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Abstract

Low scale technicolor is an appealing scenario of strong electroweak symmetry break-
ing. It has a rich phenomenology which can be tested at the LHC. A very characteristic
signal would involve the observation of a technipion in resonance with a Standard Model
gauge boson. A fast simulation analysis of the process pp — p; — 1&-Z — bjé¢ and
pp— a% — TE?Z — bjée for three representative sets of masses for the new particles sug-
gests that the technirho and technipion could be observed with ~ 15 fb—2, and that the ar
could be observed simultaneously with the pr and 75 within a year or more of running at
the LHC.
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1 Introduction

Understanding the mechanism of electroweak symmetry breaking is the foremost goal of the LHC. It will
probe the TeV scale where, in the absence of light Higgs boson or other such mechanism, perturbative
unitarity would be violated in the scattering of longitudinally-polarized electroweak bosons (generically,
WL). Hence, the famous “no-lose theorem” [1] that implies the LHC will uncover the origin of elec-
troweak symmetry breaking whatever it may be.

Technicolor (TC) [2,3] is an appealing scenario of electroweak symmetry breaking. In TC, a strong,
vector-like gauge interaction of massless technifermions causes their chiral symmetry to be sponta-
neously broken. If these technifermions transform under SJ(2) ® U(1) as quarks and leptons do,
this effect also breaks electroweak gauge symmetry down to electromagnetic U (1). Modern techni-
color has a slowly-running (“walking”) gauge coupling [4-7]. This feature allows extended technicolor
(ETC) [8] to generate realistic masses for quarks, leptons and technipions (7tr) with the very massive
(10%-10* TeV) ETC bosons necessary to suppress flavor-changing neutral current interactions. (For
reviews, see Refs. [9,10].) The important phenomenological consequence of walking is that the techni-
color scale is likely to be much lower and the spectrum of this low-scale technicolor (LSTC) much richer
and more experimentally accessible than originally thought [11-13]. The reason for this is that many
technifermion doublets are required to make the TC coupling walk. The bound states of the lightest
technifermion doublet, spin-one pfﬁo and cr and spin-zero n%"o, will all be accessible at the LHC. Fur-
thermore, walking enhances 7 masses much more than those of their vector partners, pt and cwr, closing
the all-7g decay channels of these lightest techni-vectors. In LSTC, then, we expect the lightest pr and
wr to lie below roughly 0.5 TeV and to be very narrow — because they decay predominantly to an elec-
troweak boson y, W, Z plus & or to a pair of electroweak bosons. These channels have very distinctive
signatures, made all the more so because prt and wr are narrow, I'(pr) ~ 1-5GeV and I' (cwr) ~ 0.1~
0.5GeV. Technipions are expected to decay via ETC interactions to the heaviest fermion-antifermion
flavors allowed kinematically, providing the best chance of their being detected.

It has been argued [15, 16] that walking TC invalidates the standard QCD-based calculations of the
precision-electroweak S-parameter [17-20]. Walking TC produces something like a tower of vector and
axial-vector isovector states above the lightest pt and its axial partner ar, and they all may contribute
significantly to the Sparameter.? Most important phenomenologically, in models with small S the
lightest at and pr are likely to be nearly degenerate and have similar couplings to their respective weak
vector and axial-vector currents; see, e.g., Refs. [21-24]. The at — 3 7/ modes are closed and they too
are very narrow, I (at) < 0.5 GeV.

The phenomenology of these technihadrons is set forth in the “Technicolor Straw-Man Model”
(TCSM) [24-26]. The principal LSTC discovery channels at the Tevatron, pr — W*7er® — ¢=ybj,
are swamped by tt production at the LHC. There, the discovery modes are most probably p% —W+Z0,
wr — yZ° and a$ — YWV, with leptonic (e and/or u) decay modes for W and Z. These modes do
not involve technipions, an essential feature of low-scale technicolor. There are other strong-interaction
scenarios of electroweak symmetry breaking (so-called Higgsless model in five dimensions and decon-
structed models, to name two examples) which predict narrow vector and axial-vector resonances, but
they do not decay to technipion-like objects. Therefore, observation of technipions is important for
confirming LSTC as the mechanism underlying electroweak symmetry breaking. Thus motivated, we
evaluate here the observability of the process pp — p5 /af — ZOreF — ¢*¢~bj which, at the LHC, is
much less dominated by background than the Wrs channels. An attractive feature of this process is the
possibility of discovering pr and at peaks in the same Zrg final state. We find this can be done in a

