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Lecture 6: How many health points 4G stillFhas:







WHY 3 GENERATIONS?

In Kobayashi-Maskawa model:

We need THREE generations of quarks to produce ONE irreducible
complex phase representing for the CP violation and explain the tiny
difference between matter and antimatter.

CKM matrix with complex phase

Vub

3 Genero%tio’ns

But this model does not limit the number of generations to be exactly 3!
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ADDING 4G
TO THE WORLD

111

heavy quarks

Adding one more generation of quarks is an obvious extension
to the SM, and this is not really excluded by the electroweak
precision data.

Small mass splitting between b” and t’ is preferred: | My—Myp | <Mw.
Flavor physics data for unitarity triangle provide some
information regarding the “CKM4” matrix, but it is only weakly
constrained due to the uncertainties.
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A BIG MOTIVATION: BAU

the universe
starts from

the big bang
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Although, the known baryon-antibaryon
asymmetry is already quite small:
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(WMAP)

Annihilation The Kobayashi-Maskawa phase
only contributes ~10-2

The CP violation in the Standard
Model is far too small for

dominated” Universe!

“Something” is definitely necessary to enlarge the asymmetry by O(1010)!




A BIG MOTIVATION: BAU

Ingredients of CPV in the Standard Model:
#1: At least THREE generations;
#2: Non-trivial CP phase; Non-trivial unitarity triangle. K
#3: Non-degenerate like-charge quarks.
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If we simply shift the invariant by one generation:
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By inserting M(b’,t") ~ 300~600 GeV / c?, Replacing the unitary triangle
it already gives us a huge boost on |, contributes a factor of 30.

of O(1013~1015)
A low cost solution to BAU!




FROM DIRECT SEARCHES

CMS Searches for New Physics Beyond Two Generations (B2G)
95% CL Exclusions (TeV)
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THE CLASSICAL
“DEATH OF 4G”

The PDG after 2010 explicitly states
that “An extra generation of
ordinary fermions is excluded at the
60 level on the basis of the S
parameter alone”...




THE FIRST DEATH OF 4G

The most precise measurements of
the number of light neutrino |

f d; {7 &3 ALEPH
types, Ny, come from studies o . DELPHI
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error bars increased
SM ~ byfactor 10

Finv I’ ]
Nl/ e <_£ ) — 2 . 984 O . 008 | ¢ average measurements,

I'y \IL',

['inv = the invisible partial width;
determined by subtracting the
measured visible partial widths
from the total Z width.

A very precise measurement — the only issue is that this does not
exclude the possibility of heavy neutrinos (ie. M, > Mz/2).




HISTORY OF PDG
REVIEWS

1994: “one heavy generation of ordinary fermions is allowed at
95% CL”.

1998: “an extra generation of ordinary fermions is now excluded at
the 99.2% CL”

2002: “an extra generation of ordinary fermions is excluded at the
99.8% CL on the basis of the S parameter alone. [...] This result
assumes [...] that any new families are degenerate. This restriction
can be relaxed [...] t0 95%.”

2010: “an extra generation of ordinary fermions is excluded at the
60 level on the S parameter alone. This result assumes [...] that any
new families are degenerate. [...] a fourth family is disfavored but
not excluded by current data.”




THE CLASSICAL
“DEATH OF 4G”

In PDG, the “inaccurate” statement for the exclusion of 4G is based
on electroweak constraints on the oblique parameter S.

[log

This exclusion only works with degenerate 4G and unity CKM4:
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ELECTROWEAK
CONSTRAINTS

Observable Deviation

Note the oblique parameters Sand T - cev,
are only applicable if Zz(fe‘”
- MNP > MZ had

- no NP vertex contributions

Also, it is better to use all

electroweak precision observables.
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EFFECITIVE NEUTRINO
NUMBER (N.ff) FROM CMB

Ref. Light Sterile Neutrinos: A White Paper
e.g. Astrophys.]. 743 (2011) 28 (arXiv:1204.5379)
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EFFECITIVE NEUTRINO
NUMBER (Ne¢s) FROM CMB
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Planck 2013 results. XVI (arXiv:1303.5076)
However with the new planck
data (hot releases last year),
pushes it back to Nes~3 now:

Ne = 3.307027  (95%; Planck+WP-+highL+BAO).







