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Introduction

The Little Hierarchy Problem

@ In the MSSM, vacuum stability (in D-flat directions) + EWSB
lead to the tree level upper bound:

ml < my cos(28) < 91GeV

@ Need radiative corrections dmy, to raise m?l to 125 GeV.
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Radiative Corrections in MSSM

e Radiative corrections go as (M. Carena, et al.):
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Introduction

Radiative Corrections in MSSM

e Radiative corrections go as (M. Carena, et al.):

3 X33 1

3
< y33 327Ta8> (X33t+t2)]

with

52

— log(L), Xa3 ox (Aly)?
t =log(—3), X33 o< (A33)".
my

@ To raise the Higgs Mass in the MSSM:
© need large A,
@ need large my; (2 3TeV)

o Grows only logarithmically with ;.
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What else can be done to raise my,?

Add a 4*" chiral generation of quarks?

@ No. No longer viable.



Introduction

What else can be done to raise my,?

Add a 4*" chiral generation of quarks?
@ No. No longer viable.
Instead, make it vector-like: MSSM+10 + 10.
@ New quarks now get most of their mass from 111910 10

@ 10’s, 10’s reps of SU(5) — maintain unification.
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What else can be done to raise my,?

@ New terms in superpotential:

W C y{QuHUS + uoQ5Qs + uuUsUS
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What else can be done to raise my,?

@ New terms in superpotential:

W C y{QuHUS + uoQ5Qs + uuUsUS

@ New terms in radiative corrections:
Xaa

3 .
[0m]yus C ﬁyiﬂ’z sin' B[ty + T]

(S.-Martin '10; P.Graham, et al. '10)



Introduction

What else can be done to raise my,?

@ New terms in superpotential:

W C y{QuHUS + uoQ5Qs + uuUsUS

@ New terms in radiative corrections:
Xaa

3 .
[0m]yus C ﬁyiﬂ’z sin' B[ty + T]

(S.-Martin '10; P.Graham, et al. '10)

e For my = 125 GeV, danger of Landau poles in Yukawas
marginally above EWK scale



Introduction

Our Extension

e Keep MSSM+10+10.

o Allow mixing between 37 and 4"

generation:
@ Increases top Yukawa 33 up to 6%
@ Raises my, quickly since dm? o y3,

@ E.g. 1.06* = 1.26 — stop contribution increases by up to 26%!



Introduction

Our Extension

e Keep MSSM+10+10.
o Allow mixing between 3" and 4" generation:
@ Increases top Yukawa 33 up to 6%
@ Raises my, quickly since dm? o y3,
@ E.g. 1.06* = 1.26 — stop contribution increases by up to 26%!

o Can get my = 125 GeV and push Landau poles up to GUT
scale while keeping soft terms < TeV.
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The Model

The MSSM + 10 + 10 with mixing

4th

e Mixing between 3™ and generations:

W C +yuQiH U + 1aQiQu + palUsUS
+ yg4Q3Husz + yZSQ4HuU§

Q Y34, Y43 ~ O(1) and ya4q = 0 to emphasize mixing



The Model

The MSSM + 10 + 10 with mixing

@ Mixing between 3" and 4" generations:

W C +yuQiH U + 1aQiQu + palUsUS
+ yg4Q3Husz + yZSQ4HuU§

Q Y34, Y43 ~ O(1) and ya4q = 0 to emphasize mixing
Also

Q Set pg = pu = pa

@ Same soft mass Am for all squarks

© Large tan g

@ Ignore all leptons, 1t and 2"? generation quarks



The Model

Particle Content

| Supermultiplet | Scalars | Fermions |

Q3 (3, ds) | (us,d3)
Us ug (3
Ds ds dg
Q4 (T4, dy) | (ug,ds)
Ug ug ug
Q5 (d§,ug) | (d§,ug)
[74 1:14 Ug

@ Top block: MSSM fields
@ Bottom block: new fields

e Barred fields in 10 rep of SU(5)



