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Higgsless Models

Low-energy effective theories with natural EW symmetry
breaking alternative to Supersymmetry and Strong dynamics

¢ massive 4-d gauge bosons originate from 5-d gauge theory

(moose representation) with appropriate boundary conditions
¢ massive vector boson scattering amplitude is unitarised

via KK modes exchange — not the Higgs boson exchange'

Our Universe 5D gauge bosons expanded in eigenmodes on S'/Z,
. . . an an
° 4-D gauge kinetic term contains A}" < A;

5 2 [MA(ALT)? = 20, AL O AT + (9, A57)7
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4D KK Mode Scattering

Wi Wi W wi o Wi wi ¢ Z'resonance unitarizes WW
7! scattering, similar to what
Higgs boson does in SM

(Chivukula,He,Dicus)
wp  Wr wr wp o W Wi
¢ Z'mass is bounded from above: myz, < VT

o 457 g M3
¢ But it yields too much a value of S-parameter: aS <

82

_O{
2

(Chivukula, Simmons, He, Kurachi,Tanabashi)

¢ Solution — delocalization of the fermions: mixing of “brane” and “bulk” modes!
(Cacciapaglia, Csaki, Grojean, Reece,Terning; Foadi Gopalakrishna, Schmidt)

: . . W
¢ Fermion delocalization profile can be chosen to match

W-wave function along the 5" dimension: giri X v"i\l

leading to vanishing coupling of fermions to KK modes! ) |
(Chivukula,Simmons,He, Kurachi, Tanabashi) S=T=W=0
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Three site model (TSM)
simplest, realistic, highly deconstructed,higgsless

9. 9, g, 9., Discretized 5" dimension written in the

Q_Q_Q ........ O_O language of 'theory space’
N+‘I

(Arkani-Hammed, Georgi, Cohen; Hill, Pokorski, Wang)

gauge bosons: photon,Z,W, Z''W’

fermions: udcstb
UDCSTB
plus leptons

"f..fi’Ln ’l,i’L 1
SU((2) x SU(2) x U(1)

(Chivukula, Coleppa, Di Chiara,Simmons)
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Gauge Sector

Lps = —3Tr|FZ + F2 + F2|

Casalbuoni, De Curtis, Dominici, Gatto (BESS) PLB 155 (1985) 95

Gauge - Goldstone Sector
gdo 2

g — T < Loz = Z-Tr| (Do) Do + (DuS1)" D5 |
1
2 My ;
_ +az2—\/4+7

g_2:S/C:t w_MW/ szglf\/ 2v2
do
1_ 1,141 Fermion - Goldstone Sector
€ 90 251 92 Lsy = —Mp (eL’l,ZLozo’l,le + Yr1Yr1 + ’QEL121€R’¢R2>
Y. — T

J

ideal delocalization (IDL): W', Z' are fermiophobic!

g0(10)® _ Wy &2 = 2a° .
gi(0],)? vl 2-af 4 Vita \
1%%4

Independent parameters: M, ,s , M ., M_ gw " =gw +O0(@")
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The Three Site Model parameter space is testable!

The parameter space is:

¢ Simple
¢ Bounded
M .
sionn Bounds _ * from below by experiment
20000 i _-g A * from above by unitarity
somy- (= | 1 <© Can be tested at the LHC
10000 | qu - * this talk
5000} d

400 600 800 1000 1200 My

(GeV)
Chivukula, Coleppa, Di Chiara, Simmons: PRD 74, 075011 (2006)
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Allowed deviation from IDL

<! —0.33 < S < 0.07 at 95%C.L.
M = 117GeV
(& (87 o

gwel/ _ — ]_ I e;-nl SO %‘J 0_25 T T T T T T T T T T T ]
SnM 4SM g‘: - L7 ]
2 2\ @ 02F S
. 1 £I GL .___J . ) 4 ]
gWGV - Sng 4 2 <& 0.15 :_ ) s _:
L e -
l : ='0.33 - g i
0.1 - e ~
o 1| 5 e (1+ :152) G0 0.05 - I =0 ) -
€L =5 [T — 2 - -7 — S5=0.07-1
- SM B :

—+--r -1 =" v [ v 4 4 [ 4 4

r _ 5 200 400 600 800 1000

g _ C)““ 155 — C)"” n 1 l{jQ)‘ ﬂ_[i__l[._.-;‘ M

. T T 12t M2 W

EI ref
(Matsuzaki,Chivukula,Simmons, Tanabashi; Dawson,Jackson)
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Tools CalcHEP (by Alexander Pukhov)

¢ User friendly graphical interface.
» Batch mode also available.

