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Large Hadron Collider   -   CERN

•   Is there a Standard Model Higgs particle?

•   If not, what generates the masses of the weak      
     bosons and fermions?

•   New strong dynamics?

•   Composite Higgs mechanism?

Primary focus of USQCD 
BSM effort and this report

  primary mission:

- Search for Higgs particle

- Origin of Electroweak symmetry breaking

SUSY projects are progressing well with new simulations planned for next year
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Atlas and CMS compared  (from Vivek Sharma)
For low Higgs mass hypothesis both CMS & ATLAS see 

an excess in event yield over expected background
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ATLAS excess at M ≈ 126 GeV CMS excess at M ≈125 GeV
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  What comes at the end of the LHC run?

- light Higgs with non-SM couplings (dilaton?)

- Heavy Higgs, or Higgsless

- SM Higgs (SUSY symmetry breaking?)

- USQCD composite Higgs and SUSY  -  timely efforts



- Composite Higgs mechanism
 
- The paradigm is important again

- Higgsless QCD-like (cutoff Λ to 3 TeV)

- changes close to conformal windo

- non-perturbative lattice studies needed  

- USQCD effort will be shown on:

  What comes at the end of the LHC run?

- light Higgs with non-SM couplings (dilaton?)

- Heavy Higgs, or Higgsless

- SM Higgs (SUSY symmetry breaking?)

- USQCD composite Higgs and SUSY  -  timely efforts



- Composite Higgs mechanism
 
- The paradigm is important again

- Higgsless QCD-like (cutoff Λ to 3 TeV)

- changes close to conformal windo

- non-perturbative lattice studies needed  

- USQCD effort will be shown on:

  What comes at the end of the LHC run?

- light Higgs with non-SM couplings (dilaton?)

- Heavy Higgs, or Higgsless

- SM Higgs (SUSY symmetry breaking?)

- USQCD composite Higgs and SUSY  -  timely efforts1.4. The role of a composite scalar and the fundamental Higgs boson limit

100100

200200
300300
500500

10001000

20002000
30003000

68� C.L.68� C.L.
95� C.L.95� C.L.
99� C.L.99� C.L.

��

�0.3 �0.2 �0.1 0.0 0.1 0.2 0.3 0.4
�0.6

�0.4

�0.2

0.0

0.2

0.4

S

T

Figure 1.3: Experimental allowed regions and theoretical predictions for the S and T parameters in the Higgsless

SM for 100 < Λ < 3000 GeV (Eqs. (1.3.25)). The experimental allowed regions are chosen as in Ref. [34]. For the

definition of the (0, 0) point see the footnote 1.6. For the theoretical prediction we have used the most updated

value of the top mass mt = 173.3 GeV [35].

of the SM Higgs boson on the Ŝ and T̂ parameters of Eqs. (1.3.26) is exactly to cut-off the
logarithms by substituting the scale Λ with the Higgs boson massmh. In Fig. 1.3 we have plotted
the experimental allowed region in the (S, T ) plane1.6 compared with the theoretical predictions
for Λ < 3 TeV (or equivalently mh < 3 TeV). It is simple to see that the experimental bounds
on S and T imply Λ � 200 GeV that fixes a cutoff for the Higgsless SM of the order of the
EW scale. As we will see in the next section, the same bound can be read mh � 200 GeV for
the SM Higgs boson mass. The plot in Fig. 1.3 only contains the logarithmic contributions of
Eqs. (1.3.25). It turns out that introducing also the finite terms that vanish in the limit mh → 0
the straight line in Fig. 1.3 acquires a slight bending shape slightly changing the limit on the
Higgs boson mass. However, a precise determination of the limits on the Higgs boson mass
requires a global fit to all the EWPO. The result of the global fit is [3]

mh = 90+27
−22 GeV , mh < (145, 149, 194) GeV at (90, 95, 99)% CL . (1.3.27)

1.4 The role of a composite scalar and the fundamental Higgs

boson limit

In this section we generalize the Higgsless SM discussed in the previous section adding a
scalar field, coupled to the SM fields through a general effective Lagrangian. We will see that
for a particular choice of the parameters the scalar coincides with the SM Higgs boson, i.e. can
be embedded with the GBs into a linear doublet of SU(2)L. In this case the Lagrangian will
reduce exactly to the SM Lagrangian.