The Model

Particle Content - Mass Eigenstates

| Supermultiplet | Scalars | Fermions |

Q3 (3, ds) | (us,d3)
Us ug (3
Ds ds dg
Q4 (T4, dy) | (ug,ds)
Ug ug ug
Q5 (d§,ug) | (d§,ug)
[74 1:14 Ug

@ Mass eigenstates

@ Fermions: t, b, new quarks t’172 and b’

@ Scalars: 1) 9, 1.2, non-MSSM squarks t) 234, and 13’12
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Mixing and the top Yukawa

@ In the MSSM, y33 = 24

vsin -



The Effects of Mixing

Mixing and the top Yukawa

@ In the MSSM, y33 = 24

vsin -

@ With y44 = 0 in our model:

1/ A?
yss = 1+ 2 <1A2> (yf3 + y31) + O(AY)

with A = v/py.



The Effects of Mixing

Mixing and the top Yukawa

@ With y44 = 0 in our model:
1 A? 2 2 4
yss~ 1+ 5 <1—A2> (vis +y34) + O(AY)
with A = v/py.
@ A > 0 increases top Yukawa
@ Mass bounds require A < 1/4
@ — Increase y33 ~ 6%

© y44 # 0 corrections are negligible



The Effects of Mixing

Corrections to my,

@ To calculate dmy, we use the one-loop effective potential:

3 < w23 3 m? 3
A :75 72 [ log — — 2 _2§ 2 (1o —& _ 2
1% 327r2[ m; <og 02 2) m; (og 02 2)]

=1

e Masses m;, m; are functions of y;;, jta, A;; and Am.



The Effects of Mixing

Corrections to my,

@ The Higgs mass in the decoupling limit is:

1 /0*(AV) 1 9(AV)
2 _ 2 cos? 9 1 b
Mh 7008720 + 2 ov? vy OUy

@ So my, is also a function of g, Am, Asj, yi;.



The Effects of Mixing

Corrections to my,

@ The Higgs mass in the decoupling limit is:

mi = M% cos® 283 + 2

ov? vy Ovy

1 <02(AV) 1 amm)

@ So my, is also a function of g, Am, Asj, yi;.

o Fixing mp, pt4, Am, A;;, and a relation between the y;;'s, the
|yi;| required are uniquely fixed.



The Effects of Mixing

What weak-scale Yukawas yield m;?

"Fixing mp, pta, Am, Ai;, and a relation between the y;;'s, the |y;;|
required are uniquely fixed.”

@ Relations between y;;'s:
Q |y34| = |yas| large, yaa =0
@ .3 large, others 0
@ 34 large, others 0

@ Y44 large, others 0 (for comparison)



The Effects of Mixing

What weak-scale Yukawas yield m;?

T Y= TY43>>Yaa
— Y43>>Y34,¥44 and
Y34>>Y43,Y44
T Ya4>>Y34,¥43
T T MaxX yu=-—Yas

max y43

max ys

400 600 800 1000 1200 1400 ~~ MaXVa
Am (GeV)

0.0t

Figure: A = Am, ps = 900 GeV. Above the dotted lines requires
Yukawas larger than allowed by EWPM and is thus ruled out. This gives
a lower bound on Am.



The Effects of Mixing

Great. What about Landau poles?

Study effects on Ay, from:
@ Mixing scenarios:
O [y3a| = |yas| large, yaa =0
@ 1.3 large, others 0
@ 134 large, others 0
@ 44 large, others 0

o A-terms

@ Vector-like mass fig



The Effects of Mixing

Top Yukawa Landau Poles: Mixing
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Figure: A = Am, pus = 900 GeV. Soft masses left of the dotted lines
require y;; larger than allowed by EWPM. Ay, < 1 TeV is not plotted.

Mixing pushes Ay above GUT scale with soft parameters < 1 TeV.



