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+» Why are we interested in strong dynamics ?

» New link between SYM and non supersymmetric theories.
» Understanding the QCD vacuum and spectrum via SY M.
« And... from QCD to SYM.
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++ New Strong Dynamics for Electroweak Symmetry Breaking.
++ Solving the S-parameter problem and FCNC at once.

+» Using supersymmetry to predict alight composite Higgs.

QCD
++ Confinement.
¢+ Chiral Symmetry Breaking.
¢ Vacuum Properties, Spectrum and Dynamics.

+¢ Phase Diagram: temperature, matter density, number
of flavors, colors, and masses.
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Beyond Standard Model
“» New Strong Dynamics.
+ Dynamical Electroweak Symmetry Breaking.

++ Strong CP Problem.

(New solutions using only strong dynamics, no axion, Hsu and F.S.)

+* Fermion masses.

Part |: New/Old Large N and QCD
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Non-Perturbative Tools

Experiments for QCD

L attice Simulations

Symmetries & Effective Lagrangians

‘t Hooft Anomaly Matching Conditions
Large N

Large masses. Heavy Quark Symmetries
Gauge-Gravity Correspondence
Supersymmetry

't Hooft - Large N

| SUN) Uy (1) Ua(1)

Pe o 1 1
e 5 —1 1
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't Hooft - Large N

Fermions’' corrections are suppressed.

Small number of flavors.

The axial anomaly is suppressed at Large N:

Corrigan and Ramond 79- LargeN

Laks = | suv) Uy(1) Ua1)
Yiigl | © 1 1
Gy Adj 0 0
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Corrigan and Ramond - Large N

Fermion’s corrections are not suppressed.
The axial anomaly is not suppressed.

Still small number of flavors. Actually CR thought of
considering some fermions in the fundamental and somein the

2-index.
SU(N) Uy(1) Ua(1
CR & so considered models of DESB. (V) Uy() Uall)
Yli j] B 1 1
Kiritsis and Papavassiliou "90 provided
somelarge N rulesfor CR LargeN %[ B -1 1
Gu Ad] 0 0

Relation with Super Yang-Mills

Stype A-type
| SUN) Uy(1) Ua(1) SU(N) Uy(1) Ua(1)
Vgy | 1 1 o - 1 1
AU 1 1 Jlisd] q 1 1
Gp Adj 0 0 l Gp Adj 0 0

Armoni-Shifman-Veneziano

| SUN) Ua(1)

A Adj 1 SYM

G| Adj 0
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Comparing perturbative quantities

Go | BN

31 %;’\’2

~

da _ Bo o B s
,ua—‘u = 28(a) = 50 50 + ..

(B0), = w750 (3U) , w %

—

Q and O are the renormalization points.

More precisely...

At N—oo the S/A type theories are non perturbatively
equivalent to SYM.

However, only the bosonic part of the infrared spectrum is
expected to match SYM ones.

The correspondence has been argued on the base of large N
diagrams and wilson line arguments.
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Large N arguments

b) Super Yang Mills.

¢) Thenon susy Theory

a) The Fermionic propagator and the vertex. A typical Planar Diagram

Physical Applications
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A-type:
QCD vacuum properties and spectrum

N=1 Supersymmetry-Spectrum

Stype:
Composite Higgs from Higher Representations

Use SUSY to predict alight Higgs @
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A-Type: QCD & SYM

SYM  m oo YM

‘
?
Z
QCD+ 1 Massive Flavor

QCD+ 1 Massless Flavor
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N=w
Nonzero fermion condensate.
Zero Gluon condensate and Zero vacuum Energy.
Degenerate opposite parity states.

After al we are still far away from QCD.

SYM

N —00

QCD+ 1 Massive Flavor

QCD+ 1 Massless Flavor
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1/N and small gluino masses

++ We construct the effective action saturating the trace and axial anomalies:

AT 1 a Aa, g i . 4
aJ, = [N-2]——G2Gne P = 73{_\+§

1672 #¥

1 a a, L
} 3252 G

% Atlarge N we recover the bosonic sector of the Veneziano-Y ankielowicz
effective action constructed for SYM.

+¢+ The spectrum consists of a massive pseudoscalar (eta prime) and the
associated scalar fields (sigma). At large N these states are mapped in the
pseudoscalar and scalar SYM gluinoball.

¢ Recently with Merlatti we consistently extended the VY theory to contain
supersymmetric glueball states (i.e. R=0 states).

F.S. and Shifman

Predictions for vacuum/spectrum of QCD

F.S. and M. Shifman

Spectrum:
ﬂ'{ﬁ" o 22 —_l m 2 ar—2 r—1
Mg_l_ﬁ_ga—mjLO(m,J\ ,mN™) <1

Gluon condensate

GG _ANm

3 8 ard 2 ar—1 Ta
BT = o A +ECHV,‘3A + 0O (m*, N~t,mN")

Vacuum Energy and Thetaangle

8N2Z 5 0+ 2k dof 4
E‘nczﬁmz\ mmk{—cos[ ~N _ 2 }}_TSA
70 - - 9 . ‘gz‘f\-’
o~ N 8= 0(1/N) f(N)—= N” at N — o0 ,\;8_2 M =2aA/3
T
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From QCD to SYM

++ Although we have a great number of exact results for
supersymmetric theories we cannot yet confront them with
datal

+»+» However having established arelation between SYM and
QCD we can now use aso known facts about QCD to make
predictions for SYM.

