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The main goal of LHC

is understanding why the weak scale is small.

Maybe the hierarchy problem was a good guideline. Maybe we lost 30 years.

A new symmetry

Scalar

H → H + θ

Keeps H massless.

Goldstone boson.

Vector

Aµ → Aµ + ∂µθ

Keeps Aµ massless

In 5 dims: H = A5

Fermion

Ψ→ eiθγ5Ψ

Keeps Ψ massless.

H
SUSY↔ Ψ.

Higgs has weak-scale size

Technicolour

H bound state like π

Large extra dims

H is a string or...
Warped extra dims

Dual to technicolor



Large extra dimensions



Collider signals

(1) Graviton emission (2) Tree-level graviton exchange

(3) Graviton loop (4) Trans-Planckian



No black holes in first LHC data



First LHC data: pp→ jj
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FIG. 1. The normalized χ distributions for 340 < mjj <
520 GeV, 520 < mjj < 800 GeV, 800 < mjj < 1200 GeV, and
mjj > 1200 GeV, with plotting offsets shown in parentheses.
Shown are the QCD predictions with systematic uncertainties
(bands), and data points with statistical uncertainties. The
prediction for QCD with an added quark contact term with Λ
= 3.0 TeV is shown for the highest mass bin mjj > 1200 GeV.

To evaluate the agreement between data and QCD in
Figs. 1 and 2, chi-square goodness-of-fit tests were per-
formed on each angular distribution under the assump-
tion that the bin-to-bin correlations are negligible. For
the χ distributions shown in Fig. 1, the chi-square per
degree of freedom for each dijet mass bin is (from low-
est to highest) 0.68, 0.83, 0.72, and 0.81, indicating good
agreement with the QCD prediction.

Similarly, in Fig. 2 the dijet RC comparison has a chi-
square per degree of freedom equal to 0.61, also indicating
good agreement with the QCD prediction.

The best fit of the RC distribution in Fig. 2 is obtained
for a compositeness scale of 2.9 TeV. This is not statis-
tically significant, as the QCD prediction lies within the
shortest 68% confidence interval in 1/Λ4.

10. Determination of Exclusion Limits

Since no signal from new physics processes is appar-
ent in these distributions, limits have been obtained on
the compositeness scale Λ of quark contact interactions,
based on analyses of the χ distributions. The contact
term hypothesis is tested in the highest dijet mass bin in
Fig. 1, which begins at mjj = 1200 GeV. For the χ dis-
tribution in this mass bin, the parameter Fχ is defined as
the ratio of the number of events in the first four χ bins
to the number in all χ bins. The upper boundary of the
fourth bin is at χ = 3.32. This choice of the bin bound-
ary has been determined through a MC study that varies

 [GeV]jjm
400 600 800 1000 1200 1400

C
R

0.0

0.5

1.0

1.5

2.0

2.5

QCD Prediction
Theoretical Uncertainties
Total Systematics

 = 2.0 TeV#

Data

ATLAS

=7 TeVs, -1dt=3.1 pbL"

FIG. 2. Dijet centrality ratio, RC , as a function of mjj , with
all events above a mass of 1400 GeV plotted in the last bin.
Shown are the QCD prediction with systematic uncertainties
(bands), and data points with statistical uncertainties. The
prediction for QCD with an added quark contact term with
Λ = 2.0 TeV is also shown.

the number of bins in the numerator, as well as the di-
jet mass bin, and determines the setting that maximizes
the sensitivity to quark contact interactions, given the
current integrated luminosity.

A frequentist analysis is employed as follows. Predic-
tions of Fχ are obtained for a range of Λ by interpolation
between distinct samples generated with different 1/Λ2

values. The QCD sample provides a bound with Λ = ∞,
and additional samples are generated with Λ values of
500, 750, 1000, 1500, and 3000 GeV. A full set of PE’s
is made for each hypothesis to construct one-sided 95%
confidence level (CL) intervals for Fχ, and the Neyman
construction [22] is then applied to obtain a limit on Λ.

The result is shown in Fig. 3. The measured value
of Fχ is shown by the dashed horizontal line. The value
of Fχ expected from QCD is the solid horizontal line,
and the band around it allows one to obtain the 1 σ
variation of the expected limit. The dotted line is the
95% CL contour of the Fχ prediction for quark contact
interactions plus QCD, as a function of Λ and including
all systematic uncertainties. This contour decreases as a
function of Λ since, for a small Λ scale, there would be
more events at low χ.

The observed limit on Λ is 3.4 TeV. This limit is found
from the point where the Fχ 95% CL contour crosses the
measured Fχ value. All values of Λ less than this value
are excluded with 95% confidence. This corresponds to
a distance scale of ∼ 6 · 10−5 fm, from conversion of the
limit using !c. The expected limit, found from the cross-
ing at the QCD prediction, is 3.5 TeV.
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Figure 6: χdijet distributions for QCD and for QCD with contact interactions with mass scale
Λ = 3 TeV. Non-perturbative corrections are applied to both theoretical predictions.
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Figure 1: The measured dijet angular distributions, corrected to the particle level, for several
regions in Mjj. The distributions are offset from zero by the amount indicated by the parenthe-
ses next to the Mjj labels. The data points include statistical and systematic uncertainties. The
results are compared to the predictions of pQCD at NLO without new physics (solid line) and
with a contact interaction term of compositeness scale Λ = 5 TeV (dashed line). The shaded
band shows the theoretical uncertainties that include scale variations, PDF uncertainties, and
non-perturbative correction uncertainties.