The Effects of Mixing

Top Yukawa Landau Poles: A—terms

1015 [

" |
< 1
< T Y34>>Y44,¥43;
105} 1 A =50GeV
K F — Y34 min Am

400 600 800 1000 1200 1400
Am (GeV)

Figure: y34 large, g = 900 GeV, yqq = ys3 = 0. Soft masses left of the
dotted lines require y;; larger than allowed by EWPM.

Landau poles get significantly pushed up by larger A-terms.



The Effects of Mixing

Top Yukawa Landau Poles: 4

10]5

T Y34>>Y44,¥435

Hg = 800 GeV

10]0

T Y34>>Ya4,¥43;

Hg =900 GeV

A (GeV)

10°

Y34>>Y44,Y43;
g = 1000 GeV

L --- y34 min Am

300 400 500 600 700 800 900 1000
Am (GeV)

Figure: y34 large, ug = 900 GeV, y44 = ys3 = 0. Soft masses left of the
dotted lines require y;; larger than allowed by EWPM.

For a given soft mass, Ay, increases as u4 decreases.
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Experimental Constraints

Constraints from Experiments

Studied constraints from

Electroweak precision measurements (S and T' parameters)

o Measurements of VKM

Higgs production

o LHC direct searches



Experimental Constraints

Constraints from Experiments

EWPM and LHC direct searches are most constraining.
e LHC: my,my 2 700 — 800 GeV
o — take uyg = 800 GeV



Experimental Constraints

EWPM constraints

Thew
o4l
W oy
oy
. . S W y3=-Ya3
—04 0.4 new
B yas

—04+

Figure: Spew and Teq for each of our mixing scenarios. For each,
g =900 GeV, A =600 GeV, and Am varies from 300 to 1500 GeV.



Experimental Constraints

[g # pu can hurt or help

THCW

0.4+

B uy/pg=1.1
B /g =10

X ' new
-04 0.4 W /g =09

—04}

Figure: Spew, Tnew for ratios py/ug = 0.9,1.0,1.1, and Yukawa values
Y34 = —yY43 ranging from 0.01 to 0.56 in steps of 0.05.



Experimental Constraints

[g # pu can hurt or help

— Y34="Y43>>Ya4

- -~ max for uy/ue=1.0

--- max for uy/ug=1.1

400 600 800 1000 1200 1400
Am (GeV)

Figure: Yukawa value ys4 = —y43 required for mj;, = 125 GeV. Dashed
lines are max allowed for iy /pug = 1.0,1.1.

© |y3a| = |yaz| $0.43 — [yza| = |ya3| < 0.56

@ soft terms < 1100 GeV — soft terms < 800 GeV
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Conclusions

Conclusions

@ Mixing raises my, by increasing yss.

@ Landau poles can be pushed up with gy, Am, A-terms < TeV
@ Ar ~ 100 for soft masses ~ 800 GeV
Q AL 2 Mgyt for soft masses ~ 900 GeV

@ Constraints allow sufficiently large y;; to obtain my = 125
GeV with g, Am, A < TeV.



Conclusions

Conclusions

A large parameter space exists for SUSY models with a vector-
like 4" generation that passes all experimental tests. It is
predictive and within the LHC's reach. The models have a
moderate soft SUSY breaking scale and therefore address the
little hierarchy problem.




BACKUP SLIDES




Conclusions

Quark Mass Matrices

W C yiQiHU; + 1aQ5Q4 + paUsUS + pH, Hy

Yukawa terms in W lead to the following fermion mass matrices:

Y33y Y340y O ) me
u = d o
mg Ya3Vy Y44V HQ ) an my < 0 1o )

0 wu 0



Conclusions

Up Squark Squared Mass Matrix

After the SU(2)r, x U(1)y gauge symmetry is broken, Yukawa
terms in W, soft terms, F' terms, and D terms lead to:

};zg 0 0 _y331.u‘\ru —U34 l‘u‘)(u 0
0 ,L% + Y, 0 — Y30, Xy —yaav, X, B
(LY = (M2 + 0 0 i+ Yo, 0 B 0
’ ! —Y33Vy ‘X—u —Y43Vy A\—u 0 };tg 0 0
— Y34V Ny — Y1V Ny Bu 0 ,u?j 4+ Yug 0
2 -
0 Bu 0 0 0 Mo + Yag

