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Setting the scene

Many exotic models:

- new particles!?

— this talk: searches for new
fermions and new bosons

— other recent searches
covered by Francesco
Santanastasio

There are many searches for new fermions and new gauge
bosons (but less searches than models)

- excluding parts of the allowed parameter space

Focus on most recent/stringent results



Many (new) searches - preview

New bosons New fermions
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L' - eelup * W' =lv % t' - bW
L -1t W' - tq b' - tW
Z'-> 099 * W' - qq B - bZ
Z' - bb Tt
T3 = tW

Searches are performed in different final states depending
on the model and assumed couplings:

— (same-sign) dileptons

- (di)jets

- lepton+jets

B * (also) 8 TeV result



Z' searches ‘

(Narrow) resonances are predicted by several extensions of
the Standard Model:

- Z' ., (sequential SM -» same couplings to fermions as Z)
-Z' [ Z' (Eg = 5U(5) x U(1) x U(1) or E; - 50(10) x U(1), )
« Z* (technicolor gauge bosons)

Search strateqies:

« ' = ee/uu:
2 oppositely charged, isolated, high-momentum leptons

o /L' > 1T

different subsamples depending on the t decay

+Z' = (qQ
Dijet reconstruction (with or without b-tagging, fat/wide jets)



CMS-PAS-EXO-12-015
/' = ee [ uu — analysis strategy
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Z' = ee [ uu — lower limits on the mass of the Z'

The m, distribution is fitted for the presence of a
resonance to determine upper limits on

- the cross section times branching ratio (cB) = ATLAS

- the ratio of 6B for signal and oB for SM Z boson -» CMS
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/' - tt—analysis strategy

T e/u+v+y
t — 1/3 charged hadrons + v (+ neutral hadrons)

Mass reconstruction difficult due to presence of neutrino's

CMS ATLAS

Decay channels: Decay channels:

T, T, UT,, €T, el T, T, UT,, €U
Effective visible mass: Transverse mass M.

M(m, o Er™) = \/ (Ey + B+ ESP — (g + pry + BT
Fit the expected mass

Count events with M_above
spectrum - |imit

threshold (optimized for each
signal mass) = limit

Y My = \/2m,1pr,z(1 — cos Ay z) + 2E0° pr 1 (1 = cos Ady Miss) + 2E0° pro (1 — cos Ada iss) 7



c(pp—Z') x BR(Z'=11) (pb)

Z' = 11— lower limits on the mass of the Z'
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Dijet resonances, e.g. Z' = qQ

Require 2 well-separated high-pT jets
CMS: reconstruct 2 'wide' jets using the two highest p,

jets and merge jets closer than R = 1.1

CMS-PAS-EXO-2012-016 ATLAS-CONF-2012-088
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Dijet resonances

Cross Sectionx Bx A (pb)

CMS-PAS-EXO-2012-016
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b-jet resonances

Require 2 'wide' jets —
Only leading jet in each & 10

of the 2 wide jets is =
used for b-tagging = 3 ? :
subsamples (0,1,2) <
Efficiency to correctly tag a b- a4
jet decreases with the mass I
S 0.9 G—bb %50 b-tags -
= 0 82 CMS Simulq;ion -= 1 b-tag
= " "H Ns=7TeV =& 2 b-tags
L'JDJ:— II]]-{ 25 A< 1.3 = ,
0.6:— Wide Jets E 1 O-
0.5F N\ smmmmmminms .
0.4F =
E;i r : 10°
0t i \\\\; :
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Resonance Mass [GeV] 1.04 < mz.<1.49 TeV excluded @ 95%CL

For large f ., upper limits < 2 TeV improve by up to 70%
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W' models

Scenarios that involve a W' boson are:

- a left-right symmetric model

- model based on a new SU(2) sector

- W' as the lowest Kaluza-Klein mode of the W boson

Forward-backward asymmetry measured in ttbar events
@ Tevatron

— discrepancy with the SM expectation

— could be explained by top-flavor-violating process, e.q.
pp = W't = (tbarqg)t (produced in association with top!)

Sequential SM, assuming the same coupling with the
fermions as in the SM:

- search fore.g. W' = [v or W' - qg

12



Events

W' - |v — strategy

Counting experiment after cut on transverse mass
(optimized for best expected exclusion limit vs signal mass)

Mt = \/2- pf} : Effﬂss (1 —cosA¢py,)

ATLAS-CONF-2012-086
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W' - v — lower limits

¢ B [pb]

m

[T T | T T T | T T T T | T T T T | T T T T | T T T T ]
ATLAS --+--NNLO theory

1 Preliminary —e— observed limit -

------ Expected limit -

| Expectedtic ]

10 Expected+26

0% E
W v _

i N

107 Es=7Tev, [Ldt=4.7 1" N

_I 1 | 1 | 1 1 | 1 | | | | | 1 1 1 | 1 1 1 | | ] | 1 1 i}.

