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Motivation:

Strong EVV-scale interactions are a possibility at
the LHC; to be as prepared as possible we could:

® Hope there are no new strong interactions
® Solve strong interactions completely
® Use the lattice

® Develop generic, flexible scenarios useful
for detailed phenomenology
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Motivation:

Strong EVV-scale interactions are a possibility at
the LHC; to be as prepared as possible we could:

® Hope there are ne-hew-stromgmteractions
e Solve strong interactionsTtomptetely

<‘ Use the lattice | What we're here to discuss

® Develop generic, flexible scenarios useful

for detailed phenomenology

What we can do
NOW




Qutline:

® Strong interactions at the LHC:
what’s been done and why it’s insufficient

® A bottom-up approach:
Parameterizing Technivector scenarios

* Higgsless basics

* Extending higgsless techniques
* Parameter constraints

* Including lattice inputs

® |mplementation + Phenomenology:
low + high luminosity examples
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What we know:

® Strong interactions are difficult!

® Rescaled QCD models are ruled out:

S parameter:
S >0,0(1)

but, not generic

® EW scale strong interactions must be very
different from QCD --

® Many attempts have been made:
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WWhats been done:
Very few collider studies!

o 4D:
Walking Technicolor (Lane et al)
Topcolor (Hill) Full Collider
— Study
(D)BESS (Casalbuoni et al) (Georges’s talk)

Low-N TC (Sannino)
Deconstructed Higgsless (Chivukula)\4

Parton
e 5D- Level

Higgsless (Csaki et al) /

Composite Higgs (Pomarol et al)
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Moving beyond Models: Proposal

® Models carry baggage... let’s be more general

Common feature: TeV scale spin-] resonances (p7, Wk k)

® We would like a more flexible structure than rescaled QCD
® new spectrum
®* new interactions?
* better agreement with precision

measurements?
* easy interface with lattice studies

BUT:

® Most general £(SM + spin — 1) has O(100) parameters
- way too many for practical pheno!
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Moving beyond Models: Proposal

We need an organizing principle

0dB

ﬁ +12
pUiNp e @

LEVEL CLIP

® NOT a new model, RATHER an organizing scheme

e Start by extending Higgsless techniques (5D)
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Moving beyond Models: Proposal

We need an organizing principle

0dB

ﬁ +12
plilpyr ®

+12
‘ “LSHLIVE(
LEVEL CLIp

a DEWSB equivalent of what mSUGRA is for MSSM

® NOT a new model, RATHER an organizing scheme

e Start by extending Higgsless techniques (5D)
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Why Higglsess (5D) ?

As we'll see, in 5D:

® Flexible spectrum/interactions with only 4 free
parameters + no new fields

® Fasy to go to unitary gauge and mass eigenstates

\) Simplifies implementation

into MC programs

® FEasy to add more resonances later on;

isosinglet resonances, scalars, pseudoscalars, fermions
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Higgsless Basics:

° inspired 5D version of strong DEVWSB
e 5D interval z € ({y,01) ;
dd SU(2)L ® SU(2)r IR
gauge fields * Bulk geometry;
B {7 usually
52
Z—g(nwdaf“dx” — dz*)
g() Z > 61

® BC break EWS — KK tower of states;
zero modes are v, W=, 7"
+Vector, Axial resonances (not quite!): W/ -, 2,

61 (2)65(2)bo(2)

Z

41
® Resonancs couplings: gABcO(/ dz
Lo
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Higgsless continued

® small 95 «—> large N

® Spectrum: tower of narrow, weakly interacting
resonances (large .. )
- , large coupling to]}/, 7, comes from plugging
in polarizations
— , exchange of many resonances delays unitarity
violation

e BUT, pure AdS leads to QCD-like spectrum
S>0,0(1)«

small perturbations don’t help

(Agashe et al ‘07)
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Modifying Higgsless

® How can we extend the Higgsless
framework to incorporate new features!?

[
1
L = 22 /da:' wv(Z)FV,NMF\]/VM ‘|‘WA(Z)FA,MNF%N
5}
/ z*
WV,A(Z) — —O eXp (OV,A(_4)) OV,A § O
< Z1

(Hirn, Sanz ’06,07)
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Modifying Higgsless

® How can we extend the Higgsless
framework to incorporate new features!?