@ X,=A+ pcotf and Xy = A+ ptanp.
o Y, =Am?+ D,
o Dy = (T3 — Qqsin® 0,) cos(2B)m3, (D-terms)



Conclusions

Down Squark Squared Mass Matrix

mgot + Yd3 0 _mboth 0
0 2 + Yy 0 Bpu
Md 2 — Md 2 Q A
(Mg)" = (M7)"+ —Mpot Xd 0 Mmie + Yag ) 0

o Xy=A+ptanp
°o Y, = Am? + D,
e D, = (Tg’ —Qq sin? ew) COS(Qﬁ)mQZ (D—terms)



Top Yukawa Landau Poles: A—terms, case 2

1015:
< iplof
@ 10 : — yg with A=Am
D S = ya3 with A = 50 GeV
105: -~~~ max y43 blows up

300 400 500 600 700 800 900 1000
Am (GeV)

Figure: y43 > Y44, Y34, pta = 700 GeV, and n5 = 0. y33 becomes
non-perturbative below the dotted lines.

@ For a given soft mass, the implied Landau poles get
significantly pushed up by the presence of A-terms.

Conclusions
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LHC phenomenology

[ Initial State | Intermediate state | Final State [ Initial State | Intermediate State | Final State |

t' ht bbWb o hb bbb

t’ Zt ffWb v Zb ffb

t Wb Wb v Wt WWhb
t't htt bbW bW b b'b hb bbbb

t't Ztt fIWoWb b'b Zb ffbb
t't Wbt WoWwb b'b Wtb WWbb
t'bj htbj bbWbbj bty hbWbj bbbWbj
t'bj Zthj fIWbbj vty ZbWbj ffoWbj
t'bj Wbbj Wbbj bty WitWbj WWbWbj

Table: Possible event topologies with initial state singly produced ¢’ or '.

e t’ decays through three decay chanels: ht, Zt, or Wb.

@ Single production #'bj via t-channel W, can have a larger
cross section than t't.
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LHC phenomenology continued ...

[ Initial State [ Intermediate state | Final State [| Initial State [ Intermediate State | Final State |

24 htht Do bbb b v hbhb bbbbbb
v htZt boWbf fWh v hbZb bobf fb
24 RWb bW bW b v RbWt )
24 217t FIWboffWb v ZbZb FFof b
24 ZtWh FFWoWh v ZbWt FIOWWh
24 WHWh WHWh v WiWt WWoW Wb

Table: Possible event topologies with initial state pair produced ¢’ or b'.

@ As many as six b jets.
@ As many as six W's (if Higgs decays via the WIW*).

e t'bj — Whbj and t't’ — WbWb good for discovery since myy,
would reconstruct to my and the signals are relatively clean.
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Contribution to S and T" from new particles

@ Standard test of any BSM model

2

5 (HZZ<M%>—HZZ<0>— Hm(M%)—Hw(M%))

CWSsSw

e T is sensitive to isospin violation (my — myy).

_ 1 wa(()) sz(O)
r- (R

The II's are the vector boson self-energies.
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Self-energy diagrams needed for S and T’

v -__..-- ‘-‘_.' v

(a) 9 (B 4

Figure: Vector boson self-energies from scalars.

Need to find all Feynan rules and new couplings
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Higgs Production

@ The loop amplitude can be shown to scale as

1 ddet? my
A
99—h det m?c ov
yszvsin S ysqvsin B 0
my = | yazvsinB ysqvsinf o
0 fa Yaqv cos 3

o In our model, y44 = 0 and we get Ayyp 0x —2/v

@ This is Suppressed and has no 4 dependence so we can
neglect this effect.
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CKM
b

Constraints from V,

o (K¥);; should lie within the margin of error of the measured
value of V,SKM.

