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physics baseline by today
we have not explored the Fermi scale with our own eyes until now, but [LEPEWG ’10]

Λ . mW :

�
�
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�

SU(3)C × SU(2)L × U(1)Y
?−→ SU(3)C × U(1)Q

W±,Z ∼ [SU(2)L × U(1)Y ]/U(1)Q

+ indirect constraints from high scales leaving low-energy footprints: S,T ,U,Zb̄b, . . .

BSM phenomenology means entering the regime Λ� mW in the electroweak sector:
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• sectors communicate ∼ Λ

• re-establish known physics & MCs
at new scales

S/B ∼ 1: busy multijet final states, missing energy
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yesterday’s sensation. . .
. . . is already yesterday’s calibration!

W/Z+jets

in-situ jet energy scale calibration
[ATL-PHYS-PUB-2009-000]

[CMS-PAS-JME-09-005]

W ,Z , `±, /ET reconstruction
[ATLAS-CONF-2010-057]

[CMS-JME-10-009]

τ± identification [CMS arXiv:1104.1617]

MC validation [ATLAS arXiv:1012.5382]

QCD jets

fake-/ET [ATLAS-CONF-2010-065]

[CMS-PAS-JME-10-004]

MC validation [ATLAS-CONF-2010-084]

[CMS-PAS-QCD-10-011]

Central Jet Veto performance
[ATLAS arXiv:1107.1641]

Get everything in place for SUSY and Higgs searches
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MC validation [ATLAS arXiv:1012.5382]

QCD jets

fake-/ET [ATLAS-CONF-2010-065]

[CMS-PAS-JME-10-004]

MC validation [ATLAS-CONF-2010-084]

[CMS-PAS-QCD-10-011]

Central Jet Veto performance
[ATLAS arXiv:1107.1641]

theoretical status
W/Z+jets

NLO precision for W/Z + 0, 1 jet
[Giele, Glover, Kosower Nucl. Phys. B403 (1993) 633]

[Brensing et al. arXiv:0710.3309]

[Denner et al. arXiv:1103.0914, arXiv:0906.1656]

NNLO precision for W/Z
[Anastasiou et al. hep-ph/0312266]

approx. NNLO for Z + 1 jet
[Rubin, Salam, Sapeta arXiv:1006.2144]

NLO precision for W/Z + 2 jets
[Campbell, Ellis hep-ph/0202176, MCFM]

NLO precision for Z + 3 jets
[BLACKHAT+SHERPA, arXiv:1004.1659]

NLO precision for W + 3 jets
[BLACKHAT+SHERPA, arXiv:0902.2760]

[ROCKET, arXiv:0910.3671]

NLO precision for W + 4 jets
[BLACKHAT+SHERPA, arXiv:1009.2338]

NLO precision for diboson+jet, triboson+jet
[Dittmaier et al. 0710.1577] [Binoth et al. 0911.3181]

[VBFNLO, 1107.4038] [Campanario et al. 1106.4009]
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[CMS-PAS-JME-10-004]

MC validation [ATLAS-CONF-2010-084]

[CMS-PAS-QCD-10-011]

Central Jet Veto performance
[ATLAS arXiv:1107.1641]

theoretical status
QCD jets

NLO precision for 2 jets
[Ellis, Kunszt, Soper Phys. Rev. Lett. 69, 1496 (1992)]

NNLO precision for qq → qq, gq → gq
[Anastasiou et al. hep-ph/0101304, hep-ph/0012007]

[Bern, De Freitas, Dixon hep-ph/0304168]

NLO precision for 3 jets
[Frixione, Kunszt, Signer hep-ph/9512328]

[Nagy hep-ph/0110315, hep-ph/0307268, NLOJET++]

pQCD ⊕ shower matching approaches

MC@NLO [Frixione et al. arXiv:1010.0568]

POWHEG box [Alioli et al. arXiv:1002.2581]

HERWIG++ [D’Errico, Richardson arXiv:1109.1127]

