


Walking and Precision Electroweak

* Assuming we have a walking theory, the tension between quark
masses and FCNC can be relieved... but FCNC werent technicolor’s only
problem

NDF% | Ma2 NTC’
Sardr =L (14 o) & 025N 0
PT PT

(Peskin, Takeuchi 91)

* However this result came from assuming the techni-meson spectrum
is analogous to QCP and saturating dispersive form of S
dims Ll

S =dr | —(py (m?) — p(m?)) with single resonances
L 1 PT, AT

Not a valid assumption in a walking theory!
CANNOT use the QCD-based argument
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Walking and Precision Electroweak, #2

* |lots of speculation that S should be smaller in a walking
theory:

* |arge coupling implies spectral integrals converge more
slowly, manifest in whole tower of spin-1 vector and axial
resonances {Lane94)

* near conformal behavior leads to a parity-doubled e
- (Appelquist "97
spectrum, and therefore: Shrock Kurachi‘06)

MpT it MaTang i gCLT
which leads to a reduced (or even negative) S parameter

* OPE analysis suggests large (1)1)) anomalous dimension
leads to smaller S (Sundruw, Hsu *90)

* but NO systematic complete derivation of S in non-QCP theory
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Walking and Precision Elec’rroweak %3

* |s speculation the best we can do? R
* Additional positive correctionsto | < LT
T are rather easy to generate, - ol
and help the overall fit. NS
gy AL ]
MM | &% '
167TM€V sin” O e B % DS DA
=
* Extra wmultiplets, with appropriate mass ratios and charges can
enerate negative contributions to S 2
‘-" : Soume = 5= (1-2 s (315))

1 M? M2 3 8 M?
Saraj = g (cB108 (372 ) +5h10e (372 ) + 5 = sheb (5 + 1101, Ma) — a0y, M) og (775 )

* Loops of technipions could have a big effect too, depending on their
mass and number -- difficult to estimate :
Lattice efforts

* No clear path to take which resolves all problems  underway!
(JLACY LSD)
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Walking and Precision Electroweak, #3

* s speculation thebestwecando?  °“T pvioial 7R
i = . g2 =0 l -
* Additional positive corrections to ; T
T are rather easy to generate, - ot I’( :

and help the overall fit. AT Tm
_[}_2_-—-""'_-_-__ _

M2 + ME | & &
AT = SUENNE; . = 68 % CL
167 M, sin” Oy, D4 w02 0 02 04
=
* Extra wmultiplets, with appropriate mass ratios and charges can
enerate negative contributions fo S
shtubdidusd. : ' Spiras = o (1~ 2 log (222
L D
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Saraj = g (cB108 (372 ) +5h10e (372 ) + 5 = sheb (5 + 1101, Ma) — a0y, M) og (775 )
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Walking and Precision Electroweak, #3

0.4

* |s speculation the best we can do? [ maicand

0.2+

* Additional positive corrections to _
T are rather easy to generate, I W
and help the overall fit. 1

—D_g______________

M3 + Mz _
167 M2, sin” Oy o

A=

* Extra wmultiplets, with appropriate mass ratios and charges can

generate negative contributions to S e L [ avieg )

1 M? M2 3 8 M?
Saraj = g (cB108 (372 ) +5h10e (372 ) + 5 = sheb (5 + 1101, Ma) — a0y, M) og (775 )

* Loops of technipions could have a big effect too, depending on their
mass and number -- difficult to estimate Lattice efforts

* No clear path to take which resolves all problems  underway!
(JLACY LSD)
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Walking and the third generation

* Even with ~,,, = 1, large m; is still a problem

Several ‘solutions®

i.) Several ETC scales, ii.) Special 3rd generation dynawmics
dynamical tumbling SU(3)y & SU(3Y; = SU(3).
SU(Nrc + 3) U(1)1 R U(1)2 = U(l)y
Ay L my A A Topcolor-Assisted Technicolor
: (Hill ‘94)
SU(Nrc + 2)
Ao | oy m AmE® iii.) More exotic UV behavior, vm > 1

A3

SU(Npe: +1) Conformal Technicolor (Luty 04)
Nacfory

As | ms~4E2N0ONEare comple’relv S

A3

SU(A’TTC’ )

(Baluni °79, Dimopoulos & Susskind ‘80
Appelquist + Shrock '04)
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Walking TC sumwmary