@ We neglect mixing between the first two generations and the
higher generations.

o CMS (unitary of VEEM not assumed): |V$KM| = 1.14+£0.22.
We therefore require 0.92 < (de)Ll < 1.36.

@ We scan over parameter space. This restriction is always
satisfied!

@ These constraints are negligible.



Conclusions

Sanity checks for S an T

Total T T T
0.00005 Total 5

0.00000

~0.00005

-0.00010

-0.00015

-0.00020 F
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) 5000 10000 15000 20000 25000

Figure: The uy dependence of S and T for y34 = —y43 ~ 0.8 > yu4,
(hence ys3 ~ 1.04). Both S and T remain very small as py — 0.
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Mass Bounds from LHC Direct Searches:

cMs (s =8 TeV 19.5 1" CMS fs=8TeV 19.5 '
BR(bW) BR(bW)
1 m 1 c
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1 0 1 = 9 0 1 =
BR(tZ) BR(tH) BR(tZ) BR(tH)

Figure: Present status of heavy vector-like top searches with 19.5 fb=! of
8 TeV data with the CMS detector (Figure taken from CMS).

CMS: Model independent lower limits for m; between 687 and 782
GeV for all possible branching fractions.
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Mass Bounds from LHC Direct Searches: ATLAS (t)

ATLAS Preliminary

s m=500Gev| [ . m=550Gev|

" m, =700 GeV

os
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. 04 osf

. . £ .
0 02f

02f
b
%oz o8

BR(T — Wb)

Figure: Present status (Lepton-Photon June 2013) of vector-like top
searches with 14.3 fb~! of 8 TeV data with the ATLAS detector.

ATLAS: lower limits my ~ 750 GeV as well.
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Mass Bounds from LHC Direct Searches: ATLAS ¥’

o . e ATLAS Preliminary
T ~ mg=350GeV| Ny . m = 400 GeV. Status: Lepton-Photon 2013

o o o .
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o - — ot
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Figure: Present status (Lepton-Photon June 2013) of vector-like bottom
searches with 14.3 fb~1 of 8 TeV data with the ATLAS detector.



Conclusions

Mass Lagrangian

With the mass matrices defined, the relevant mass gauge
eigenstate Lagrangian is:

—Lin = (fE m i+ [T m R he)+ FH (M) F o FH (M2

where the gauge basis in family space is

= (ug, g, ag)”

# = (ds, da)”

% = (d§,d})"
FU = (as, @, g, a5, 5, @5)"
F4 = (dy, da, 5, d5)"

We need to Diagonalize £,,!
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Diagonalizing the Fermion Mass Matrices

Physical masses obtained by bi-diagonalizing the mass matrices
using singular value decomposition:
miy = Viimyvy

m = VLdnglch

° VL“’d and V;{’d are unitary

° m%’d are diagonal
o Singular values of mj (mjlc) give the physical masses of ¢,(b),
tho (V)

@ mass basis is given by f;"% = VL“’Rsz’R
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Diagonalizing the Scalar Mass Squared Matrices

Physical masses obtained by diagonalizing the mass squared
matrices:

My = WHmyw
Mpy = Wimgw

o W™ are unitary
- d _
o My are diagonal

o Positive square roots of (M“) (and (M$)?) give the physical
masses of 12, 1] 534, (bra, V) 2)

e Mass basis is given byf“ d — yudf fud



Interaction Lagrangian

CKM like matrices in every interaction vertex: FCNC's.

