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p p l l X+ −+ → +

p p Xγ γ+ → +
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Motivations: hierarchies

• Gauge hierarchy: MEW ~ 1 TeV <<  MPl ~ 1016 TeV

• Fermion mass hierarchy:  mν << mtop

• Scale of supersymmetry (soft breaking)

• “Duality” to strongly coupled field theories 

Simplest model [RS1] (Randall‐Sundrum)

• 1 compactified “warped” extra dimension 

5D spacetime, 2 branes set up

• Only gravity can propagate in full 5D space
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RS1 model of gravity in extra dimensions

•

• RS solution: (5D curvature)

• Fundamental mass scales (G = Newton constant)

• 4D effective theory gives

• “Natural”:

• Mass spectrum on Planck brane

• Mass spectrum on TeV brane exponentially warped

down: (automatic)
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• Exponential twist of hierarchy problem

• Junction conditions at y=0, y=pR =>

tower of KK, spin‐2, graviton excitations hn

• Masses and couplings to SM matter (TeV brane):

– Zero mode: (ordinary gravitation)

– Higher modes:

• Interaction:

• => gravity effects at TeV scale

• Of interest for colliders: narrow peaks in dilepton/diphoton production
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• RS‐model parameters and notations:
– M1ªMG mass of first KK graviton

(expectedMG ≈ TeV)

– c = k/M* coupling to matter [universal]

• Unevenly spaced spectrum:

Mn = (xn/x1)MG distinctive of

the model by itself

• Constraints:
DY production, M1=1.5 TeV and
subsequent tower states at LHC
(c = 1, 0.5, 0.1, 0.05, 0.2, and 0.01,
from top to bottom).

c < 0.1 [ k ~ 5D curvature ]

c ≥ 0.01 [ string arguments ]

Λp < 10 TeV [ no extra hierarchy ]

Width Γn = ρMn xn2 c2:

narrow resonances for small c

Experimental (TEVATRON):

MG > 560 GeV (c = 0.01)

MG > 1050 GeV (c = 0.1)

[Davoudiasl et al.]

[arXiv:1004.1826v1 [hep‐ex], 2010]
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Extensions of RS1:

• SM fermions and gauge bosons in the bulk (but not Higgs) →
fermion mass hierarchy.

• Stability of R: massless scalar “graviton”→ spin‐0 “radion”.

• Complicated phenomenology predicted.

“Principal” signatures

• Spin‐2 KK graviton excitations – cleanest events:

• Discovery vs. identification

,
p p R Xp p l l X

X l lγ γ γ γ

+ −

+ −

+ → +⎡ ⎤+ → +
⎢ ⎥+ ⎣ ⎦
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• Discovery reach: peak observation at some MR over SM
background→ allowed region on model parameters

• Identification reach: identify source of observed peak (different
models can give same MR and same number of events under the
peak) ↔ test the peak quantum numbers → more stringent
conditions on parameters.

Model examples: production of narrow peaks with same n. of events

• Spin:
– Model of gravity with extra warped dimension (spin‐2)

– Z’ models (spin‐1)

– SUSY with Rp sneutrinos (spin‐0)

• Identify spin of peak→ discriminate among models

p p R l l+ −+ → →

( , ,...)R l l R γ γ+ −→ →

“ CONFUSION
R E G I O N S”

⎫
⎪
⎬
⎪
⎭/
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Statistics and model signature spacesgraviton vs sneutrino graviton vs Z’



Cross section for
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I) Production cross section: 

II) Angular distribution

→ number of events under the peak 

p p R l l+ −+ → →

[ max(5 , 10) ]Bsignal N≡ ⋅
• Minimal number of signal events over SM background (discovery):

• Inputs:   reconstruction efficiency

• cuts

• ATLAS detector resolution: DM = 24 (0.625 M + M2 + 0.0056)1/2 GeV, 
dilepton mass Mmeasured in TeV units.

-1
int90 ;    10; 100 fb ;l % Lε = =

cut,| | 2.5; 20GeV; | | 2.5; 0.987l
T l ly P zη≤ > < =

Experimental inputs & cuts

( y ª rapidity of lepton pair, M ª dilepton mass, z ª cosθ*)



Hadron   level
• SM:
• Graviton exchange signatures in RS scenario:

• Parton distribution functions                  – CTEQ6
• Partonic cross sections

qq ,Z l lγ + −→ →

p p Xl l+ −→ +
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+ −→ →qq,gg ,Z ,G l lγ
+ −C.M. system:l l

*cos( )z θ≡

σ̂
( , )qf Mξ

[Giudice et al., 1999; Han et al., 1999]



Summary of angular distributions
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c = 0.01, MR = 1.6 TeV, equal
numbers of DY resonant events

(l = e, m) 

z‐even



Identification reach on spin-2

• Difficulty of angular analysis: boost to CM frame and sign of z

• Centre-Edge Asymmetry                         : = CE l
CE

ll

l( R )A
( R )σ

σ
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X2  analysis  using  ACE

• Constraints for identification reach on spin‐2:

– Exclusion spin‐0:

– Exclusion spin‐1:

•

• Condition: => determine range in (c, MG)
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&
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c = 0.01; MR = 1.6 TeV; Lint = 100 fb‐1; same number of events; 
error bars correspond to 2σ; with experimental cuts 

• =>   Excl. spin‐0 => Excl. spin‐11 0spin spin
CE CEA A− −Δ > Δ

• z*≈ 0.55  is  “optimal”   – and   c2 smooth 
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RS parameter plane

– domain allowing for spin‐2 identification 

vs. domain allowed for discovery (95% C.L.)



