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What’s in the talk?
Lightning intro to TC, ETC, WTC and all that

Consequences of WTC --> LSTC, very narrow 

              at the Tevatron

Other LSTC signatures at the Tevatron

LSTC discovery channels at the LHC

ρT →WπT

VT



Introduction to TC, etc.
TC = new strong int’n of massless T-fermions 
at           several 100 GeV

T-fermions                                        
in complex IR’s of          and                        
LH doublets, RH singlets of 
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ΛTC =

Ti;L,R = (Ui, Di)L,R

GTC
(SU(2)⊗ U(1))EW

�T̄LTR� �= 0 ⇒ (SU(2)⊗ U(1))EW → U(1)EM

with ρ ≡MW /MZ cos θW = 1 +O(α)

,



Extended TC -- generates         :

         

Walking TC --
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mq.�

METC/gETC >∼ 100�s of TeV to suppress FCNC’s                           

αTC(ΛTC) near an IRFP, 
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runs VERY slowly, almost to METC
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      bound states                         with                 

     produced via DY process in     collisions

     accessed via      decays;                 
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Consequences of WTC
1) LSTC: Walking (IRFP) needs MANY T-fermions   

=> Low-scale ΛTC (i.e., F 2
πT
� F 2

EW = (246GeV)2)

T̄ T VT = ρT , ωT , aT MVT � 1 TeV

VT q̄q

πT VT

2) WTC enhances MπT (∝ �T̄ T �) MORE than  MρT

=> Expect MρT < 2MπT
•

• MωT
∼= MρT (isospin), MaT �MρT + a bit

πT → q̄q�, �̄�� (heavy??)
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3) Only weakly-coupled decay channels are open 

to the lightest VT :

ρT →WπT , γπT ; WZ, WW, γW/Z (W �WL)

ωT → γπT ; γZ; �+�− (Z � ZL)

aT → γπT , W⊥πT ; γWL/ZL; �+�−, �±ν�

⇒ Γ(ρT ) <∼ 1 GeV, Γ(ωT , aT ) <∼ 0.1 GeV
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LSTC at the Tevatron 
Based on Technicolor Straw-Man model of 
LSTC in Pythia (thanks to Steve Mrenna)

All dedicated studies & searches so far use     
standard TCSM parameters:  (Explain!)

Limits from CDF on 

and Dzero on                                                              

sin χ = 1/3, QU = QD + 1 = 1,
NTC = 4, MVi = MAi = MρT

ρT →WπT → �±ν� b + jet

ρT →WZ → �±ν��
+�−
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DØ ρT →WZ → �±ν� �+�− exclusion

CDF ρT →WπT → �±ν�b + jet exclusion
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ρT →WπT → �±ν� jj in CDF

CDF has observed 
without b-tagging!

Phys.Rev.D82:112001,2010

EE, KL & Adam Martin arXiV:1104.0906
E. Eichten & KL (1989);   EE, KL & J. Womersley (1996)

p̄p→WW/WZ → �±ν�jj
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ρT →WπT → �±ν� jj in CDF

CDF has observed 
without b-tagging!

Phys.Rev.D82:112001,2010

EE, KL & Adam Martin (2011)
E. Eichten & KL (1989);   EE, KL & J. Womersley (1996)

what’s
this?

p̄p→WW/WZ → �±ν�jj



CDF Cuts for Wjj excess:
• one e or µ, pT > 20 GeV, |η| < 1.0

• exactly two jets, pT > 30 GeV, |η| < 2.4

• ∆R(�, j) > 0.52

• pT (j1j2) > 40 GeV

• ET,miss > 25 GeV

• MT (W ) > 30 GeV

• |∆η(j1j2)| < 2.5

• |∆φ(ET,miss, j1)| > 0.4
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CDF : σ(p̄p→WX) B(X → jj) = O(4 pb)



CDF Cuts
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+ ELM Cuts:

Combine a 3rd jet with one of        if it’s within                

Topological cuts (              kinematics):

• ∆φ(j1, j2) > 1.75

• pT (W ) > 60 GeV

j1, j2
∆R = 1.5 of either of them.

