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A 4t Generation??

“A 4% generation of ordinary fermions is excluded to
99.999% CL on the basis of the S parameter alone.”

PDG 2006

So maybe not anything...




O The PDB’s conclusion is wrong!
O Constraints on a 4th generation.

O Parameter space where 4th generation avoids
(minimizes) all constraints.

O Consequences for Higgs physics.

We concentrate on the low energy effective theory (cut-off A << My)).
Some effects well-known, some known (but not appreciated), some new!




Constraints

on a 4" Generation
)OC

O Z->vwVatlLEPI.

O CKM and MNS mixings.

(O Tevatron and LEP Il direct searches.
O Electroweak precision measurements.

O Vacuum stability and triviality.




Easily avoided. We add a singlet with

LON H

The 4t generation neutrino acquires Dirac mass:
= A\v

(We can also add VR4 VR4 . @ Majorana mass;
a bit more to say on this later)




Quark mixing constraints can be approximated by enforcing unitarity
of the 4x4 CKM matrix:

Vi 1?2 =1—=|Vaal® = [Vus|? = [Vip|? = 0.0008 + 0.0011
V., |2=1—=|Voal> = [Vis|? = [Vip|? = 0.032 £ 0.181
V a?> =1—|Vual? = |Vea|® = [Vaa|?* = —0.001 £ 0.005
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This requires, roughly,

0.03
0.04
0.2

resulting in acceptably small deviations in quark flavor
physics. 3-4 mixing could be larger, and is bounded
by DO’s (and recently CDF too) observation of single
top production:

|‘/;jb‘ z 068 DO, arXiv:hep-ex/06 12052
which allows for roughly 50% 3-4 quark mixing.




More precise constraints from analyses of
4th generation effects on specific processes,
for example...

0.03
0.04

02

0.04 (DO-D_O mixing)

J. Hewett et al, arXiv:0705.3650




Charged Lepton
Flavor Mixing

OU -> e Y and similar
processes restrict
PMNS elements.

O Assuming Dirac
neutrino masses, we find

Ue U, 7 < 1078
OSo that:
Ue |,|U, | S 0.01



LEP Il
Direct Search

O LEP Il would have
noticed pair production
of the fourth generation
leptons,

O They can decay into
ordinary charged
leptons and missing
energy and/or jets.

O Tevatron bounds would
probably be a little
better (similar to
charginos/neutralinos)
but difficult to interpret.




Tevatron Direct Limits:
CDF t-prime Search

A, T
" A
/ W No b-Tb ov ¢’

(cm—,wﬂwwy
= L
\M mwf > 258 74

No comparable published bound on
(except when  -> b Z dominates)

However, for m < m:+ mw, CDF search for

also applies to  (just gluon production);
for m > m¢+ mw, expect ttWWV signal
m > 258 GeV






S Parameter

> 0.21 for 4" generation




S Parameter

In the limit, myq4 >> Mz

my?
— E( | -2 In mdz)

A

> 0.21 for 4" generation

which suggests a strategy to minimize S! Take:

m >m ( =+1/6)
m <m ( =-1/2)




O The price to pay is a contribution to T.

O We can exploit the well-known relative
experimental insensitivity to the S>~T
direction in the S-T plane.




Takingm -m = 50-55 GeV, the lepton contribution
to can be eliminated.

For example:

|55 = 0.00
100 = 0.05

(one-loop exact expressions
used to calculate)

(A Majorana mass for  enlarges the parameter space, but
does not substantially reduce .)




Quarks

We can adjust
S and T. The question
becomes, can we adjust
them suitably together
and what does this do
to the Higgs mass.

The small quark hyper-charge (Y=+1/6) makes
balancing S and T together a challenge.

6k, TP, M5, T
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(S,T)=(0,0)
at mt=17/5
mh=150

I I i I I I I I
| CIm=171.412.1 GeV

m,,= 114...1000 GeV

_68% QL'
0.2 0.4
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- .[]m_1714+21e.ev
mH_114 .1000 GeV

O W 1S v, W V.




The S-T Plane
















Fourth Generation
Spectrum

50-70 GeV

40-60 GeV

CKM/PMNS mixings <0.01
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The fourth generation compensates for a heavier Higgs.




O The precision of the Z-pole
data can be improved upon
in the foreseeable future.

O Precise measurements of
neutrinos scattering on

hadrons can improve on | /
the LEP Ellipse. _

NuTeV
v-q

Note the 4t generation
liked to live on the ellipse’s
“upper corner”, indicating
small reductions in errors

on S-T are Signiﬁcant! NuSOnG, Expression of Interest

PRI ST U NSRRI (U R
2 0 02 04 06 0.8
S
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Striking LHC Signals...

production:

SixW’s and 2 b’s!?!...
a bewildering array of riches...