1) Something like topcol or-assisted technicolor [14] is needed to keep the top quark from decaying copiously into pi? b when
Mz < 160 GevV. Thus, if r¢ is heavier than the top, it will not decay exclusively totb.
2)These higher mass states are also important in unitarizing longitudinal gauge boson scattering at high energies.
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100fb~—! data sample except at the highest masses we consider, ~ 600GeV, where only the pr peak is
significant.

2 Signal and backgrounds

The process of production and decay of charged techni-rhos of the TCSM is implemented in PYTHIA [27],
version 6.411. In order to account for new processes involving the ar, as discussed in the introduction,
the relevant subroutines were replaced by revised versions, provided by S. Mrenna [28]. Three different
reference cases labeled A, B and C were considered, for which Table 1 summarizes the basic parame-
ters. The processes Z, 75 and Z, 7 are both included. Both p7 and af contribute to the production of
transversely-polarized Z, while only p% contribute to longitudinally-polarized Z production. A choice of
mass for some techniparticles is shown, as well as for the parameters My, Ma, which control the strength
of the technivector decay to a technipion and a transversely polarized electroweak boson. We also used
Qu =1 and Qp = 0 for technifermions charges. The other parameters of TCSM are those by default
in PYTHIA. The main ones are: number of technicolors Ntc = 4 and mixing angle between interaction
eigenstates of technipion and vector bosons sinx =1/3. .

Various backgrounds will contribute : tt, Zjj, Zbj and Zbb. The sample tt has been generated
with PYTHIA allowing the top quark and W bosons to decay freely. The process Zbb was generated by
AcerMC [29] 3.4 while Zjj and Zbj are from MadGraph [30] 4.1.33. Z+jets events were produced
using partons distribution function(pdf) CTEQ6L and a renormalization and factorization scale Q at
the Z boson mass. The sample Zjj does not include Zbb, but there may be double counting of Zjj
and Zbj for low pt jets. These Z+jets events were then processed by PYTHIA for hadronization and
fragmentation. The background cross sections shown in Table 2 have been multiplied by the branching
ratio (BR(Z — 11)), except for tt, where no decay channel was imposed. It must be noted that all signal
and background cross sections quoted here are at leading order. The K factors can be substantial (~ 1.5).

Table 1: Parameters used for producing signal samples.

sample | Moy Mar Avr, Aay [GeV] | Mar [GeV] | My [GeV] | My [GEV] ;‘):BR[Z’]

:
A 300 330 200 200 | 987 5809
B 400 440 275 500 | 712 174
C 500 550 350 600 | 365 89

Table 2: Background cross-sections at leading order. No branching ratio is applied to the tt background.

| Bkg | oxBR(Y — 11 +X) [pb] |

t 500.0
Zjj 344.0
Zbj 11.0
Zbb 56.0

The ATLAS detector simulation for signals and backgrounds was performed using the ATLFAST [31,
32] implemented in the ATLAS software framework ATHENA, version 12.0.7. It is a good approxima-
tion of detector resolution and efficiency, and is fast enough to process the large number of events. An
additional efficiency factor of 10% has been applied for lepton identification inefficiency. The b-jet tag
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efficiency used was 60% with corresponding global mistagging factors of ~1% for light-quark jets and
gluon jets and of ~10% for c-jets. The exact rejection factors depend on the reconstructed jet pt and n.

3 Analysis

In order to satisfy the trigger conditions, and considering that high luminosity running conditions would
apply, we require as a preselection a minimal set of criteria: (i) the presence of two same-flavour and
opposite sign leptons with pr > 20 GeV and (ii) at least one b-tagged jet and one non-b-tagged jet, both
with pr > 20 GeV. The two jets with highest pt satisfying these conditions will be the candidate jets
resulting from the technipion decay.