ρT →WπT
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CDF + ELM Cuts
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From  V. Cavaliere’s thesis:

LSTC ==> there must be a ρT peak 
MWjjnear 300 GeV in 

Text

muons            electrons
↑ ↑

← ? ← ?
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CDF cuts
S/B = 235/3400

Wjj simulation for 4.3 fb   (no b-tag!)−1
MρT = 290GeV, MπT = 160GeV
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CDF cuts
S/B = 235/3400

CDF+ELM cuts
S/B = 215/1215

Wjj simulation for 4.3 fb   (no b-tag!)−1
MρT = 290GeV, MπT = 160GeV
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What else can be done to reveal ρT ?

)*cos(
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σ(q̄q → ρT →WπT ) ∝ sin2 θe.g., 
back off p_T cut on W: pT (W ) > 40 GeV
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Expect  

 

 

Other LSTC signatures at the Tevatron:

MωT
∼= MρT , MaT = MρT + a bit

Take MωT = 290GeV, MaT = 1.1MρT = 320GeV

σ(ωT → γπ0
T → γb̄b) � 80 fb

σ(a±T → γπ±T → γb̄q) � 185 fb

σ(ωT , ρ0
T → e+e−) � 12 fb

σ(a0
T → e+e−) � 7 fb

(for QU = QD + 1 = 1)
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(20 < Mee < 76 GeV/c2) control region, as well as in
the trilepton (76 < Mee < 106 GeV/c2) and high-mass
tt̄ control regions described above.
The main sources of systematic uncertainty on the MC-

estimated backgrounds [17] are the theoretical cross sec-
tions (an 8% effect on the event yields), the luminosity
(6%), the lepton-ID efficiency (2%), the parton distru-
bition functions (2%), and the trigger efficiency (0.5%).
The total MC systematic uncertainty on the expected
event yield is ∼ 10 %. The respective QCD-background
systematic uncertainty is ∼ 50 %, which comes from the
variation in the measurement of the fake probabilities us-
ing different jet-rich CDF datasets triggered with varied
jet-energy thresholds. Since the SM background is very
low in the high dielectron-mass region of interest, the
results are not overly sensitive to the systematic uncer-
tainties.
Figure 1(a) shows the Mee spectrum for SM expecta-

tion and CDF data. We observe good agreement in the
Z-boson resonance region, which validates our efficien-
cies, scale factors, data luminosity and theoretical cross
sections. We observe a long mass tail coming mainly
from the DY process. Figure 1(b) shows the Mee spec-
trum between 200 and 600 GeV/c2; above 200 GeV/c2,
we expect 793± 96 events and observe 801. We observe
an exceptional Mee = 960 GeV/c2 candidate event, the
highest-mass dielectron event ever observed. Calorime-
ter resolution induces an uncertainty on the dielectron
mass of 16 GeV/c2 for this event. The two electrons
have transverse momenta of 482 and 468 GeV/c; they
originate from the same primary vertex and are oppo-
sitely charged. The event is characterized by very low
hadronic activity (no jets are reconstructed) and by a
low missing transverse energy of 17 GeV – separated by
23 degrees in φ from the 468 GeV/c electron – coming
most probably from the resolution of the calorimeter.
In order to assess the agreement between SM and ob-

servation, for every mass bin i we define a p-value as the
probability to observe at least N i

data events, when N i
SM

events are expected. We determine this probability by
generating pseudoexperiments and counting the number
of times when N i

pseudo ≥ N i
data. Here N i

pseudo follows a
Poisson distribution convoluted with a Gaussian of mean
equal to N i