1
L = 292/d£€ wV(Z)Fv,NMF\]/VM‘|‘WA(Z)FA,MNF%N
5

g() 2’4
wV,A(z) — — exp <0V,A —4)) Oy A § 0
Z
Positive definite /

Deformed in IR - power of z
unimportant

(Hirn, Sanz ’06,07)

Acts like condensate
OV, A

(Qf1)*

Iy 4 ~
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0 Jov,az"/€;

Why this deformation? «v+~ ¢

® Allows us to vary the length of the dimension the
vector relative to the axial

M M
i m A9 ma2  Dialing Oy for fixed 04 :
my/ 2 mv2

m m™m
Al =1 ! Remember:
' MY | e . + 0
my1 v Eigenstates W1 ,, 71, are a

mixture of VA
Yx(2)) = [Vx(2), Ax(2))

Oy — O, OA — 0
® Added only 2 new parameters, no new fields

® Couplings 9w, w2z, etc. will also vary with /1,0y .04
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0 Jov,az"/€;

Why this deformation? «v+~ ¢

® Allows us to vary the length of the dimension the
vector relative to the axial

M N a
i m A2 — 11142 Dialing Ov for fixed 04 :

My 2

or

mV1I
T T
j Al A1 Remember:

Eigenstates W15, 27, are a
mixture of VA

Vx(2)) = |Vx(2), Ax(2))

myi

oy = 0,04 =0 oy <K0,04=0
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What do we gain?

® Parameter space contains non QCD-like spectrum

(de Rafael-Knecht ‘97

Using sum rules and simple resonance models, o
Appelquist 98

S ameliorated when My = My Shrock, Kurachi *07)
F? F>
S = 16m (Il — H;xA)‘Q?:O, S = 47T( ‘g g)
Mg Mj

® Whenever WV # W4 : unconventional triboson, 4-
boson couplings

Gw-wz = 910, Wi ) (Wi Z0) + 9200, W, (2, W1,) + 930 Zpy (W

Iz [IV W+)

V]
41

41
g1 > / dz wv(leerAz) - 7é gs O / dz wA(VlAw+Az) - # go
E() 60

Iw—w++
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What do we gain?

New pheno.and a new twist
on old pheno.

® Parameter space contains

(de Rafael-Knecht ‘97

Using sum rules and simple resonance models, o
Appelquist 98

S ameliorated when My = My Shrock, Kurachi *07)
F? F>
S = 16m (Il — H;xA)‘Q?:O, S = 47T( ‘g g)
Mg Mj

® Whenever WV # W4 : unconventional triboson, 4-
boson couplings

Gw-wz = 910, Wi ) (Wi Z0) + 9200, W (2, W1,) + 930, Zy (W

[ [IV W+)

V]
41

41
g1 O / dz wv(lew—irAz) - 7é gs O / dz wA(VlAW+AZ) - # go
fo 60

Iw—w++
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What about SM fermions!?

® Coupling of fermions to the new resonances will
determine the best production methods at the LHC

® Full 5D treatment of fermions would re-introduce
many parameters...

gffv
gffw — gsm

® We can study several models of fermion interactions

grfv — R grfrw
grrv =0 ideally delocalized
JintnV > Grv mostly composite R

12
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Constraints:

® Parameter count: 51750795,§5,0V,0A,9ffv

® Foragiven /:0y,04 constrained by anomalous
gww~ » gww z couplings (LEP).

gE
" 1.0

=25 -20-15-10 -5

':*I'J;;"SI

® | EP, Tevatron constrain fermion-resonance coupling

contact interactions: (SOS' L)

AQ

{ direct bounds: o(pp — Z'(W') — 10~ ((v))
indirect bounds: # high P7 objects (2" ~)

Friday, May 2, 2008
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1
Constraints: C overall scale: M, ~ ;-

® Parameter count: /i, My, My, ctern, 0v, 04, G5 v

® Foragiven /:0y,04 constrained by anomalous
gww~ » gww z couplings (LEP).

z -
T oah”

25 -20-15-10 -5 [0y 5
® | EP, Tevatron constrain fermion-resonance coupling

contact interactions: (ff)/g/f’)

{ direct bounds: o(pp — Z'(W') — 10~ ((v))
indirect bounds: # high P7 objects (2" ~)
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What we need from Lattice:

Spectrum

® MNyqivS. Maq:

NTC7NTF

Simplest models has only spin-1, Wz, 41

® What other states are present!

Pseudoscalars: 71
Scalars: o
Isosinglets: wr, hr
Baryons

® How do masses vary with m7r, (V) Nop, Nre

Friday, May 2, 2008
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What we need from Lattice:

Spectrum

® \Ny1vS., Maq: Nrc, NtF

Simplest models has only spin-1, Wz, 41

® What other states are present!

[ h
Pseudoscalars: 7 Large N7 p—many 77
Scalars: o (— How heavy are these
Isosinglets: wr, hr in near conformal
Baryons theories!