January 24, 2011 Greg Landsberg, Quest for New Physics w/ First LHC Data at CMS

Dijet Angular Distribution
• Use dijet c.o.m. scattering angle, via

25

• Complementarity of the two 
approaches: ratio uses coarse 
angular bins but fine mass bins; 
! uses much finer angular info, 
but coarse mass bins

CMS Preliminary

Monday, January 24, 2011χ = angular jj distance. Coulomb-like QCD gives a quasi-flat distribution.
New massive particles or effective O give effects at large Mjj and small angle χ



Loop level graviton exchange

At low energy is described by the dimension 6 effective operator

L = cΥ ×Υ, Υ =
1

2
(
∑
f

f̄γµγ5f)2

95% CL limits on |cΥ/4π|−1/2 in TeV
Experiment Process + −

LEP combined e+e− → `+`− 17.2 15.1
LEP combined e+e− → b̄b 15.3 11.5

ZEUS, H1 e+p and e−p 4.6 5.3
DØ pp̄→ e+e− 4.7 5.5

CDF pp̄→ `+`− 4.5 5.6
CCFR νN scattering 3.7 5.9

DØ pp̄→ jj 3.2 3.1
ATLAS at 7 TeV with 3.1/pb pp→ jj 5.3 4.2

CMS at 7 TeV with 36/pb pp→ jj 11 8.1
combined 22.4 15.7

LHC improves on TeVatron but not on LEP



Tree level graviton exchange

At low energy is described by the dimension 8 effective operator Leff = cT T

T =
1

2

(
TµνT

µν −

irrelevant︷ ︸︸ ︷
T
µ
µT

ν
ν

δ + 2

)2
∼ (Ψ̄∂Ψ + Ψ̄AΨ + F2

µν)2

Independently produced by brane fluctuations at loop level.

High dimensionality: energy is the key factor and early LHC wins

Coefficient: parameterize as cT = 8/M4
T (Hewett normalization).

Signals: pp→ jj is considered dirty by actually is much better at low statistics:

σ =

(
2 TeV

MT

)8

×


12.5 pb for pp→ jj

10.4 fb for pp→ µ+µ−

21.3 fb for pp→ γγ

thanks to the energetic uu→ uu. (cuts:
√
s = 7 TeV, Meff > 1 TeV, η < 2.5)



Bounds on MT

Experiment Process + −
LEP e+e− → γγ 0.93 TeV 1.01 TeV
LEP e+e− → e+e− 1.18 TeV 1.17 TeV

H1, ZEUS e+p and e−p 0.74 TeV 0.73 TeV
CDF pp̄→ e+e−, γγ 0.99 TeV 0.96 TeV
DØ pp̄→ e+e−, γγ 1.28 TeV 1.14 TeV
DØ pp̄→ jj 1.48 TeV 1.48 TeV

CMS at 7 TeV with 34/pb pp→ γγ 1.72 TeV 1.70 TeV
ATLAS at 7 TeV with 3.1/pb pp→ jj 2.2 TeV 2.1 TeV

CMS at 7 TeV with 36/pb pp→ jj 4.2 TeV 3.4 TeV
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Bounds on graviton exchange at tree level



The LHC data

SM

MT = 2 TeV, +

MT = 2 TeV, -

MT = 2.5 TeV, +

MT = 2.5 TeV, -
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Computed implementing in MadGraph and Pythia



Fitting the full amplitude A = S(s)T2
µν

Truncate KK tower at m < Λ to avoid UV divergence:

S(s) =
1

M2
Pl

∑
i

1

s−m2
i + imiΓG(mi)

=
1

M2+δ
D

∫
|q|<Λ

dδq

s− q2 + iε

cT = S(s� Λ2) =



πδ/2

(1− δ/2)Γ(δ/2)

Λδ−2

Mδ+2
D

≡
8

M4
T

for δ > 2

π

M4
D

ln
s

Λ2
for δ = 2

−iπ
M3
D

√
s

for δ = 1

Subtelty: S∫ = 〈S∑〉 i.e. it is ok to
∑

KK ≈
∫
q and ignore the graviton width

ΓG =
283

960

m3

πM2
Pl



〈|S|2〉 vs |〈S〉|2: subtleties under the carpet

Including ΓG: 〈|S|2〉 = (ReS)2 + (ImS)2/ε with ε = πΓG/2∆m ∼ (s/M2
D)1+δ/2.