+ What are the lightest statesin SYM ?

+ Old Lattice simulations suggest the glueballs to be lighter than
the gluinoballs.

e (Glucballs
Gluinoball .
anobats a) Using QCD results +

S w* W correspondence we deduce:

Gluinoballs are the lightest statesin
SYM

b) Using the newly VY extended
m—s>co effective Lagrangian we can show
— that the mixing between the
glueballs (i.e. R=0 states) and the
gluinoballs (R=2) is small.

c) Lattice results were
qualitatively/quantitatively away
from the SUSY limit.

Lattice and
Experimental

UN results

QCD+1 massless Flavor

Feo, Merlatti and F.S.
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Conclusions and Outlook |
+» Weintroduced the CR large N limit.

+« Link QCD with 1 flavor to SYM.

+«+ New information on the vacuum/spectrum structure of QCD.
+» Used QCD results to deduce information on SY M.

+» We extended the VY theory to include ordinary glueballs.

+ We constructed the VY type theory for S/A-theory.

+¢ Results can be tested by L attice simulations or experiments!

+¢ One can imagine a number of string theory applications.

Part |1: New Strong I nteractions
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S-Type: Composite Higgs

* SM extremely successful
Gauge structure is well tested.

Flavor structures are well measured: 3 generations.

* How to explain hierarchy between weak and
Planck scales?

SUSY, Dynamical SB, Extra-dims..
Experimental resolution, long awaited: LHC

* New physics beyond SM
Neutrino Oscillations
Dark Matter and Energy

Dr. Francesco Sannino, Niels Bohr Institute (KITP QCD/Strings 8/31/2004)
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Technicolor: Dead or Alive ?

What is Technicolor ? EW symmetry broken dynamically via new
Strong dynamics (TC) at the electroweak scale ~ 250 GeV

SU(N)TC X SU(-?))C X SUL(Q) X Uy(l)
<Qc’féc,f'> #0 = breaks EW symmetry

» The NG bosons are eaten by Ws and Z via Higgs mechanism

 Natural to use QCD dynamics, since quarks condense while breaking
chiral symmetry in the same way.

» However, QCD-like models don’t work for two reasons. FCNC and S-parameter

Technicolor isdead — it predictstoo large value of S—

The S-parameter only rules out scaled—up QCD, which
was dead already dueto FCNC

Technicolor doesn’t work anyway — nobody has any
compelling model for ETC (fermion masses)

We have no idea what behaviors have yet to be

discovered in gauge theory- just look at recent progress
in SYM/SQCD

Dr. Francesco Sannino, Niels Bohr Institute (KITP QCD/Strings 8/31/2004)
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Problemswith the old models

* When extended to account for fermion masses, one usually
generates large Flavor Changing Neutral Currents (FCNC)

* Precision EW tests: S-parameter istoo large.
* Vey heavy Higgs~ 1 TeV.

» Generdly have alarge number of NG bosons uneaten by the
Wsand Z.

* Themost sever problem is our limited knowledge about strong
dynamics!

Fermion masses, FCNC and ‘Walking' TC

Fermion masses arise from ETC interactions: %qq
ETC

Since< QQ >~ 250 GeV, Agrc cannot betoo large and still
account for top quark mass. But, asmall ETC scale leadsto FCNC

Solution: Near conformal dynamics—i.eWalking TC — alows for
large anomal ous dimensions (y~1) of the technifermion bilinear due to
nearly constant gauge coupling (nearly vanishing beta-function).

(Eichten & Lane, Georgi & Cohen, Appdquist et a., Yamawaki et al.)

Dr. Francesco Sannino, Niels Bohr Institute (KITP QCD/Strings 8/31/2004)
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Near Conformal Properties

Non—(?onfornial Near-Conformal

A, =1001000 A

C

at

ritical Number of techniflavors

For fermions in the fundamental representation near conformal
means:

CN
Nf 4 N

The number of techndoubletsis Np = N;/2

Non—(?onforrﬁal Near-Conformal
A 5 ‘

A\.Ir.=lw-10w A‘lt ‘
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OK FCNC but large S-parameter

The S-parameter for fermionsin @ is

Ny N
S = —
127

For N=2 we have Nf/2=4 which yields:

Spe_r-t‘ = 4/37T ~/ 0.42

Experimentally S=-0.03+0.11 il

05 U=0

A New Model for Technicolor

F.S. and K. Tuominen, hep-ph/0405209
D.K.Hong, SD. Hsu, F. S., PLB597 (2004) 90 [hep-ph/0406200]

New features:

Near conformal window with small number of flavors, N; U 2
No FCNC problem and small S parameter.