~IS ¢ Easy implementation of new models.
N /) » Especially using LanHEP (by Andrei Semenov).

* Feynman gauge and unitary gauge.
» Important cross check.

° Interface with Pythia
¢ Many other new features

LanHEP (by Andrei Semenov)

° Automatic Feynman rules from Lagrangian
° Has checks for
* Hermiticity
* BRST invariance
*» EM charge conservation
» Particle mixings, mass terms,
and mass matrices
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Example of model Implementation using LanHEP

LanHEP

1 2 2 2 v v . v
Lp2 = _§TT(FO + ] "‘FQ) where FJH :(‘)UW]H —0 W]H—|—zgj [ijij]

F22E%388%% Hinetic and zelf interaction Lagrangian terms.

lterm -F##2/4 where F=deriv'mu*W23 " nu-deriv " nu*wW23 mu.
lterm -F#*#*2/4 where F=deriv'mu*Wil nu a-deriv " nu*Wl mu~a-g*epz”a b c* Wl mu"b*Wl nu c.
lterm -F**2/4 where F=deriv'mu*Wl nu”a-deriv nu*Wl " mu"a-g/x*eps”a"b " c*Wl  mu"b*Wl  nu”c.

(gauge kinetic term as an example)

Ihep 3-site.mdl

CalcHEP Y
LictyLaiigyialhl —+ + [ T— = [ & * A&
Fl |EZ |E3 | E4 | = Factor %+ I$+ IE_ ITW— Ig##%?i#*%
il | W+ | W— | | —g#*v0g T+ | W+ | ~W= | ~W— | gF*2/xA*2
& | ~W+ |~ | —g*vlg T+ | - | - |~W+ | gEE2 /A2
W+ | W— | 2 | | —g/x T+ | - |2 | 2 |—g#**2/x**2
W+ | W— | ~2 | | —g/x as | - |z | ~2 | —g#**2/x**2
W+ | 2 | ~W— | | -g/x as | - | ~W+  |~W- | gFE2/xEE2
Wi+ | ~W— | ~Z | | -g/x nas | T | ~2 | ~2 | —g**2/x**2
- | 2 | ~W+ | -g/% nas |2 |2 | ~W—  |—g**2/x**2
- | ~W+ | ~2Z | | -g/x nas |2 |~W-  |~2 | —g**2/x**2
z | ~%W+ | ~W- | -g/= s | =W+ | ~W— | ~W-  [gF*2/x**2
~W+ |~ |2 | | -a/x s |~W— |~Z | ~2 | —g**2/x**2
2 | 2 | W+ | W— | =igzess 2 gy = o 2 T— | - | ~W+ | ~WH | gFA2 xEED
2 | & | ~%W+ | ~W— | —g*FEFv0grFE T— |z |2 | ~W+ | —gFE2/xEED
Y | W+ | W~ | 2 |-g**2#*v0g/x Ti— |2 | ~W+  |~Z | —g#**2/x**2
iy | W+ | W~ | ~2 |—g#*2#%v0qg/x Ti— | =W+ | =W | ~W- | gFE2/ AR
& | W+ | 2 | ~W- |-g**2+%v0g/x - |~W+ |~Z | ~2 | —g**2/x**2
F:y | Wi+ | ~W-  |~Z |—g#**2*v0g/x = |2 | ~W+ | ~W— | -grE2/x* A2
iy | W— | 2 | ~W+ |-g**2*v0g/x = |~W+ |~W— |~ |—g**2/x**2
iy | W— | ~W+ | ~2 |-g**2*v0g/x ~WH W W [~ [ gER2/xEED
A | 2 | ~W+ | ~W-  |-—g*F*2*v0g/x ~Wt  |~W—  |~Z | ~2 |—g#**2,/x**2
2 | ~W+ |~W-  [~Z | —ag**2*v0ag/x
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Example of model Implementation using LanHEP
LanHEP