1.6
The origin of the axes in the (S, T ) plane is chosen in such a way that (SSM, TSM)

���
mh=150 GeV ,mt=175 GeV

≡
(0, 0). All the plots represent deviations from these values.
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S parameter LSD Collaboration, PRL 106:231601 (2011)

Constraint from vacuum polarizations Πµν(Q) of EW gauge bosons

S = 4πND lim
Q2→0

d
dQ2 ΠV−A(Q2)−∆SSM

ΠV−A(Q2)

�

(Linear+chiral log fits to guide the eye)



Standard Model: Charged currents in SU(2)L ⊗ U(1)Y sector

Julius Kuti, University of California at San Diego USQCD Collaboration Meeting, Jefferson Laboratory, April 4 - 5, 2008, 15/19

  Extended Technicolor paradigm:

- requires walking gauge coupling 
  chiral SB on                       scale

- fermion mass generation from   
  scale at  

- can solve problem of flavor changing  
  currents

- composite Higgs mechanism 

- broken scale invariance (Dilaton)             
  light non-SM composite Higgs 
  particle?  
    
- can avoid conflict with EW precision 
  constraints

- candidate models require non-
  perturbative lattice studies

- focus is on composite Higgs
  mechanism 

ΛTC ~ TeV

ΛETC ~ 100 −1000ΛTC

walking coupling 
separates two scales

target of USQCD lattice BSM effort

Chiral symmetry breaking turns 
conformal FP into walking

running coupling

non-conformal QCD-like
far from conformal window

original Technicolor  paradigm 
replaced with sextet SU(3) color rep:

- one massless fermion doublet
  chiral SB

- three Goldstone pions 

- become longitudinal   
  components of weak bosons

- composite Higgs mechanism  
  scale of Higgs condensate ~ F=250 GeV  
  
- flavor changing currents and fermion 
  mass generation would be problems

- conflicts with EW precision constraints?

ΛTC ~ TeV

u
d
⎡

⎣
⎢

⎤

⎦
⎥

important for lattice studies in BSM theory space 

 composite Higgs?  example: Nf=2 SU(3) sextet rep    TC (ETC) language used
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properties of NF >> 3 theories

ex.) anomalous dimension of <ψ̅ ψ>

(f̄f)(T̄ T )

Λ2

(f̄f)(f̄f)

Λ2

(f̄f)(f̄f)

Λ2

(f̄f)(T̄ T )

Λ2

� Λ2

v2EW

�γm
generates 

fermion mass,
 want low Λ 

generates FCNC,
want high Λ

12Friday, May 4, 2012

from Adam Martin

important for fermion mass generation
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Probing technicolor theories with staggered fermions Kieran Holland

Figure 1: The conformal window for SU(N) gauge theories with Nf techniquarks in various representations,

from [3]. The shaded regions are the windows, for fundamental (gray), 2-index antisymmetric (blue), 2-index

symmetric (red) and adjoint (green) representations.

1. Introduction

The LHC will probe the mechanism of electroweak symmetry breaking. A very attractive

alternative to the standard Higgs mechanism, with fundamental scalars, involves new strongly-

interacting gauge theories, known as technicolor [1, 2]. Such models avoid difficulties of theories

with scalars, such as triviality and fine-tuning. Chiral symmetry must be spontaneously broken in

a technicolor theory, to provide the technipions which generate the W± and Z masses and break

electroweak symmetry. Although this duplication of QCD is appealing, precise electroweak mea-

surements have made it difficult to find a viable candidate theory. It is also necessary to enlarge the

theory (extended technicolor) to generate quark masses, without generating large flavor-changing

neutral currents, which is challenging.

Technicolor theories have lately enjoyed a resurgence, due to the exploration of various tech-

niquark representations [3]. Feasible candidates have fewer new flavors, reducing tension with

electroweak constraints. If a theory is almost conformal, it is possible this generates additional

energy scales, which could help in building the extended technicolor sector. There are estimates

of which theories are conformal for various representations, shown in Fig. 1. For SU(N) gauge

theory, if the number of techniquark flavors is less than some critical number, conformal and chiral

symmetries are broken and the theory is QCD-like. For future model-building, it is crucial to go be-

yond these estimates and determine precisely where the conformal windows are. There have been

a number of recent lattice simulations of technicolor theories, attempting to locate the conformal

windows for various representations [4, 5, 6, 7, 8].