• Potential advantage of ACE

– “transparency”  to  spin‐1  Z’ (model independence)

– ratio of cross sections ‐‐> minimized systematic uncertainties

– “free” from sign ambiguity in cosθ*    (cfr FB asymmetry)

– Boost  to  CM  must  still be  performed … 

• Attempt with pseudorapidity [Diener et al., 2009]
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• excludes spin‐1:                            – predicted => strong test 

p p G γ γ+ → → (work in progress)
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V γ γ→/ ~ 2G
G l l

γ γ
+ −

→
→

(Randall – Wise)

z = cosθ*

• : dominant, peaked at z = ±12 41 6 4g g G z zγ γ→ → ∝ + +

• Can exclude spin‐0?   ACE–based analysis applicable.

41q G zq γ γ→ → ∝ −•
• Potential background from initial brehmsstrahlung – not for MG ~ TeV



[I. Serenkova]

Angular distribution of photons in the diphoton c.m. system for spin‐2 graviton
resonant production in the RS model with c=0.01; spin‐0 resonant production,
and prompt photon background. We take MR = 1.5 TeV. The spin‐0 distribution
is normalized so that the total number of events is the same for the graviton
and the scalar.
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• Discovery reach [5σ] and spin‐2 identification reach
on lowest RS graviton from ACE analysis (95% CL)

• Allowed region for discovery substantially reduced
by spin‐0 and spin‐1 rejection

• Dramatic restriction from Λp < 10 TeV (order of
magnitude)

Results for spin‐2 identification

Discovery Identification

Lint c=0.01 c=0.1 c=0.01 c=0.1

10 fb‐1 1.7 TeV 3.5 TeV 1.1 TeV 2.4 TeV

100 fb‐1 2.5 TeV 4.6 TeV 1.6 TeV 3.2 TeV
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• Discovery of G(n=2) in addition to lowest G(n=1):

• Recall predicted.

• Relevant (c, MG) pairs always stay within the spin‐0

(=> spin‐1) rejection domain.

• RS resonance doubly clinched: spin‐2 from angular

analysis & mass spectrum.

2 2

1 1

M x
M x

=

Lint c=0.01 c=0.1

10 fb‐1 1.1 TeV 2.7 TeV

100 fb‐1 1.6 TeV 3.7 TeV

Feasible (5σ) forMG=



Discovery limits and identification reaches on the spin‐2 graviton parameters in the plane
(MG, c), using the γγ and e+e– production cross sections and ACE at the LHC with Lint=100 fb‐1.
Discovery – 5σ. Exclusion – rejection of the spin‐0 hypothesis with γγ channel and rejection
of both spin‐1 and spin‐0 hypotheses with e+e– channel at 95% C.L. Both of them determine
the regions lying above the corresponding curves and marked as spin‐2 that correspond to
the identification of spin‐2 RS graviton. The theoretically favored region, Λπ < 10 TeV
(shaded), is also indicated.

[I. Serenkova]
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Experimental cuts:

Detector response has been
taken into account: the photons
considered are the two isolated
highest transverse momentum
photons with |η| ≤ 2.4 and
pT ≥ 40 GeV.
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[CMS PAS EXO‐09‐009]

(γγ)



Radion phenomenology
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• 4D massless scalar:

• Ruled out (tests of general relativity) & R must be stabilized

• Massive scalar field Φ in the bulk with VEV and “brane” conditions 

⇒minimum of potential at  y = πR ≈ 10 (stable 2‐brane set‐up)

On the TeV brane:

•

• Lightest mode in RS1, most important excitation to study at LHC?

• Interaction with SM fields:

• new scale at ~ TeV, roughly  

(Goldberger – Wise)

1
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[K. Cheung , arXiv:hep‐ph/0009232]Branching ratios of the radion versus mΦ. (mH = 150 GeV.)
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• Similar couplings as SM Higgs (scale factor           )

• Except gΦ gg >> gH gg (loop & trace anomaly)

• Φ H  interference for lower mΦ accompanies Higgs searches

SM

ΦΛ
v



Invariant mass distribution dσ/dMZZ for the radion signal withmΦ = 500, 800,
1000 GeV and the SM background q qbar → Z Z at the LHC, for (a) ΛΦ = 246
GeV and (b) ΛΦ = 1 TeV. A cut of | cos θ Z| < 0.8 is imposed.
[K. Cheung , arXiv:hep‐ph/0009232]
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Expected scenario at the LHC



LHC discovery reach for the radion using “translated” Higgs projections
from CMS (and ATLAS in the lower mass region) for 30 fb−1 of luminosity.
[P. Nath et al., arXiv:1001.2693v1 [hep‐ph]]

28N. Paver :: QCD@WORK :: 20‐23.06.10 :: ID of warped extra dim...


	Identification of warped extra dimensions signatures at LHC
	Outline
	Slide Number 3
	RS1 model of gravity in extra dimensions
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
		  Cross section for
		Hadron   level
	Summary of angular distributions
	Identification reach on spin-2
	X2   analysis  using  ACE
	Slide Number 15
	Slide Number 16
	RS parameter plane
	Slide Number 18
	Slide Number 19
	Slide Number 20
	Slide Number 21
	Slide Number 22
	Slide Number 23
	Slide Number 24
	Radion phenomenology
	Slide Number 26
	Slide Number 27
	Slide Number 28