\. J

® How do masses vary with m7r, (V) Nop, Nre
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Combining Lattice and Pheno Simulation:

Up to now:

S, anomalous

triboson
couplings !
~—~——

0B
+12

. . . o.dB
- ¢ . .o 9 . - . 5 B . .
w‘ : [/ . ‘ ] P
BRE .
Xy : . 12
_ HIGH COMP. %
i1« THRESHOLD  COMP.RATIO IGH LEVEL utpur ®

LEVEL CLIP
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Combining Lattice and Pheno Simulation:

Up to now:

S, anomalous

triboson R, S
couplings ! = Y 6'@
- HlGHCO;lP. : +12 +12
\ 31k THRESHop  COMP.RATIO IGH LEVEL LUETVPEULT C:P

Friday, May 2, 2008



Combining Lattice and Pheno Simulation:

Up to now:

S, anomalous

triboson 038
couplings ‘“ﬁ NS
SR meuconp 2 +12 +12
\ ) sk THRESHOLD  COMP.RATIO IGH LEVEL utpur @

LEVEL CLIP

With Lattice input: Collider Phenomenology
spectrum, particle
content

Friday, May 2, 2008



Implementation

® Put first two resonance multiplets + interactions into matrix
element generator MadGraph

L(SM, W 2,71 2); new vertices, couplings
* Hard scattering event

Showering
Hadronization
Secondary Decay

Detector effects;
ID efficiency
b- tagging

Friday, May 2, 2008
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Implementation

® Put first two resonance multiplets + interactions into matrix
element generator MadGraph

L(SM, W 2,71 2); new vertices, couplings

* Hard scattering event

\

-@D1

Already in place

Showering

Hadronization
Secondary Decay

ID efficiency

Detector effects;
{ b- tagging
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Low Luminosity Signals: s-channel

® Nonzero fermion-resonance coupling:

~——s-channel production is dominant
f W
W,
f/ ZO

® Choosing couplings to satisfy all LEP + Tevatron
constraints, we can still get a spectacular signal.

My, . Enhancement from
532 decays to longitudinal
MZ Mz, Y | 8
polarizations

og(pp — Wio - WZ) x

Friday, May 2, 2008
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Example: pp — W=Z — 30 + v

| S+B,L=10fb’ I S+B,L=10fb' I

® [wo resonances - sof
both couple to '
W:, ZO %50 %
® Seen within the first & d
few fb™ ' at LHC g g
® Neutral 7}, can be |
seen in 20, — wtw- ff T
W + Il mass W + Il mass
All plots: 1.) niep =3, pr > 10 GeV, |n| < 2.5
MadGraph pr > 30 GeV for at least one
\ 2.) | Mty _pr,| <3.0T7
3.) Hrjers < 125 GeV
\ 4.) prw, pr.z > 100 GeV
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Example: pp — W~

Y= b+t

When Wy 7 wa IQWWJrWl— 8[u7u](W+W )# 0

S+B,L=10fb"

S+B,L=10fb"

is allowed, NOT permutations

gwi W~

L sor W +y
50

N
(=]
N
[4)]
T

N
(=]
Ty

30

e
[$)}
Tt

Number of Events/20 GeV
N
o

=
r—r—r—r
Number of Events/20 GeV

()]
Ty

-
(=]
L

*Does not exist in AdS
Higgsless
JHEW ~
*Only at loop level in MSSM/
2HDM

0

200 400 600 800 1000 1200
W +y mass

200 400 600 80
W + vy mass

Niep = 1, pr > 10 GeV, |n| < 2.
ny = 1,pr > 180 GeV, |n| < 2.0
prw > 180 GeV

Eromiss > 20.0 GeV

L)
2.)
3.)
4.)

1000 1200

Two peaks when:
MW2 — MW1 é 90 GeV
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Example: pp = W=y = L+ v+~
When Wy 7 wa IQWWJrWl— 8[u7u](W+W )# 0

is allowed, NOT permutations

’ — GWi W~

[ 30.- W +y . .

| | eDoes not exist in AdS
31 ;| Higgsless
%30' % | JHEW ~
g £ *Only at loop level in MSSM/
£ éﬁ 2HDM

o: o. ° ’
200 400W fc:/o ma?g 1000 1200 200 400W _:s(;o mai?s 1000 1200 N eW S |gna| !