SM and standard deviation equal to the SM
systematic uncertainty for the i-th bin. Figure 2 shows
the p-value as a function of theMee. The band defines the
1-σ expected range of the minimum p-value that could be
observed in any mass bin. This range is calculated from
the probability distribution of minimum p-values deter-
mined with the use of pseudoexperiments. The probabil-
ity to observe a SM event with Mee ≥ 960 GeV/c2 is 4%.
Above 600 GeV/c2, we expect 3.6 ± 0.4 events and ob-
serve three. The second most significant excess of events
is observed at ∼320 GeV/c2, as shown in Fig. 2.
The measured Mee spectrum can be used to set a

limit on RS-graviton production. Here we parametrize
the RS model using the mass of the lightest RS gravi-
ton (m1) and the dimensionless parameter

√
8πk/MPl ≡
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FIG. 1: (a) The dielectron mass distribution for the SM back-
ground (stacked histograms of DY, QCD, diboson, and tt̄)
and the CDF data. The QCD background is derived from
CDF data. The electroweak backgrounds are estimated using
MC normalized to the data luminosity times theoretical cross
sections, without fitting to any part of the dielectron data dis-
tribution. (b) The dielectron mass distribution between 200
and 600 GeV/c2.
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FIG. 2: The p-value as a function of the dielectron mass. The
1-σ range of expected minimum p-value seen at any bin is
shown.
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be fully within the SMT acceptance. The two electron
candidates are not required to have opposite charges to
avoid losses due to charge misidentification. The data
sample consists of 185,264 events that satisfy these se-
lection criteria in the dielectron invariant mass control
region 60 < Mee < 150 GeV and 1332 events in the
search region Mee > 150 GeV.
Signal and SM background events are generated us-

ing pythia [16] with the CTEQ6L1 [17] parametriza-
tion of the parton distribution functions (PDFs), and
processed through the D0 detector simulation based on
geant3 [18] adding zero bias events, and the same recon-
struction software as the data. Signal templates based on
the SSM Z ′ boson have been generated up to masses of
1100 GeV. The width of the resonance scales with the Z ′

boson mass, according to ΓZ′ = ΓZ × MZ′/MZ , where
MZ and ΓZ are the mass and width of the Z boson. For
MZ′ ≥ 2mt the decay channel to top quarks opens up,
thus increasing the width of the resonance. The signal se-
lection efficiency increases from ∼22% to ∼44% for MZ′

between 175 and 1100 GeV independent of the type of
Z ′ boson discussed in this Letter.
The dominant irreducible background is due to the

Drell-Yan (DY) process. A mass-dependent k-factor [19]
has been applied to the pythia dielectron invariant mass
spectrum to account for next-to-next-to-leading order
(NNLO) contributions. The main instrumental back-
ground originates from the misidentification of one or
two jets as electrons. The shape of the invariant mass
spectrum for this background is obtained from data by
selecting events where the EM clusters fail the χ2 test.
Other SM backgrounds include Z/γ∗ → ττ , W+γ, WW ,
ZZ, WZ, W+ jets, tt̄, and γγ production. The contri-
bution of these background processes is small (∼0.6%)
and is estimated using pythia corrected for higher order
contributions [20–22].
The normalization of the various background con-

tributions is determined by fitting the invariant mass
spectrum of the data to a superposition of the back-
grounds in a control region around the Z boson mass
(60 < Mee < 150 GeV), where the existence of Z ′ bosons
has been excluded by previous searches [23]. The to-
tal number of background events in that region is fixed
to the number of events that have been observed in the
data. The relative contribution from the DY process and
instrumental background is a free parameter, while the
contribution from the other SM processes is normalized
to their theoretical cross sections. The uncertainty of the
background normalization is estimated by varying both
the criteria to select the instrumental background sample
and the fitting range, and is 2%.
Having normalized the various background contribu-

tions to data in the control region, the background shapes
are used to extrapolate to higher invariant masses. The
measured ee invariant mass spectrum, superimposed on
the expected backgrounds for the full mass range studied,
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FIG. 1: Distribution of Mee for data, along with the total
expected background for the full invariant mass range studied.
Insert focuses on the area of the Mee spectrum from 160 GeV
to 300 GeV, where the majority of observed data in the signal
region lie.

