Implications of LHC results for TeV scale physics:
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New fermions

Géraldine SERVANT, CERN-TH



Which (non-susy) new fermions ?

4th family in bad shape

Top partners in PNGB composite Higgs models

“exotic” (unusual quantum numbers and less
straightforward connection to electroweak

symmetry breaking)
e.g. "quirks"”

For report:
focus on theoretical framework motivated
by understanding the weak scale



New experimental results
since last meeting on

Dec. 9, 2011



Ratio

Constraint on 4th generation from Higgs searches
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decays in gluons and bb largely enhanced
—> supression of H-> 2 photons and
partially also H>WW and ZZ

The SM4 Higgs boson is excluded in the mass range 120-600
GeV at 95% CL and in the range 125-600 GeV at 99% CL




ATLAS limits on ¥'-> bW (with 1 fb-!)

Selecti teria -
= 2 opposite sign leptons (e,u)

Imy L — mz| > 15 GeV with m > 10 GeV
n(jets) >= 2 jets

Et™ss > 60 GeV for ee and pp channel
Hr = Zpt > 130 GeV for ey channel

AM(Q,Q)<25 GeV
Mass-dependent requirements on Hy,

Ermiss, leading jet Pt and collinear mass are
imposed as well to reduce the tt background.

Exclusion Plots for the Q and t'

Selecti S
= 1 lepton (e,u)

Eymiss > 35 (20) GeV for e (u) channel
Eymiss + myw > 60 GeV

n(jets) >= 3 jets with at least 1 b-jet
Pt(leading jet) > 60 GeV

Pt(jet) > 25 GeV

Only the range m(t") < (my — m(b")) is
considered : t' -~ W+q 100%

oppasite-sign dilepton final state lepton + jets final state
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ATLAS limits on b'-> tW (with 1 fb1)

Selecti Y.
>= 2 same sign leptons (e,u)

[m | — mz| > 10 GeV with m | > 10 GeV
n(jets) >= 2 jets

Etmiss > 40 GeV

Hr = Zpt > 350 GeV

Exclusion Plots for the b’

Selecti Y
=1 lepton (e,u)

n(jets) >= 6 jets

Emiss > 35 (20) GeV for e (u) channel
mtwW > 25 GeV for e channel

Ermiss + mtw > 60 GeV for y channel

Only the range m(b') > (m(t) + my) is
considered : b' -~ tW-100% -

same-sign dilepton final state
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lepton + jets final state
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o (pp — tt') (pb)

CMS limits on t->bW (with 4.6 fb™!)

larger data set + stronger cuts: stronger limits
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CMS limits on b'->tW (With 4.6 fb'l)

DILEPTON CHANNEL '

CMS 2011 Preliminary 4.6 fb*\'s =7 TeV
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Note:
Presented limits assume 100% BR +' -> Wb and 100% BR b' -> W+t

Presented limits on b’ apply to Presented limits on 1" apply to
vector-like doublets, where B -> charge -4/3 quarks in a doublet,
tW @ 100%, but not to singlets, but not to T singlets which also

which also decay intfo bZ and bH. decay into tZ and tH
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CMS limits on T->tZ

pp — TTX, with TT — tZiZ — bbW* W~ ZZ PRL 107, 271802 (2011)

CMS 1.14 fb! Vs =7 TeV
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ATLAS limits on b'->bZ (with 2 fb'1)
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Present constraints:
~ 550-600 GeV on the mass of b’ and t

= <l D ry SlEhes -
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PAS-EXO-11-036
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[CMS L=1.1 fb1] t'b -> bWb ; bt -> towWbW ;
PAS-EXO-11-054 tt -> bWbW ; b’b’ -> tpwWtowW
m+=myp’ > 490GeV

[CMS L=4.7 ﬂ)-l] at least 1 lepton and 4jets‘.;Mt, 2 560 GeV:
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' Single production may start to play

Wi /w; .
> / ~,s | an important role for M>~600 GeV
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ATLAS search for singly produced
vector-like coupled to light quarks