1.) niep = 1,pr > 10 GeV, |n| < 2.
2.) ny=1,pr > 180 GeV, |n| < 2.0
3.) prav > 180 GeV

1) Ermiss > 20.0 GeV

Two peaks when:
MW2 — MW1 é 90 GeV
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Comparison: s-channel production
Low-Scale TC Effective Warp Factors

+b, L=
(Azuelos et al, Les Houches
’ wz 3of wz
07) F Nz Bz
Z+bb o5k Z+bb
> L >
:l: :I: 0 © 50 tt ) tt
|/.|/ ‘/‘/ Z G :
1.2 — Pt [ signal g [signal
> ’ P 2
[ += 40 =
0] g 8
o = >
q w i
8 S 30 ]
] j- [
3 S +B, L =20 fb 2 s
> £ £
" 2w 2
g ° w -
o +
g . v 10f i "-...
g 16 Wijet
= 100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000
14 .t i W + Il mass W + Il mass
2 Wsigna

>
Q
()
&
B »
S10 sob W+y
200 300 400 500 600 700 800 900 1000 = B W+jet
W + Il mass 1T}
"6 80 | t? 25
WE W= 70 g | 31 el | K-
? Z 60 o [Usignal e 2
1.2 £ 60r & &
) 3 | 2 2
= 3 c 30 c
40 L% :>: 15
: 5 5 Wri ”ri
I £ %
20 8 2o} 2 1 72 ,y
E E 10
= =
0 =z =z
100 200 300 400 500 600 700 800 900 1000 10k
W +y mass 5
|/‘/:|: — |/|/ :szy . 0
]. 9 2 200 400 600 800 1000 1200 200 400 600 800 1000 1200
W +y mass W +y mass

Only one peak Two peaks
No gw,wz My, = Mw, , gw,wz 7 0
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High Luminosity Signals: Fermiophobic

Associated Production: Vector Boson Fusion:
ppﬁZO—l—VVli’2 NSl e D —>sz joWiZOjj

S+B 200 fb™

S+B 200 fb

16F ZZ + jets

3 [

. > >
o [ )
& o o =
S 1.2 = =
Z @ @
Cc B i 2

1 c c
o o o
> > >
Ll L I}
w—= 0.8 S -

o 5]
o : 5
D o6 Q Q
o £ £
& = =
S 0.4 < Z
< T
0.2f .
O:IJJ_I_LI_LIJ_LIJJ_I_LI_IJJ_LIJJJ_LIJJ_I_LIJ_IJ_LIJ_IJ 0
200 300 400 500 600_ _700 800 900 1000 200 300 400 500 600 700 800 200 300 400 500 600 700 800
4 lepton + j j mass M, Transverse Mass M, Transverse Mass

* L ate discovery at LHC
* Parton level too optimistic
e Other channels: W~ Z", Wy, Wrjj
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High Luminosity Signals: Fermiophobic

Associated Production: Vector Boson Fusion:
ppﬁZO—l—VVli’2 NSl e D —>sz joWiZOjj

S+B 200 fb™

S+B 200 fb"

16F ZZ + jets

3 [

. > >
o [ )
& o o =
S 1.2 = =
Z @ @
Cc B i 2

1 c c
o o o
> > >
Ll L I}
w—= 0.8 - -

o 5]
= 5 5
D o6 Q Q
o £ £
& = =
S 0.4 < Z
< T
0.2f .
O:IJ_I_I_LI_LIJ_LIJJ_I_LI_IJJ_LIJ_IJ_LIJJ_I_LIJJJ_LIJJJ 0
200 300 400 500 600 700 800 900 1000 200 300 400 500 600 700 800 200 300 400 500 600 700 800
4 lepton + j j mass M, Transverse Mass M. Transverse Mass

e Late discovery at LHC Distinct features
* Parton level too optimistic even if no fermion-
e Other channels: W’}/ZO, Wv”y, W’Y]] resonance coupllng
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Conclusions:

® | HC is in the near future, yet detailed phenomenological
studies of strong EWV physics are lacking:

WHY?

(Hirn+AM+Sanz, Christensen at al, Sannino et al)

® 5D Effective warp factor scheme: Generates £(SM + spin—1)
with only a few free parameters: ‘o, (1, 0v,04,97rv. Ve
can use it to interpolate between many viable models

® New features in phenomenology:
2 nearby peaks, Resonance—y — W' couplings
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Conclusions:

® | HC is in the near future, yet detailed phenomenological
studies of strong EWV physics are lacking:

[Lattice Input

WHY?

(Hirn+AM+Sanz, Christensen at al, Sannino et al)

® 5D Effective warp factor scheme: Generates £(SM + spin—
with only a few free parameters: ‘o, (1, 0v,04,97rv. Ve
can use it to interpolate between many viable models

® New features in phenomenology:
2 nearby peaks, Resonance—y — W' couplings

LOTS OF WORK TO BE DONE!
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