2. Dirac eigenvalues and chiral symmetry

The connection between the eigenvalues ! of the Dirac operator and chiral symmetry breaking

2

theory space and conformal window 
critically important for composite Higgs
space of color, flavor, and massless fermion representation 
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Standard Model: Charged currents in SU(2)L ⊗ U(1)Y sector

Julius Kuti, University of California at San Diego USQCD Collaboration Meeting, Jefferson Laboratory, April 4 - 5, 2008, 16/19

for each rep BSM interest is below  
conformal window but close to it:

un-particles

USQCD BSM interest

USQCD BSM results of last 12 
months in 3 reps including 
new projects just starting

not in BSM studies
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Julius Kuti, University of California at San Diego USQCD Collaboration Meeting, Jefferson Laboratory, April 4 - 5, 2008, 16/19

for each rep BSM interest is below  
conformal window but close to it:

un-particles

USQCD BSM interest

USQCD BSM results of last 12 
months in 3 reps including 
new projects just starting

not in BSM studies
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focus: USQCD BSM results - models 
with potential experimental implications



USQCD BSM project sites using LQCD-ext hardware & SciDAC software 
support

(a few years ago map was empty)

Review of results from last 12 months and plans for next 12 months  

UCSD

UoP

LLNL
U Colorado

FNAL

Argonne

Syracuse

RPI
Columbia

Yale

 BU

several USQCD BSM groups study the composite Higgs mechanism   
TC scale - stretched to ETC scale by walking gauge coupling

fermion mass generation is open problem - new theory on ETC scale?
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Approaching Conformality with Ten Flavors.
Thomas Appelquist, Richard C. Brower, Michael I. Buchoff, Michael Cheng, Saul D. Cohen, George T. Fleming, Joe Kiskis,
 Meifeng Lin, Heechang Na, Ethan T. Neil et al.. FERMILAB-PUB-12-111-T,LLNL-JRNL-548639,NSF-KITP-12-069. 
e-Print: arXiv:1204.6000 [hep-ph]

WW Scattering Parameters via Pseudoscalar Phase Shifts.
Thomas Appelquist (Yale U.), Ron Babich, Richard C. Brower (Boston U.), Michael I. Buchoff, Michael Cheng (LLNL, Livermore),
 Michael A. Clark (Harvard-Smithsonian Ctr. Astrophys.), Saul D. Cohen (Washington U., Seattle), George T. Fleming (Yale U.), 
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Lattice Simulations and Infrared Conformality.
T. Appelquist, G.T. Fleming, M.F. Lin (Yale U.), E.T. Neil (Fermilab), D.A. Schaich (Boston U.). Jun 2011. 5 pp. 
FERMILAB-PUB-11-269-T. 
Published in Phys.Rev. D84 (2011) 054501 
e-Print: arXiv:1106.2148 [hep-lat]

Parity Doubling and the S Parameter Below the Conformal Window.
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Published in Phys.Rev.Lett. 106 (2011) 231601 
e-Print: arXiv:1009.5967 [hep-ph]

Twelve massless flavors and three colors below the conformal window.
Zoltan Fodor, Kieran Holland, Julius Kuti, Daniel Nogradi, Chris Schroeder (Wuppertal U. & IAS, Julich & Eotvos U.), 
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- 32 new USQCD BSM 2011-2012 publications               (size of BSM effort ~ 20% of USQCD)
-  impact: over 200 citations for new papers
- USQCD BSM is competing well world-wide in this field  
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It is a world-wide effort (USQCD plays leading role)
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S parameter LSD Collaboration, PRL 106:231601 (2011)

Constraint from vacuum polarizations Πµν(Q) of EW gauge bosons

S = 4πND lim
Q2→0

d
dQ2

ΠV−A(Q2)−∆SSM

ΠV−A(Q2)

�

(Linear+chiral log fits to guide the eye)

from David Schaich
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Q2→0
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ΠV−A(Q2)−∆SSM

ΠV−A(Q2)

�

(Linear+chiral log fits to guide the eye)

from David Schaich

Behavior of S-parameter is not QCD-like as we get closer to the 
conformal window and toward walking coupling scenario