Consider just one particle with coupling g (g ∼ E/MPl � 1 for KK gravitons):

σ =

∣∣∣∣∣∣∣∣∣∣∣∣

∣∣∣∣∣∣∣∣∣∣∣∣

2

One would guess σ ∼ g4 but actually σ ∼ g2, due to pp→ graviton.
Next graviton decays with 100% probability and width Γ ∼ mg2.

For flat extra dimensions Γ is small: gravitons decay far away from the detector.

Resonant graviton production must be subtracted

We find σsubtracted ∼ −g4, up to O(g4) terms, such as NLO corrections to Γ.

We presume that 〈|S|2〉subtracted = |〈S〉|2 is the right result

Anyhow, even the unsubtracted 1/g2 enhancement (present for δ = 1) is nu-
merically irrelevant for pp→ jj.



Bound on the full amplitude (MD,Λ)
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• Shaded: LHC (continuous = CMS; dashed = ALTAS; dotted ATLAS Fχ)
• Blue: gravition emission, ignoring the dependence on Λ
• Red: NDA estimate of graviton loop
• Gray: non-perturbative quantum gravity



SUSY



First LHC data

Philipp Schieferdecker (KIT)

First SUSY Result at the LHC!

20LHC End-Of-Year Jamboree
December 17th 2010

Expanded the excluded range established during the last 20 years (!)
by ~factor of two with only 35 pb-1!

Search for high mass squark & gluino production in events with
large missing transverse energy and two or more jets

!"#$%%&'()*+,-./0(12

!"!#$%&'()'*+,

!"# L$#%&'(

)*$#+,- ( . ! (/

0 /10 /12 (1/ (1.

2 /12 (1/ (1. (13

4 /14 (1( (15 (16

!
"#"$

!" % #13$&
3"45

!"#$%&$'()&#*$+,(-$
./&01*(*$2

L345'6+$"#*$789:,(-

&/$L3+5'6+$"#*$78;<,(-
$

$=
>?>@

$A&B(/$A1=1C$DE:,(-$

=
>?>@

$3$DE:,(-$

0 200 400 600 800 1000
0

200

400

600

800

1000

squark mass mq
� in GeV

g
lu

in
o

m
as

s
M

3
in

G
eV

within CMSSM
excluded

outside
CMSSM

Actually a bound on mq̃ and M3, up to 700 GeV in the CMSSM

In the following we ignore gµ − 2 or ΩDM; they point to heavier mSUSY.



The little hierarchy problem

Fix tanβ = 3 and A0 = 0; the overall SUSY mass scale is fixed by

m2
h

tree level→ M2
Z ≈ 0.2m2

0 + 0.7M2
3 − 2µ2 = (91 GeV)2 × 35(

M3

650 GeV
)2 + · · ·

Plot this in the plane of the adimensional free parameters (M1/2,m0)/µ:
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Bayesian MonteCarlo technique

Scan over all adimensional parameters (m0/µ, B0/m0,..., λt) compatible with
measured mt. Compute tanβ and mSUSY from VMSSM. Normally mSUSY ∼MZ;
rare accidents can make it bigger. All possible fine-tunings are included without
using any explicit FT parameter ∆. E.g. focus point is fine-tuning of λt.
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Fraction of alive CMSSM ≈ 1/∆

any mh

10.% after LEP

3.% after LHC

mh > 100 GeV

4.% after LEP

1.5% after LHC

mh > 110 GeV

1.% after LEP

0.7% after LHC

Fraction of surviving CMSSM parameter space

(The CMSSM prediction for mh can be circumvented;

the theoretical uncertainty in mh is about 3 GeV)



MZ � mSUSY ⇒ late SU(2) breaking

The scale Q0 at which RGE running makes m2
h(Q) < 0 must be close to mSUSY

102 104 106 108 1010 1012 1014 1016

renormalization scale in GeV

-300
-200
-100

0
100
200
300
400

so
ft

ter
ms

SUSY little Higgs as pseudo-Goldstone of some symmetry broken at Q0?



The sliding mSUSY model

Assume that mSUSY is a free parameter determined by minimizing VMSSM (!)

minVMSSM ∼
{

0 mSUSY > Q0
−m4

SUSY mSUSY < Q0

Prediction [hep-ph/0005203, BS]: mSUSY<∼Q0 and a loop factor above MZ:

dµ2
u

d lnµ
sin2 β +

dµ2
d

d lnµ
cos2 β − 2

dµ2
ud

d lnµ
sinβ cosβ = M2

Z cos2 2β
one loop→ m2

h

RGE loop factors are big: roughly this means

mt̃ ≈ 4πMZ/
√

12 ≈ 400 GeV

Predicted: dashed line in the CMSSM plot.

Allowed: from 50% to 6% with LHC.

PS: BS hypothesis may be BS: V 6= VMSSM.

Alternative interpretation in terms of anthropic

pressure (Q0 � mSUSY): more rare than SM?
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Conclusions

These beautiful ideas and the history of the Michelson-Morley experiment teach

us that a negative experimental search can have deep theoretical implications.

“History repeats itself, first as tragedy, second as farce”.



Conclusions

“Now this is not the end.

It is not even the beginning of the end.

But it is, perhaps, the end of the beginning”.


