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A LONG AND WINDING TALE…

Is new physics the theorists white whale?
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WHAT THEORISTS WERE 
SAYING PRE LHC

SUSY is	


right around	


the corner

We’ll see DM

We’ll see KK states

We’ll explain	


the baryon	


asymmetry

We’ll find	


hidden sectors
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POST 7 AND 8 TEV RUNS
Maybe SUSY is 	



at 100 TeV
Maybe it’s just	



the Higgs

Maybe DM is	


an axion

Have we reached	


the end of 	



particle physics?
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THERE’S OF COURSE A 
REASON FOR THIS…



THERE’S OF COURSE A 
REASON FOR THIS…

Data



THERE’S OF COURSE A 
REASON FOR THIS…



Where is th
e BSM??????

THERE’S OF COURSE A 
REASON FOR THIS…



It must be at higher mass 
scales!!!

THERE’S OF COURSE A 
REASON FOR THIS…



LET’S MAKE SURE NOT TO 
LEAVE ANY SCALE BEHIND!

MEW



LET’S MAKE SURE NOT TO 
LEAVE ANY SCALE BEHIND!

MEW

*Not just a commentary on the USA  
being left behind on the Energy Frontier



THE ONLY NEW PHYSICS WE’VE 
FOUND SO FAR IS THE HIGGS

Is there anything else lurking at the EW scale?	


(remember the CDF Wjj saga…)

It’s difficult to go after this scale… It runs contrary to deep	


ingrained desire of BSM experimentalists not to 	



trust theorists and do everything in a “data-driven” manner



DATA-DRIVEN SEARCHES…

Experimentalists

Theorists
No new 

physics here, go 
higher!



DATA-DRIVEN SEARCHES…

• Based on being able to separate signal and control regions	



• What if there isn’t a good place where the signal isn’t?	



• Assumes shapes extrapolate almost perfectly, don’t trust 
MCs for normalizations…	



• If there are exceptions, this doesn’t just have dire 
consequences for searches, but for the Higgs as well in 
principle!



ARE THERE ANY POTENTIAL 
DISCREPANCIES IN THE DATA?

I some discrepancies:2

pT of the individual top quarks in t t̄

pT of the leptons in W+W ≠

I difficult to describe both minimum bias (MB) and
underlying event (UE) data with the same tune

I http://mcplots.cern.ch
a good overview of the distributions and comparisons
(for many event generators and tunes)

2There are some disagreements between ATLAS and CMS on which
ones.

SM (Fermilab) Pythia8 for Beyond the Standard Model (BSM) Physics May 17, 2014 7 / 33
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put this on his slide…



THERE’S MORE TO IT!Summary-CMS



ATLAS
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WW→lνlν Results (CMS and ATLAS)

11

√s = 8 TeV

Expected contribution from 125 GeV 
Higgs boson ~ 3% of WW yield

CMS and ATLAS cross sections slightly above theoretical prediction
Difference between 8 TeV result and theory value is (22 ± 13)% of theory value

CMS-SMP-12-005 

CMS-SMP-12-013

arXiv:1210.2979

CMS-SMP-12-013

VISUAL “EVIDENCE”

>3 sigma by naive	


combination…

Theory:	


NLO	



+
qq̄ ! W+W�

gg ! W+W�

MC@NLO,	


POWHEG,	


MG, MCFM,	



The Kitchen Sink

Generators:



WW CROSS SECTION
• In principle the LHC makes 8 measurements highly sensitive 

to the WW cross section	



• SM WW at CMS7, ATLAS7, CMS8, ATLAS8	



• h    WW at CMS7, ATLAS7, CMS8, ATLAS8	



• What’s the status?
Every reported* measurement is higher 

than the SM



NOT JUST THE SM GROUPS
WW excess from published Higgs Background

Table 4: Control region yields for 8 TeV data. The observed (Nobs) and expected (Nexp) yields for

the signal (Nsig) and background (Nbkg) processes are given. The composition of Nbkg is given on the

right. For Njet ≥ 2, Nsig,ggF is added to Nbkg. In general, no normalisation factors are applied with the
following exception: the top and Z/γ∗→ττ normalisation factors are applied for the corresponding

estimates in theWW CRs. All uncertainties are statistical.

Estimate Nobs Nbkg Nsig

WW
Njet = 0 2224 1970± 17 31± 0.7
Njet = 1 1897 1893± 17 1.9± 0.3

Z/γ∗ → ττ

Njet = 0 1935 2251± 31 2.5± 0.2
Njet = 1 2884 3226± 34 7.5± 0.3
Njet ≥ 2 212 224± 7 0.6± 0.1

Top
Njet = 1 4926 4781± 26 12± 0.5
Njet ≥ 2 126 201± 5 1.6± 0.1

NWW NVV Ntt̄ Nt NZ/γ∗ NW+ jets

1383± 9.3 100± 6.8 152± 4.4 107± 4.3 68± 10 160± 3.6
752± 6.8 88± 5.5 717± 9.5 243± 6.7 37± 7.5 56± 2.5

61± 1.9 8.5± 1.1 4.5± 0.8 2.7± 0.6 2113± 31 61± 3.8
117± 2.7 22± 3.1 570± 8.4 50± 3 2379± 32 88± 4.3
13± 1 4± 1 44± 3 5± 1 148± 6 9± 1

184± 3.7 43± 9.5 3399± 20 1049± 13 72± 3.1 35± 2.2
6.4± 0.4 1.0± 0.3 157± 4 26± 2 9± 1 0.3± 0.4

The distributions in the CRs show satisfactory agreement between the data and the MC given the

systematic uncertainties on the latter, which are dominated by the overall theoretical uncertainties

on the various background contributions. These uncertainties do not propagate to the signal regions

because they are replaced by the statistical uncertainties on the data. The extrapolation uncertainties

are discussed in more detail in the next section.

