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New Physics at the LHC?

 Many models of beyond SM physics out there...
- MSSM, NMSSM, technicolor, little Higgs, etc.

* These introduce many new particles close to the
weak scale...which of these are well motivated???

— Dark Matter

e Astrophysical observations require portion (~ 22%) of energy
density to be “dark™

* Not consistent with known physics

 Weak scale cross sections give correct thermal relic abundance

— Top Partners
* Motivated by (little) hierarchy problem...
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Top Loops and the Little Hierarchy

* Precision electroweak (LEP) data suggests:
- A light Higgs (m <200 GeV)

— A cutoff A suppressing operators contributing to
electroweak (S,T) parameters greater than ~ 5 TeV

e These are 1in conflict!
— Top loops give a large UV sensitive contribution to the

Higgs mass mfz ~—3 )\fAzl(S )

* Need to cut off these loops at a scale lower than A
— Can introduce partners related to top by an approximate
symmetry which protects Higgs mass (e.g., SUSY)
— Need other partners as well, but they are not as urgent



Dark Matter and Top Partners

* Conservatively, one might suppose that these are
the only new particles appearing until higher
energies (several TeV)



Dark Matter and Top Partners

* Conservatively, one might suppose that these are
the only new particles appearing until higher
energies (several TeV)

e But what 1f nature 1s even more economical at low
energies...



Dark Matter and Top Partners

* Conservatively, one might suppose that these are
the only new particles appearing until higher
energies (several TeV)

e But what 1f nature 1s even more economical at low
energies...

Can top partners be dark matter???




Dark Matter and Top Partners

* Conservatively, one might suppose that these are
the only new particles appearing until higher
energies (several TeV)

e But what 1f nature 1s even more economical at low
energies...

Can top partners be dark matter???

e Requires somewhat exotic symmetry structure to
have non-colored top partners...but lets build 1t!
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Higgs as Pseudo-Goldstone Boson
 Why 1s the Higgs lighter than other new physics?

— It 1s a pseudo-Goldstone boson! [Georgi et al]
e Higgs mass protected by an approximate shift symmetry

— Simple example: SU(3) / SU(2)

e 5 Goldstone bosons = 1 complex doublet + 1 real singlet
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 But wait! Top Yukawa A ght"
- Reintroduces quadratic sensmVlty m, ~—3 A A*/(81°)
- Embed top quarks into SU(3) — no couphng'

poses a problem
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 Little Higgs theories get around this problem by

introducing “collective breaking”
— Two global symmetries (e.g., SU(3)°) protect the Higgs

— Top Yukawa comes from two couplings, each of which
respects one global symmetry

L =N LN, L A ght

— This ensures a one-loop cancellation, 1.e., divergence 1s cut
off by “top partners” at symmetry breaking scale f
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Little Higgs Review

e Little Higgs theories similarly introduce partners for
gauge bosons, light fermions, etc...

 However, many models are tightly constrained by

precision electroweak tests, e.g., need £ > 3-4 TeV
— Brings us back to the “Little Hierarchy Problem”
- Augmenting theory with a Z symmetry (T-parity) can help

[Cheng, Low]

e But not clear why we even need other (problematic)

partners at the same scale as the top partner

— Making only top partners light helps to ease this tension!
[see, e.g., “The Intermediate Higgs” -- Katz, Nelson, Walker]
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* In (some) Little Higgs theories with T-parity, the top
Yukawa structure 1s very simple, and looks like:

L =A|qght +( —h+h)TT"+
top~ ‘‘t q 4 f 2f
A
. ¥
B
£ —Af

— Note that the cancellation would also go through 1f the top
partners were non-colored, and charged under a different SU(3)...

— If a non-colored top partner 1s the lightest T-odd particle, it could
be dark matter!
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Generic Dark Tops

e There 1s a simple way to recreate this structure:

— Higgs is a PGB contained in a G/H nonlinear 2, field,
where G contains both SU(3)_ and SU(2)

— Put top quarks g and t° in representations Q and Q° of G,
and write a single G preserving Yukawa coupling

— Decouple extra fields in Q,Q° in a way which leaves
behind top partners T,T° that give a one-loop cancellation

e Trades “collective breaking” for a UV assumption —
Existence of consistent UV completions important!

 Ideally we'd also generate a tree-level Higgs quartic
— The models I'll show you today don't do this
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Product Group Model

h'h
2f
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e Let's look at the CW potential more carefully:
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e The above structure guarantees that | M "M |=0
— For the first term to vanish, we also need that A 1s
proportional to the identity, e.g., G preserving
— Can't give arbitrary G-violating masses to the
decoupled fields
— But...UV completions having correct structure can be
written down (e.g., n AdS))
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Product Group Model

* Some comments:
— We haven't yet added partners for the gauge bosons or
other fermions, they will be regulated by the UV physics

— Top partners are 3 degenerate gauge singlet fermions with
couplings to the Higgs determined by their mass

— Assuming they are the lightest new states, they are

potentially dark matter candidates
e Annihilates through Higgs exchange
e Couplings to Higgs are fixed, so it 1s highly predictive as long
as the UV physics 1s sufficiently decoupled

— In fact, in this limit, thermal relic abundance arguments
can predict the dark matter mass as a function of m_
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Product Group Model

¢ 5- : h'h
S-year WMAP reiults. Z o~ ?\f( -
0.1075<Q,,, h’<0.1211

Dark Top Mass (GeV) = Dark tOp IS tOO llght!

