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Motivation
We still do not have a viable test of the Fermi-scale and beyond! But we may expect ...

1
L = LsMm wo Higes T L[sU@)x u(1)/u(1)] T ATK(Z) +...
uv
... bottom-up phenomenology
The Standard Model O Lyu ~ yixHff;

= unwanted flavor effects decouple (Ayy — o) ©) (want[H] =1 /)

£@) ~ (Ff)(f)

broken symmetry operator Auv
B, L (fffe) /Auv 1073 TeV
1,2 family flavor (dsds)/Auyy ~ 10°TeV
(hard to find direct evidence...)

a Higgs mass very relevant operator @ (want [HTH] = 4)
Lsm D A&y HTH

EWSB & Mpianck, Mgut, - . . — HIERARCHY PROBLEM
DA

= (= =
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EWSB & hierarchies via
i) SUSY

ii) Technicolor & composite Higgs scenarios EWSB broken by strong dynamics
H~f © but  m? ~ [H][F/Ny D

... maybe solution in low N conformal dynamics? [Luty, Okui '09]

ii) Extra dimensions unresolved spacelike dimension(s)
[Arkani-Hamed, Dimopoulos, Dvali ‘98], [Randall, Sundrum '99]

RS1:
5d Einstein equations exhibit 4d Lorentz-invariant solution, S' /Z, orbifold
— slice of AdSs: Planck TeV
R? R AdS
ds? = 7 (gwdxﬂdx" - dy2) = Mo = 2o 5 sM

_—

...delocalized gauge fields were soon to follow e.g. [Pomarol '00]

] = =
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I 5d — 4d mass spectrum in a nutshell
m 5d gauge fields decompose under the unbroken 4d Lorentz group
Af(x,y) = (A%, AZ) = 4d vectors @ 4d scalars

m Action mixes 4d scalar and 4d vector (cf. SM)

S$> /d4x/Rl ay B L Tpavpa 1 passga
R y 4 3% 2 u5

m J-conditions & gauge fixing '=" As becomes the longitudinal component of A,,,
i.e. As decouples in unitary gauge

[Csaki et al. '04]

= no scalars in theory’s spectrum,
gauge boson mass operator M = y~'9, — 97 = Bessel functions

m reg. SLP along additional dimension = KK decomposition of gauge fields,

eg. A= aZ20  + X f1nZ
k>1

massless mode massive modes
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Strong interaction — Bulk-gauged RS1

AdS/CFT conjecture [Maldacena '97], [Witten '98]

AdS5 framework — large N strongly-coupled CFT
"Realistic’ higgsless model [Csaki et al. '04, Agashe etal.'03] T, U ~ 0
Planck TeV
Break Break m SU(2), x SU(2)r x U(1)g—1
symmetry symmetry global symmetry
by DBCs SU@) xSU@x U(), by DBCs
a SU(2). x U(1)y subgroup
unbroken unbroken weakly gauged
directions AdS, directions . .
NBCs > NBCs a Strong CFT dynamics causing
, spontaneous breaking of CFI
R R which also higgses the
electroweak sector.
SU(Z)RX U(I)BI U(l)Y SU(Z)Lx SU(2)E> SU(2)D
S ~ 0 — fermiophobic KKs — '"Walking extended technicolor’

(— bulk-fermions)

vectors an axial-vectors: e.g. Kaluza-Klein Wj (p-like bound states)
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[Arkani-Hamed, Cohen, Georgi '01]

SU;(M) SUi(N) SUj+1(M) SUj+1(N) SUi2(M)
Xi,i Wi i1 Xit1,i41 Yit,iv2
i3
A 'y NDA %
Xi,i = (M Nis 1i41), i i = (15 Ny Miq) — <Xi,i¢i,/+1> ~ %Ui,m € (M® M)
(4m)
SUn(2) SUn-1(2) SUy-2(2) u(l) ~ 3
@@= - O
TN_1 Tn_2 TN-3 P2
a Connection with deconstruction exits [Randall, Shadmi, Weiner '02]
a Seminal to continuum model-building (delocalization,. . .) [Chivukula et al. '05]
a Popular candidates to model higgsless LHC phenomenology [He et al. 08]
m Phenomenologically quite identical to continuum theory [Belyaev al. '09]
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I Disclaimet....wo viel Licht ist, ist starker Schatten