5 Systematic uncertainties

The systematic uncertainties on the signal yields and cross section can be divided into two categories:

experimental uncertainties such as those on the jet energy scale and the b-jet tagging efficiency, and

theoretical uncertainties such as the estimation of the effect of higher-order terms through variations of

the QCD scale inputs to Monte Carlo calculations. Some of these uncertainties are correlated between

the signal and background predictions, so the impact of each uncertainty is calculated by varying the

parameter in question and coherently recalculating the signal and background event yields. For the

largest backgrounds normalised using control regions (WW for Njet ≤ 1 and top in Njet = 1 and ≥ 2),
the theoretical and experimental uncertainties on the extrapolation are described below and the total

uncertainties on these backgrounds, as quoted in Section 4, are summarised at the end of this section.

5.1 Theoretical uncertainties on the Higgs signal

Theoretical uncertainties on the signal production cross sections include uncertainties on the QCD

renormalisation and factorisation scales, on the PDF model used to evaluate the cross section and

acceptance, and on the underlying event and parton shower model used in the signal model [60, 61].

To evaluate the uncertainties from the QCD factorisation and renormalisation scales, the scales are

independently varied up and down by a factor of two while keeping their ratio between 0.5 and 2.

For the ggF signal contribution in the Njet = 0 and = 1 analyses, the QCD scale uncertainties on

the inclusive cross sections for events with Njet ≥ 0, ≥ 1, and ≥ 2 are assumed to be independent [62].
Those uncertainties are approximately 8%, 20%, and 70%, respectively, and are calculated using the

inclusive ggF process from the HHNLO program [63,64]. They are converted into uncertainties on the

15

Control Region estimates at 8TeV-ATLAS

Full luminosity @ 8 TeV!
Discrepancy must exist with 	



full lumi when SM groups publish
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WW excess from published Higgs Background
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Full luminosity @ 8 TeV!

Discrepancy must exist with 	


full lumi when SM groups publish



WW CROSS SECTION
• In principle the LHC makes 8 measurements highly sensitive 

to the WW cross section	



• SM WW at CMS7, ATLAS7, CMS8, ATLAS8	



• h    WW at CMS7, ATLAS7, CMS8, ATLAS8	



• What’s the status?
Every reported* measurement is higher 

than the SM
NOT Bicep2 high… only a few sigma



WW CROSS SECTION
• In principle the LHC makes 8 measurements highly sensitive 

to the WW cross section	



• SM WW at CMS7, ATLAS7, CMS8, ATLAS8	



• h    WW at CMS7, ATLAS7, CMS8, ATLAS8	



• What’s the status?
Every reported* measurement is higher 

than the SM
NOT Bicep2 high...

Not astrophysics either... 



Not just rate!



CMS8Results

Doesn’t look too bad?

29

Looks pretty good...



CMS8Results

Doesn’t look too bad?

29

Looks pretty good...



NO EXTRA NORMALIZATION...

Results
Let’s remove the
data-driven normalization
of our cross section
MEASUREMENT...

31

Results
Let’s remove the
data-driven normalization
of our cross section
MEASUREMENT...

31



CMS 8 TEV 3.5/FB

8

WW→2�2ν at 8 TeV: systematics & results

                                                                         

NLO prediction (MCFM): 57.25 (          ) pb

                     5%

Need to 
improve

                                   

•Already 4% statistical precision
•About 1.8σ higher than the NLO prediction

includes jet veto 
uncertainty

                  Drell Yan

σ = 69.9 ± 2.8 (stat) ± 5.6 (sys) ± 3.1 (lum) pb 

  4.4%

+2.35
−1.60
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+2.35
−1.60

It grows at 8 TeV even faster!
�(8)

�(7)

����
exp

= 1.33
�(8)

�(7)

����
th

= 1.21



Upward fluctuations in all measurements or a trend?

New PhysicsSM calculation 
wrong

Need around a 20% 	


effect on WW!!!

“Old QCD?”

If a trend… then what explains it??
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INGREDIENTS FOR AN EXPLANATION
• Need to first understand what it MEANS to measure 

the WW cross section!

2

This paper is organized as follows. Section II describes
the overall analysis strategy. Section III describes the
ATLAS detector. Section IV summarizes the Monte
Carlo (MC) simulation used for the signal and back-
ground modeling. Section V details the reconstruction of
final state objects and event selection criteria. Sections
VI and VII describe the WW signal and background es-
timation. Results are presented in Sec. VIII for inclusive
and fiducial cross sections; in Sec. IX for the normal-
ized di↵erential fiducial cross section as a function of the
transverse momentum (p

T

) [16] of the lepton with higher
p
T

(denoted by the “leading lepton”); and in Sec. X for
limits on anomalous WWZ and WW� TGCs. Conclu-
sions are drawn in Sec. XI.

II. ANALYSIS STRATEGY

Candidate WW events are selected with two opposite-
sign charged leptons (electrons or muons) and large miss-
ing transverse momentum (Emiss

T

), a signature referred
to “``0 + Emiss

T

” in this paper. The cross section is mea-
sured in a fiducial phase space and also in the total phase
space. The fiducial phase space is defined in Sec. VI and
is chosen to be close to the phase space defined by the
o✏ine selection criteria. The fiducial cross section �fid

WW
for the pp ! WW+X ! `⌫`0⌫0+X process is calculated
according to the equation:

�fid

WW =
N

data

�N
bkg

CWW ⇥ L , (1)

where N
data

and N
bkg

are the number of observed data
events and estimated background events, respectively.
CWW is estimated from simulation and is defined as the
ratio of the number of events satisfying all o✏ine selec-
tion criteria to the number of events produced in the
fiducial phase space, and L is the integrated luminosity
of the data sample.

