seesaw messengers and

model discrimination

% Trilepton signals are the golden mode for seesaw searches

but model identification relies on other multi-lepton signals

% In particular, heavy lepton peaks can be identified

in trilepton and four lepton final states
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Heavy leptons

Final remarks

(1 Discovering event excesses at LHC is not enough:
we want to identify the new physics giving the signals

@ Identifying a model is much harder than discovering a signal
in one’s favourite channel

(3 With LHC start approaching, a strategy is necessary to extract
the best of data as soon as possible
e a guide to identify particles
o a list of their possible signatures

o a guide of final states to examine if some signal is seen

@ The usefulness of this analysis is to provide such guide
for new quarks and leptons

Multi-lepton signals from non-sequential quarks and leptons



Heavy leptons

Final remarks

(® The Monte Carlo Protos generates all these signals and more,

interface with Athena ready

® Approximate mass reach for 100 fb~!

800 GeV for T

720 GeV for B

850 GeV for (T B),

900 GeV for (T B),, (X T)

820 GeV for (B Y)

675 (800) GeV for Xy (Xp)

850 GeV for (N E)

850 GeV (1 TeV) for Z'Ny (Z'Np)
700 GeV (900 GeV) for A NH (IH)
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Lagrangians

T singlet

The Lagrangian — weak basis

Lw = f iy y"dy; W, +He.
g _
L7 = 2w gy ug; — 2S%VJSM] Z,

Ly = Y qjuks &+ He.
£bare = —MﬁiAugm_ + H.c.
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Lagrangians

T singlet

The Lagrangian — mass eigenstate basis

g _
Lw = —7§ MLa"}/MVajdLj W; + H.c.

8 -
EZ = —T [uLa'y“Xa/guLg — 25%4/JSM] ZM
cw

Ly = 72]\g/[W [ﬁLaXaﬁ mf;uR/g + ﬁRamZXa,@uLﬂ] H

Saavedra
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Lagrangians

B singlet

The Lagrangian — weak basis

Ly = —\% #yy"dy; W + He.
EZ = 20 [ st MdLl Q’S%VJEM] Z
Ly = =Y{3 qpidrs ¢ + He.

£bare = _MdL4dR4 + H.c.
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B singlet

The Lagrangian — mass eigenstate basis

__ 8 oy, +
Ly =— NG " Vigdps W, +Hee,
g —
Lr=—5— [—dra"Xopdrs — 25306 Zu

cw

Ly = 2]‘5’4 [dLa aB mﬁdR,@ + dRam Xa,@dLﬂ]

Saavedra
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Lagrangians

(T B) doublet

The Lagrangian — weak basis

g _
Lw = —ﬁ [Mia')/ud/La + M;€4'7Md;€4] W;;'_ +H.c.
¢ ) _ _
Lz = _E [MZQ’)/uulLa + u;i47Hu;34 - d/Lofyud/Loz - d;g4’)/ud;g4
2
25y JEm] Zu
Ly = ~Ya; Qroipj  — Yo dradr; & + Hee.

£bare = _MquRgl + H.C.
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(T B) doublet

The Lagrangian — mass eigenstate basis

Ly = —\% iy Vidyj + Ty By + tipay" Vi sdrg] W, + Hee.
Lz = zf liz0y" ure + firay "X, apURp

—dpoy"dre — dra" X gdrs — 255 T | Zu

8 _ _
Ly = oMy liramiy (0ap — Xog)urs + Ura(Jap — Xog)migurs

+dpam? (Sap — X25)drg + dra(Sas — X4z mGd | H

edra
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(X T) doublet

The Lagrangian — weak basis

8

Ly = V2 [ dy; + Xiy"upy + Xpy"upa] W, + Hee.
g ) ) _
Ly = e [ Uy — gy Uy — gy Uy + XV'X — 25308 Z

Ly = _YZ ‘?LMRJ (b Y4j ( L4) MRJ ¢+ H.c.

S X
Loare = —M (Xp iiz4) ( M,R ) + H.c.
R4
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(X T) doublet

The Lagrangian — mass eigenstate basis

Ly = _\% (27" Vi + X" Ty + Xgy Vigurs] W, + Hee.
Lz = 25 iy ur; — Ty Tr, — iiray* Xopurp + XX
—253Jin] Z

Lyg=— [ﬁLam?x(5aﬁ — Xag)uRﬁ + ﬁRa((sa/g — Xaﬁ)mﬁuw] H

8
2My
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(B Y) doublet

The Lagrangian — weak basis

Ly = -5 [y dy; + dpay" Y+ dggy' Yr] W, + Hee.
\@
Lz = 2 [—dpydy; + dpy*dpy + dpgytdpy — Y'Y
cw
—2SWJEM] Zy
Ly Y§ iy & — Y4 (diy Y1) di; & + Hee

Loare = —M (dp4 Y1) < ‘)lgj > +H.c.
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(B Y) doublet

The Lagrangian — mass eigenstate basis

Lw = _\% " Vidy + By YL + dray*VE4Yr] W + He.

Ly = 25 [ dpiy*dri + Biy*Br + drav*Xa gdrg — Yoty
—ZSWJEM] Zy

Ly = - [dLam (5 — Xag)dRﬁ + ElRa((Sa,@ - Xaﬁ)m%dLﬁ} H

2My
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ributions

Distributions
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istributions

Distributions
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Distributions
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Comparisons

Comparison with MSSM

MSSM = multi-leptons

Multi-lepton signals with large missing energy can be produced in

mSUGRA when gauginos are light (m, /, small)
(other SUSY scenarios: photons, long-lived particles ... )

Inclusive analysis based on lepton multiplicities  [ATLAS CSC book]

reveals which are the most characteristic signatures in sample points

in mSUGRA signals with 0/1 lepton are
the most significant ones in contrast with
seesaw I-IIT where they are irrelevant

model discrimination =

Saavedra Multi-lepton signals from non-sequential quarks and leptons



Comparisons

Comparison with MSSM

Significance with 1 fb~!

Mi+M, | 00 ¢  gtem  pEeE pEeEeT
A (NH) 300 + 300 | — - 1.9 22 4.2
A (IH) 300 + 300 | - - 1.1 3.1 8.3
¥ (M) 300 + 300 | — - 14  (5.0) 3.9
¥ (D) 300 + 300 | - - 47 - 6.2
mSUGRA (SU1) 264 +262 | 63 180 6.9 7.2 1.3
mSUGRA (SU2) 160+ 149 | 0.9 6.0  1.07 1.9 2.7
mSUGRA (SU3) 219+218 | 13 177 115 1.7 11.5
mSUGRA (SU4) 113+ 113 | 25 337 247 199 24.4

1=  with same M, multi-lepton signals larger in seesaw II, III

Note: seesaw signals not optimised (scaled from 30 fb~! analysis)

Multi-lepton signals from non-sequential quarks and leptons
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Comparison with 4" generation

Indirect data prefer my — my = 60 GeV

either 7 — Wtb = ¢ — Ztabsent, noB
¢’ decay .
or ¢ — WTb' = not present for singlets

b'decay b — Wt = b — Zbabsent

Multi-lepton signals from non-sequential quarks and leptons



Comparisons

Constraints from T parameter

Vi, = [0.5-2) m, /m,, 1
— VTb =m, /mT !
== 95% bound (T) |
— 95% bound (R, ...)

0.3

Multi-lepton signals from non-sequential quarks and leptons
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