Drawbacks, model-building issues
m Mass scale is set by the scale of EWSB

(~ compositeness scale)
— naturally complicated to implement 3 fermion generation
— enhanced cutsodians — new discovery signatures, exotic fermions ...

m Tension between minimal models and electroweak precision data

[Cséki et al. 06]
[Barbieri, Pomarol, Rattazzi ‘03], [Barbieri et al. '08]
a Considerable amount of fine-tuning < pictorial representation of effective theory

Stable compactification, brane tension, 9-localized operators . ..
Apart from model-building caveats...

a Model spin-one resonances in calculable way

m present in all theories of strong EWSB (— unitarity)

— phenomenological handle on these kind of theories @ LHC?
Review of higgsless symmetry breaking
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The minimal higgsless model

Planck TeV.
m Invoke additional Z, symmetry: L — R
. SU@)x SURX U, ,
Bulk EQM ® O conditions
AdS
‘U’ s
KK decomposition of iso-vectorial resonances
SU(Z)Rx U“)BT u(), SU(Z)lx SU(Z)T SIJ(Z)“
m 4d EFT by inserting the KK decomposition
k,a,p ENT)
R’ R
mcp= {/ dy “uuPu) b x & cp
R y
I,b,v b,v
L SM

m Parameter-fixing
(mw,mz,e) < (R,R',g5,98-1)

leaves one free parameter, chosen to be R.
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The minimal higgsless model

w T-Parameter bound translates into R < 10~7 GeV~!

3 T T T T T
100 | @ (b)
= Planck-brane states
© g w0t | [ .
[21 -
= s
o " 1072 -
a : -
= 1078 | TeV—brane states 4
5 1 ° "
o | ]
-4 | m
o 10 e 4
1075 | *
1 1 1 1 1
10-18 10-18  10-B 102 103
R [Gev7!] my, [GeV]
Wy WZ coupling ratio wrt to WWZ coupling
for my, = 700 GeV
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The minimal higgsless model — Unitarity

Aj (k)

>< >—< o< ()"

Necessary SM sum rules for /s > my

[Birkedal, Perelstein, Matchev ‘04, Chivukula et al. '08]

2
Iy Wy Wy Wy =D Gwwz, O(s)
k>0
> 25
Ay, Gw, wy wy wy =3 ,é; Mz, 9wy wy Z, O(Vs)
9wy Wy 2, ¢ => 572W,(w1z1 O(s)
k>1
(M, — iy
2 > _ 2 1 1
2(mz, + My, )Iw, wy 2z, = ; G w2, <3mwk e O(Vs)
> k

...obeyed as consequence of the regular SLP in the continuum ./

=] (=) = E E DAl
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I The minimal higgsless model — Unitarity
A (ky) Af(ks)

X (P?A) )O

Ab(k2) Af(ka)

m Unitarity violation postponed to several TeV (upper limit — inelastic channels)

0.5
0.4

0.3 . . .
Partial wave projection for
o My, =700 GeV,

J=0,Jd=1,J=2,J=3
0.1

s'2 [Tev]
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The minimal higgsless model — Unitarity

A (k) A (ks)

& (p?,q) )0

Ab(ky) A (k)

a Extract upper limit on NDA O(1) determined from AdSs
[Papucci '04], [Cséki et al. '04]

12 T T T T T T
"roooas 1
10| 04 ]
o 085F
912 L 1
B T o3
2 s 025f 1
o 02
8§ 7r el ... 247% R
T el " 714 16 18 20 22 24 26 28 ANDA ~ 2 g
3 NDA cut-off scale [TeV] g5
51 ]
4t ]
3l ]
2 . . . . . .
14 16 18 20 22 24 26 28
NDA cut-off scale [TeV]
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Higgsless WW, WZ cross sections

m Phenomenology with W/, Z’ - saturated sum rules: W’ is 'smoking gun’

[Birkedal, Perelstein, Matchev '04]
"Saturation’ in very good agreement with full calculation:

ww — ww Wz — Wz

T
Icos6l <0.999

o [nb]

o [nb]

0.1

01 .
1000 1000
s"2[Gev] s'2 [GeV]

Phenomenology entirely dominated by the first non-SM mode («~ unitarity!)