The total cross section �WW for the pp ! WW + X
process is calculated for each channel using the equation:

�WW =
N

data

�N
bkg

CWW ⇥AWW ⇥ BR⇥ L , (2)

where AWW represents the kinematic and geometric ac-
ceptance from the total phase space to the fiducial phase
space, and BR is the branching ratio for both W bosons
decaying into e⌫ or µ⌫ (including decays through ⌧
leptons with additional neutrinos). The combined to-
tal cross section from the three channels is determined
by minimizing a negative log-likelihood function as de-
scribed in Sec. VIII.

To obtain the normalized di↵erential WW cross sec-
tion in the fiducial phase space, the reconstructed lead-
ing lepton p

T

distribution is corrected for detector e↵ects
after the subtraction of background contamination. The
measured leading lepton p

T

spectrum is also used to ex-
tract anomalous WWZ and WW� TGCs.

III. THE ATLAS DETECTOR

The ATLAS detector [17] is a multi-purpose particle
physics detector with approximately forward-backward
symmetric cylindrical geometry. The inner detector (ID)
system is immersed in a 2 T axial magnetic field and pro-
vides tracking information for charged particles in the
pseudorapidity range |⌘| < 2.5. It consists of a silicon
pixel detector, a silicon microstrip detector, and a tran-
sition radiation tracker.
The calorimeter system covers the pseudorapidity

range |⌘| < 4.9. The highly segmented electromagnetic
calorimeter consists of lead absorbers with liquid-argon
(LAr) as active material and covers the pseudorapidity
range |⌘| < 3.2. In the region |⌘| < 1.8, a pre-sampler
detector using a thin layer of LAr is used to correct
for the energy lost by electrons and photons upstream
of the calorimeter. The hadronic tile calorimeter is a
steel/scintillating-tile detector and is situated directly
outside the envelope of the electromagnetic calorimeter.
The two endcap hadronic calorimeters have LAr as the
active material and copper absorbers. The calorimeter
coverage is extended to |⌘| = 4.9 by a forward calorime-
ter with LAr as active material and copper and tungsten
as absorber material.
The muon spectrometer measures the deflection of

muons in the large superconducting air-core toroid mag-
nets. It covers the pseudorapidity range |⌘| < 2.7 and
is instrumented with separate trigger and high-precision
tracking chambers. A precision measurement of the track
coordinates in the principal bending direction of the mag-
netic field is provided by drift tubes in the pseudora-
pidity range |⌘| < 2.0. At large pseudorapidities, cath-
ode strip chambers with higher granularity are used in
the innermost plane over 2.0 < |⌘| < 2.7. The muon
trigger system, which covers the pseudorapidity range
|⌘| < 2.4, consists of resistive plate chambers in the bar-
rel (|⌘| < 1.05) and thin gap chambers in the endcap
regions (1.05 < |⌘| < 2.4).
A three-level trigger system is used to select events

for o✏ine analysis. The level-1 trigger is implemented
in hardware and uses a subset of detector information
to reduce the event rate to a design value of at most
75 kHz. This is followed by two software-based trigger
levels, level-2 and the event filter, which together reduce
the event rate to about 400 Hz which is recorded for
analysis.

IV. MONTE CARLO SIMULATION

Signal WW events are modeled using MC-simulated
samples, while contributions from various SM back-
ground physics processes are estimated using a combi-
nation of MC samples and control samples from data.
MC events are generated at

p
s = 7 TeV and pro-

cessed through the full detector simulation [18] based on
geant4 [19]. The simulation includes the modeling of

Total	


cross section

Process
Want to measure WW cross section in dileptonic final 
state

~10% ~3%

• Previous measurements compatible with SM, but large 
error bars
• Important background to Higgs searches

4

Count opposite sign dileptons + MET in a fiducial region	


with a jet veto and a few other requirements



INGREDIENTS FOR BSM 
EXPLANATION

• ATLAS and CMS both measure OS dileptons + MET with a 
jet VETO	



• Final state needs to be OS leptons+MET with nothing else 
essentially	



• Does NOT imply there have to be REAL W’s 

• Need a cross section of a few pb!



EXAMPLE SUSY TOPOLOGIES 
FOR “WW”+MET

A few pb implies O(100) GeV surely this is ruled out???



EXAMPLE SUSY TOPOLOGIES 
FOR “WW”+MET

A few pb implies O(100) GeV surely this is ruled out???

PERFEC
TLY OKAY
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CHARGINOS FROM STRONG 
PRODUCTION?

an excess in the WW cross section measurement, while avoiding constraints from searches

in other channels. However, the size of enhancement is limited by the LEP limits [7] on

the chargino mass. Nevertheless, the chargino contribution can be significant and would

allow to decrease the tension between the prediction and measurement, provided charginos

are light and close to the existing bounds, m�̃±
1
⇠ O(100 GeV).

The other example of supersymmetric process that could contribute to the WW

cross section measurement is pair production of top squarks, as we argue in this paper.

