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Experiment, Theory and Motivation

Single Top Production

D@ Collaboration, V. M. Abazov et al., “Observation of Single Top-Quark Production,”
Phys. Rev. Lett. 103 (2009) 092001, arXiv:0903.0850.

o(pp — tb+ X, tgb+ X) = 3.94 +0.88 pb

CDF Collaboration, T. Aaltonen et al., “First Observation of Electroweak Single Top Quark Production,”
Phys. Rev. Lett. 103 (2009) 092002, arXiv:0903.0885.

o(pp — tb+ X, tgb+ X) = 2.3738 pb
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Experiment, Theory and Motivation

Single Top Production

D@ Collaboration, V. M. Abazov et al., “Observation of Single Top-Quark Production,”
Phys. Rev. Lett. 103 (2009) 092001, arXiv:0903.0850.

|Vip fif| = 1.07 £ 0.12 (stat+syst) assuming upper bound of 1
|Vis| > 0.78 ©95% C.L. with no assumptions

CDF Collaboration, T. Aaltonen et al., “First Observation of Electroweak Single Top Quark Production,”
Phys. Rev. Lett. 103 (2009) 092002, arXiv:0903.0885.

|Vip| = 0.91 £ 0.11 (stat+syst) & 0.07 (theory)
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Experiment, Theory and Motivation

Direct Measurement of | V;,| Constrains 4G Models

» Previous measurements use unitarity relation and are not
sensitive to new heavy quarks

D@ Collaboration, V. M. Abazov et al., “Measurement of B(t —Whb) /B(t — Wq) at /s = 1.96-TeV,”
Phys. Lett. B639 (2006) 616-622 hep-ex/0603002.

B(t — Wb) | Vi |? .
103403

R = =
B(t — Waq) |Vid > + [Vis]? + [ Vip |2 -

» Only sizable coupling of 4th generation is to 3rd generation:

Via  Vus Vb — Z VEq ~1
Vekm = Veda Ves Vb — Z Vc2q ~1
Via Vis Vi — > Vtzq > 0.78
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Experiment, Theory and Motivation

What Do We Know from Theory?

Repetition of Families

Why is this pattern for 1 generation replicated 3 times? Horizontal
symmetries?
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Experiment, Theory and Motivation

What Do We Know from Theory?

Mass Hierarchies and Yukawa Textures

up-quark mass ~ 2 x 1073 GeV <  top-quark mass ~ 172.3 GeV
Yukawa coupling of top ~ 1, but why are the other quarks so light?

Minimal mixing in quark sector

Via Vius Vb 0.97 0.22 0.00
VCKM = Vcd Vcs Vcb ~ 0.22 0.97 0.04
Vie Vis Va 0.00 0.04 0.99
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Experiment, Theory and Motivation

What Do We Know from Theory?

Light neutrinos and texture of Yukawa couplings

Why are neutrinos so light?

Am2~1072-105eV, Y m, <2eV

Maximal mixing in lepton sector

Ui Ue2a Ues 0.8 0.5 0.0
Uwns = Ua Up Us | ~| -04 06 07
U U Uss 04 -06 0.7
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Experiment, Theory and Motivation

Why Consider a Fourth Family?

» Why not? No theoretical explanation for number of families
» Obvious extension of the Standard Model

» Present experimental data does not exclude a 4th family with
sizable couplings to the 3rd family

» May ease the tension between the lower bound of the Higgs
mass and the EW precision fit (— see next transparencies)

» May help explain current B-physics data

» Electroweak baryogenesis may be viable (under debate)

R. Fok and G. D. Kribs, “Four Generations, the Electroweak Phase Transition, and Supersymmetry,”
Phys. Rev. D78 (2008) 075023, arXiv:0803.4207 [hep-phl].

» Dynamical electroweak symmetry breaking
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Experiment, Theory and Motivation

Previous Work on 4th Generation

P . Alwall et al,, “Is V(tb) = 12, Eur. Phys. J. C49 (2007) 791-801, hep-ph/0607115.
Vip| > 0.9; constraints from

|Vip| = 1 need not necessarily hold;
Rp, B— X5y, S, T, U;

P G. D. Kribs, T. Plehn, M. Spannowsky, and T. M. P. Tait, “Four generations and Higgs physics,”
Phys. Rev. D76 (2007) 075016, arXiv:0706.3718.

