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What are the parameters we can constrain?

What are the uncertainties in calculation?

Which signals are unmistakably gravitons?

How to disentangle ADD and RS?

How to disentangle radion and Higgs?



What are the parameters we can constrain?



Real Gravitons (ADD):
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• Machine energy naturally cuts off KK sum

• 4-D Planck Mass MP cancels out of the calculation

⇒ Bounds from real graviton emission directly constrain the 
d-dimensional gravitational coupling constant
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Virtual Gravitons (ADD):
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⇒ Bounds from virtual graviton emission constrain the so-called 
string scale 1
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RS Parameters :

warp factor: KRe π−
K⇒ curvature of 5th dim.

R ⇒ radius of 5th dim.
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Since each graviton behaves as a weakly-coupled particle with 
electroweak order mass, we can only constrain the             plane( )0 0,m c

For radions, we can only constrain the                 plane( ),MΦ ΦΛ

0.1 0.01− 0.5 0.05−

220 GeV> 850 GeV>



What are the uncertainties in calculation?



Three kinds of uncertainties:
• model uncertainties

• PDF uncertainties

• experimental uncertainties

Model uncertainties:
1. We do not have a unique model!

2. ADD model calculations have a strong cutoff 
dependence – truncation issue

3. RS-GW model calculations neglect back-reaction 
effects



Truncation issue:

Cutoff in the ADD model is around a TeV

LHC experiments will actually achieve this energy

Low-energy effective theory breaks down at the cutoff!

For ease in calculation, we generally cut off such events

Most interesting new physics effects may lie just there!

To predict something, we require a (toy) string theory?





PDF uncertainties:

We do not really know the PDFs at LHC energies – will 
require “educated” extrapolation from Tevatron data

Tevatron had initially found an excess in high-pT events

It was soon explained away as a PDF effect

it appeared in all processes

Same phenomenon may well repeat at LHC!

Graviton effects also appear in all processes!

Need to ensure that graviton effects are not misinterpreted 
as PDF effects…

∵







Can we combine this with some sort of spin measurements etc to 
increase the sensitivity?



Multi-particle interactions:
Spectator model is no longer very accurate at LHC 
energies – we will have multi-parton interactions (minimum 
bias events)

Experimental excess CS =     New physics excess
+  PDF excess
+  Minimum bias events

In a naive analysis, excess cross-section could be 
interpreted as PDF/MB effect or a new physics effect

Even if we assume no new physics, PDF effect may get 
mixed up with minimum bias effects

Require to filter out the minimum bias effects

– heavily model-dependent



Models for hadron-hadron collisions
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• Decreasing pTmin increases number of parton-
parton interactions, and vice-versa.
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PYTHIA

• Multiple interaction 
model needed to 
describe data.

Correlations 
introduced via a 
varying impact 
parameter. 

PHOJET

• Need to connect hard scattering processes (perturbative QCD) to the soft 
processes (non-perturbative models).

• Attempts to extend perturbative high-pt 
picture down to the low-pT region.

Parton-parton cross section become 
larger than proton-proton -
interpreted as multiple parton
interactions

• Developed mainly for soft and semi-
hard particle production.

Implements ideas of Dual Parton
Model for low-pT processes.
Multiple Pomeron exchanges give 
rise to sea-quark multi-chains 

• Unlike PYTHIA, HERWIG etc., PHOJET 
not developed for Standard Model (and 
beyond) physics analyses.

Limited to production mechanisms 
of strong interactions.
However, useful tool for MB and 
UE studies where jets are involved.

Physics at LHC - Prague Dawson, Butter & Moraes 2003



Underlying event in charged jet evolution

Physics at LHC - Prague

Again, default PYTHIA does not give 
enough “activity” in “transverse region”. 
(Need to increase correlations in multiple 
interactions.)  Tuned-PYTHIA and PHOJET 
agree well with data.

• How does particle density in “transverse region” vary with leading jet pT ?

PYTHIA predicts significant increase 
in event activity in the UE at the LHC.
While tuned-PYTHIA and PHOJET
both agree well with CDF data, their 
predictions at LHC energies differ by 
more than a factor of 2. 



Which signals are unmistakably gravitons?



Hallmarks of KK graviton interactions:
• universality of coupling

• growth with higher energy (non-unitarity)

• spin-2 characteristics

• missing energy (in ADD-type models)

• pattern of masses (in RS-type models)

Generic problems in checking these:
1. Similar signals arise from other new physics, e.g. unparticles

2. May not be able to kinematically access multiple resonances

3. LHC experiments may not have necessary sensitivity



Spin-2 would be the most clinching argument

Study of narrow RS graviton resonances at the LHC (ATLAS detector)









How to disentangle ADD and RS?
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2 3
0 0n nc x mΓ ∝Graviton width grows rapidly!

For large widths RS signal begins to look like 
ADD signal

• both would have spin-2 character: angular 
distributions with P2(cos θ).

• both would give similar excess in all the SM 
channels, for correct choice of parameters

• invariant mass excess would be smeared-out, 
with broad overlapping resonances in RS, 
“quasi-continuum” in ADD





Rai & SR 2003

Trying to repeat similar study at LHC : Dixit & SR



COMMENTS

• LHC will start running a few months from now

• If there are TeV-scale extra dimensions, we hope to see 
them at LHC

• We must be careful not to

(a) miss the XD effects by being too conservative

(b) misinterpret SM effects as XD effects

• If we have new physics, we need to pin it down.

• Time has come to make detailed analyses and address 
the more difficult questions…

THANK YOU
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