Light stops, motivated by naturalness argument [8–11], are extensively searched for at the

LHC [12–15]. Cross section is not a limiting factor here — for m
˜t1 ⇠ 200 GeV it easily

exceeds 10 fb. On the other hand, since stops decay hadronically one has to suppress the

number of jets in the final state, in order to contribute to the leptonic final state without

jets. This can be achieved by placing a chargino with a mass only slightly lower than the

stop mass. The b-jets produced in the two-body stop decay, t̃
1

! �̃±
1

b, would be then

too soft to be reconstructed. The chargino would further decay with on- or o↵-shell W ,

contributing to the dilepton final state,

t̃
1

! �̃±
1

b ! �̃0

1

W (⇤) b ! �̃0

1

` ⌫ b . (1.1)

The other possibility could be provided by three- or four-body stop decays where kinematics

also limits pT of b-jets, however keeping in mind limits from the LHC searches [11, 16, 17].

The stop production with a subsequent two-body decay is on the other hand constrained

by a dedicated ATLAS study [13]. However, because of the applied mT2

cut, sensitivity

of this search does not significantly a↵ect a part of parameter space where W becomes

o↵-shell. Therefore, in section 3 we fit the signal of the stop pair production, followed by

the decay chain eq. (1.1), in order to find the minimal supersymmetric standard model

(MSSM) parameters compatible with the WW cross section measurement.

The paper is organised as follows. In the next section we briefly discuss the WW

cross section measurements, the relevant top squark search and simulation procedure. In

section 3 we perform a scan of the stop-neutralino masses to find a region consistent with

the WW excess and discuss a method to distinguish SUSY signal from SM processes.

Finally, we conclude in section 4.

2 WW and stop searches

Both ATLAS and CMS have published WW pair production searches. ATLAS measured

the WW production cross section in pp collisions at
p
s = 7 TeV [1], while CMS published

results for
p
s = 7 TeV [3] and 8 TeV [5] using L

int

= 4.92 fb�1 and 3.54 fb�1, respectively.

As discussed in Introduction, in both cases there was an excess in the observed number

of events compared to the SM prediction. The experiments were looking at the leptonic

channel, where the final state consists of two oppositely charged leptons (the same or

opposite flavour) and missing transverse energy, `+`� + Emiss

T . In the following we briefly

recapitulate the ATLAS and CMS searches.

The main SM backgrounds for pp ! W+W� ! `+`�⌫⌫̄ process originate from top

quark production, Drell-Yan processes and other diboson pairs. In order to suppress top

– 2 –

Rolbiecki and Sakurai	


 1303.5696
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cross section measurements, the relevant top squark search and simulation procedure. In

section 3 we perform a scan of the stop-neutralino masses to find a region consistent with

the WW excess and discuss a method to distinguish SUSY signal from SM processes.

Finally, we conclude in section 4.

2 WW and stop searches

Both ATLAS and CMS have published WW pair production searches. ATLAS measured

the WW production cross section in pp collisions at
p
s = 7 TeV [1], while CMS published

results for
p
s = 7 TeV [3] and 8 TeV [5] using L

int

= 4.92 fb�1 and 3.54 fb�1, respectively.

As discussed in Introduction, in both cases there was an excess in the observed number

of events compared to the SM prediction. The experiments were looking at the leptonic

channel, where the final state consists of two oppositely charged leptons (the same or

opposite flavour) and missing transverse energy, `+`� + Emiss

T . In the following we briefly

recapitulate the ATLAS and CMS searches.

The main SM backgrounds for pp ! W+W� ! `+`�⌫⌫̄ process originate from top

quark production, Drell-Yan processes and other diboson pairs. In order to suppress top

– 2 –
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Figure 1. The �2, eq. (3.1), distributions in the (m
˜t1 ,m�̃0

1
) plane for each of the measurements,

ATLAS7, CMS7 and CMS8. In the (d) panel, a combination of all three is shown. Blue areas
represent the lowest values of �2 and the region preferred by the experiments. A green dashed line
indicates kinematical threshold for �̃±

1

! W±�̃0

1

decay. The shaded region below a black line is
excluded by the ATLAS direct search [13]. A dashed purple line shows a 68% CL region.

becomes softer as moving away from the line, which in turn requires a smaller stop mass

to compensate degradation of the e�ciency by an enhancement of the cross section. In

the region below this line, the W from the two-body decay, �̃±
1

! W �̃0

1

, becomes more

energetic as moving away from the threshold. This results in degradation of the e�ciency,

because the lepton and neutrino from the boosted W decay are collimated, leading to a

smaller projected Emiss

T . The neutralinos do not contribute much to the Emiss

T , because

in the near-threshold region they tend to be back-to-back in the transverse plane and

their contributions cancel out. In the opposite limit, m�̃0
1
⌧ mW , most of the chargino

momentum is carried by the W and the neutralino becomes soft.

The dashed purple curves show the 68% CL regions. The regions are somewhat broad

for ATLAS7 and CMS7. In fact, the SM prediction agrees with the data within 1-�

accuracy for CMS7, therefore adding the stop contribution does not provide a meaningful