Constraints from S and T; latter constrains the mass difference;
fourth generation allows for larger Higgs masses

oo R R,
B

Particle Data Group Collaboration, C. Amsler et al.,
Phys. Lett. B667 (2008) 1.
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Experiment, Theory and Motivation

Previous Work on 4th Generation

> M. Bobrowski, A. Lenz, J. Riedl, and J. Rohrwild, “How much space is left for a new family of fermions?,”
Phys. Rev. D79 (2009) 113006, arXiv:0902.4883.

Constraints from FCNCs and b — s+; small mixing of 3rd and 4th
family favored, but sizable mixing possible; suggests that
electroweak precision observables should be considered

P M. S. Chanowitz, “Bounding CKM Mixing with a Fourth Family,”
Phys. Rev. D79 (2009) 113008, arXiv:0904.3570.

For my =300 GeV and |my — my | ~ 45 — 75 GeV, mixing can be
as large as sin 034 = 0.35; global EWP fit; main constraints come
from S, T; large(r) mixing as suggested by Bobrowski et

al. excluded
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Experiment, Theory and Motivation

Experimental Limits

We will be working with 3 sets of masses:
» From Tevatron and LEP @95% C.L.:
my 2 256 GeV, my 2 128 GeV, m; 2 100.8 GeV, m,, 2 45 GeV
Assumes t’, b’ decay into W and quark
» T parameter ~ |my — my| ~ 45 — 75 GeV

my = 256 GeV, my =181 GeV, m, = 100.8 GeV

» Pole mass vs. running mass and lower confidence levels

my =192 GeV, my =117 GeV, m. =75 GeV
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Experiment, Theory and Motivation

What is a Fourth Family?

People mean different things and some care is required

>

>

Vector-like right-handed 4th top, i.e. t; and tj

J. Alwall et al., “Is V(tb) = 1?,” Eur. Phys. J. C49 (2007) 791-801, hep-ph/0607115.

Vector-like 4th family (“mirror family”): Very popular in
string theory

T. Ibrahim and P. Nath, “An MSSM Extension with a Mirror Fourth Generation, Neutrino Magnetic
Moments and LHC Signatures,” Phys. Rev. D78 (2008) 075013, arXiv:0806.3880.

Leptons w/o baryons and vice versa
C. D. Froggatt, D. J. Smith, and H. B. Nielsen, “Could there be a fourth generation of quarks without

more leptons?,”
Z. Phys. C73 (1997) 333-337, arXiv:hep-ph/9603436.

Finally: Chiral 4th family, i.e. replica of 3rd family, but
different masses

— This is what my talk is about!

— One more thing: SUSY
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Supersymmetry, MSSM, and mSUGRA

The Minimal Supersymmetric Standard Model

Standard particles SUSY particles

Higgs d [ b Higgsine
£~ ~
Vollev
~ ~ ~
e -
Quarks @ Leotons @ rorce particies Squarks @ sleptons (* ] Sums\’.:orce
particios

» Addresses quite a few of the problems of the Standard Model
» Comes at a high price: 105 additional parameters!

» Let us review the motivation behind it
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Supersymmetry, MSSM, and mSUGRA

Gauge Coupling Unification

S. P. Martin, “A Supersymmetry Primer,” arXiv:hep-ph/9709356.
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Supersymmetry, MSSM, and mSUGRA

Complete Multiplets
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Supersymmetry, MSSM, and mSUGRA

Hierarchy Problem

; . _ P
» For fermions 1 Am? = 20N +...
For scalars :  am}, = 25 25 (A2 —2m2 In(Auy /ms)+..]