1
Lr2 = _§Tr (F02 + L+ FQQ) where ' 8MWM 8VWJH t1g; [WJH’ Wﬂy]

F22E%388%% Hinetic and zelf interaction Lagrangian terms.
lterm -F##2/4 where F=deriv'mu*W23 " nu-deriv " nu*wW23 mu.

lterm -F##2/4 where
lterm -F#*#2/4 where

F=deriv 'mu*wWl nu a-deriv ' nu*Wl " mu a-g*epz™a b c*Wl " mu"b*Wl " nu"c.
F=deriv mu*Wl " nu”a-deriv " nu*Wl " mu"a-g/x*epz”a”b c*Wl " mu"b*Wl " nu"c.

(gauge kinetic term as an example)

lhep 3-site md|

CalcHEP

A ALK A

WI— Zl

WHZy W, Z,y W Zy W, Z,y W, Z,v W=, Z,~

W+, Z,y W=, 2 W2 W2
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Gauge boson widths and branchings

¢ Fermiophobic nature of the gauge bosons

¢ Dominant decay into WW and WZ pairs

¢ Z' Br does not depend much on deviation from ideal delocalization

X TE T ww S
™ - ] e
T 10 -1=— M, =5TeV 5 N
% T - -
Q 10 ¢ -7 3
T i i
10 g =
- 3 |
4 N ua i 400 600 1000
0 7 E M,. (GeV)
-‘15 : ) I 5-0.07
10 1 1 1 | 1 1 1 | 1 1 1 1|:|_-, L T S;{]{]
400 600 800 1000 T B o o ——— 5=-033
N :
62 MZ. (GeV) 5 10 ::_ ]
_ w -
[(Z' - WHTIW™) = - ;
192n(z?)s2 |
9 2 T{J-d PR A PR
/ + e MW@Sw 200 400 600 800 1000
[(Z" = eTe) =
384mck M, (GeV)
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W' decays

¢ decay into fermions more strongly depends on fermion delocalization

< 7 73 = 1 1
N g My =5 TeV T - 5=0.07 -
; 0 1 5-0.0 1
- B _____ 5=-0.33 .
= 10 = I .
(s - —
L o — < o -!
10 - bt o -
10
10 . e
= "R 1 -":- | ] 1 ] | 1 -1 ) | 1 1 1
10 | |
400 600 800 1000 400 600 800 1000
M, (GeV) My, - (GeV)
2
2¢2
e2 My 22 (1 L )
] —
T(W' = ete™) = 5
1927 sz,
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Three Site Model Signatures

production decay g
]
— 00 tt
DY — Lv, tb
pp = Z(W) vwvw<
VBF =
pp — W' (Z")jj 5

-,

S WTW— = (¢
W’ —W_Z = iy

>,

pp — £ rate at the LHC

| | T ]
N i S=0.07 1
A AN s=0.0 7
N ————— S=-0.33 ;
"-\..‘q‘.ﬁ‘\
10 e |
Rs
AN
10 S~ 1
- =
1 | ]
200 400 600 800 1000

200 400 800 1000
/ /
pp— WZ', WW’', ... M, (GeV)
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LHC reach for DY di-lepton signature

pp— Z — e’e rate at the LHC LHC reach for pp — Z"— e’e process
Q C
H N T T | T T T | T T T | T : o
S N mememmae NS SR ~ S A\ —— $=0.07
S 25_ ' =2 103 $=0.0
: 18 2 N $=-0.33
[ ] > i
10 £ E ) I
E 13
B Z S 10 ¢
D -
U P ERRRY, -
ESIgnaI:tha!-bg § -
_1: i i
10 | 1 |
200 400 600 800 1000 200 400 600 800 1000
M,. (GeV) M, .(GeV)