This is also hinted from the spectrum of nearly degenerate parity 
partner vector and axial vector states
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17

WW scattering LSD Collaboration, PRD 85:074505 (2012)

Direct ( but difficult! ) probe of electroweak symmetry breaking
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Low-energy S-wave “I = 2” pseudoscalar scattering on the lattice

−→ hadronic chiral lagrangian LECs �1 and �2

� electroweak chiral lagrangian LECs α4 and α5

from David Schaich
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Importance in Higgs-less LHC scenario

used to be the “no-lose theorem”
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WW scattering LSD Collaboration, PRD 85:074505 (2012)

For Nf = 2, α4 + α5 =
�

3.34± 0.17
+0.08

−0.71

�
× 10

−3 −∆SSM

(dominant systematic error from chiral fit)

D-wave scattering or form factors needed to separate α4 and α5

Unitarity bounds α4 + α5 ≥ 1.14× 10−3 and α4 ≥ 0.65× 10−3

Expected LHC bounds (99% confidence level after 100/fb at 14 TeV):

−7.7 < α4 × 10
3 < 15 −12 < α5 × 10

3 < 10

For Nf = 6,

reorganize χPT in terms of

measured MP and FP

Directly compare LECs

for Nf = 2 and Nf = 6

b�
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adjoint SU(2) color representation  Nf=2 (with fourth family)  -   phenomenology?
phenomenologically viable only if below the conformal window and has large anomalous  
mass dimension    ( Sannino MWTC)

20

Minimal Walking Technicolor

Sannino, Tuominen ‘04; Dietrich, Sannino, Tuominen ‘05

N
extra 

neutrino

E
extra 

electron

U
TC-up

D
TC-down

G
TC-gluon

U(1)Y

SU(2)L

SU(3)C

SU(2)TC

TC-fermions in the SU(2)TC ad-
joint rep.: a = 1, 2, 3;

Qa
L =

�
Ua
L

Da
L

�
, Ua

R, Da
R

Heavy leptons to cancel Witten

anomaly

LL =

�
NL

EL

�
, NR, ER

S. Di Chiara Planck 2010

Figure 11: Cartoon of the Minimal Walking Technicolor Model extension of the SM.

convenient to use the Weyl basis for the fermions and arrange them in the following

vector transforming according to the fundamental representation of SU(4)

Q =




UL

DL

−iσ2
U
∗
R

−iσ2
D
∗
R



, (3.49)

where UL and DL are the left handed techniup and technidown, respectively and UR

and DR are the corresponding right handed particles. Assuming the standard breaking

to the maximal diagonal subgroup, the SU(4) symmetry spontaneously breaks to SO(4).

Such a breaking is driven by the following condensate

�Qα
i
Q
β
j
�αβEij� = −2 �URUL +DRDL� , (3.50)

where the indices i, j = 1, . . . , 4 denote the components of the tetraplet of Q, and the

Greek indices indicate the ordinary spin. The matrix E is a 4×4 matrix defined in terms

of the 2-dimensional unit matrix as

E =

�
0

0

�
. (3.51)

Here �αβ = −iσ2

αβ and �Uα
L
UR
∗β�αβ� = −�URUL�. A similar expression holds for the

D techniquark. The above condensate is invariant under an SO(4) symmetry. This

24

Syracuse/RPI  Catterall, Giedt, et al.

U Colorado, Boulder  (DeGrand et al.)

MCRG Minimal Walking Technicolor Liam Keegan

Figure 5: Matching mass pairs. Linear fit gives γ = 0.49(13). Also shown is the linear fit given by assuming
γ = 1, such a large anomalous dimension is clearly excluded by our data.

masses are as close as possible to zero, in order to look for a fixed point by directly measuring the
running of the coupling.
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γ m (g) = 0.49(13)

IRFP? 2

We minimize the following function with respect to ym.

P (ym) =
1

Nover

∑

p

∑

j !=p

∑

i,over

(

ξL(mi,j)

Lj
− fp(L

ym

j mi,j)

)2

(3.1)

Here i labels the different PCAC mass values for a given Lj. The effect of this is to find a ym such that fp for the other
values Lj,mi,j is as close as possible to the curve obtained from fitting Lp,mi,p. This is summed over all possibilities
p. Also, “over” indicates that only i are used such that mi,jL

ym

j falls within the range of values of mi,pLym

p , so that
the comparison is to an interpolation of the mi,pLym

p data, rather than an extrapolation.