On these preselected events, we apply several selection criteria to increase the significance of the
signal with respect to the backgrounds. Figure 1, normalized to 100 fb—1, justifies the set of cuts used:

e cut 1: Since the signal leads to no significant missing energy, we can strongly suppress the tt
background, as shown in 1(a), by imposing

EMSS < 35 GeV
e cut 2. The jets associated to the n% will have greater transverse momentum for the signal than

for backgrounds, due to their physical origin and the event topologies. Figure 1(b) shows the
distribution for the highest-pr jet. The optimal cut for case A was found to be

pPT(j,b) > 80 GeV

This cut varies with the 78 mass. It was found that values of 115 GeV and 150 GeV for samples
B and C respectively were optimal selection criteria.

e cut 3: Figure 1(c) shows the distribution for the lower-pr jet. We require for sample A:
p"(j,b) > 65 GeV

As for cut 3, the dependence of the value depend on the n% mass. Values of 80 GeV and 100 GeV
were found to be optimal for case B and C respectively. When analysing real data, a scan of as-
sumed mass points would be considered and this cut and cut 4 below would be ajusted accordingly.

e cut 4: Since only one b-jet is expected from the decay of the n%, whereas the tt background will
produce two such jets, we impose a cut:

number of b-tagged jets =1

e cut 5. Finally, the requirement that the two opposite sign, same flavor leptons should have an
invariant mass close to the Z mass should further suppress the tt background:

myy = 91 +£5GeV

The same analysis has been repeated, optimizing for the search of the at only. It was found that a
better significance for its discovery could be obtained by replacing cuts 2 and 3 by: pT®(j,b) > 85 GeV,
120 GeV and 180 GeV and pI""(j,b) > 50 GeV, 80 GeV and 90 GeV for the three cases under study.

Tables 3, 4 and 5 give the number of signal and background events remaining in the peak region
as the cuts are successively applied. The region is chosen as an ellipse centered at the mean while the
widths correspond to 1.5 sigma interval.
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Table 3: Case A: Event flow in function of cuts applied. S stands for the number of signal events in the
peak regions, while B is the number of background for the same region, normalized to 100 fb—2.

Cut  peak| S | tt [Zjj|Zbj[Zbb| B | % | 25|
initial pr | 548 | 1521 | 2269 | 694 | 2442 | 6927 | 6.6 6.4
& 297 | 2372 | 3665 | 1164 | 3472 | 10672 | 2.9 2.9
after cutl,  PT 548 | 281 | 2257 | 677 | 2413 | 5629 | 7.3 7.0
a 295 | 463 | 3638 | 1133 | 3413 | 8648 | 3.2 3.1

S
+
T
£
_IﬂE
after cut2 pr | 431| 215 | 512 | 209 | 279 | 1217 | 12.4 | 10.6
a.-jrE 251 | 339 | 1106 | 385 | 602 | 2432 | 5.1 4.9
I
+
T
£
+
T
£
+

orour Pr | 302 | 144 | 239 | 125 | 130 | 640 | 143 | 114
at | 226 | 279 | 518 | 271 | 330 | 1398 | 6.0 | 56
347 | 107 | 203 | 102 | 112 | 525 | 151 | 118
215 | 204 | 449 | 215 | 272 | 1140 | 64 | 58
pE [344| 10 | 190 | 96 | O7 | 403 |17.1| 126
aftercutS o+ 1215 | 10 | 431 | 207 | 243 | 900 | 72 | 6.4

after cut4 Pr
a

Table 4: Case B: Event flow in function of cuts applied. S stands for number of signal events in the peak
regions, while B is the number of background for the same region, normalized to 100 fb—1.

Cut peak‘ s\ tt \ij\ij\be\ B \%\%\
+ 1382 ]1785] 2376 | 801 | 2539 | 7503 | 4.4 | 4.3
T | 117 | 1791 | 2049 | 666 | 1777 | 6283 | 1.5 1.5
£ 1380 | 319 | 2356 | 773 | 2477 [ 5926 | 4.9 | 4.8
& | 113 | 350 | 2023 | 637 | 1712 | 4722 | 1.6 1.6
ofter cut2 pr | 295 | 169 | 426 | 175 | 147 | 918 | 9.7 | 85
ar | 96 | 170 | 455 | 179 | 156 | 960 | 3.1 | 3.0
+
+
T
ES
+
T
+
+