¢ Decay and production are suppressed by x* compared to 'usual' PYTHIA Z' model
¢ One should be prepared to face with this scenario with very different Z'/W' features
® Discovery reach for DY process is about 0.5-0.6 TeV (vs 3-5 TeV)

» fermiophobic Z' required by EW data (vs SM-like Z'-fermions couplings)

» Z'WW coupling is non-vanishing to provide unitarity (vs vanishing Z'WW vertex)
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Vector-boson fusion WZ —» W' and associate W'Z
production are much more promising:
large rates + clean signature

E; >300GeV,  pp; > 30GeV

o (fb)

pp — Wi — WZjj— 3Njj

pp—> WZ — WZZ — jj4l

10 coeoeo o ey e e by ey
400 500 600 700 800 900 1000

M, (GeV)
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pp — WTZjj : Exacttree-level calculation with CalcHEP

* No effective WZ approximation.

*» Complete set of signal and background
diagrams including interference.

h CalcHEP /symb @ CalcHEP/symb
Model: 3-site-tfg Delete,On/off,Restore,latex

Process: p,p—>W+,Z2,3.3]

Feynman diagrams
7816 diagrams in 21 subprocesses are constructed.
0 diagrams are deleted.

Subprocess

ul,Ul -> Z,W+,01,d1
ul,dl -> Z,W+,d1,d1
ul,Dl -> Z,W+,ul,Ul
ul,Dl -»> Z,W+,d1,D1
ul,Dl -> Z,W+,G,G
ul,G —»> Z,W+,G,dl
Ul,ul -> Z,W+,U01,dl
Ul,Dl —> Z,W+,Ul1,U01
dl,ul —> Z,W+,d1,dl
dl,Dl -> Z,W+,U01,d1
D1l,ul -> Z,W+,ul,Ul
Dl,ul -»> Z,W+,d1,D1
Dl,ul -> Z,W+,G,G
D1,Ul -»> Z,W+,Ul1,U1
Dl,dl -» Z,W+,Ul,dl
,D1 -> Z,W+,Ul,D1
D1,G > Z,W+,G,Ul
G,ul > Z,W+,6G,dl
G,D1 —> Z,W+,G,Ul
G,G —> Z,W+,U01,d1

2
3
4
5
6
7
8
9
0
1
2
3
4
5
6
5
8
9
0
1

1
1
1
1
1
1
1
1
1
1
2
2
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LHC reach for WZ->W’ process (preliminary)

E; > 300 GeV

pPri > 30 GeV

il < 4.5

[An(ji)| > 4

pre > 15 GeV

me| < 2.5

0.85 My < Mr < 1.05Myy+

Number of events/25 GeV

10

- 500GeV
700 GeV

L=100 fb

900 GeV _:

200 400 600 800 1000 1200
M 31 (GeV)
= i . .
the complete WZjj BG s [pp—> W2y —
is factor 4 bigger then g " S ——
. o f‘.—f e
PYTHIA effective & o
. . 2 s — 30
V-boson approximation! T =
To be compared with E //
Birkedal, Matchev, = S i el
Perelstein(2005) § 400 500 600 F00 800 Q00 To00 717100 71200
E M, (GeV)
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Prospects for ILC@ 0.5 TeV: g,

09ZWW 0
-0.02 e
-0.04} Fa
P
-0.06 '8
|'|..II1
-0.08
600 800 1000 1200 1400
My (GeV)
! ! S — Mz
5 _ OxZee9zZWW OxZ'eeJZ'WW A 1
gzww = + _

2
gszBSMgZWWSM gXZBESMgZWWSM §— MZ’

ILC sensitivity is ~ 4 x 10~ with 500 fb-"
hep-ex/0106057 American LC Working Group
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Conclusions and outlook

¢ Three site model is compelling
* |s simple, yet consistently implements the 1°' KK mode of a Higgsless ED

» |Is representative of Higgsless models and their duals — dynamical symmetry
breaking models

» |s consistent with precision electroweak observables (IDEL)
» Has a simple parameter space (M_, M,,.)
¢ Implemented into ClacHEP — powerful tool for pheno/exp studies
* model is complete and tested in both gauges
* public: hep.pa.msu.edu/people/belyaev/public/3-site/

¢ Distinctive phenomenology of Z',W': one should be ready for this!
» fermiophobic Z',W': di-lepton DY discovery range is up to M. ~0.5-0.6 TeV

— very different features as compared to Z' of SUSY U(1)' models

» tri-lepton signature from WZ->W' signal can completely cover M,,. space

» 0.5 TeVILC can test M. beyond 1 TeV with g,,,,, coupling measurement
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TSM: Representative of a Higgsless Extra Dimension

* Low energy phenomenology of a Higgsless
ED is dominated by the 1% KK mode.