HERWIG, PYTHIA [Alioli et al. arXiv:1012.3380]

SHERPA [Höche et al. arXiv:1008.5399]

MENLOPS [Höche et al. arXiv:1009.1127]
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[CMS-PAS-JME-10-004]

MC validation [ATLAS-CONF-2010-084]

[CMS-PAS-QCD-10-011]

Central Jet Veto performance
[ATLAS arXiv:1107.1641]

MC validation

tree level matching of W/Z+jets and multijets

MLM in ALPGEN [Mangano et al. hep-ph/0206293]

MLM in MADGRAPH/MADEVENT
[Alwall et al. arXiv:1106.0522]

MLM in HELAC-PHEGAS
[Cafarella, Papadopoulos, Worek arXiv:0710.2427]

ARIADNE [Lönnblad hep-ph/0112284]

CKKW in SHERPA [Catani et al. hep-ph/0109231]

[Gleisberg et al. arXiv:0811.4622]

dedicated matched MC comparison for
W+jets @ Tevatron [Alwall et al. arXiv:0706.2569]
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Figure 5: (a)–(c) di (i = 1, 2, 3) spectra, where di is the scale in a parton-level event where i
jets are clustered into i− 1 jets using the k⊥-algorithm. (d)–(f) ∆R separations at the Tevatron
between jet 1 and 2, 2 and 3, and 3 and 4. All curves are normalized to unit area. Lines and
points are as in fig. 2.
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Figure 6: The scalar sum of the transverse momentum of the charged lepton, the neutrino and
the jets at the Tevatron. Lines and points are as in fig. 2.
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First LHC measurements

W+jets with ATLAS [arXiv:1012.5382] . . . updates at this conference. . .
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First LHC measurements

inclusive jets with ATLAS [ATLAS arXiv:1107.2092] . . . updates at this conference. . .

10 The ATLAS Collaboration: Multi-jet cross sections in proton-proton collisions at a 7 TeV center-of-mass energy

Leading-order Monte Carlo Normalization factor
ALPGEN+HERWIG AUET1 1.11
ALPGEN+PYTHIA MC09′ 1.22

PYTHIA AMBT1 0.65
SHERPA 1.06

Table 3. Normalization factors applied to each of the Monte
Carlo simulations in order to match the measured inclusive
two-jet cross section.

The normalization factor for SHERPA is found to be the
closest to unity.

Figure 6 shows the results for the cross section as a
function of the inclusive jet multiplicity. The measurement
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Fig. 6. Total inclusive jet cross section as a function
of multiplicity. The data are compared to leading-order
Monte Carlo simulations (ALPGEN+HERWIG AUET1, ALP-
GEN+PYTHIA MC09′, PYTHIA AMBT1 and SHERPA) nor-
malized to the measured inclusive two-jet cross section. The
darker (orange) shaded error bands correspond to the system-
atic uncertainties on the measurement, excluding the luminos-
ity uncertainty. The lighter (grey) shaded error band corre-
sponds to the systematic uncertainty on the measurement, nor-
malized to the inclusive two-jet multiplicity bin. A plot of the
ratio of the different Monte Carlo simulations to the data is
presented at the bottom of the figure.

systematics are dominated by the jet energy scale uncer-
tainty and range from 10-20% at low multiplicities to al-
most 30-40% at high multiplicities. The Monte Carlo sim-
ulation predictions agree with the measured results across
the full inclusive multiplicity spectrum, even when com-
paring just to the shape of the distributions.