200

e No v/f expansion

Product Group Model e Large contributions to
electroweak precision
observables

e Much of light Higgs region
ruled out by CDMS (more on
bounds later)

e Use more efficient annihilation to increase DM mass
- UV dependent 4-fermion operators ~ (go"' ¢)(Ta ,T)
- Find a dark top with SU(2) quantum numbers!
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Simple Group Model
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Simple Group Model

e Some comments

— There 1s now also a color-triplet PGB ¢, which gets a
positive and quadratically divergent mass m,~2A; A*/8 "

— The three mass eigenstates have masses:

2
v

/

m,~A, f

2
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— The lightest mass eigenstate T 1s neutral, almost pure

SU(2) doublet, and has a coupling to the physical Higgs
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/

(actually a factor of ~2 larger than
in the product group model)
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Simple Group Model

* Dark Matter Properties
— Calculate thermal relic abundance assuming decoupled
UV physics > m_~ 1 TeV

— But...almost pure SU(2) doublet dark matter badly ruled
out by direct detection (e.g., CDMS) through Z exchange

- However, we can kinematically forbid scattering through

/. exchange by splitting the states which couple to the Z
 Introduce Majorana mass for the doublet larger than ~ 200 keV
through an operator

d5'|' cgp'l' c
"?Split: %4 Q

split

e Then direct detection bounds only come from Higgs exchange
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Direct Detection Bounds

— Scattering through Higgs exchange gives the bounds:

10°
WIMP Mass [GeV/c]

Dark Top, Simple Group Model

Dark Top, Product Group Model
XENON10 2007 (Net 136 kg-d

CDMS: 2004+2005 reanal 5|s +2008 Ge

Su DMS ected 2- 980uda1
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Four-Fermion Operators

e Depending on the UV physics, there could also be
4-fermion operators like:

y ( q 5“ q ) ( T E“ T) Dark Top Mass (GeV) mhp,= 120 GeV

F 3000

2500

— Come from integrating
out resonances of the
strong sector 1500

2000

Simple Group Model

1000

— Can be Sizable lfT iS Product Group Model
mostly composite
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e Do these low energy models make sense?

* They require a “G preserving regulator”, but some

states removed from the low energy spectrum
— One easy way to do this 1s in an AdS_ construction

 Dual to strong dynamics at the scale A
— States can be removed through boundary conditions
that forbid a zero mode

* One can explicitly calculate the corrections to the
Higgs potential (1n 5D) to see a cancellation
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UV Completions

UV IR
SU (3).xSU(2), SU (6) NUOENUE)
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o “Zeroed out” fields all have (-, +) boundary conditions
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Uy IR
SU (3).XSU (2), SU (6) SU(6)—SU(5)

0[21], 0"[6] [6)

e Write top Yukawa on IR brane: ~§(z—z,)AQ® 0"
e 5D calculation of Higgs potential:

y(@)=—2t [ %mg(1+p2€;<p>-M-éC<p>-M*) (M=A®)
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UV Completions
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* This goes to zero if (-,+) — (+,+) as expected
— Leading effect 1s also insensitive to the way the “zeroed”
states are removed on the UV brane



UV Completions

J'p dp f A4 4(C;++ G )(G++)2 f2A4 10g
(142 pPGLGL)(1+A PP’ G GS) 8’

6mh

* This goes to zero if (-,+) — (+,+) as expected
— Leading effect 1s also insensitive to the way the “zeroed”
states are removed on the UV brane

 What 1s going on?
— The momentum scale cutting off the top loop 1s effectively
near the 1% KK mass of (-,+) top partners
— This 1s approximately the same scale that cuts off the dark
top loop, and this 1s guaranteed by the bulk SU(6) symmetry
— Thus the cancellation we have engineered can go through
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UV Completions

* Lots more to do for specific models
- Flavor, electroweak constraints, LHC signatures, etc...
— But this at least demonstrates that the mechanism we used
can be consistently UV completed

e Note that it was actually important that we only

“zeroed out” components of one G multiplet
— In general Q and Q° regulated by different (KK) scales
— Both these scales can enter the Higgs radiative potential if
symmetry is broken in both multiplets
— Can check that such “bad” models don't exhibit the
cancellation in 5D
— Strong constraint on model building!
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(Some words on) LHC Signatures

* Production of (neutral) dark tops very challenging

unless new colored states also accessible
— Colored PGBs or colored spin-1 resonances
— Cascade decays to both tops (or bottoms) and dark tops
— Decay topologies look very similar to stops in SUSY'!
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Summary

 We can try to take the little hierarchy seriously!
— Top partners are the most urgent, so we can delay other new
physics to a somewhat higher scale

 We don't need “collective breaking” 1n order to cancel
the top loop

— Can 1nstead choose to decouple fields in the right way

 We can write down theories with non-colored top

partners, which are possible dark matter candidates
- SU(6)xSU(3)/SU(2) model — Singlet DM
- SU(6)/SU(5) model — Doublet DM

e Nature may suprise us!