– 5 –



TURNS OUT SLEPTONS FIT 
JUST AS WELL...
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Goodness-Of-Fit Tests HATLAS_WW_5ifbL
Distribution Ndof c2 HBGL cc H cc + H c2êNdof HBGL cc H cc + H pvalue HBGL cc H cc + H

pTHL1L 14 17.5 10.5 15.9 9.95 1.25 0.747 1.14 0.711 0.229 0.728 0.317 0.766
pTHL2L 10 7.67 1.99 6.38 1.40 0.767 0.199 0.638 0.140 0.661 0.996 0.783 0.999
pTHLLL 14 13.8 6.60 11.7 6.11 0.984 0.471 0.834 0.437 0.466 0.949 0.632 0.964
DfHLLL 20 23.6 11.5 18.7 9.84 1.18 0.577 0.935 0.492 0.260 0.931 0.542 0.971

mTHLL ETmissL 15 14.2 6.47 12.8 5.93 0.945 0.431 0.854 0.395 0.513 0.971 0.617 0.981

pTHLL ETmissL 10 8.10 3.33 6.03 3.14 0.810 0.333 0.603 0.314 0.620 0.973 0.813 0.978
Combined 83 84.8 40.4 71.5 36.4 1.02 0.486 0.862 0.438 0.423 1.00 0.811 1.00

process LO xsection NLO xsection K-factor Br for decay s ¥ Br
pp Æ x1x1 856. 1110. 1.29673 0.10608 117.749
pp Æ x1x01 1540. 1993. 1.29416 0.10608 211.418
pp Æ x1x02 597. 773. 1.29481 0.10608 82.0002
pp Æ x01x01 0.618 0.782 1.26537 0.10608 0.0829549
pp Æ x02x02 0.582 0.732 1.25773 0.10608 0.0776509
pp Æ x01x02 302. 392. 1.29801 0.10608 41.5836

Cut Efficiencies HATLAS_WW_5ifbL
Cut Description NSIM % NccLHC Æ proc:
--------------- ------- ------- -------
before any cuts 150000 100. 2128.69 553.422 993.667 385.401 0.389888 0.364959 195.443
PASSING ANY OF THE LEPTON TRIGGERS 106643 71.0953 1511.63 394.789 705.583 273.064 0.280751 0.258888 137.654
exactly two leptons 41159 27.4393 579.436 152.08 268.25 105.43 0.109481 0.0998821 53.4653
pass jet veto 25017 16.678 381.669 104.53 182.954 62.1266 0.0727999 0.0424521 31.9432
opposite sign leptons 15074 10.0493 245.31 104.53 91.3776 32.4662 0.035511 0.0220581 16.8784
pass pT_LL > 25, 20 cut 11065 7.37667 182.159 78.0546 69.1592 22.7541 0.0274793 0.0147006 12.1487
pass mLL cut HmLL > 15 && »mLL - mZ» > 15 for eeêmumu, mLL > 10 for emuL 9687 6.458 158.662 68.1373 60.2559 19.7634 0.0245162 0.0131385 10.4679
pass ETmissREL > 50 GeV cut H25 for emuL 5831 3.88733 95.6853 41.1303 35.7322 12.1324 0.0140984 0.00773714 6.6685

MASS Mass Spectrum
24 8.04883348E+01 W+
25 1.12977914E+02 h
35 2.00160883E+03 H
36 2.00000000E+03 A
37 2.00202604E+03 H+
5 4.87877839E+00 b-quark pole mass calculated from mbHmbL_Msbar
1000001 8.07038143E+03 ~d_L
2000001 8.07025977E+03 ~d_R
1000002 8.07010838E+03 ~u_L
2000002 8.07017062E+03 ~u_R
1000003 8.07038143E+03 ~s_L
2000003 8.07025977E+03 ~s_R
1000004 8.07010838E+03 ~c_L
2000004 8.07017062E+03 ~c_R
1000005 6.06256084E+03 ~b_1
2000005 8.07026037E+03 ~b_2
1000006 5.97017282E+03 ~t_1
2000006 6.06103660E+03 ~t_2
1000011 8.00009146E+03 ~e_L
2000011 8.00008866E+03 ~e_R
1000012 7.99981987E+03 ~nu_eL
1000013 8.00009146E+03 ~mu_L
2000013 8.00008866E+03 ~mu_R
1000014 7.99981987E+03 ~nu_muL
1000015 8.00006452E+03 ~tau_1
2000015 8.00011598E+03 ~tau_2
1000016 7.99981987E+03 ~nu_tauL
1000021 2.53650773E+03 ~g
1000022 1.12833367E+02 ~chi_10
1000023 -1.30540790E+02 ~chi_20
1000025 -1.74673801E+02 ~chi_30
1000035 3.06539042E+02 ~chi_40
1000024 1.09640434E+02 ~chi_1+

1000037 3.06397741E+02 ~chi_2+

cp_slha_tb_6_mu_600_ML_105_M1_60_slepton_10000_
6_7000_2
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Goodness-Of-Fit Tests HATLAS_WW_5ifbL
Distribution Ndof c2 HBGL BSM H BSM + H c2êNdof HBGL BSM H BSM + H pvalue HBGL BSM H BSM + H

pTHL1L 14 17.5 11.4 15.9 10.1 1.25 0.811 1.14 0.718 0.229 0.658 0.317 0.758
pTHL2L 10 7.67 2.04 6.38 1.41 0.767 0.204 0.638 0.141 0.661 0.996 0.783 0.999
pTHLLL 14 13.8 8.43 11.7 7.46 0.984 0.602 0.834 0.533 0.466 0.866 0.632 0.915
DfHLLL 20 23.6 16.6 18.7 13.2 1.18 0.832 0.935 0.658 0.260 0.676 0.542 0.871

mTHLL ETmissL 15 14.2 8.76 12.8 7.60 0.945 0.584 0.854 0.507 0.513 0.890 0.617 0.939

pTHLL ETmissL 10 8.10 3.64 6.03 3.40 0.810 0.364 0.603 0.340 0.620 0.962 0.813 0.970
Combined 83 84.8 50.9 71.5 43.1 1.02 0.613 0.862 0.519 0.423 0.998 0.811 1.00