arXiv:1112.5755

pp — Qq — Waq' and pp —» Qq — Zqo

although new vector quarks expected to

o * L] _\ T T ‘ T T T ‘ T T T T T T ‘ T T T T T T ]
couple sizably only to third generation H000F Dt ]
12000 CC Channel VY+JEtS
C _I%
L R Single Tt
- det=1.04 s =7Tev o mor
> 10000~ Z+jets
o r e [l Diboson 1
S gooo[ ---- Signal (600 GeV) x 100 ]
0 r A Stat + Sys Uncertainty
\ -
$ 6000 -
3 I
w i
4000 -
Q : = -
2000} o .
- = d - e P .
negligible dominant = e -
2 1.2F Qﬁ*‘ €
= A T T e
= g o éi T T
o . ~ _ a -OF A BN\
5102 BESER LO Cross Section, k=1 | 0560560 1ogc-) 1200
(e i 0 imi X
= = Expected 95_/0 CLS upper limit m(lepton,E™** leading jet) [GeV]
1 C * lo Uncertainty
a) - * 20 Uncertainty
T Observed Limit
X 0l
=1 =
o ¢
1 -
o = Seel
s L N
o - T
i ' M > 900 GeV from CC
- ATLAS
B 1
- det:1.04fb s=7TeV \ \7 N
-1IIIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III >760 Ge frOIII C
10 200 300 400 500 600

700 800 900 1000
D mass [GeV]



Prospects for T-> tH & B-> bH with H->bb

[ Aguilar-Saavedra, 0907.3155]

- 1+ 6b final state
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Prospects for T->tH with heavy Higgs

[ Azatov et al,
Les Houches report, 1203.1488]

\s= 14 TeV; thtZ/Wb/th, h->ZZ
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Heavy Leptons
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Heavy neutrinos:

In SM with Left-Right symmetry

pp > Wr+X = Ny+ 14+ X.

july 2011
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Excited leptons:
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For ey resonance in eey events

relevant for vector-like lepton triplet models, e.g.Delgado et al.
1105.5417, Panella et al 1201.3764



End of

experimental update



As today, still fwo paradigms for EW symmetry breaking:

@ Weakly coupled NP at the TeV scale -> susy

@ Strongly coupled NP at the TeV scale -> composite higgs or higgsless

Particularly motivated is the case in which the Higgs is a light remnant of
strong dynamics as the Goldstone Boson of a spontaneously broken
global symmeftry (a kind of pion from a new strong sector)

= strong EW symmetry breaking with Partial Compositeness

L:LS/I/I/J{U+ “@37 +Lm@



Quantum numbers of the Goldstones fixed by the

symmetry breaking pattern in the strong sector:
G->H



Higgs scalars as pseudo-Nambu-Gol dstone bosons of new
dynamics above the weak scale

New strong sector endowed with a global symmetry G spontaneously broken to H
— delivers a set of Nambu Goldstone bosons
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H Ng NGBs rep.[H] = rep.[SU(2) x SU(2)]
SO(4) 4 4=(2,2) ->Agashe, Contino, Pomarol’0S
SO(5) 5 5=(1,1)+ (2,2)
SO(4) x SO(2) 8 4,0+4 5=2x(2,2)
SO(6) 6 6=2x(1,1)+ (2,2)
Go 7 7=(1,3)+(2,2)
SO(5) x SO(2) 10 100 = (3,1) + (1,3) + (2, 2)
[SO(3)]3 12 (2R aiE—ssc(2en)

Sp(4) x SU(2) 8  (4,2)=2x (2.2),(2,2) + 2 x (2,1)
SU(4) X U(l) 8 4_r + 4_1_|_5 =P (2,2)
SO(5) 14 14 = (3,3) +(2,2) + (1,1)

[Mrazek et al, 1105.5403]



Limits from Higgs searches on the composite Higgs
for the two minimal composite higgs models

Espinosa et al,
1202.1286
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= (v/f)"2, measures the amount of
compositeness of the Higgs boson
(-> 0 in the SM elementary Higgs limit)



General structure -> Partial compositeness l

SM : linear couplings . strong
sector :

=

sector

B |

(for more successful

phenomenology)

custodial SO(4)

T — AMJ1—|— VO + hc
= SU2)xSU(2)

to avoid large
corrections
tothe T
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Naturalness implies light fop partners




Elementary SM fermions mix with fermionic resonances of the strong sector

- ] ’ [Agashe, Contino & Pomarol ‘05]
Partial compositeness” [Kaplan. ‘808]

After diagonalizing through a composite/elementary rotation:
qr. COS P, —sin oy, dr, ; =G
Qi) —\slnpr cospr ) \Qr =

and do the same for
Vo =0

SM Yukawa given by the Y = Y* S1n SOC]L Sin Ot n
composite components:
the larger the mixing, the larger the mass

‘Yukawa hierarchy comes from the hierarchy of compositeness '

Third family most sensitive to strong dynamics

‘Essenﬁally only the top talks to the new strong sec1'or'|

|SM >= cosy |elem > 4+ sin |comp >




Light custodial partners of the top quark

5=(2,2)®(1,1) 2 SU(2)_L doublets + 1 singlet

Custodial invariance of the strong sector implies
larger multiplets of SU(2)L x SU(2)r x U(1)x