Type f(x)

Quadratic c0 + c1x+ c2x
2

Log quadratic c0 + c1 ln x+ c2(lnx)
2

Rational (a+ x)/(bx+ c)

Piece-wise linear Straight lines connecting data

TABLE I. Interpolating functions that we use to fit data for
a fixed Lp.

For the fitting function we have considered the possibil-
ities listed in Table I. The quadratic and rational choices
were performed in order to follow the methods of [18, 22].
The log quadratic fit was motivated by the behavior of
the data when ξL/L is plotted versus ln(mLym), which
is close to a straight line. The piece-wise log-linear form
was used as a fourth choice that trivially passes through
the data.

IV. RESULTS

We have used four observables: the “pion” mass
mπ, the “rho” mass mρ, the “a1” mass ma1

, and the
“pion” decay constant fπ. These are all obtained from
standard correlation functions using point sources and
sinks. We fit the correlation functions with a single
exponential, allowing the first time tfirst in the fit to
be large enough for the excited state contributions to
be negligible. This is determined by looking at the
mass of the meson as a function of tfirst and extract-
ing the value on the plateau. Five values of bare masses
m0a = −1.0,−1.1,−1.165,−1.175,−1.18 on lattices of
size L/a = 10, 12, 16, 20, 24 were simulated, all at β =
2.25. These are the same configurations as were gener-
ated in [26], and the values of the PCAC mass and details
on the simulations are given there. Also note that the size
of the temporal direction is T = 2L.

Using these results, and performing the minimization
described in the previous section, we obtain values for ym.
In the case ofma1

and fπ, the quantity ξL/L is small, and
scaling violations compete with the scaling function for
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FIG. 1. Collapse of π data for ym = 1.55. Here and in the
other figures, x = mLym .
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FIG. 2. Collapse of ρ data for ym = 1.52.

small lattices. For this reason we exclude the small lat-
tices L/a = 10, 12 for these channels. The results for ym
are summarized in Table II. It can be seen that the form
of the fitting function is an important source of system-
atic error in the method. We use the spread associated
with this choice, measured by the standard deviation of
the values of ym, as an estimate of the systematic error.
Because we use a large number of configurations, O(103),
statistical error is negligible by comparison. The approx-
imate collapse of data is shown in Figs. 1-4; it can be
seen that the excluded small lattice data does not fall on
the scaling curve due to scaling violations.

∗ giedtj@rpi.edu

4th lepton doublet
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Figure 19: Branching ratios of the charged (first row) and neutral (second row) R2
resonance for S = 0.3 and g̃ = 2, 5 . We take MH = 0.2 TeV, s = 0.
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Figure 20: Feynman diagram of the signal processes for the dilepton production.
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Figure 21: Dilepton invariant mass distribution M�� for pp → R1,2 → �+�− signal and
background processes. We consider g̃ = 2, 3, 4 respectively from left to right and masses
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adjoint SU(2) color representation  Nf=2 (with fourth family)  -   phenomenology?
phenomenology can start before conformality is resolved (generic)               Sannino  MWTC

Feynman diagram of TeV scale new vector meson 
production

Drell-Yen production of composite 
vector bosons on the TeV scale

from Sannino et al.
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SU(3) gauge theory with sextet fermions
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Figure 1: The step scaling function calculated in [2] (left) with thin links indicating an infrared fixed point.

Using fat links for the fermion action (right) the fixed point disappears [3]. See the text for more details.

The calculatation of the running coupling in the Schroedinger functional scheme using Wilson

fermions was started in [2] for the Nf = 2 sextet model. Using an unimproved (think link) Wilson

action a zero of the step scaling function was measured at one lattice spacing corresponding to

4
4 → 8

4
, see left panel of figure 1. Two more lattice spacings corresponding to 6

4 → 12
4

and

8
4→ 16

4
were then added [3] using an improved (fat link) Wilson action, see right panel of figure

1. The fixed point disappeared with a possible interpretation that the rougher lattice spacing result

was an artifact. The gauge action was the same in the two calculations. However changing not only

the fermion action but the gauge action as well to use fat links resulted in a step scaling function

with a zero for the lattice spacing corresponding to 6
4→ 12

4
, see figure 2. A possible interpretation

is that the absence of the zero previously was the artifact after all [4].