There is good evidence, from perturbation theory and the
lattice that walking 4V gauge theories do exist

* expect large anomalous dimensions, especially for ()
from SDE-analysis and similar SUSY calculations

* |large anomalous dimension eases tension between
FOCNC and realistic quark masses

* vm ~ 1also opens the possibility of consistent PEW and top

quark mass, though the exact mechanisw is less clear
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Walking Technicolor Phenomenology

What will we see at the LHC if walking technicolor lurks at the
EW scale?

walking technicolor requires lots of matter. all EW-charged
matter contributes to EW scale:

lots of matter -- > sl fechni-resonances
generically low TC secale = must be light!
’02 — Z’L F%Z Np doublets: v? = NDF’_Z%
i €all SU(2)y multiplereps.: v° = F2, + Fap + - - -

techni-doublets

new states must communicate

with SM EW gavuge bosons (at N
least), so all states have open NS
decay channels to SM matter

no BSM wissing energy!
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Walking TC: LHC implications

a general scan over all possible resonances,
their masses, their interactions would be
great! but totally impractical

M= L 9porW+W -
aT MPT gaTW+*y #ﬂ-T pPT
F(CLT == 7TT7TT7TT) MWT g + ngWTWT
QW% JFf pr I’
MwT JorWrr G Z~
Mp’T 9prmy JprW+Z
Ma{F gaTW+Z
['(pr — mrmr) Gurff  ImTYY P ABRERY
techni-baryons? scalar bound states?

WAY to many parameters, all of which
have important phenomenological impact: we need models
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Walking TC: LHC implications, #2 B
one popular tool is Hidden Local Symmetries: Frtqpurianghad
~ start with EW chiral lagrangian:

_ Lt 2
2= " Te(D,ED*TH) 4 -

( Lxsw = p
D> = 8,5+ igW,% — ig’SB,

T q are the eaten NGBs. Unitary gavge: Y — 1

minimal setup describes strong EWSE but there are many . ,
: : (Applequist, Bernard °79
more ferms we can add, with unknown coefficients Longhitano ‘79)

crlin (L PRI E o (D), MU DA SDARI e (Y Sl RS

one way to model the C; is to treat the new resonances as new
massive gauge bosons

S i 7 — o2 now two sets of NGB fields

i 8 three eaten by W.Z
three eaten to make massive pT
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Walking TC: LHC implications, #3

60 (D, Y DES) S T(D,UDEUT) o Tr((D, SE (D, THUD
T R ar (Ve ve)

‘hidden’ gauge group coupling 97 > g, 9’ . Kinetic term is
simply added to /., assumed to come from strong dynawmics

integrating out the V we get predictions for the C; plus we
have modeled the masses and interactions of fhe P

(same technique goes by many names: BESS (Casalbuoni et
al), three-site model (Chivukula et al))

BUT, this setup is very restricted...

* where has the walking entered?

* where are the technipions?

* how do the fermions enter?

* how can we get more than one set of resonances?
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Walking TC: LHC implications, #4

more sophisticated models allow us to add more TC-features

two scales: 7, F5asa

manifestation of the idea that walking
requires multiple, different reps.

U = 6iﬁ/F2 /\

Ul FEE R
pay—— G ot
( ] '5 four sets of NGB fields

£ = @ /P gy = /P gy — i/ F three are eaten
by gavge interactions

* we how have a small parameter to play with: sin y = Fy /F5

for example: suppresses fermion- (M W
resonance couplings  “/7°T M,

* hidden groups are U(2), extra resonance is wr
* one T remains in the spectrum

)Sil’lX

(Lane, AM 09)
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Walking TC: LHC implications, #9
HLS is still very limited:

* higher dimensional operators? can we really stop at 2-
derivative, d < 4 operators in a strongly coupled theory?

* anowmaly terms? global anomalies of the underlying UV
theory are present in the effective theory -- WZW
interactions

HLS models should NOT be taken too seriously, but they are a
useful and simple tool for making predictions. Studying the
phenomenology of these models will hopefully prepare us to

recoghize sighals of new strong dynawmics should they appear

at the LHC
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Walking TC: LHC implications, #6

examples: Prell-Yan production of resonances:
S+B,L=10fb" I

PV

- Z0 Sty

Enhancewment from decays to
longitudinal polarizations

o(pp — pr > WZ) x

4

Relatively
Unstudied!

past
studies:

7'— ff
W' —={+v

pPT
2 2
M7 M,

Number of Events/20 GeV

/ W=

PT

I 70

LV gl d == 3o L 10TCEN T lip|i<C20h
pr > 30 GeV for at least one

2.) |[Mgro-—_pm,| <3.0Tgz

3 EHE E<C 125Gl

4.) prw, prz > 100 GeV

500 600 700
W + Il mass

Early LHC discovery!