\> * Heavy partners of (L, b)) will forma (2,2)2/3 [under SU(2); x SU(2)r x U(1)x
Composite (EW symm. break. ) sector: = = pre—
[ mass mixing terms
T between the 2 sectors |
¢ (QQ)=(22) o=
(t by
electric charge +5/3 TR

= [@] L—) “custodian” ' Mg = Mz = Mg cos g,
2/3

Mo — 0 sin 1
o (1,1)3/3= T e e S

S custodians become
o H=(22)= [_(@3_ m very light if SM top

— is largely composite
Y. Te{OQH}T + h.c 4



Before EW symmetry breaking:

»Cyuk :Y:k sin Lr sin PR (EquEr)tR e Z_?qu_tR) i Y:k COS @7, sin PR (Tqb;gtR — ng_tR)
+ Y. sin ¢r, cos pr (EL¢(T)T = Z_)LCb_T) + Y. sin g (T5/3¢ " tr + To/sotr)
+ Y. cos pr, cos pg (TLQ%TR = BL¢_TR) = (TR¢$TL = BR¢—TL)

+ Y. cospp (T5/3¢+TR i T2/3¢OfR> S <T5/3¢+TL == T2/3¢OTL) ]

After EW symmetry breaking the charged 2/3 states mix in the (153, R t)r,r basis

(M(g’g) CRT 0 SRT \

M
r s r 0
M+2/3 = CR M(2 =
0 CLCRT CLSRT

\ 0 SLCRT 0 SLSRT)

W P
-> the charged current interaction reads:
g 3 = . =
i _b / | T ﬁ [Sm ‘9T2/3tR T5/37“W/ftR + sin ‘9T2/3tL T5/37“WJtL

+ sin eTtR B’YMW/;tR + sin QTtL B’YMWM_tL <= Nee:
T5/3 tR T5/3



These new fermions couple strongly
to the 3rd generation

Gl

.

» FCNC : absent for a 4th generation !

SM quarks plus one W\, Z, or h £
A
Iz R
t = — tan = =
e B

i :5 tr, br

Y, cos r sin g

Zy/h , Wi

Y, sin ¢y, cos pr

Y, Te{OQH}T + h.c
\—_ﬂr’o‘ra‘rmg to mass

the usual QCD coupling

e.g eigen state basis 2
133 5‘ tr Y, sin o
Ty/3 _b / =
- S 5 Bl B 5 R Y, cos r, sin g
Single production and decays 2
proceed via these couplings Wr
Pair production proceeds via T5/3 ;5 tr 7



O [fb]

Look for BB and Ts/3 Ts/3 in same-sign dilepton final states

t f WW final state
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[Contino & Servant, ‘O8]

v For the Ts,3 case one can reconstruct the
resonant (tW) invariant mass

q >

Single production Wit

also relevant

TNVVV
SS
Y
w

A

[Mrazek & Wulzer, ‘0O9] J 0000000 t

Expected reach at 14 TeV: M~ 1.5 TeV

for study at 7 TeV see [Dissertori, Furlan, Moortgat, Nef ‘09]



Light Higgs wants light top partners l
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Light Higgs wants light top partners l

[De Curtis, Redi, Tesi 1110.1613 ]
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Light Higgs wants light top partners

[Panico & Wulzer, 1106.2719 ]
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Associated production (via a heavy gluon)

o Fo— [Bini, Contino , Parisse, Vignaroli, 1110.6058]
qq —_— G £ e Tt _I_ B b [Barcelo, Carmona, Masip, Santiago, 1110.5914]
->Wbt ->Wtb T / B

same final state as tt ok
Mass reach depends on:
-the ratio M+ /Mja B E/E

-on coupling between G* and the light fermions,

Discovery
: Oo—t————
-on the top degree of compositeness el
-> model-dependence 081
06" v :
Much better reach g | reach: Mr; 5,5 ~ 1.5TeV
([1-1.4 TeV]) T 04r
in comparison with the previous .
single+pair production process :
if Mc- SE 00 o5 10

My

[Contino et al ]
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Finally:

new leptonic resonances

new lepton doublets at the LHC (tau custodians)

[Del Aguila, Carmona, Santiago, 1007.4206]
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not particularly encouraging



Summary (same as last time)

So far ATLAS and CMS papers related to searches for heavy
b, t' ... remained mainly motivated by fourth generation

However, the search for heavy ftop partners is
strongly motivated by models of Higgs compositeness,
that will survive in the next few years

The presence of light top partners constitutes the most
visible manifestation of the composite Higgs scenario

your feedback on the content of the
4-page report is welcome