» “Technical” solution to hierarchy problem:
Still 2 mass scales in theory, but energy dependence 'mild’

» Why are there 2 fundamental scales at all?
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Supersymmetry, MSSM, and mSUGRA

Reducing the Number of Parameters

» SO(10) or not, the gauge couplings seem to unify!
» Assume universal mass parameters at same scale!
> mO
> My
> ao
» tan 3 or equivalently b
> sgnp
» Reduces number of parameters from 105 to 5!
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Supersymmetry, MSSM, and mSUGRA

mSUGRA “Inspired” Boundary Conditions

mSUGRA and n_=3 —— Higgses
N w— Gauginos
800 mM,=100,m =250, A =0, tanB=10,sgnp=+ |— — Squarks |
p - LSRR I ETCEE Sleptons

Mass [GeV]

10° 10* 10° 10° 107 10° 10° 10'°10''10*10*°10%10"°10"*10%710"®
Q[GeV]
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The MSSM with a 4th Chiral Generation

Perturbativity of the Yukawa Couplings

Godbole, Vempati, Wingerter arXiv:0911.1882

L
= —
m, (GeV]

Figure: hy, hy, h;r in MSSM4 at 2-loop and Mx = 2.3 x 10% GeV, tan8 =3
and m., = m, = 1.78 GeV. i‘
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The MSSM with a 4th Chiral Generation

Perturbativity of the Yukawa Couplings

Godbole, Vempati, Wingerter arXiv:0911.1882

h,, at 2-loop

300
m, [GeV]

Figure: Constraints in the my—m, plane from the perturbativity of h, for
fixed values of m,» = 100.8 GeV and tan 3 = 3.
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The MSSM with a 4th Chiral Generation

Perturbativity of the Yukawa Couplings

Godbole, Vempati, Wingerter arXiv:0911.1882

90 _ 100
m,, [GeV]

Figure: Constraints in the my—m, plane from the perturbativity of hy, hy,
and h, for fixed values of m,, = 100.8 GeV and tan3 = 3.
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The MSSM with a 4th Chiral Generation

Perturbativity of the Yukawa Couplings

Godbole, Vempati, Wingerter arXiv:0911.1882

max(h_h_h )atiloop and n _=4

max(h_h h_)at2-oop and n =4
.« = 256 GeV, m_, = 128 GeV, m,, = 100.8 GeV

=
< H
8

SEom =256 GeV, m,, =128 GeV, m, = 100.8 GeV

18 20
My [Tev]

Figure: For the current experimental lower bounds on the 4th generation
fermion masses without T-parameter constraints.
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The MSSM with a 4th Chiral Generation

Perturbativity of the Yukawa Couplings

Godbole, Vempati, Wingerter arXiv:0911.1882

max(h_h,.h_)atLoop and n =4 max(n_h,.h_)at2loop and n =4

Figure: For the masses that are ~ 25% below the experimental lower
bounds with T-parameter constraints.
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The MSSM with a 4th Chiral Generation

Perturbativity of the Yukawa Couplings

Many “typoish” claims in the literature:

» Unification w/o SUSY

P. Q. Hung, “Minimal SU(5) resuscitated by long-lived quarks and leptons,”
Phys. Rev. Lett. 80 (1998) 3000-3003, arXiv:hep-ph/9712338.

Reiterated in the recent literature

M. S. Chanowitz, “Bounding CKM Mixing with a Fourth Family,”
Phys. Rev. D79 (2009) 113008, arXiv:0904.3570.

M. Bobrowski, A. Lenz, J. Riedl, and J. Rohrwild, “How much space is left for a new family of fermions?,"
Phys. Rev. D79 (2009) 113006, arXiv:0902.4883.

Does not work with present experimental lower bounds!

» General expectation is that w/SUSY everything is better

Seems to be true only for Higgs sector!

» Range of perturbativity

Z. Murdock, S. Nandi, and Z. Tavartkiladze, “Perturbativity and a Fourth Generation in the MSSM,”
Phys. Lett. B668 (2008) 303-307, arXiv:0806.2064.

Our result indicates that the range of perturbativity lies 4 orders of
magnitude below the value given by Murdock et al.
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The MSSM with a 4th Chiral Generation

Toy mSUGRA/CMSSM Model with Four Generations

Godbole, Vempati, Wingerter arXiv:0911.1882

» Even with the most permissive bounds, we find that the MSSM
w/four generations becomes non-perturbative ~ 1000 TeV

» To illustrate the qualitative features of mMSUGRA4, we will calculate
the spectrum

» Perturbativity studies require only RGE equations. For calculating
the spectrum, we had to extend SOFTSUSY (— Indisoft).