Changing the action and/or the lattice spacing led to results so far which show that discretiza-

tion effects are still there. Clearly a careful continuum extrapolation is necessary with a given

action in order to decide which finite lattice spacing result is the one prevailing all the way to the

continuum. A good check of the procedure would be the reproduction of the 2-loop β -function for

small renormalized coupling, carefully extrapolated to the continuum.

As a cross-check it would be helpful if the running coupling would be calculated in a different

non-perturbatively well-defined scheme. Reproducing the 2-loop β -function for small coupling is

always a good test for any scheme. For larger coupling two schemes can disagree on the value of

the coupling but if a fixed point exist for one scheme a fixed point should exist for the other scheme

too.

2.2 Thermodynamics

Another way of addressing the infrared behavior of the model is studying it at finite tempera-

ture. If chiral symmetry is broken at T = 0 one expects a chiral symmetry restoration temperature

Tc. If the model is conformal in the infrared then as far as chiral symmetry is concerned there

is no phase transition at all for T > 0. Lattice investigations of thermodynamical properties are

complicated by the fact that the lattice system at finite lattice spacing typically has a rich phase

4

SU(3) sextet color representation  Nf=2 (minimal composite Higgs)  -   phenomenology?
phenomenologically viable below the conformal window: has large anomalous mass 
dimension    should be called  MWTC

IRFP is disappearing? 

(DeGrand et al.)
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c1=  3.08 " 0.12

2/dof= 0.87

m fit range:  0.003  0.006

inputs from: 243! 48, 323! 64, 483! 96 

F  = F0 + c1 m     =3.2

F0=  0.02805 " 0.00052

c1=  3.08 " 0.12

2/dof= 0.87

24x48 not fitted
32x64 not fitted
32x64 fitted
inf volume point fitted
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 sextet model Goldstone pion in PCAC channel with quadratic chiral fit
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32x64 fitted
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Lattice Higgs Collaboration

χSB

χSB

SU(3) gauge theory with sextet fermions
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u = 1/g2

-0.05

0
!~ (u)

!f = 0
!f = 0.5
one loop
two loops

Figure 2: The step scaling function from [4] using fat links for the fermion action only (blue) and fat links
for both the fermion and gauge actions (black). The fixed point is visible again; see the text for more details.

Figure 3: The chiral susceptibility on Nt = 4 and Nt = 6 lattices from [5].

structure with various types of phase transitions and phase boundaries most of which however hap-
pens to be regularization specific and as such an artifact with no consequence to the continuum.
Bulk phase transitions are an example. A careful continuum extrapolation of the findings is hence
again essential.

The thermodynamic study of the Nf = 2 sextet model was initiated in [5]. Using unimproved
rooted staggered fermions in the fixed−Nt approach the Polyakov loop and the chiral condensate
was measured at various quark masses. In the fixed−Nt approach one lattice spacing corresponds

5

IRFP is re-appearing? 

Lattice Higgs Collaboration

setting the EW scale F0

the Goldstone boson of TC
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sextet model Goldstone pion in PCAC channel with conformal fit
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SU(3) sextet color representation  Nf=2 (minimal composite Higgs)  -   phenomenology?

Large anomalous dimension!
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 sextet model MHiggs in scPion channel with linear chiral fit 

 

 

m fit range:  0.003  0.008

plotted volumes:  243! 48, 323! 64, 483! 96 

MHiggs = M0 + c1 m

M0=  0.1699 " 0.0077

c1=  22.4 " 1.45

2/dof= 0.48

24x48 not fitted
32x64 fitted
48x96 not fitted

MH/F ~ 6

without disconnected diagram 
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sextet model Rho meson in cRho4 channel with linear chiral fit  

 

 

m fit range:  0.003  0.01

fitted volumes:  243! 48, 323! 64, 483! 96 

Mrho = M0 + c1 m      =3.2

M0=  0.1892 " 0.0061

c1=  24.7 " 0.92

2/dof= 0.56

24x48 fitted
32x64 fitted
48x96 fitted

Mrho/F ~ 7

LHC peak shown earlier

Lattice Higgs Collaboration
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- Composite Higgs mechanism