A study that reduces significantly the impact of sys-
tematic uncertainties is the ratio of the n-jet to (n−1)-jet
cross section as a function of multiplicity. In this ratio,
the impact of the jet energy scale uncertainty is signifi-

cantly reduced and the uncertainty due to the luminos-
ity cancels out. Figure 7 presents the results for such a
study. Both the unfolding and the jet energy scale uncer-
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Fig. 7. Ratio of the n-jet cross section to the (n− 1)-jet cross
section for values of n varying from three to six. Systematic
uncertainties on the cross section ratios are shown as an error
band. Other details are as in the caption to Figure 6.

tainties contribute comparably to the total systematic un-
certainty, whereas the statistical uncertainties are smaller
than the systematic uncertainties, and negligible in most
bins. All Monte Carlo simulations are consistent with the
measurements at the present precision, yet there is a no-
ticeable spread in the predictions. Differences at the level
of 15% are observed between PYTHIA AMBT1 and ALP-
GEN+PYTHIA MC09′ in the first bin. These differences
most likely arise from the difference between the ME+PS
and the pure parton-shower Monte Carlo simulations. All
ALPGEN+PYTHIA tunes studied are comparable in this
measurement.

The differential cross section for multi-jet events as a
function of the jet pT is useful for characterizing kine-
matic features. The comparison reveals significant differ-
ences between the leading order calculations and the mea-
surements. Figure 8 presents the pT-dependent differential
cross sections for the leading, second leading, third leading
and fourth leading jet in multi-jet events. The systematic
uncertainty in the measurement is 10-20% across pT and
increasing up to 30% for the fourth leading jet differential
cross section. The jet energy scale systematic uncertainty
remains the dominant uncertainty in the measurement.
However, the uncertainty is less than 10% (grey shaded
error band) for the leading and second leading jet pT dis-
tributions.

All Monte Carlo simulations agree reasonably well with
the data (orange darker shaded error band). However,
the PYTHIA AMBT1 Monte Carlo simulation predicts
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First LHC measurements

fake /ET with ATLAS [ATLAS-CONF-2010-065] . . . updates at this conference. . .
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early data & theory ; new physics

lesson learned from early data & theory

/ET under control ; jets + /ET searches
[ATLAS-CONF-2010-065] [CMS arXiv:1101.1628, arXiv:1106.4503]

W+jets, Z+jets and QCD jets follow “staircase” scaling

σincl
n

σincl
n−1

= Rn ≈ R = const ⇐⇒ R =
σ̂n+1

σ̂n
!

theoretically conjectured behavior for W/Z+jets
[Ellis, Kleiss, Stirling Phys. Lett. B154 (1985) 435]

[Berends et al., Phys. Lett. B224 (1989) 237]

consolidated for higher multiplicities by higher order
corrections

data well reproduced by matched Monte Carlos

no deep theoretical understanding (yet)

W+jets,
√

s = 7 TeV

Scaling property W /Z+jets: parton level studies

W−+jets @ LHC7 [Blackhat+Sherpa: C. F. Berger et al., arXiv:1009.2338[hep-ph] ]

anti-kT jets with R = 0.4 & ET > 25 GeV & |η| < 3

Rn ≡ σ̂n/σ̂n−1 LO NLO

R2 0.2805(1) 0.235(2)

R3 0.2483(5) 0.223(2)

R4 0.2394(4) 0.226(2)

W/Z+jets @ Tevatron [E. Abouzaid, H. Frisch, Phys. Rev. D68 (2003) 033014]

cone jets with ∆R > 0.4 & ET > 15 GeV & |η| < 2.5

n σ̂W ++nj/σ̂Z+nj (LO)

1 4.03(3)

2 3.89(6)

3 3.75(7)

4 4.10(7)

Steffen Schumann Searching for SUSY in hadronic final states

[BLACKHAT+SHERPA arXiv:1009.2338]
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Can we make use of this?
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and the answer is yes in two ways... [CE, Plehn, Schichtel, Schumann arXiv:1102.4615]

impact of scales

cuts sufficiently hard yet inclusive
; no intrinsic / cut-induced hard scale

introduce a heavy particle / large intrinsic scale

(i) decay jets, /ET

(ii) poke QCD ; QCD pokes back !

