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The Fine Tuning of SUSY

*SUSY solves hierarchy — no quadratic divergences
*But log divergences are present
*General Higgs potential of MSSM:

V(Hy, Hp) = (miy, + p2) | H1|” + (m3y, + p2) | Hol|?
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*EWSB can happen only due to soft SUSY breaking terms
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For large tan B (needed for Higgs mass) and neglecting pu

M% ~ —Zm%b
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sLeading expression M% — %mtg IN i

D72 my
*One loop suppressed vs. stop mass, but usually f > my

*L.og compensates loop suppression, need fine tuning
to ensure f~TeV

Goal here: find a rationale why f~TeV, and thus avoid
fine tuning of SUSY

«Simplest possibility: Higgs a pseudo-Goldstone boson of
symmetry broken at scale f
*This idea already used in SUSY GUTs to solve D-T splitting




Fine-tuning of Little Higgs

oLittle Higgs: realistic model for Higgs as PGB
*Aim: to raise cutoff of SM to ~ 10 TeV to solve little hierarchy
But: Higgs does NOT look like generic PGB!

V(k) =0-|h|?+0-|h|* 4+ f*cos™(|r|/f)
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Tree-level vanishes Generic PGB pot.
Due to PGB nature

*Both mass and quartic generated at one loop: <h> ~f
*Does not raise cutoff A =4r f
oLittle higgs introduces Collective symmetry breaking

m2 —0- /\2 L O((ii;\;)fz )\h — 0(92, )\152)

*Higgs VEV now <h> ~ f/4xn




Fine-tuning of Little Higgs

*But: many new states at the f~TeV scale
*Generically large corrections to EWPO’s

In the end usually need f~4-5 TeV to avoid conflict

*Possible way out: T-parity (Cheng &Low) — will not use here
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If we take m__~ few 100 GeV (usual SUSY bound)

f ~ 4-5TeV (EWP bound on LH, cuts off log)
(h) ~ msoft[log( / )]% ~ O(100GeV)

T tiggs VeV superite!




he simplest little Higgs

Schmaltz; Schmaltz & Kaplan

*Extend SU(2)xU(1) to SU(3)xU(1)
*Use two sets of triplets H,,H, to break SU(3)xU(1) » SU(2)xU(1)
oIf no H; H, -type terms, global symmetry breaking pattern
SU@B) g, x SU(3)m,
Y(H1) Y(H2)
SU(2) SU(2)

Two sets of Goldstones, one set eaten, one set remains as
physical pseudo-Goldstone boson (PGB)

h1
= ho Hy = /] ( ) Ho = e~ /1 ( )
hl h3 f f



Collective breaking

Arkani-Hamed, Cohen, Georgi
*Gauging of diagonal SU(3) explicitely breaks global sym.
eSymmetry breaking terms:

|9A;LHl|2 + |9AMH2’2

oIf either coupling turned off: larger global symmetry intact
*Any diagram contributing to Higgs mass has to involve both
‘Lowest vertex: " t
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SUSY and little Higgs: a difficult marriage

Make it supersymmetric:  Hi — Hi, A

*Two sets of chiral SF’s Hp — Ho, Ho

*Generic VEVs and parameterization:

Hy = M2/ 0,0, f1/V2), Ay = (0,0, f1/V2)e M2/ 1F
Hy =eM/T2l0,0, f,/v/2),  Hpy= (0,0, fo/V2)e M/ I2E

*But D-terms necessarily break global symmetry at tree-level:
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Tree-level Goldstone mass if f1 # f1 or f2 # />
*VEVs need to be supersymmetric, how to ensure?

Early attempt global symmetry only: Birkedal, Chacko, Gaillard; Pokorski et al.



*Possibility #1.:

Add a Z, symmetry in one of the H sectors

Berezhiani, Chankowski, Falkowski, Pokorski:
Roy, Schmaltz

*Possibility #2:

Choose a gauge representation that ensures SUSY VEV

W hq
Ho, Hy — X = w  ho
h1 h5 —2w

*D-term issue automatically resolved

*Global sym. breaking pattern:
SU(3>Z X SU(3)HX U(l)X

SU(2)+>< U(1l) SU(2)+>< U(1l)



A beautiful old model

Berezhiani, Dvali:
Barbieri, Dvali, Strumia, Hall,
Berezhiani, Randall, C.C.