Cut Efficiencies HATLAS_WW_5ifbL
Cut Description NSIM % NBSMLHC Æ proc:
--------------- ------- ------- -------
before any cuts 10000 100. 1362.53 1362.53
PASSING ANY OF THE LEPTON TRIGGERS 5926 59.26 807.435 807.435
exactly two leptons 3605 36.05 491.192 491.192
pass jet veto 2416 24.16 329.187 329.187
opposite sign leptons 2416 24.16 329.187 329.187
pass pT_LL > 25, 20 cut 2013 20.13 274.277 274.277
pass mLL cut HmLL > 15 && »mLL - mZ» > 15 for eeêmumu, mLL > 10 for emuL 1627 16.27 221.684 221.684
pass ETmissREL > 50 GeV cut H25 for emuL 685 6.85 93.3333 93.3333

MASS Mass Spectrum @Pole massesD
24 8.02284766E+01 MW
25 1.25077959E+02 H1
35 1.99848294E+03 H2
36 1.99882524E+03 H3
37 2.00000000E+03 H+
5 3.97099375E+00 mbHmbL
1000001 6.00005050E+03 ~d_1
2000001 6.00027723E+03 ~d_2
1000002 5.99977328E+03 ~u_1
2000002 5.99989898E+03 ~u_2
1000003 6.00004735E+03 ~s_1
2000003 6.00028037E+03 ~s_2
1000004 5.99977310E+03 ~c_1
2000004 5.99989922E+03 ~c_2
1000005 5.99974832E+03 ~b_1
2000005 6.00057851E+03 ~b_2
1000006 5.90802295E+03 ~t_1
2000006 6.09281721E+03 ~t_2
1000011 1.13328201E+02 ~e_1
2000011 1.14627753E+02 ~e_2
1000012 8.42151834E+01 ~nu_eL
1000013 1.12162380E+02 ~mu_1
2000013 1.15768848E+02 ~mu_2
1000014 8.42151834E+01 ~nu_muL
1000015 8.03345923E+01 ~tau_1
2000015 1.39783746E+02 ~tau_2
1000016 8.42151834E+01 ~nu_tauL
1000021 2.00000000E+03 ~gHno RGL
1000022 5.86233056E+01 ~chi_10
1000023 5.36929465E+02 ~chi_20
1000025 6.02800377E+02 ~chi_30
1000035 6.67247607E+02 ~chi_40
1000024 5.36524783E+02 ~chi_1+

1000037 6.67093977E+02 ~chi_2+
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SLEPTONS DO A LOT MORE!
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Figure 9: Combination plot showing the overlap regions where our light slepton-bino
scenario can account for both the WW -excess [9–11] (represented by dark red contours
of r

�

2 < 1), the DM relic density (blue dashed/solid contours: ⌦
CDM

h2 = 0.1196 and
±3 ⇥ 0.0031) and (g � 2)

µ

(red dashed/solid contours: �a
µ

= 2.8 ⇥ 10�9 and steps of
±0.8⇥10�9, one � of the experimental measurement). The overlap region is centered around
M

bino

⇡ 75GeV, M
slepton

⇡ 115GeV for a range of µ, tan �. A
⌧

= 0,M
2

= 600GeV in this
plot, and slepton soft mass universality with m

˜

`L
= m

˜

`R
is assumed. Grey (Orange) shaded

regions are excluded by the LEP bound on m
⌧̃1 (m

ẽ,µ̃

) [5]. The magenta region is excluded
by the CMS slepton search [2], while black lines indicate our combined slepton bounds from
the W+W� cross section measurement, see Figs. 1 and 2. Regions below the solid (dashed)
purple line have a stau (sneutrino) LSP. Regions below the green line are excluded by the
XENON100 direct detection bound [15] on the WIMP-nucleon cross section of ⇠ 10�45cm2

for M
bino

⇡ 20� 200GeV. 18

This model ALSO  
changes the interpretation 

of the Higgs!!

Bino DM works with	


light sleptons - BLUE

g-2 anomaly - 	


RED Dashed

WW improvement - 	


RED contours



MANY MORE POSSIBILITIES
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W from EWino W from Stop

Figure 1: The four types of squeezed spectra which could account for the WW excess via
stop pair production. The top and bottom of the spectrum are at ⇠ 200 GeV and ⇠ 100 GeV,
with W ’s (green) being produced when decaying across the big gap in the spectrum. Small
gaps are . 10 GeV. The 2-body decays of each state are shown as blue vertical arrows, with
SM decay products on the right of each spectrum. The red color for Z and b indicates that
these are not produced from stop pair production but from a di↵erent processes (direct �̃0

2�̃
±
1

and b̃1b̃⇤1 production). The soft b’s (orange) should be practically undetectable.

3 Squeezed Scenarios

Explain scenario overview, see Fig. 1

3.1 One Light Stop, W from EWino

Refer to Fig. 2, also chargino ’signal’ that might account for less-than-expected exclusion of
chargino-neutralino search for both ATLAS and CMS

3.2 One Light Stop, W from Stop

same preferred region as Fig. 2. refer to sbottom bounds Fig. 3. discussion that sbottom
bounds can be evaded for small massgap. also make sure Br is 1 (easy)

3.3 Two Light Stops, W from EWino

Refer to Fig. 4. don’t care about higgs mass. sbottom bounds also apply. could modify
sbottom bounds with sbottom mixing?

4

D. Curtin, PM, P.  Tien (1406.xxxx tomorrow morning)

YOU CAN HAVE NATURAL 
SUSY AS ENVISIONED



SURELY YOU JEST??