is shown in Fig. 1. The data and expected background
are generally in good agreement for the full invariant
mass range studied, with a χ2 over degrees of freedom
equal to 118.5/113.
In the absence of a heavy resonance signal, the ee in-

variant mass distribution is used to calculate an upper
limit on the production cross section of Z ′ bosons multi-
plied by the branching ratio into the ee final state, using
a Poisson log-likelihood ratio (LLR) test statistics [24].
The expected limits are calculated using the median of
the LLR distribution for a background-only hypothesis.
The observed limit, obtained including all the fluctua-
tions present in the data, is expected to be contained in
the ±1 and ±2 standard deviations region with a prob-
ability of 68% and 95%, respectively. An observed limit
significantly outside the expected range would indicate

σ(ωT , ρ0
T → e+e−) � 12 fb, σ(a0

T → e+e−) � 7 fb

CDF -- 5.7 fb−1

Dzero -- 5.4 fb −1

?
?

↑

↑

→
→

←?
←?

“The 2nd most significant
excess is at ~320GeV” 
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LSTC at the LHC

√
s = 10 (not 7) TeV,

�
Ldt � 1 fb−1

                           
Les Houches 2009 study for 

Focus on final states --  no jets!
smaller S, much smaller B

•

•

• Could ρT →Wjj be seen at the LHC?? 

γ, e, µ, ν



Discovery Channels of
             at the LHCρT , ωT , aT

ρT →W±Z0 → �±�+�−ν�

ρ±T , a±T → γW± → γ�±ν�

ωT , ρ0
T , a0

T → �+�−

ωT → γZ0 → γ�+�−

ρ±T , a±T → �±ν� doable, but not discovery

difficult!



LSTC at (10 TeV!) LHC -- 
Simulations for 

MρT MaT MπT
σ(WZ)σ(γW )σ(γZ)σ(e+e−)Case

1a 225 250 150 230 330 60 675

1b 225 250 140 205 285 40 505

2a 300 330 200 75 105 11 135

2b 300 330 180 45 85 7 90

3a 400 440 275 22 40 4 40

3b 400 440 250 14 35 3 30

∼ 1 fb−1



LSTC at (7 TeV!) LHC -- 
Simulations for 

MρT MaT MπT
σ(WZ)σ(γW )σ(γZ)σ(e+e−)Case

CDF 290 320 160 24 51 5 25+
25

∼ 1 fb−1

S only
B = 60--40
in +-10 GeV 

NO K-factor



ρT →W±Z0 → �±�+�−ν�

T. Bose, E. Carrera, Y. Maravin (CMS)
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S.J. Harper (CMS)

N.B.: This -> 0 if QU + QD = 0; here QU + QD = 1
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Left: Case 2a at generator level and after detector resolution.
Right: Case 2a pseudo-exp’t with SM bkgds; ET (e±) > 50 GeV
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�
L dt (pb−1) needed at 

√
s = 10TeV ωT → e+e−

 at 95% CL in LSTC models 1a-3b.
to exclude

Model nominal syst. improved syst.

1a 20 20

1b 31 31

2a 170 150

2b 360 320

3a 610 560

3b 1120 930

QU + QD � 1(with )
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K. Black, B.C. Smith (ATLAS)
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Summing up:

The most plausible new-physics explanation

LSTC ==> technihadrons with striking 
Low-scale TC is a consequence of walking 

explanation of EWSB
TC is the most natural & elegant

of CDF’s dijet excess is 

αTC

signatures at hadron colliders.