1.25 ¢ - : - : - :
9 Coleppa, Di Chiara, Foadi ]

Ap(N)  hep-ph/0612213 |

Ap(1)

d 2‘0 4.0 6l0 8.0 100 120
N
¢ The Three Site Model consistently
implements the 1% KK mode in a gauge

iInvariant way.
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TSM: Representative of Dynamical EWSB

¢ Warped Higgsless ED is conjectured to
be dual to a walking technicolor theory.

° The Three Site Model consistently
implements the vector resonances
(TC) in a gauge invariant way.

¢ Satisfies precision electroweak
measurements (S=0).
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The Three Site Model

Chivukula, Coleppa, Di Chiara, Simmons
PRD 74, 075011 (2006)
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12 J \/51 J
— o0

11370 1wt
W, (

where /=0, 1

Gauge Sector

G9=9 91=g, g2=49
g>gq,9
=g/g=x< 1,9 /g=5/c=t
N I

62_92 92 ng

L:Fz — —%TI“{F(? +F12 —|—F22}

where

prv o __ " 2y 1 AP p v
FM = ghWh — 9 W + ig, [Wj,wj}

Casalbuoni, De Curtis, Dominici, Gatto
(BESS) Phys. Lett. B155 (1985) 95
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o AR
| Gauge - Goldstone Sector
SU(2)o x SU(2), x U(1 2
( )0 X ( )1 X ( )2 EDZ — ?TI'|:(D”20)T D[,LEO _|_ (DMEI)T DM21i|
275 where
Zj — e’ fg
D35 = 0y + 1g; WX — 19413 Wit
1.0 1 -+
T = 12 J \/51 30 This gives the gauge boson mass matrices:
V2hi T 27 )
A2 = 2 90 —gog1
+ 4\ —gog1 297
2 — 0
42 9o 90291
MZ =4 | —go91 29 —g192
0 —g192 95

A. Belyaev
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. Independent parameters: M, , M,, e, M.
< Dependent parameters: g,,9,,9,,f

SU(2)0 X SU(2)1 X U(].)z

=
|
|

— 92
9o M2,  2+4x’—y/4+x?

14 1 Mg~ 24m244/44a4

Mz, 2+4x? — /444

Mz 2422(14t2)—/a+z2(1—t2)2

27

A. Belyaev

Phenomenology of Higgsless models SUSY 2007



Yr1 /|YR2

) Fermion - Gauge Sector
Yrol/ Yr1 _ _ _
SU(2)o X SU(2)1 X U(1)2 Lpy =ProP Yro+ Y1 P Y1 + Yr2 P PR
Yo0,10 =1/6 Yo, = —1/2 where
Yau = 2/3 Dyuj = 0utj +19; Wi + 1925 Watp;
Yoq = _1/3 Y2e = —1
for j=1,2
and

D, 2 = 0,02 + 1g2Y2 s Watha
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2R Ideal Delocalization (IDEL)
gvaeva [gWSM + O( )] 1%

o ,0 0 1 1 1
Iwrsae — 90VLeVrivYy T I1VLYL Yy

= [gw,,, T+ 0($4)](USVUSV + viv'viv)
Iw,,, +O(z*)