iniial ~ PT
a

after cutl Pr
a

after cuts PT 262 | 137 | 224 | 133 | 71 537 | 11.3 | 9.3
a 79 | 118 | 171 | 90 41 419 | 3.9 3.5
248 | 97 196 | 107 | 67 448 | 117 | 94
75 76 | 480 | 66 37 328 | 4.1 3.7
after cuts PT 242 | 15 185 | 105 | 56 346 | 13.0 | 10.0
ar 75 | 3.2 | 143 | 65 32 242 | 4.8 4.2

after cut4 Pr
a
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Table 5: Case C: Event flow in function of cuts applied. S stands for number of signal events in the peak
regions, while B is the number of background for the same region, normalized to 100 fb—1.
Cut peak‘S‘tt‘Z”‘ij‘be‘ B‘ﬁ‘ﬁ‘

o PP | 184880 | 965 292 | 878 | 3016 | 3.4 | 33
= | 35 | 828 | 805 | 258 | 659 | 2550 | 0.7 | 0.7
torouy P | 182 | 149 [ 952 [ 274 | 855 | 2282 | 39 | 37
a= | 35 | 133 | 789 | 247 | 639 | 1808 | 0.8 | 0.8
pf | 148 | 63 | 135 | 52 | 35 | 286 | 88 | 741
aftercut o+ | 23 | 32 | 05 | 28 | 22 | 177 | 1.7 | 16
pr | 133 ] 46 | 65 | 32 | 15 | 159 | 10.7 | 7.8
aftercut3 % | 21| 23 |49 | 23 | 11 | 106 | 20 | 1.9
pf |127| 27 | 59 | 24 | 15 | 126 |11.4| 80
aftercutd x| o1 | 11 |43 | 17 | 11 | 82 | 23 | 21
ES
+

after cuts pr 126 | 24 | 58 | 23 | 12 9% |13.0| 85
ar 21 | 16 | 42 | 17 | 89 | 69 2.5 2.2

The resolution of the nt?p;t and a$ reconstruction is about 15 GeV (see Fig. 2(a) and 2(b)). Because
of correlated reconstruction resolutions of the pr/ar and 1%, the difference in mass will have a better
resolution (see Fig. 2(c)). This is what is plotted in one of the axes of Fig. 3 where the observed signal
for case A is shown for an integrated luminosity of 100 fb—1. Figure 3(a) shows the technicolor signal
only while fig. 3(b) shows the background. The sum of both, shown on fig. 3(c), displays clearly two
peaks, which have a significance of 17 and 7 and containing 344 and 160 events of the signal.

Cases B and C have similar behavior and are not shown. The cross section times BR required for a
5-0 discovery at 100 fb~1 is given in Table 6 for each of the three cases studied here. Table 7 shows the
needed luminosity in b~ for a 5-o discovery.

Table 6: Minimal cross-section multiply by branching fraction needed to obtain a significance of five for
each case studied for the pf/as signal at 100 fb~2,

| Sample |peak | A | B | C |
= 285276140

pr
OXBRI] | o | 406 | 17.9 | 176

Table 7: Minimal luminosity needed to obtain a significance of five for each case studied
\ Sample [peak | A | B | C |

pt | 83 [ 151|148
ar | 475 | 106 | 390

Luminosity [fb~1]

As mentioned in sect. 2, the results shown here do not account for NLO corrections of background or
signal cross section. It is known that they could be of the order of 50% and, for tt in particular (which is
not the dominant background), it reaches 66%. The significance of the signal can therefore be assigned
an uncertainty of ~25%
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4 Summary and conclusion

As a test of TCSM model, the process pp — p57/af — Z71& — (¢ bj is an important signal to be
investigated at the LHC since it involves clearly three(ot, ar and &) resonances. It also provides a
measure of the coupling of these resonances to vector bosons. However, the signal presents experimental
challenges because of large backgrounds. From an analysis based on simple selection cuts for three
reference cases in parameter space, we have found that there is a strong potential for observing the pr
with an integrated luminosity of 15 fo~1. The ar could also be discovered simultaneously, producing a
striking signal of TCSM model, but this will require more luminosity. Confirmation of the origin of the
resonances could then be obtained from their expected characteristic decay angular distributions.
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