Higgses [GeV] Gauginos [GeV] Squarks & Sleptons [GeV]
h% 1195 o 441 U, 4804 [t 499.7 [ t, 49838
A0 486.5 X3 834 Ur 4626 | & 3578 | t, 356.4
H°  486.2 2 4742 d, 4867 | by 4324 | b 4287
HE 49238 0 4781 dr 4620 | b, 4659 | By, 466.2
i 834 e 1877 | 7 1964 | 7 196.2
X 4814 | & 1420 | 7 1265 | 7 1271
Z 3521 V. 1704 | 7, 169.6 | 7. 169.6
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The MSSM with a 4th Chiral Generation

Toy mSUGRA/CMSSM Model with Four Generations

Godbole, Vempati, Wingerter arXiv:0911.1882
Higgses [GeV] Gauginos [GeV] Squarks & Sleptons [GeV]

K 106.7 X; 966 U, 568.2 t, 587.4
A 3822 W 1783 | g 5475 | B 4110
HO 3826 3 3430 d 5736 | b 5199
H* 3909 2 3628 dr  546.6 b, 547.2

Xi 1780 & 2057 7 209.1
i 3645 & 1467 7 1389
g 607.0 7. 1898 7, 189.1

Table: mSUGRA3 with my = 100 GeV, m; /, = 250 GeV, Ag = 0 GeV, tan 3 = 10, sgn =+

Meur = 2.40 x 100 GeV.
Higgses [GeV] Gauginos [GeV] Squarks & Sleptons [GeV]
W 1105 0 441 T 4804 | &, 4907 | 1§, 49838
A 4865 X3 834 Ugr 462.6 | t, 3578 | t, 356.4
HO 4862 X9 4742 d. 4867 | by 4324 | B, 4287
HE 49238 %9 47181 dr 4620 | b, 465.9 | b, 466.2
Ny 834 & 1877 |7 1964 | 7 1962
X; 48l4 e 1420 | & 1265 | 7 1271
g 3521 V. 1704 | 7, 1696 | 7. 169.6

Table: mSUGRA4 with my = 100 GeV, m; /, = 250 GeV, Ag = 0 GeV, tan 8 = 10, sgn u=-+, and all 4th
generation masses equal to their 3rd generation counterparts (toy model). Mgyr = 8.82 X 1010 GeVv.
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The MSSM with a 4th Chiral Generation

Toy mSUGRA/CMSSM Model with Four Generations

Godbole, Vempati, Wingerter arXiv:0911.1882
Higgses [GeV] Gauginos [GeV] Squarks & Sleptons [GeV]

h% 1067 X; 966 U, 568.2 t, 587.4
A 3822 W 1783 | g 5475 | B 4110
HO 3826 3 3430 d 5736 | b 5199
H* 3909 2 3628 dr  546.6 b, 547.2

Xi 1780 & 2057 7 209.1
i 3645 & 1467 7 1389
g 607.0 7. 1898 7, 189.1

Table: mSUGRA3 with my = 100 GeV, m; /, = 250 GeV, Ag = 0 GeV, tan 3 = 10, sgn =+

Meur = 2.40 x 100 GeV.
Higgses [GeV] Gauginos [GeV] Squarks & Sleptons [GeV]
W 1105 0 441 T 4804 | &, 4907 | 1§, 49838
A 4865 X3 834 Ugr 462.6 | t, 3578 | t, 356.4
HO 4862 X9 4742 d. 4867 | by 4324 | B, 4287
HE 49238 %9 47181 dr 4620 | b, 465.9 | b, 466.2
Ny 834 & 1877 |7 1964 | 7 1962
X; 48l4 e 1420 | & 1265 | 7 1271
g 3521 V. 1704 | 7, 1696 | 7. 169.6

Table: mSUGRA4 with my = 100 GeV, m; /, = 250 GeV, Ag = 0 GeV, tan 8 = 10, sgn u=-+, and all 4th
generation masses equal to their 3rd generation counterparts (toy model). Mgyr = 8.82 X 1010 GeVv.
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The MSSM with a 4th Chiral Generation

Toy mSUGRA/CMSSM Model with Four Generations

Godbole, Vempati, Wingerter arXiv:0911.1882

mSUGRA and n_ =3 —— Figgses
800 =100, m_=250, A =0, tan 10, sgn =+
17250 A s

TSUGRA B, =7 — Figses
m=100, m =250, A =0, an B=10, Sgn =+ — &
I Squarks.

o165 m 42 m 178 -_Sleptons.