SUSY -aided calculations (F.S. — Shifman)

Dr. Francesco Sannino, Niels Bohr Institute (KITP QCD/Strings 8/31/2004)
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The New M odel solves many of these problems

It is near the conformal window to avoid FCNC

It is consistent with EW precision data, since N; and N, are
small.

It has no uneaten Nambu-Gol dstone bosons.
It has alight Higgs: m,=200 ~ 500 GeV.

Some reliable estimates are possible in the non perturbative
regime.

TheMode: Thegeneralized S-Theory

| suv)  SUL(Ny)  SUR(NY)  Uv(1) Ual)

Q iz} L] U 1 1 1
Qlid} O 1 m o ilf 1
Gpu Adj 0 0 0 0

Here @ and @ are Weyl fermions.

The A-type is obtained by substituting [T with H

Dr. Francesco Sannino, Niels Bohr Institute (KITP QCD/Strings 8/31/2004)
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Phase Diagram for the S-Theory

f Ftee electric

3.5 Conformal window

2 Confinement and CSB

Phase diagram as function of Nf and N for S-type theory. (F.S. & Tuominen)

For N=2,3,4,5 we have that Nf=2 is already the highest possible number of flavors
Before entering the conformal window.

Phase Diagram for the A-Theory

16\

Free electtic

Conf. wind.

Confinement and CSB

3 4 5 6 7 8 9 10

Phase diagram as function of Nf and N for A-type theory. (F.S. & Tuominen)

For any N we have that Nf must be >5.

Dr. Francesco Sannino, Niels Bohr Institute (KITP QCD/Strings 8/31/2004)
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FCNC and S-parameter

FCNC: Near the conformal window we compute

ANgTc 2 300 Are

1

_ B N\ NN+1) Ny
S-parameter: s-(g—a)- Ty

2 2 7

% 8 ~0.013 due to near conformal dynamics (Sundrum-Hsu, Appel quist-
Sannino).
% Thebest estimate for S in the S-type model is:

S(N =3,Np=Ns/2=1)~02

Which is within the 68% confidence ellipseinthe S-T plane.

Light Higgs from Higher Representations

QCD-like TC: Scaling up suggests (Di-Vecchia - Veneziano):

my ~ 4rFy | Fﬁw% GeV

For S/A-type theories with Nf=1.

f\}im S/A — type = Super Yang — Mills
—00

Using thelarge N limit (valid only for Nf=1!!) we relate the masses of the
lightest fermion-antifermion states (i.e. Higgs and the technieta) to the fermion
condensate;

<@Q> = <§{i‘j}Q{i,j}>
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< The common scalar (Higgs) and technieta masses at large N:

2a |:3 <(:)’Q>] i _ §A

3

AtlargeN  A*=4° (miw) exp {i}
3Ng2(p) Ng*(p?)

< Wethen estimate With A = Are ~ 250 GeV

myg = M ~ 170 — 500 GeV  for a@~1-3

What about 1/N corrections ?

+» Fortunately these corrections were computed (Sannino-
Shifman) and differ for theories of type Sand A.

m(S) 4 1 (Go, G ,Q ]
D S o oY 1
M oN TRN apni TOWT) <

since we expect the technigluon condensate (G, G*#) ~ A*
term to be small.

«»+ Our calculations suggest that the favorite S-type models
naturally yield light composite Higgs bosons.
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~

o

Vamy
2 A

+» To reassure ourserlves we estimate & viathe A-type relation
with supersymmetry at large N. We deduce:

V3

~32—n~2.8
2

Herem,y = 958 MeV jstheordinary 3-flavor QCD mass for
then’ and A ~ 300 MeV isidentified with the characteristic
QCD invariant scale.

+« Current Lattice ssimulations are able to provide better
estimates for the Higgs.

SUMMARY TABLE A
G N2 | s ‘ Higes Mass | FCNC
TC(2,1) 1/37 ~ 1TeV X
5(2,1) 1/2r—e | 200 —500GeV | v
5(3,1) 1/m—e | 200 — 500 GeV 7
wTC(2,4) 1/3m — @ ?
S(4,1) 5/3m —e | 200 — 500 GeV v
A(4,4) 8/m—e > 300 GeV v
\_ /
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Conclusions and Qutlook |1

+ DESB models from higher representations lie close to the conformal
window and are free from the FCNC problem despite the small number of
flavors and colors.

+» The S parameter is small and not excluded by precision data.

« Dueto thelarge N equivaence (for one flavor) to SYM, we can make
guantitative estimates of the Higgs mass, which turns to be surprisingly
light and narrow: m,,=200 — 500 GeV .

«» Signatures at LHC or in cosmology are expected.

<+ Lattice simulationg/String Theory can provide further insight on near
conformal strongly interacting dynamics.
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