(a) ATLAS 7 TeV 5 fb�1 [18] (b) CMS 7 TeV 5 fb�1 [19]

(c) CMS 8 TeV 3.5 fb�1 [20]

Figure 2: Regions of the stop-neutralino mass-plane excluded and preferred by the di↵erent
W+W� cross section measurements in Scenario A (”One Light Stop, W from EWino”). We
fix �m = t̃

1

� �±
1

⇡ 10 GeV to avoid hard b-jets. Solid (dashed) orange line: 95% exclusion
from the W+W� measurement with fixed (floating) normalization of SM contribution.
Thin blue contours show values of �2

SM+stops

/�2

SM

, with the thick contour indicating the
region most preferred by the W+W� measurement. Exclusions from ATLAS stop searches
shown in red [36] and green [12]. Observed (expected) exclusion from ATLAS trilepton �0

2

�±
1

search [29] shown as solid (dot-dashed) brown line: note how an excess compatible with the
W+W� preferred region pushes the observed bounds down in Bino mass.

7



(a) ATLAS 7 TeV 5 fb�1 [18] (b) CMS 7 TeV 5 fb�1 [19]

(c) CMS 8 TeV 3.5 fb�1 [20]

Figure 2: Regions of the stop-neutralino mass-plane excluded and preferred by the di↵erent
W+W� cross section measurements in Scenario A (”One Light Stop, W from EWino”). We
fix �m = t̃

1

� �±
1

⇡ 10 GeV to avoid hard b-jets. Solid (dashed) orange line: 95% exclusion
from the W+W� measurement with fixed (floating) normalization of SM contribution.
Thin blue contours show values of �2

SM+stops

/�2

SM

, with the thick contour indicating the
region most preferred by the W+W� measurement. Exclusions from ATLAS stop searches
shown in red [36] and green [12]. Observed (expected) exclusion from ATLAS trilepton �0

2

�±
1

search [29] shown as solid (dot-dashed) brown line: note how an excess compatible with the
W+W� preferred region pushes the observed bounds down in Bino mass.

7

Anomaly was based 	


on OS dileptons

Somehow trileptons 
love light stops…?



CAVEATS OF COURSE
• Doesn’t account for Higgs Mass, but go to D-terms/NMSSM/

model build	



• light stops will affect higgs couplings via loops!  Status is still 
uncertain… 
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MANY POSSIBILITIES… 
• Charginos at O(100) GeV	



• Sleptons at O(100) GeV	



• Stops at O(200) GeV	



• All can improve the measurement of the WW cross section compared to the SM!!!!!! 	



• Consistent with other LHC Data	



• Can explain DM/g-2	



• Can give a natural SUSY spectra

D. Curtin, P. Jaiswal, PM 1206.6888	


Rolbiecki and Sakurai1303.5696	



D. Curtin, P. Jaiswal, PM, P. Tien 1304.7011	


D. Curtin, PM, P. Tien 1406.xxxx (wednesday night EDT)	



Kim, Rolbiecki, Sakurai, Tattersall 1406.xxxx (wednesday night 
EDT)

It just seems easier to do than many other “excesses”
AFBtop ,multi-muons, CDF Wjj, 	



CDF inclusive signal charged particle



TESTABLE CONSEQUENCES 
OF NEW PHYSICS

• Charginos lead to SS dileptons	



• Sleptons lead to a flavor diagonal excess	



• Stops eventually lead to higgs shifts/trileptons/soft b searches	



• Important to note that all of these are NP signatures that 
IMPROVE on the SM as we know it…	



• Other new physics can/is being hidden normally within error 
bars, even if the parameter space is cut it will be important to 
look at these possibilities that live in the “space beyond 
errors…”



• Backgrounds Wrong - Negligible effect?	



• WW cross section wrong (k-factors 1.6ish need a 20% 
NNLO effect, not demonstrated in ZZ very recently)	



• higgs interferes destructively	



• EW NLO reduces as well	



• Systematics

WHY DOES �(pp ! ZZ) AGREE?

SM/EXPERIMENTAL POSSIBILITIES???
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Abstract

We report on the first calculation of next-to-next-to-leading order (NNLO) QCD
corrections to the inclusive production of ZZ pairs at hadron colliders. Numerical
results are presented for pp collisions with centre-of-mass energy (

√
s) ranging from 7

to 14 TeV. The NNLO corrections increase the NLO result by an amount varying from
11% to 17% as

√
s goes from 7 to 14 TeV. The loop-induced gluon fusion contribution

provides about 60% of the total NNLO effect. When going from NLO to NNLO the
scale uncertainties do not decrease and remain at the ±3% level.
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Figure 1: ZZ cross section at LO (dots), NLO (dashes), NLO+gg (dot dashes) and NNLO (solid)
as a function of

√
s. The ATLAS and CMS experimental results at

√
s = 7 TeV and

√
s = 8

TeV are also shown for comparison [3–6]. The lower panel shows the NNLO and NLO+gg results
normalized to the NLO prediction.

the experimental uncertainties are still relatively large and that the ATLAS and CMS results
are compatible with both the NLO and NNLO predictions. The only exception is the ATLAS
measurement at

√
s = 8 TeV [5], which seems to prefer a lower cross section. The comparison

between our predictions and the experimental results, however, should be interpreted with care.
First, we point out that the LHC experiments obtain their ZZ production cross section from
four-lepton production using an interval in dilepton invariant masses around the Z boson mass,
thus not including some contribution from far off-shell Z bosons. Then, EW corrections are not
included in our calculation, and are expected to provide a negative contribution to the inclusive
cross section [21].