=
3

Mass [GeV]
Mass [GeV]

2
2
5]

L i svond ool aad v el ool vl wial o s Lol cund o v v s el v sl s s v v o
10° 10* 10° 10° 107 10° 10° 10°10"10%10*°10*10'°10*°10 10" 10° 10° 10° 10° 107 10° 10° 10°10"10%10*10*10"°10°10""10**
Q[GeV] Q[Gev]
(a) Three generations. (b) Four generations.

FIgU €. The running of the various soft masses in the MSSM3 and MSSM4 is shown in the left and right

panel, respectively. The unification scale is Mgyr = 2.40 X 106 GeV and Mgur = 8.82 X 106 GeV in the case
of three and four generations, respectively.
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The MSSM with a 4th Chiral Generation

Minimal Gauge Mediated Supersymmetry Breaking

» Theory becomes non-perturbative ~ 1000 TeV

» 4th chiral generation and perturbative unification mutually
exclusive

» mSUGRA/CMSSM does not work
» Need SUSY breaking mechanism with low scale
» Gauge Mediated Supersymmetry Breaking

» Consider minimal model
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The MSSM with a 4th Chiral Generation

Minimal Gauge Mediated Supersymmetry Breaking

Godbole, Vempati, Wingerter arXiv:0911.1882

Minimal GMSB and n = 4,n, = 1, tanp = 1.75
m,=192,m =117,m =75

500

A, h tachyon

Myess [TeV]

F, A tachyon
P, A, h tachyon

100 150 200 250 300 350 400 450 500
A[TeV]

Flgu €. Regions in mGMSB parameter space A~Mess. The lower-diagonal part is ruled out as A > Mpess. In
the upper-diagonal part, from left to right, the first region (red) tachyonic 7/, and the second (orange), third
(cyan), fourth (green) do not have consistent radiative electroweak symmetry breaking as indicated by the

tachyonic Higgses.
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The MSSM with a 4th Chiral Generation

Minimal Gauge Mediated Supersymmetry Breaking

Godbole, Vempati, Wingerter arXiv:0911.1882

Higgses [GeV] Gauginos [GeV] Squarks & Sleptons [GeV]

m 46.2 X 643 Ty 7581 |t 7661 |t 722.6
A% 507.6 X3 1270 |Tgr 7355 |t 6393 |t 583.8
HO 5322 Xy 6406 | d 76L1| b, 7251 | b 733.4
H* 516.1 X0 6551 | dr 7338 | by 7343 | b, 5255

Xi 1269 | & 2083 |7 2084 |7 3203
Xi 6520 |@ 881|7 878 |7 193.4

g 4384 Ve 1972 | v, 197.2 | UL 2027

Ta ble: Minimal GMSB spectrum with 4 generations: n5 = 1 GeV, Mmess = 100 TeV, A = 50 TeV,
tan 8 = 1.75, sgn u=+. 7/ is tachyonic, m, = 46.2 GeV, mg = 1.2 x 1079 GeV (gravitino), NLSP is neutralino.
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The MSSM with a 4th Chiral Generation

Conclusions

>

4th generation not favored by experiment, but not excluded

Obvious extension of the Standard Model

v

v

Addresses many open problems like

» Higgs bound « electroweak precision data
» Electroweak baryogenesis (?)
» B-physics data

Seems difficult to accommodate in the context of SUSY

v

v

4th chiral generation and perturbative unification
(mSUGRA/CMSSM) mutually exclusive

v

Gauge mediation w/generalized boundary conditions may work
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