Conclusions

‘ v f-aTKaba./A,f'b ‘ Kab ‘ ‘ VﬂfaTK?xb 0 Hfb ‘ VﬂVﬂfan(zbfb ‘ f(ib
(Lo = = = =
W:—f‘uj(]:udnu ;':d VufD{LdVd u/}jfu]‘f(gd?uf‘d W;r Wu+fu]‘}?zdf'd WuTDdeEI
wlp By 0L L YL Ve s = T —=
adt udt—, » ad. W+ dt KWIT o rfu | WHWHet d'fKUdT U Wu“(Dudwd
Wi Fi KTan s | Vi Dgiv 'f)]: i3 1 S Pl fT K L 1k
ARy [ ViDpvy | | 2RO | zze Ry [ we b
ZEf‘ETK%ﬂa.pf;f Vglf S%EV;f Z/(l)jm‘ Kgﬁ 0 ;qu Z,(‘] Z;zOfu’fKEﬂfu Wu’[sgﬂ Wu
ZS A.}z%]‘ K}léua.ufl% ng]\ D%’Vﬁ Z‘(jfm‘f(}%ﬁ B ufu ZSZHU.fUTKI%ﬁ.fU WuTD}]{ﬂwu
ZSf;TK%L(?“fﬁ V;%T S}”;}"Vﬁ ZOfu]‘ kuu?ufm 70 Z;LO;u’rK'uuf:'u I/Vu’[guu W
0 7T odd i fd & ddyd - L L £ L
Z, [ Kitetfp | V' Di*Vy§ 70 fii ddg n 7 70 710 fii fgdd fd Wt pddyyd
Z0f Ko fi | Vi DV T LT DL
L DA 7 ey s K T LS L 1
0 1 3 ZdeTf(%d 9 “fd ZSZHOfdf f(;l{dfd wdt S'Eizdwd




Conclusions

Coupling Matrices

Coupling Matrix Explicit Form Coupling Matrix| Explicit Form
G Lo [clA —H K
GZ qﬁ 3“1( P q,“ o K e g‘o -3 Kj'+ q‘_‘ IU“‘
e oK G4, 7 0.1 Ki'+9fi I\ i
[e5% gd K + K79 Gl ga (K +m‘i]
bd, gt ‘1& G’;}R gt |]s

TABLE VI: The coupling matrices at the triple vertex hetween quarks and gauge bosons

We define yfm o= ﬁ(rl —Qsin’ 6w ). g = Qe

Coupling Matrix Explicit Form

o
S7
Gy

AA
Gy

W
Gim’

a

e gt Kt —q‘f( +(;H&

TABLE VII: The coupling matrices at the triple vertex between squarks and gauge bosons.

We define gfps ) = i (7% = Qsin i), 65 = Qe
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Perturbativity of Gauge Couplings

@ Perturbative gauge coupling unification (gunif < 3) is verified
at 1-loop for MSSM + 10 + 10+ 5 + 5.

@ The 1-loop Beta function is:

d .
16727 = _pg3, t=InQ

dt
The Beta function coefficients are:
3(11
bl = (5) + n1ob1o + nsbs
b2 = 1+ nigbig + nsbs
b3 = —34niobio + nsbs

with b9 = 3, b5 = 1 from group theory. The 5's push up Ay, since
they make g; stronger in the UV, slowing the growth of y;;'s
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Top Yukawa Landau Poles: 2-loop Beta function

The 2-loop Beta function of the top Yukawa is (Martin and

Vaughn):
Br(t) = 1ol BTIVA(OYIOIV(0) +3¥a() Y (OYa(t)
+ Yu(t)Y](B)Ya(t))
16 , 13,
- (ggs(t) + 392(¢) +T591(t) )Yu(t)]

Here, Y, is the up-type Yukawa coupling matrix containing yss,
Y34, Y43 and yaq.
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The top and Higgs sector in the MSSM

@ The MSSM Superpotential contains

Wyssm C y33Q3H U3 + pH, Hy

@ The soft Lagrangian contains
CLMSSM C (A%QsHLTS + c)
+ m@@%@s + m%fgﬁ?fﬁ? + m%gbgf)?
+ my, HyH, +mi, HiHg + (B, H,Hy + c.c)

@ The classical scalar potential for the neutral Higgs is:
Vo= (ul? +miy ) Ho? + (| +md, ) Hyl”

1
= (BuHyHg + c.c) + £(g” + ") (| Hyl* - [Hg|*)*
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