«SU(6) GUT theory, with Higgs sector X, H
*SU(6)xSU(6) global symmetry

(T)=w

(H) = (H) =(0,0,0,0,0, f)

\

SU(6) — SU(4)xSU(2)xU(1)




A beautiful old model

«SU(6) GUT theory, with Higgs sector X, H
*SU(6)xSU(6) global symmetry

(Z)=w 2 <H>=<E>=(0,0,0,0,0,f)

SU(6) — SU(5)




A beautiful old model

«SU(6) GUT theory, with Higgs sector X, H
*SU(6)xSU(6) global symmetry

(Z)=w 2 <H>=<E>=(0,0,0,0,0,f)

Uneaten Goldstone
boson: one complex
- doublet




Fermion sector of the SU(6) model

Barbieri, Dvali, Strumia,
Berezhiani, Hall

SU(5):3 x (10 +5)
SU(6):3 x (15 + 6

6’) need to extend, more chiral fields?

*But Yukawa coupling: 15,‘;51%6_55 ]

*After VEV gives mass to 3x(5+§)
«Chiral matter content that of SU(5) MSSM

To get natural top Yukawa coupling

Unusual representation in SU(6): 20, three-index antisym. E
*Self-adjoint (anomaly free), but no mass term: 20“bc20d8f Cabedef =
«Under SU(5): 20 — 10 + 10



*Renormalizable Yukawa couplings involving 20:

A120%¢ {415 4+ X\p2090¢57920% 9e it

| |

Exchanges a 10 from 15 Produces an order one
with a 10 from 20 top Yukawa coupling 10 10 H

sAutomatically has the collective breaking pattern:
need both couplings to generate top mass



The matter content of the super-little model

Decompose SU(6) to SU(I3)xSU(3)xU(1)
«Automatically anomaly free, flavors universal
*Top Yukawa via collective breaking

*One set of PGB doublet

SU@3)c SUB)r U)x
H 1 3 +1/3
i 1 3 ~1/3
2 1 3 O
2 X D1,273 3 1 —|—1/3
2 X L1,2,3 1 3 —1/3
U123 3 1 —2/3
E17273 1 3 +2/3
@1,2.3 3 3 0
Q’ 3 3 —1/3
o’ 3 3 +1/3




The Higgs sector

*The superpotential (with A’< 0.01 to ensure global sym.)

M A _ _
WHiggS:ETrz2 gTrz?’ S(N'HH-M")+NHAZH

VEVs
() = diag (w/2,w/2, —w), (H) = (0,0, f/V2), (H) = (0,0, f/V2)

sGoldstones: (F2 = (f2+ 2)/2, V2= F2+ 9w?)

3w
H = ex — ) (H
DG Fv><>’

H (H) exp (—iﬂ%)

ex ( [ d )(Z>ex ('I‘I d )
P 3wV P 3wV



Plon matrix:
MM =— ’
v2\ H; O

*Goldstone vs. sGoldstone

G= (Hy+ H)/V2 G=(Hy— H)/V2

*Need to make sure VEV is along Goldstone direction
(sGoldstone NOT protected by global symmetry)



The top sector

*T0 ensure that matter content is that of MSSM
Wmatter = @;;Q;HD; + B;; E;HL,
*Will use trick from SU(6) model to get O(1) top Yukawa:

20 — (3,3) 1+ (3,3)1 + singlets
3 3

Q/ Q/
sSuperpotential for top Yukawa:
Wiop = MQ'ZQ" + MQ'HU + A\3QHQ'

*Has collective form: need all three couplings to generate
top Yukawa



*Heavy top partners and top Yukawa:

2 — 2242 2 2
M2 = \w?4+3X3f2, M

7y = 1 (/\%w? + 222 f2)

2V F249w2 A Ap)3
F\/2(2w2>\2—|—f2>\ ) (w2A2+2f272)

Yyt —



Electroweak precision constraints

oLittle Higgs models usually tightly constrained, need T-parity
*SUSY models usually have R-parity (or matter parity)

Which one?

*T-parity does not commute with SU(3)xU(1): Z’ T-even
eConstraint from Z’ exchange: F>3 TeV
oIf w too small: SU(2) breaking VEV partly Iin triplet: w>0.5 TeV

Assume F>3 TeV, w>0.5 TeV, and impose usual R-parity



Higqs potential

*D-terms do not give significant contribution to mass or quartic
(m%{ o m%)(fQ o JFQ)wQGQ
(f2+ f2)?
*But this is NOT enough: need to make sure VEV is actually
along the Goldstone direction (NOT sGoldstone)

for f>w,myg,mg

«Soft breaking terms + D-terms introduce mass and mixing
vsoft — m%{lH‘Q + m%|ﬁ|2 + mQZTrZTZ