(N

|
E.%l.\'J
_|_
ﬁ
_|_
=

N

|

_ 0 0 0 1 1 1
gw' — gOULevLUUWr _|_ gleevLuvwr

o.,,0 1 .1
gWSM (,UW UWI —I_ ,UW UWI)
0

Chivukula, Simmons, He, Kurachi, Tanabashi: PRD 72, 015008 (2005)
Casalbuoni, Deandrea, De Curtis, Dominici, Gatto, Grazzini, : PRD 53, 5201 (1996)
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" Gauge Fixing Sector
SU(2)o x SU(2)1 X U(1)3 Lop = —Tr G(z) n G’f n Gg}
where
Go =9 -Wo— 3g90f(mo0 )
(i o) @m0 Wdndln o
Sl i . 17

Gz =0 -Wy — 392f( — 7p*)
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g ) Ghost Sector
SU(2)o x SU(2)1 xU(L)2 £ — _Ty {EO(SBRSTGO + €105, G1 + EzéBRSTGz}
where

Oprsr Wui = —<3qu +1ig; [ Wy 5 ¢ ])

| .
OpnsrTj = 5(95¢i — gj+1¢j+1) + 5[ g€ + gjt1¢i+1 5 75 ]

_é[ﬂj’ [ﬂ-j ’ gjcj—gj_|_1(3j_|_1] }-|-
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(D5

YR1 YR2
E >

Vi1 VL2
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G(WZ—W2Z)(pb)

300 r

200 r

N Checks:

° Feynman vs. Unitary gauge.

¢ Decoupling of heavy fields.

900 |
800 |

700
600 |

500 |
400

¢ Masses and mixings (LanHEP).

sqrt(s)=200 GeV

¢ Hermiticity (LanHEP).

M,(M,,)(GeV)
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Heavy fermions

>l L S e S %‘“ | m, 2400Gev' T T T ]
- z' -
N 0.35 T‘H—JL___ . 9— 10% E
T n [ — L.: - ]
- 0.3 :;"_'-F_ZH _ B 7
= - . ] i
54| - ] i i
0.25 [ ] )
: : 10°F E
0.2 = - - -
— wd ] I ]
015 5 " wa - ] : :
: : | 1 1 1 | | 1 1 | | | 1 1 | | 1 1 | |
0.1 T 1000 2000 3000 4000 5000
400 600 800 1000

M., (GeV) M. (GeV)

crucial ingredient of the model, in particular, provide unitarity
* but are too heavy to be observed even in strong pair production processes
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LHC reach for DY tri-lepton signature

pp — W rate at the LHC
, T T T ‘ T T T T T T

. . . § | |
In case of maximal deviation from = ]
idea delocalization =
pp > W' > WZ = 30+ v E
process can become important 00
cuts: M,,. (GeV)
M,+,- — Mz| <10 GeV
| P 4 ~ 1 fb for M,,=700 GeV but
PL > 20 GeV = N
My + 50w > M#* > My — Dy further BG reduction is necessary:
work in progress
pp—> W - WZ —veuyw LHC reach forpp — W' — W'Z —v pp— W - WZ —>venyw
- r Q =~ 0.1 T
S g \ > 009 Tﬂ
o S 1o L=100fb”, $=-0.33 Q o008 - '
‘E C € o007 2 +++
RS, \ = 006 & "
TTmmmmmmmmmommm e S 004 & H,
& © o3 =
I " 0.02 - T
1 | | | 0.01 £ e
10 ! ! — — 1 oo e \ ! ! | ! A ! | | | |
200 400 600 800 1000 200 400 600 800 1000 400 600 800 1000
M, (GeV) M, (GeV) M2 (GeV)
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LHC reach for WZ->W' process: pp — W Zjj

L=100 fb’’

||||||||||||||||||||||Eji.|_"-|'l.

pp— W' Z+jj
pp—W'Z+qq

pp—W'Z+qg
pp—W'Z+gg

[T

S 10 *

D

O

S

~ 3

@ 10

S

Q

-

@

S 107
10
1

200 400 600 800 10001200 14001600 1800 2000
M, (GeV)

P > 30 GeV

2 < || < 4.5

E7 > 300 GeV

EW:Z > 200 GeV

ARjj > 0.5.
the complete WZqq BG
Is factor 4 bigger then
PYTHIA effective V-

boson
approximation!

To be compared with Birkedal, Matchev, Perelstein: PRL 94, 191803 (2005).
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