AN INDIRECT HINT : dg;

A hint of non-vanished Bs mixing phase has been seen in 2008:

FIRST EVIDENCE OF NEW PHYSICS IN b — s TRANSITIONS
o | (UTfit Collaboration)

M. Bona.! M. Ciuchini,? E. Franco.® V. Lubicz.>* G. Mzutmelll 3.5 F. Parodi.® M. Pierini,’

P. Roudeau.” C. Schiavi,® L. Silvestrini.,® V. Sordini.” A. Stocchi,” and V. Vagnoni®
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Adding 4t generation quarks can pull




IT WAS SOMETHING!

= o)

It was saying that
probably 4G is the
best solution to this
deviation. It was
very exciting...
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NEVER ESCAPE FROM
THE SM

G B world average 2014
| (not yet published)

CMS

201" 68% CL contours -
N\ (Alog £ =1.15)

-|CDF 9.6 fb~"

ATLAS 4.9 -1 | FUlly agree with the SM;

| no hint of NP anymore...
"

—04 ___ -02 00

T T T
0.0530.02120.010 0.12+0.25+0.05
BT 0.096£0.01420.007 -0.030.1120.03
0.0805:0.0091+0.0032  —0.0580.049:0.006
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ﬂ% The Nobel Prize in Physics 2013

“&V Francois Englert, Peter Higgs

The Nobel Prize in B .
Physics 2013 )

810" 9ZIUd[9qOU MMM //:d13y
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', AL \ Finally, it’s the killer
| Francois Englert Peter W. Higgs appllCathn — the

Y The Nobel Prize in Physics 2013 was awarded jointly to Francois Englert observed ”Higgs”

and Peter W. Higgs "for the theoretical discovery of a mechanism that

contributes to our understanding of the origin of mass of subatomic

£ particles, and which recently was confirmed through the discovery of the

predicted fundamental particle, by the ATLAS and CMS experiments at
CERN's Large Hadron Collider"



http://www.nobelprize.org

THE HIGGS AND SM4

Since the new quarks are suppose to be heavy (at least heavier
than the top quark). Large impact on the Higgs sector is expected:

Enlarge the Higgs production
rate by a factor 4~9

If 4G fermions exist,

the SM Higgs boson should have
been fully excluded:
Pure 4G < SM Higgs

cannot coexist.
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THE “HIGGS”
' BOSON

EXCLUSION
95% CL limit on o/og,,

SM4 HIGGS
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SM4 Higgs oson mass (GeV) ¢ Data

The particle at 126 GeV /2 is
clearly seen.

Almost all of the properties
(decays, JFC) are consistent with
the hypothesis of SM Higgs at
this moment; contradict to the
SM4 hypothesis.

If the observed “Higgs” boson is
pure SM Higgs, then the

assumption of pure SM4 is
difficult.
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WAIT...CAN WE STILL
RECOVER IT BACK?

One can always think of something that might rescue the situation,
for example, if there is a dark matter (or heavy neutrino) candidate
that allow Higgs to decay. Since the decay product is basically
invisible so that we somehow finds the resulting Higgs production is
very close to the SM (e.g. take over the factor of 4 production rate?)

420 -
350
280 A
210 -

140

| fitter

package
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Well, it might happen but also

very limited phase space. The

heavy neutrino mass must be
between Mz/2 and My/2...




A MORE
“STATISTICAL” VIEW

4th Gen

You may want to ask, how

1,77

many “sigma’s” we are able

to kill the 4G based on the

pp — H — WW

pp — H — ZZ

pure Higgs results only.

Based on some statistics pp — H — bb
analysis, the SM4 is roughly

excluded at 5.30. pp — H — bb
[O. Eberhardt, et al, arXiv:1209.1101] |SM

pp — H — 77 SM4 before ICHEP 12
SMA4 after ICHEP’12 [10.85

-2 —1 +1 +2 43 +4  Ax?

Hexp — HUtheo
o)




SUMMARY

B Sequential 4th generation quarks are constrained with EWK
precision data, but not fully excluded yet; SM4 (pure SM+4G)
hypothesis is not compatible the SM Higgs, due to its strong
contribution in the loop.

B Pure SM4 is very difficult, but any BSM contribution may “rescue”
the situation, e.g. getting SUSY also in the consideration.

m Other new quark models (such a vector-like quarks, exotic quarks) do
not have the same constraint. It can be an alternative solution to the
fine-tuning problem in Higgs sector.

In any case, finding new fermions is still a

“must-done” task at the LHC!
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HISTORY MIGHT
REPEAT ITSELE?
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Periodic table today

Mendeleev's 1869

Finding more particles and
periodic table

understand the real picture behind?
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