; offset #jets spectrum
; “tilted” radiation pattern wrst QCD

departure from scaling is sensitive to new physics
[CMS, EWK-08-006-PAS]
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generic strongly-coupled new physics
spectrum with a DM candidate

(; low L reach)
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introduce a heavy particle / large intrinsic scale

(i) decay jets, /ET

(ii) poke QCD ; QCD pokes back !

; offset #jets spectrum
; “tilted” radiation pattern wrst QCD

departure from scaling is sensitive to new physics
[CMS, EWK-08-006-PAS]
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inclusive autofocussing BSM searches ←→ data-driven background extrapolation

departure from jet-scaling
properties in binned LLH approach

control- and signal regions:
low nj bin(s) staircase

; bkg in signal region

correlated theoretical uncertainty
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“Autofocus” SPS1a [HERWIG++ arXiv:0803.0883]

[SHERPA arXiv:0811.4622]
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Shape log likelihood analysis Q(nj )
[LEPHWG ’03]

10

signal significance
for 35 pb−1

inclusive 0.2 σ
njets (1D) 1.6 σ
meff (1D) 3.3 σ
(njets, meff) (2D) 4.6 σ

Table III: Confidence levels for the signal plus background sample ruling out the background-only hypothesis based on one and
two dimensional log-likelihood distributions. The supersymmetric mass spectrum is given by SPS1a.

V. AUTOFOCUSING

Following our results in the previous sections we should be able to use the shapes of the njets and meff distributions
to extract a supersymmetric signal from the now quantitatively understood Standard Model backgrounds. Given
that the two distributions are affected independently by the color structure of the new physics sector and by its
mass scale(s) we will assess the power of the two-dimensional njets vs meff correlations in extracting a discovery or an
exclusion. Such a two-dimensional shape analysis is the natural second step after the first completely inclusive searches
based on counting events. According to Sections II-IV systematic experimental uncertainties will start dominating for
luminosities around O(1 fb−1). Since those are subject to continuous refinement during data taking and need to be
addressed within a full detector simulation study we limit ourselves to statistical uncertainties for a given luminosity.
While this means that we will not obtain reliable estimates for the discovery reach, we will see that it allows us to
discuss the main benefits and limits of the proposed analysis.

As supersymmetric reference models we choose the benchmark point SPS1a, two variations of it, and SPS4. Again,
we only apply the cuts given in Eqs.(1) and (2) and use the exclusive definition of njets and meff. For the meff

distribution we choose a binning of 100 GeV, which approximately reflects the experimental resolution towards large
meff.

For given background and signal+background hypotheses we use a binned log-likelihood ratio to compute statistical
significances assuming statistically uncorrelated bins

log Q =
�

bins

�
ni log

�
1 +

si

bi

�
− si

�
. (8)

It includes the luminosity via the signal and background event numbers si and bi in each bin. While it avoids the
limitations of S/

√
B in regions requiring Poisson statistics it approaches a Gaussian limit for each individual channel

when the bin content becomes large. Some features of this well established approach we summarize in Appendix A.
Applying a “simple hypothesis test” tells us how likely it is that the background-only hypothesis fakes the predicted
signal+background distributions as a statistical fluctuation, i.e. we define the p-value as the SPS1a likelihood ratio’s
median. The likelihood ratio given in Eq.(8) we compute for the exclusive njets, meff, and two-dimensional (njets, meff)
distributions. In this two-dimensional plane the definition of meff, following Eq.(7), only includes exactly njets jets.
With this completely exclusive definition of njets and meff we ensure that the sum over all bins in the (njets, meff)
reproduces the total cross section.

Considering this correlation is similar in spirit to the (/pT , HT ) analysis proposed in Ref. [38]. However, first we focus
on the njets and meff distributions because in Sections II-IV we have shown that we can quantitatively understand
the staircase scaling behavior of the Standard Model backgrounds and translate its precision into other variables. In
addition, as we will see in this section these two variables play a special role, as they not only distinguish signals
from backgrounds, but also contain information on the structure of the underlying new-physics model. As mentioned
above, for the sake of a proof of concept we ignore all uncertainties except for statistical experimental errors, to avoid
correlations in the definition of the log-likelihood.