500 1000 1500 2000 2500 3000
... >2.55TeV @95%CL Mw [GeV]
W'ssm

ATLAS-CONF-2012-086

m.. .
W'ss

cross sectionox BR /fb

Gexcl. / GSSM W'

,>2.85TeV @95%CL

CMS-PAS-EXO-2012-010

107 [ ——""95% Observed Limit E
-------- 95% Expected Limit
] Expected+ 16
[ ] Expected+2c
1 03 remmmemnnnnnns Thegretical Cross Section NNLO
[ ] PDF uncertainty
............. Theoretical Cross Section for W‘KK i ="10TeV I
mammim =i 1 heoretical Cross Section for W‘KK i1 =0.05TeV E
e = - — |
L o CMS preliminary
10° = o : -
E oA LN Combined e + i 20123
- AN AN [Ldt=3.7 "]
N ""‘x N Ns =8 TeV
- ", ., =
10

e,

1500 2000 2500 3000 3500 4000

M,, / GeV

10| —— 95% Observed Limit —
------ 95% Expected Limit

[ ]| Expected+ 16
1| [ ]| Expected+2c

Yay,
| e, |

1000

107

1072 B EMS-preliminary—
Combined e +u 2011 + 2012
|Ldt=5.0/37fb"
Ns=12/8TeV

I- ----- T 1 ] m“l m“l““ -I““ ']“'“I' ----- | ) L1 i 1 1 1 1 | 11 1 L1 -I_—_F

1000 1500 2000 2500 3000

My, / GeV

14



W' — tgq — search strateqgy (e/un + 5 jets)

Events / 175 GeV

(data-SM)/SM

10°

10

o o
Loouoa =

ATLAS-CONF-2012-096

— T T ' ' " T T
ATLAS 4 pata[Lat=a7m'
_____ Preliminary |:|tf

- W + jets

Other
----- Singlet 300 GeV

—— Triplet 400 GeV

Reconstruct m,;:
jet-quark assignment!

ATLAS:

- kinematic likelihood
fitter using m, & m,

- remaining jets are
paired with top quark
— combinations with
largest masses chosen

CMS:
- chose jets with mass
closest to (m,, and)m,

- highest p_ jet combined
with t and tbar
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W' = tg — lower limits

Counting experiment
after cut on m,

arXiv:1206.3921
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Heavy neutrino models

Neutrino oscillations » m_# 0
— clear indication of physics beyond the Standard Model

GUT models predict at least 1 heavy Majorana neutrino
- neutrino mass through see-saw mechanism

Majorana neutrino's allow interactions violating lepton
and lepton-flavour numbers - same-sign leptons!

Different models:
- Left-right symmetric model (LRSM) - right-handed W
boson (W.) from new gauge group

- Isosinglet Majorana N

Signature: 2 leptons + at least 2 jets
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CMS-PAS-EXO-2012-076

Heavy Isosinglet Majorana neutrino

Events / 50 GeV
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Heavy neutrino + W,

WR — leg — fngWE — glfgq(j’ — Elfzj]'

Reconstruct m, and m:
R

2 leptons + 2(1) highest p. jet(s)

CMS-PAS-EXO-2012-017
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Heavy neutrino + W,

Left-right symmetric model (

Template fitting of m,,
CMS-PAS-EX0-2012-017
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A fourth generation of quarks

3 generations of fermions - fourth?
- sequential fourth generation
- vector-like quarks (T—-tZ or B- bZ)

until recently allowed by electroweak
precision measurements

New results:

— combined search for singly and
pair-produced quarks (t'-=bW, b'-=tW)
— search for B—»bZ, dilepton channel
- sequential-fourth generation down-type quark (b'-»tW) and
vector-like up-type quarks (T-tZ), single lepton channel

— heavy partner of the top quark with charge 5/3
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Search for single & pair-produced t' and b’
arXiv:1209.1062
Vtm' Vis Vub Vub’ O(l) O(O) O(O) 0
V4><4 _ ( Vcd Vcs Vcb Vcb" ) . ( (0) O(l) O(O) 0 )
kM Vie Vis Vo Vi |
Vi Vs Vi Vi
Signal processes

e t'b — bWb;
o 't - bWbW; » Require atleast1 W = Iv (I =e,u)
e b't = tWbW — bWWDbW; Reconstruct W — qq@

e b't - tWbW — bWWDbW;
o b'b — tWtW — bWWbWW

subsample observable
single-lepton TW St
single-lepton 2W St and mypy N
single-lepton 3W St St =Fr+ P% + Pf; i p}T i Z pr M
single-lepton 4W  event yield i—0
same-sign dilepton event yield
trilepton event yield
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Limit for single & pair-produc