* large cross section

* wulti-lepton final states

* single MET sourge -> can
reconstruct M
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Walking TC: LHC implications, #7

S+BLan I

a/r_zf SN ’YW:: _>6€:: V)

+ cannot goto W3- Z7 as techniparity is imposed

* requires further HLS interactions! so this mode
tells us something about how to best model new
strong dynamics

* very few collider studies! SUSY hias, where
there are no resonance decays to W+ 2% ~Ww

e at free level
(hep-ph/0802.3714)
wr — ’}/ZO — Z—I_f_”y
2
NO wissing energy, only very clean, }
EM objects » sharp peak '§
3

* observation of wrtells us something about the
global symwmetries of TC U(Np) vs. SU(Np), - -
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Walking TC: LHC implications, #8

Technipion discovery: Important since 777 dont exist in all
models. However, few studies have been done

more model dependent, especially in the 77 coupling to the top
quark
* with £~50 ™" Mg, Mpr, May
all can be determined

srumen————1 o all LSTC signals

with wmore luminosity,
detailed studies possible for

* Angular distributions:

AN T necessary to determine spin-1
£ s G hr e g™ (see hep-ph/0802.3714)

(Azuelos et al, ATLAS-PHYS-CONF-2008-003) * Widths
* couplings

pp — IOT/CLT s ZT(‘T 7 ﬁﬁbq

=
|

Events / 2x20 Geav® /100
B2 B & D =

—_
= =
i
i
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Walking TC: LHC Implications, #9

High-luminosity signatures: Not the smoking qun’ detection
signal for TC, but important nonetheless

pp — prij — W Zjj
Vector Boson Fusion:
! f
window into

e wi | Wi Wi — Wi Wi ; ;

7 scattering
f I
Associated Production:  — ===

direct probe of

JorWW s Gpr W Z

Number of Events/20 GeV

(@] 400 500 600 700 800
4 lepton + j ] mass
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Sumwary so far

* Tension between FONC and realistic fermion masses can
be avoided if the technifermion bilinear has a large (+ve)
anomalous dimension

* 10 have v = 1 we expect the technicolor coupling must
remain large for a wide range of energies, and is
therefore nearly conformal or ‘walking’

* guided by the perturbative bo, b1, we expeet walking
theories will have lots of technimatter or involve large
(hon-fundamental) representations
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Suwmwmary so far

*+ Walking implies a low TC scale and therefore resonances
in the 500 GeV - 1 TeV scale range

* New resonances must couple strongly to WZ , though
couplings to SM ferwmions are also possible. TC events will
have no BSM wissing energy <-> complementary to other
BSM searches

* Precision Electroweak (S!!) arguments relied on
technicolor being a rescaled version of QCP -- these
arguments won't apply to a walking theory. There are
arquments that a walking theory will have a naturally
small S, but no solid evidence
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Sumwary so far

* Where does this leave us?

Modern Technicolor must be unlike QCP to avoid
phenowmenological problems -- the most investigated
option is a walking technicolor theory. A walking theory
CANNOT be ruled out by PEW tests, but we cannot
calculate its contributions

NECESSARILY will have new states at the sub-TeV
level, therefore it will be found or ruled out at the LHC

some nhew/hetter calculation tools would be great!
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Sample References:
On Techicolor basics:

* Hill, Simwons, hep-ph/70203079
* Chivukula, hep-ph/9803219 Siuw
* Lane, hep-ph/02022025 + references within

On the phases of gauge theories:

* Intrilligator, Seiberg, hep-ph/9402044 9411149
* Applequist, Sannino, hep-ph/0001043
* Appelquist et al, hep-ph/9806472

On walking TC at the LHC:

* Eichten, Lane arXiv:0702339
* Azuelos et al, 2007 Les Houches proceedings, hep-ph/0802.3714
* Lane, Martin, arXiv:0907373%7
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