- USQCD BSM results of last 12 months  
  lead role in world-wide effort

- S-parameter (LSD)

- WW scattering (LSD)

- Composite Higgs model realizations: SU(2) adjoint and sextet SU(3) 
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- Outlook
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Other directions
technicolor & Dark Matter:

• lightest technibaryon can be 
  stable by analog of U(1)B

• an initial matter/anti-matter asymmetry gets shared 
among baryons, leptons, technibaryons via 
sphalerons

• can get observed ΩDM/ ΩB easily for ~ TeV scale DM

must be electrically neutral, EW singlets to avoid direct detection
Then leading operators are charge radius and polarizability:

(Chivukula, Barr, Fahri, Nussinov)

B∗B vµ ∂νFµν

Λ2
TC

B∗B FµνFµν

Λ3
TC

ex.) lattice input?,
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EW phase transition in composite Higgs model  - early universe

26

sextet model (Kogut-Sinclair)

Sinclair is USQCD member but project is not using 
USQCD resources!  

potential implications in early cosmology

finite temperature 
EW phase transition?

SU(3) gauge theory with sextet fermions

Figure 4: The chiral susceptibility on Nt = 8 and Nt = 12 lattices from [6] and [7] respectively.

to a given Nt = 1/(aT ), β is used to change the temperature and the continuum limit is achieved

via Nt →∞. A thermal phase transition corresponds to a critical βc(Nt) coupling for each Nt which

for large Nt scales according to the continuum β -function; in particular βc → ∞. A bulk phase

transition on the other hand is characterized by critical βc(Nt) couplings which do not scale and for

large Nt approach a fixed value.

As always with any thermodynamics study finite volume effects needs to be under control and

the quark mass needs to be small enough. Since staggered fermions are used the lattice spacing

also needs to be small enough in order to avoid dangerous taste violation effects especially because

the low energy dynamics is very sensitive to the number of massless flavors.

The critical coupling βc was determined in [5] from the peak of the chiral susceptibility on

Nt = 4 lattices for two values of the quark mass. The location of the peaks appear to be mass

independent and is around βc ≈ 6.3, see left panel of figure 3. The Nt = 6 result at the same two

quark masses also from [5] is shown on the right panel of figure 3. The critical coupling moved

to βc ≈ 6.6. On even finer lattices [6], at Nt = 8, the critical coupling moved further, to around

βc = 6.7 with additional small quark masses added, see left panel of figure 4. Again the quark

mass dependence is quite small. Finally the Nt = 12 lattices are preliminary [7] at the moment but

seem to indicate further increase in βc, see the right panel of figure 4. If indeed βc scales with Nt

correctly the located phase transitions would correspond to a continuum phase transition indicating

chirally broken symmetry at zero temperature.

A priori it is not clear how large Nt needs to be in order to be in the scaling regime. Most

importantly the thin link action suffers from possible large taste violation. Unfortunately, these

effects are not quantified yet. One could in principle reduce them by using smeared actions. In any

case a continuum extrapolation is necessary.

6

finite temperature 
EW phase transition?
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Summary and outlook
  
- USQCD is playing leadership role in studies of BSM physics on energy frontier

     - Searching for candidate composite Higgs models and computing their properties

       - Supersymmetric extension SM - susy breaking needs lattice input with ultimate goal to 
        understand soft parameters in MSSM
 
- Covers two main approaches to understanding EW symmetry breaking at LHC

- Much learned in last 12 months - Hard but making good progress 
  
- Excellent pilot work on S-parameter and WW scattering  (important future goal) 

- Composite Higgs model realizations: SU(2) adjoint and sextet SU(3) 

- Technicolor spectroscopy (important future goal)

- Cosmology connection 
  (dark baryon matter and  EW phase transition)

- USQCD BSM research is important part of our SciDAC-3 plan
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backup slides
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 CMS Higgs search          (from Vivek Sharma) 
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SM HIGGS NOT HERE
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127.5114.4
Remaining corridor of uncertainty
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properties of NF >> 3 theories

precision electroweak parameters: 
if TeV-scale dynamics is QCD-like, expect S~0.3

what about in a 
near-conformal 

theory?

13Friday, May 4, 2012 from Adam Martin

or even higher !

New LSD results will be shown