CMS-PAS-EXO-11-098

ed t' and b'

CMs, 5fblat{s=7TeV
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CMS-PAS-EXO-11-066

B'B' » bZbZ (Z - ee/up)

« Assume BF(B' = bZ) = 100%
« Z boson: lepton pair with same flavour, opposite charge
and 60 GeV <m, < 120 GeV

-2 1 b-tagged jet, p, > 65 GeV & 21 Z boson, p, > 95 GeV

CMS Preliminary 2011/ L =4.9 fb’! \s=7TeV CMS Preliminary 2011, L =49 fb! Ns=7TeV
NU :III|IIII|IIII|IIII|IIll|llll|llll|llll|llll|j —_— 7 T T T | T T T T | T T T T I T T T T I T T T ]
= 300F —— Data 1 a —— Observed limit ]
v N B' (350 GeV/c?) —~ e Expected limit .
ST E aa L .
= 250 0 | Expected limit +1c
°f B Expected limit +2¢
2]
= 200 5 — Theory (HATHOR) |
> b — .
= 150F O .
: 2 ]
100F L
50¢ | Nm nplate1 fit .
T 10
077200 300 400 500 600 700 800 900 1000 T . A
M (i +b-jet) (GeV/c?) 350 400 450 500 550 600

T

highest p. Z and b-jet

M(B') (GeV/c?)

m_>550 GeV @ 95% CL
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I
b - tW a n d T — tZ CMS Preliminary | {s=7TeV L=5.0fb’ —e— Data (5.0 fb™)

B ) Q0 - twiw (m = 650 GeV)
' T i
I Other backgrounds

Events
[

TT -tZtZ - bWZbWZ -b lvqq' b qq' qq' .

b'b’ - tWHW — bWWbWW - b qq' Iv b qq' qq o i s g st 7
=1 lepton (e or ) ¢ ’ ’ ’
> 4 jets (= 1 b-tag)

Reconstruct S; and perform ™
a template fit to calculate
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the limit S. (GeV)
4™ gen down-type quark up-type vector-like heavy quark
CMS Preliminary Ys=7TeV L =5.0fb" —*— Observed 95% C.L. CMS Preliminary Ys=7TeV L = 5.0 fb” —®— Observed 95% C.L.
= --m-- Expected = m=- Expected
& = U 68% Expected
- B(Q — tW) = 100% [T= ] 68% Expected 5 | B(Q — tZ) = 100% [=] p
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m_ >625 GeV @ 95‘7 CL
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CMS-PAS-B2G-12-003

Heavy partner of top quark with charge 5/3

Assumptions: Upper limits on ¢*BR are
. m_, > m.,; (Mrazek & Wulzer) derived using the event
« BF(T53 - tW) = 100% yields from the ee, ey, uu

subsamples

— I|IIII|I

_8- T TT | ' T IéMISII blrlellilrﬁilr_;alIl_yl T T T T | T
~ 5.0fbat Vs = 7 TeV
m 10‘1 -
m
o

102

3| * Observed Limit
107 & Expected Limit E

- [ 1Expected Limit £ 16 .
- [ Expected Limit + 2¢
- — Signal Cross-Sectiug

10-4 | L | Ll Ll | L

o - 400 450 500 550 600 650 700 750
2 same-sign leptons + 6 jets M., (GeV)

m_; > 645 GeV @ 95% CL
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We are not there yet!

Only the latest-greatest results
presented, there is much more!

Searches are ongoing, we are
starting to exclude some models

random experimentalist
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We are not there yet!

Only the latest-greatest results
presented, there is much more!

Searches are ongoing, we are
starting to exclude some models

But we are not done yet,
theorists tend to reanimate
their favorite models...

random theorist



Grand summary for new fermions and bosons

Z' - ee/up: m,_ . >2.6 TeV @95%CL

Z' - 17T m,__.>1.4 TeV @95%CL

Z' - qq: m,. 2'1.6 TeV @95%CL

Z' - bb: m,. > 1.5 TeV @95%CL

Z' - tt: mz.>1.55 TeV @95%CL (not shown)

W' - |v: m, >2.85TeV @95%CL

W'ssm

W' - tq: m,>1.1TeV @95%CL

m,=90 GeV - |V |2 < 0.07 & |V,,|? < 0.22

t'->-bW&b'-tW: m_.=m_>685 GeV @95%CL
B - bZ: m_>550 GeV @ 95% CL
T - tZ: m_>625 GeV @ 95% CL
T2 - tW: m_;; > 645 GeV @ 95% CL