[flat space ~ warped space]

o F
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VBF signatures in general

m Weak Boson fusion processes access gauge boson scattering.
sensitivity to the mechanism of EWSB

m Clean and distinct signatures of gold and silver plated modes at the LHC.
[Bagger et al. '94], [Rainwater, Zeppenfeld '99]
cut on typical VBF signature highly reduces QCD backgrounds

m QCD corrections small, electroweak corrections are sizable.
[Ciccolini, Denner, Dittmaier '07]

pseudorapidity

ajbue jeyinwize

VBF processes provide prominent discovery channels of extra vector bosons,
especially for suppressed Drell-Yan production.
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I Higgsless WWjj signatures

VBF cuts

P >20GeV, || < 4.5, |An;| >4, n;, x 1, <0, m;j > 600 GeV,
p% > 20 GeV, |n| < 2.5, Ry > 0.2, Ry > 0.4, leptons in jet rapidity gap

o (up = Q) = 1.70,2.28,2.03 b

T T T
0.04 =
— sM (a) i
r ~—
— — - KK (scenario A) I:: %
= ---- KK (scenario B) _‘r',i‘ 3
S o003 s Q
. ©
~ —
3 43
N 5
~ 002 I
b
hel
001
0

smearing: CMS-Note 2006/035,036
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I Higgsless W™ Zjj signatures

VBF cuts

P >20GeV, || < 4.5, |An;| >4, n;, x 1, <0, m;j > 600 GeV,
p% > 20 GeV, |n| < 2.5, Ry > 0.2, Ry > 0.4, leptons in jet rapidity gap

o (ue = Q) = 0.18,0.35,0.24 fb

T T T T T
15[ (a) — su b, M T
= = KK (scenario A) 13 = = KK (scenario A)
= == KK (scenario B) 0.08F ! ° - KK (scemarioB)
o - a . [
o I T
= ! -
= 1of i e = E
s ! R
b - - - . -
5 N has I EE
é‘ | : o ‘: e
T s i S o o
5 - . [
5 ! > oozl g
< 1 i <
L “iih
0.0 0.00 ! ! ~
0 500 1000 0 1 2 3
m¥ [GeV] ARF®
smearing: CMS-Note 2006/035,036 O <& - -
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I NLO-QCD — you know the business
Why NLO corrections

m LO = “Order of magnitude approximation” «— scale dependence
(lower bound on uncertainty!)

a Hadron-colliders — total QCD quantum corrections are sizable ~ 2

a Differential QCD-corrections even more important:
differential shapes determined @NLO, jet-definition,. . .

Experiment hard fixed-order QCD

a RG-improved LO analysis, i.e.

ur,r = kF,r(typical scales; observable) e
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I NLO-QCD — you know the business
Why NLO corrections

m LO = “Order of magnitude approximation” «— scale dependence
(lower bound on uncertainty!)

a Hadron-colliders — total QCD quantum corrections are sizable ~ 2

a Differential QCD-corrections even more important:
differential shapes determined @NLO, jet-definition,. . .

[Mnrol? D

Experiment hard fixed-order QCD

a RG-improved LO analysis, i.e.

ur,r = pF,r(typical scales; observable) e
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Higgsless signatures @ NLO-QCD

Anatomy of NLO-QCD corrections ('external’ QCD — no gluon tower)
a Handle IR-divergencies a la Catani-Seymour [Catani, Seymour '96], [KLN '62 '64]
UNLO — ULO +/ (do’Rfda'A) +/ (do_Vin+/da_A)
n+1 n 1
finite ~ (a) finite ~ (b)

m Subtraction term reproduces IR-divergencies of the real emission matrix element

A 42\ € @ =
do Vit ‘MB|2 as(:“i) (Ty) r(1+e) |:—?£- = %] + 2Re [MyMj]

Loop corrections in terms of process-universal building blocks  [Jager, Oleari, Zeppenteld '06]
[Campanario, CE, Spannowsky, Zeppenfeld '09]
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I Higgsless signatures @ NLO-QCD

Total NLO correction for W Zjj with leptonic decay: oN-C /10

| Scalep [ oOffb] | a"NO[fb] | K factor |

(mw + mz)/2 | 0.359 0.355 0.989
Q 0.349 0.356 1.020 | < RG improvement!?