ρT →WπT

ρT →WπT fits all features of the data so far
-- and provides further tests (ρT peak, sin2 θ)
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Summing up:

final states; Wjj??
LSTC is easily accessible at LHC in

-- or rule out -- LSTC up to

Access 

Supporting LSTC signals at the Tevatron

The LHC certainly can discover

are within reach of current data sets:
ωT → γπ0

T , e+e−; aT → γπT , e+e−

γ, �±, ν�

∼ 300 GeV with <∼ 5 fb−1

600− 700 GeV
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Back-up slides



CDF vs. CDF + ELM cuts
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CDF cuts:          S = 250, B = 1600
CDF + ELM cuts:  S = 175, B = 690

3rd jet added:

Exactly 2 jets:

CDF cuts:          S = 285, B = 2100
CDF + ELM cuts:  S = 200, B = 880

(Mjj window = 120 -- 160 GeV)



at the LHC
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ρT →WπT → �ν�jj

CDF cuts
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ρT →WπT → �ν�jj

CDF + ELM cuts
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What about b-content of the signal?
We studied b-fraction of events after CDF cuts

 (GeV)jjM
0 50 100 150 200 250 300

 b
-ta

gg
ed
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to
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ve

nt
s

+ 1

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14 b-tagging: 50%, fake 2.5%

| < 2.0j!for all jets: |

Fraction of events with 1 or more btags, after CDF cuts

with 50% b-tag probability, 2.5% mistag rate

background only

<-- 8%
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We estimate b-fraction (with CDF cuts):

What did CDF get?

S(159 π±T , 91 π0
T ) = 250, B = 1600

=⇒ (0.50)(250) + (0.08)(1600)
250 + 1600

=

(0.25)(91) + (0.08)2(1600)
250 + 1600

=

0.137

0.018

1 b-tag
fraction
2 b-tag
fraction





Several groups using 
lattice methods to

study these questions:
Can        walk?

How large is     ? Is            ?

Spectrum of            ?

What is the value of S?

ρT , aT

αTC

γm γm � 1

43



for LSTC --
  

Inspired by TCSM + integrated treatment of

Use “hidden local symmetry” formalism

 SM fields (Higgsless!)

 Includes WZW interactions for radiative         
decays (a first!)

More restrictive -- fewer adjustable 
parameters -- than TCSM in Pythia ....

Leff

ρ±T , a±T → γW±and 

WL, ZL

+ ρT ,ωT , aT , (fT ) + πT

(A. Martin & KL)
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... in particular (for TCSM/Pythia default masses) 

gρT πT πT =
MρT

2Fπ sinχ
� Pythia default

-- Higgs-like formula for MρT as in KSRF relation

-- depletes ρT → πT WL, WLZL

-- enhances ρT → γπT , γW, γZ (QU + QD ∼ 1)
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ρ±T →W±Z0 → leptons

ρ±T → γW± → γ�±ν� (QU + QD = 1)

Case 2a



σ(WZ)ρT
σ(WZ)aT σ(γW )ρT

σ(γW )aTCase

1a 45 (35) 4.3 (30) 1765 
(905)

860 
(555)

1b 25 (35) 3.4 (30) 920 
(905)

695 
(555)

2a 17 (20) 3.7 (17) 280 
(245)

575  
(160)

Signal and underlying SM cross sections (in fb)



Oh yeah? What about S?

S = 4π

�
dm2

m4

�
ρ3

V (m2)− ρ3
A(m2)

�

= 4π

�
1 +

M2
ρT

M2
aT

�
F 2

π

M2
ρT

� 0.25 ND

�
NTC

3

�

(Peskin & Takeuchi using QCD)
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So -- what about S?

Walking TC is NOT precociously-free QCD!

QCD-based intuition is SUSPECT!                  
in particular, the S-integral cannot be 
saturated by ONLY the lowest-lying

A tower of           ?

Perhaps

ρT , aT

ρT , aT

MaT �MρT ?
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mt??
That’s the subject of another talk!