2
*Mixing matrix: O m%é
m2, . m=
GG G
2 2 2

The mixing mg -~ ~ my — m7 can be suppressed by

my ~ TeV >myg,mpg



The Higgs quartic

*Now we achieved the Higgs VEV along Goldstone tan 3 ~ 1
*No tree-level quartic from D-terms along this direction
*Top induced potential:

Mass term as expected super-little

3 m m
m? ~ ———y2(m2—m?)(2In—2+1+2cln —1)

87T mf mT2

Quartic too small to exceed 115 GeV Higgs mass

A In i 1 —
872 ( my | 2m2 ( 12777,2 Tom2 )

Need a tree-level quartic!



A tree-level quartic

*Need operator that gives guartic but no mass to Goldstone
*Notoriously difficult in simplest little Higgs already
«Could try to get an NMSSM-type superpot. term SG2

First try: SH> H

— 2
'No good because AXH = - 4+ V2 |G2
contains both a mass and a quartlc
*Need to absorb VEV of operator: “sliding singlet”

Second try: S(S"+ HXH)

VEV absorbed since (S') = —(HZH) put also FULL
Goldstone dependence absorbed




Third try: X(SH + +S'~H)(SH + =H)
Similar to Roy and Schmaltz
o “collective sliding singlet”

*VEV’s will cancel: no mass
*Goldstone dependence remains: O(1) tree-level quartic
*Operator could be generated via exchange of heavy triplets

EOM:
SHH 4+ H>XH = 0,
SA>H + AY°H =0
Goldstone expansion:
512+ (—wf? 4+ V?|G|%/6w) = 0
S(—wf? + V?|G?/6w) + (f2w? — V2|G|?/6) =0



Other possibilities for generating the quartic

Use MSSM quartic, but may still be too small (as MSSM

has generically hard time getting a heavy higgs)
(Berezhiani, Chankowski, Falkowski, Pokorski)

Can be implemented here as well, need extra triplets In
> sector, and wOf,f

*Most recently: supersymmetric version of twin Higgs idea
(Chacko, Goh,Harnik)

*Falkowski, Pokorski, Schmaltz: VEV still along tan 3 =1
Still need 4 singlets, though superpotential less complicated

*Chang, Hall, Weiner: use sopersoft D-term breaking
In the end Higgs mass suppression comes down to controlling
soft masses to a scalar and a triplet



Grand Unification?
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The beta functions are such that unification would happen
at a high scale (~Planck) with the minimal fermion matter
content



Grand Unification?
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*Adding the matter needed for generating the top Yukawa

will introduce Landau pole before unification

*Seiberg duality, duality cascade a la Klebanov, Strassler?
*Unifies into string theory on warped throat? Meaning of betas?



New particles at LHC

*At low energies model=MSSM with m ~few 100 GeV
*R-parity conservation:traditional SUSY searches apply
*Around f~TeV: lot of new states: little partners+their
superpartners

Gauge bosons

oZ’: from EWP m>1.7 TeV. Should be cleanly visible to
multi-TeV range (can be singly produced)

WW': m>1.5 TeV, but couplings for single production v/f
suppressed

Heavy top partners

*Expected in 2-3 TeV range (if f close to lower bound)
| HC reach ~ 2-2.5 TeV



Other additional fermions

*Main distinction from usual 3-3-1 charge assignment:

Anomaly free
Generation independent

*Singlet leptons extended into SU(3) triplets (rather than
singlets)

*Vectorlike SU(2) singlet quakrs from Q,D’: O(f) mass
*Vectorlike SU(2) doublet leptons from E,L’: O(f) mass
*Two light SU(2) singlet “sterile neutrino” from L,L’

Light (no renormalizable mass)
*Not completely sterile (SU(3) interactions)
«Can add full SU(6) states to give them O(f) mass



Conclusions

*SUSY models could stéll be natural If Higgs super-little:
2 g f
mp ~ 1672 mSOft In Msoft

*Generic SUSY little Higgs models will NOT have this property:

eD-terms induce tree-level mass
*Non-Goldstones can be dominant for EWSB

*Simple model based on SU(6) SUSY GUT=>SU(3)xSU(3)xU(1)
*Higgs sector: X+ H, H

Anomaly free, generation independent charges

*No Goldstone mass from D-terms

Collective top Yukawa

*Need acrobatics for quartic

*Unification?

*New particles at LHC: «MSSM few 100 GeV
W', Z'. T, extra fermions: few TeV
eSterile neutrinos
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