My, 0.283 0.346 1.223
T T T T T T
14 1
Y
[
&
N 1.2 1
Q
= g M
-
gi g 1.0
5‘; Y
»
o
X 0.8 1
S}
=]
0.6 1
0.0 1 1 1 1 1 1
100 200 300 400 100 200 300 400
Pryjet [GeV] pry - [GeV]
[CE, B. Jager, D. Zeppenfeld '08], cf. SM [Bozzi et al. '07] o = = = = val
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I Higgsless signatures @ NLO-QCD

Total NLO correction for W Zjj with leptonic decay: oN-C /10

| Scalep [ oOffb] | a"NO[fb] | K factor |
(mw + mz)/2 | 0.359 0.355 0.989
Q 0.349 0.356 1.020 | < RG improvement!?
My, 0.283 0.346 1.223
T T T T T T T T
1sf . 14l ]
— — NLO
3
e 12f E
i of ] g wof T ]
e ; g g
E v
L 05 - 0.8k 4
5
]
06| E
0.0 1 1 1 1 1 1 1
200 400 600 800 1000 200 400 600 800 1000

my? [GeV]
[CE, B. Jager, D. Zeppenfeld '08]
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Can we separate the signal from the
background?

m VBF provides clean enough signatures to cope with very general BSM-EWSB
[Bagger et al. '94 '95]

a Dedicated refinement of the analysis for all channels @ LHC

taking into account [CE, Jager, Worek, Zeppenfeld '08]
m full matrix elements for signal and backgrounds m central jet veto
a double jet tagging m b-tag efficiencies
a full off-shell effects & leptonic final states » RG improvements
Signal procs background procs

po — WEZj+ X — 3epjj + X
pp — WEW™jj+ X — 26prjj+ X
pp — ZZj + X — 4lprjj + X

{t + jets
QCD pp — VVjj + X incl. leptonic decays
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Can we separate the signal from the

background?
Process os op | S/B|S/VB | S/VS+B | N3N, | Mo,
W*Zjj 0.68 | 039 | 1.7 | 189 114 204 | 117
WHW=jj 0.40 | 0.78 | 0.5 7.9 6.4 120 234
Z7jj — 4055 | 0009|0021 | 04 | 1.1 0.9 3 6
77jj — 202057 | 005 | 0.10 | 0.5 | 2.7 2.2 15 | 30

@300 b1 [30 b1 ~ 505 ]

LHC is highly sensitive to the scenario! '

a Combined analysis of VBF @ LHC sheds light on EWSB
m Subjet analysis [Butterworth et al. '09] not very promising, unfortunately...
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Can we separate the signal from the

background?

QCD-impact on the signal for these selection cuts?

1.00

do/dmy” [ab/GeV]

Review of higgsless symmetry breaking

1
500 600 <700 800 900

my? [GeV]
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I Summary

Higgsless EWSB defines phenomenologically appealing BSM scenarios

= 'Upper limit model’ on strongly interacting EWSB

Subjet analysis not very promising

If VBF phenomenologically dominates (fermiophobic KKs), the signatures are

(i) clearly visible and perturbatively stable wrt QCD (!),
(ii) largely independent of the fermionic sector,
(iii) rather model independent

Additional KKs generically too weakly coupled — no ’d > 4’ VBF-proof

The MC Code is publicly available at [Arnold et al. '08]

http://www-itp.particle.uni-karlsruhe.de/ vbfnloweb/

"Use your own scenario’ switch
— plug in your scenario and get differential NLO-QCD cross sections
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