O Higgs mass range: 115 <mh< §3I5 to 68% CL
750 to 95% CL

O Non-decoupling loops affect production and decay:

t u, 4, AMPLIITE %S
] ’

O New decay modes:

O Vacuum stability and cut-off scale k/ N\




Loop

Enhancement!

O Loops of the new quarks contribute

to the effective H-g-g vertex. =
B ) T S L E
O For the masses of interest, the effect § ; EnbancementFactor 3
. « . TR 1 i
is captured by the “decoupling” limit. ERY! P
= _
CQ _________
O The new quarks add to the top R S N ]
contribution: rooF T
% 0.01 | | | | | | | |
Y
O o 4th(gg'>h) ~ GSM(gg'>h) 120 140 160 180 Mioo [ (332/] 240 260 280 300

O For my < 130 GeV, BR(h->gg) can
dominate!

O H->YY remains (as in SM) dominated
by the W loops, but the new fermions
interfere destructively, reducing it.



DG Run Il Pr : ~ :

Wy~

95% CL Limit
Expected
— Observed -

4th Generation Model

/ Standard Model

L 1 l L 1 1 l 1 1 | I 1 1 1 l 1 1 1 l LI ] 1 I
100 120 140 160 180 200

Higgs mass (GeV)
Q Q Q MAR 07 ‘

2

—h
o

p—
Q2
Q.
4
*,_(\
=
=
3
oc
11}
X
©

—t

Excluded at LEP

-
<Q

’_Illllll T IIIIIHI T lIIIIIII I IIIIIIII b llgkl




To say nothing of at
oA LAS / CMD!

Significance, 30 fo™

100 200 300 400 500 600
m,[GeV]
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Possible decays to
4th generation leptons!
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Unusual Higgs Decays

O The Higgs could even have a large
(~ 0.1) branching ratio into 4th
family neutrinos.

O The decay leads to charged
leptons and W bosons. Ve can
reconstruct the Higgs and v4
masses.

O The BR depends on the interplay
between Majorana and Dirac
neutrino masses in the 4th family.




(More) Unusual Higgs
Decays

O A Majorana neutrino mass opens
the door for even more exotic
Higgs decays.

O A Majorana mass insertion allows
for the leptons (and the Ws) to
have the same sign.

O EW precision (and the possibility
of neutrinos as dark matter) favor
comparable Majorana & Dirac
masses.



Modification to VBF

O The large enhancement to g-g-H
can lead to a modification of the
vector boson fusion kinematics.

O The different admixture leads the
fourth generation to predict an

angular distribution between the
jets which is more “gluon fusion”-

like than “vector boson fusion’’-
like.

0.5

0.1 +

4 Generations: WBF+GF ———
Standard Model: WBF+GF ---------

Standard Model: WBF oo

0.5 1 1.5 2 2.5 3
Apjj




Di-Higgs Production

O The enhanced H-g-g coupling is
also important for di-Higgs
production. : LHC: pp—HH

- TN do/dM,, [fb/GeV]
O Di-Higgs has been proposed to IS =200 GeV
measure the H-H-H interaction st >
(the Higgs quartic in the SM).

O The large enhancement E . o
improves sensitivity to the N
coupling, and also makes the N
measurement possible at the

LHC.

Il l l Il Il Il

| | | | | | | | | LN l
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Higgs Potential & New Physics
DOC

O As in the SM, we can find out
where our effective theory : : -
breaks down by studying the - ™ . m, =m, =260Gev
Higgs potential using the RGEs. : My, =310 GeV

m, =260 GeV

O For small Higgs masses, the

loops of the fermions can drive
the Higgs quartic term negative
at high scales, leading to an
unstable vacuum.

1 IIII|IIII|IIII.-’.I...I-.‘.I.IllIII|IIII|I'..I...I...I.
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quartic interaction can blow up M, (GeV)
at some intermediate scale.
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O The new fermions, strongly coupled to the Higgs,
can drive the EVV phase transition in the early
Universe to be first order; baryogenesis!?

O The fourth generation neutrino could be dark
matter if it is stable for long enough.

O The fourth generation quarks can be used in

composite Higgs models, cousins of top-color. =




O A fourth generation is not ruled out! A
combination of judicious choices of masses and
choice of the Higgs mass render it consistent at
about one sigma with the EVV fits.

O Parameter space is limited, but not overly tuned.

O Mixings with the light quarks and leptons should be
small, but are allowed.

m—(\




O A fourth generation leads to visible signals of the
new fermions at the LHC.

O Large effects are possible in Higgs physics, including
enhancement of gg -> H and di-Higgs production,
suppression of the decay to gamma gamma, and new
decay modes.

00 (
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