We can expect from Figures 4 and 6 that the rate in each individual njets bin is dominated by Standard-Model
processes at low meff. Most likely, this region will be the control region to normalize the QCD and W/Z+jets
backgrounds. With the exception of hadronically decaying top pairs all Standard-Model channels will then show
a simple decrease in both directions of the two-dimensional (njets, meff) plane which we can predict following the
arguments in Sections II-IV. The signal contribution will become visible only once meff reaches the mass range of the
particles produced.

cuts as inclusive as possible, fake /ET from early data comparisons
; do not sculpt backgrounds

uncertainties with all other exclusive quantities are correlated

resolve energy scale ambiguity and gain statistical sensitivity by singling out the
exclusive nj ’s mass scale

; Q(nj ,meff) with meff = /ET +
X

nj

pj
T
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“Autofocus” SPS1a [HERWIG++ arXiv:0803.0883]

[SHERPA arXiv:0811.4622]
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Autofocussing with Q(nj , meff)
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Towards deciphering staircase scaling
photon+jets [CE, Plehn, Schichtel, Schumann in progress]

important for estimating invisible (Z → νν̄)+jets
[Bern et al. arXiv:1106.1423] [Ask et al. arXiv:1107.2803]

no obvious scaling behavior due to mixing of
dijet-type and γ+jet-like events

remove collinear contributions
; staircase scaling

induce hard scale mγj & 200 GeV
; QED-like ladder emission ; Poisson scaling
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FIG. 7: The H jet
T distribution. The left column shows distributions for the Set 1 cuts, and the

right column for the Set 2 cuts. The plots are arranged and the curves are labeled as in figs. 5 and
6.
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[Bern et al. arXiv:1106.1423]
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Summary & Conclusions

W/Z + jets & multijets are SM candles and important backgrounds to new physics
searches

pQCD theoretical status in good shape, shapes agree for matched MCs
; established QCD × electroweak phenomenology at a new energy scale

application in new physics searches with early data, especially SUSY

three step program that exploits jet scaling behavior:

1 use jet scaling to consistently reduce correlated uncertainties

2 use MC to trace the influence of cuts in a data-injected approach

3 identify regions inconsistent with the background-only hypothesis
(not discovery)

4 further comparisons & measurements needed

γ+jets is an excellent laboratory to test scaling hypotheses against data

jet scaling points to a novel way in performing W/Z+jets and γ+jets comparisons
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First LHC measurements

Z , `, τ reconstruction with CMS [arXiv:1104.1617] . . . updates at this conference. . .7
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Figure 2: Visible mass distributions of the τµτhad (top left), τeτhad (top right), τeτµ (bottom left),
and τµτµ (bottom right) final states.

The acceptances were obtained with the NLO QCD program POWHEG in the Z→ τ+τ− mass
region 60 < Mτ+τ− < 120 GeV. Table 3 shows the acceptances and the selection efficiencies
for the different final states considered. The number of extracted events from the fit, Nfit, is
corrected for the fraction of signal events outside the generator-level mass window, fout, where
N = Nfit · (1− fout) in Eq. 1. The correction factors used are also shown in Table 3.

The measured values of the cross section from the four final states considered are shown in
Table 4, where the uncertainties shown are due to statistical, systematic, integrated luminosity
and τ identification uncertainties.

The measured values are compatible with each other and with the NNLO theoretical predic-
tion, 0.972 ± 0.042 nb [27]. They are also consistent with the CMS measurement based on
Z→ e+e−, µ+µ− events [6].

The dominant uncertainty on the Z → τ+τ− cross section measurement comes from the τhad
reconstruction and identification efficiency. A simultaneous fit to all four final states is per-
formed to obtain the cross section and a scale factor for the τhad efficiency, which is the ratio
of the efficiency in the data to that in the simulation. The result of the global fit is shown in
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“Autofocus”
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