Additional material
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Top Mistag Rate

:fr..,-.— o %
107 F =
= ++_4 | =
.,""“:'+ ] |

1072

S
jﬂrﬁ-—h—m'w.
IIII|

Z' = tt (boosted tops)

CMS arxXiv:1204.2488
all hadronic final state

jets with R=0.8 and
substructure

Use mistag probability to
estimate the non-top
multijet background

CIVIS L= 5fb at\S 7Te\/

= MC Signal Efficiency

 Mistag Probability

1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
00 600 800 1000 1200 1400 1600 1800 2000
Jet p. (GeVlc)

=

efficiency [%]

ATLAS arXiv:1207.2409

lepton + jets

2 jet types:
- normal with R = 0.4
- fat jets using R = 1.0

Data-driven estimation for
non-top QCD background
and normallzatlon of W+Jets

- ATLAS Slmulatlon O Electron channel E
25 __ \E =7 TeV @® Muon channel i
C O i
20— ® -
L ® PY _
: 0 D
15 ~
L 8 _
10— —
C 8 i
Se ]
- gde5|gned for m, > 1 Te}l
L [ ]
00 500 1000 1500 2000
/' mass [GeV]



o, x BR(Z'= t) [pb]

CMS,L=5fb"Vs=7Tev Type 1+1
L I B B B LIS BN B

———— -
. Observed
Non-top multijet

I T simulation

----- Z'(1 TeV/c®) 5 = 1.0 pb 3
------- Z'(1.5 TeV/c’) 5 = 0.18 pb 7
AT Z'(2 TeVic®) 6 = 0.06 pb
Pig - Z'(3 TeV/c®) o = 0.03 pb

=
o
i)

Z' = tt (boosted tops)

Reconstruct m,,
- fit the mass spectrum 1

Events / 100 GeV/c’

10

to obtain upper limits on iz g S —
O X B R § Y S
500 1000 1500 2000 2500 3000 3500 4000 4500 5000
- tt mass (GeV/c?)
——r Ty 102CMS L=5fb"at N\s=7TeV 1% Width Assumption
Ns=7TeV Syst.+stat. errors . -8_ E | I Observed (9|5% CL) 3
Ldi=205fb" Obs. 95% CL upper limit —~ N % 3
oefel La=20507T | T Exp. 95% CL upper limt ~ § @ B Expected (35% CL) .
I Exp. 16 uncertainty IX 10F + 1 s.d. Expected =
Exp. 2 ¢ uncertainty - DF“J - " t2sd. Expected 3
10 . E e e @ idth, Harris et al 4
- 1 L e ;- 3.0% width, Harris et al =
1 arxiv:1207.2409 15  F arxiv:1204.2488
a N i
Q
oD 10 ¢ =
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10’1 : ~’., a, 5 —
60T B 200 TR TR00 500 2Ll S 1
107, s 2 25 3
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CMS analysis using lepton+jets & b-tagging
- x* method for the reconstruction of the top quarks
m,>1.55 TeV@95%CL for Z' with I'/m=1.2% CMS-PAS-EXO-11-093 **



Search for single & pair-produced t' and b’

arxiv:1209.1062 Vrm’ Vus Vub Vub" 0(1) O(O) O(O) 0
V4><4 _ Vcd Vns Vcb Vcb’ — O(O) O(l) O(O) 0
CAM Vm’ st th VHJ’ O(O) O(O) \/E V 1—A
Viia Vs Vi Viw 0 0 —VI—-A VA
Signal processes
e t'b — bWhb;
¥ — bWbW; Require atleast 1 W = v (| = e,u)
>

[ ]

e bt — tWbW — bWWbW: Reconstruct W - qq
e b't/! — tWbW — bWWDbLW:;

e b'b — tWtW — bWWbWW

single-lepton decay channel subsample observable
1W 2W 3W 4 W single-lepton TW St
= 2jets > 4 jets > 6jets > 8jets single-lepton 2W St and myyy
=2bjets either = 1or > 2 b jets SJ:ngle-lepton 3W ST .
A¢(ji,j2) requirement | 1TW —qq |2W —=qq | 3W = qq single-lepton 4W  event yield

same-sign dilepton  event yield
same-sign dilepton trilepton trilepton event yield

=2 isolated leptons with same sign = 31isolated leptons A
> diets (pr > 30GeV, || <24) > 2jets (pr > 30GeV, 5| < 24) |[°7 = Fr T Prtprt Pr+ ) pr”
> 1bjet > 1bjet
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