In Table 1 we report the LO, NLO and NNLO cross sections and scale uncertainties, evaluated
by varying µR and µF simultaneously and independently in the range 0.5mZ < µR, µF < 2mZ

with the constraint 0.5 < µF/µR < 2. From Table 1 we see that the scale uncertainties are about
±3% at NLO and remain of the same order at NNLO. We also see that the NLO scale uncertainty
does not cover the NNLO effect. This is not unexpected since the gluon fusion channel, which
provides a rather large contribution, opens up only at NNLO.

We have reported the first calculation of the inclusive cross section for the production of on-shell
ZZ pairs at the LHC up to NNLO in QCD perturbation theory. The NNLO corrections increase
the NLO result by an amount varying from 11% to 17% as

√
s ranges from 7 to 14 TeV. The

loop-induced gluon fusion contribution provides more than half of the complete NNLO effect. Our
calculation of the total cross section is based on the two-loop matrix element for qq̄ → ZZ for on-
shell Z bosons. A computation of the two-loop helicity amplitudes will open up a spectrum of more
detailed phenomenological studies at NNLO, including off-shell effects, differential distributions

3

<2% effect…



HOW DO WE IMPROVE QCD 
PREDICTION?

!

• NNLO	



• Resummation for WW	



• threshold (S.Dawson et al 1307.3249)	



• pT resummation (Grazzini 0510337, Wang et al, 1307.7520, PM, H. Ramani, M.Zeng to 
appear)	



• jet veto



4

Age-old procedure
Resum large logarithms:

d�

dO

O
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X
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s log
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s log
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Leading Logarithms
Next-to-Leading Logarithms

Resummation Region

Fixed-Order Region

Methods of resummation

Analytical Effective Theory Methods:
Resummaton by renormalization

Monte Carlo Parton Shower:
Numerical approximation to 

all-orders matrix element

A. Larkoski

Whenever there’s factorization, there’s evolution, and	


whenever there’s evolution there’s resummation

G.Sterman



TRANSVERSE MOMENTUM 
RESUMMATION

Given the jet veto, this all is dependent on soft QCD
Need this to get things right like W mass measurements	



(D0 used Collins, Soper, Sterman formalism to attain 
precision)



DIFFERENCES W/ PARTON SHOWER
ResBos WEBSITE

Transverse momentum resummation changes	


shape not cross section!



CAN’T DO THIS SOLELY ANALYTICALLY - 
FIDUCIAL CROSS SECTION

• where the new variables 
!

• n:number of events measured and L the luminosity. 
!

•           is the total cross section 
!

•        is unfolded w.r.t  ,A,Br to report            .  
!

• This procedure is hard

 Total vs Fiducial Cross Section

n = �fidL+ nBG

�
fid

= �
total

✏.A.Br

�
total

�
total

�fid ✏

However if resummation causes a shape difference…Actual vs Corrected theory prediction

Full Phase-space.  
Both curves Normalized to unity.

Shape effect translates 
 to different  

Fiducial cross-section
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CAN GET LARGE SHAPE DIFFERENCES 
FROM  MATCHING IN RESUMMATION

• There are various different ways to do transverse momentum 
resummation, typically you don’t work in qT you work in “b” 
space - problem is how to deal with small qT	



• Work in qT space directly in some approx (Dokshitzer and 
others)	



• CSS formalism - cut off b space softly (ResBos uses this)	



• CDG formalism - play with contour integral in b space	



• others as well



CAN GET LARGE SHAPE DIFFERENCES 
FROM  MATCHING IN RESUMMATION

• We use CDG formalism, in this there is a matching/
resummation scale Q between fixed order and resummation

20 40 60 80
qT @GeV D0.0
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ds ê dqT @pb ê GeV D

Q ¥ 0.5

Q ¥ 2

mR , mF ¥ 0.5

mR , mF ¥ 2

Central scales

Implemented	


at approx	



NNLL+LO

PM, H. Ramani,	


M. Zeng	



1406.xxxx

Q variation more 	


important than	



hard scale



THE PROBLEM WITH TRANVSERSE MOMENTUM 
RESUMMATION AND COLLIDERS

• We don’t have events, we’ve summed over all our gluons!	



• There isn’t an “unfolded” WW pt from experiments	



• Have to come up with a proxy to get to fiducial cross 
section… come up with proxy, reweight MC events a la the 
Higgs group to see if underlying differences persist!

Shape Comparisons(MADGRAPH)
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FIDUCIAL CROSS SECTION 
EFFECTS EXAMPLE

Cut-flow vs reweighted events

Cut %
exactly 1 pair of oppositely 

charged leptons +MET 0

 and   cuts on leptons 0.06%
mll cuts -0.32%

1.16%
Jet Veto 8.37%

8.50%

pt ⌘

pTll

ETMiss,rel



PRELIMINARY 8 TEV RESULTS

Transverse Momentum Resummation can have an effect, 	


but it should be UNIVERSAL…

Reweighted Fiducial Cross-Section
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ZZ RESULTS JUST OUT

10 8 Limits on anomalous triple gauge couplings
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Figure 3: Differential cross sections normalized to the fiducial cross section for the combined
4e, 4µ, and 2e2µ decay channels as a function of pT for (upper left) the highest pT lepton in the
event, (upper right) the Z1, and (lower left) the ZZ system. Figure (lower right) shows the nor-
malized ds/dmZZ distribution. Points represent the data, and the shaded histograms labeled
ZZ represent the POWHEG +GG2ZZ+PYTHIA predictions for ZZ signal, while the solid curves
correspond to results of the MCFM calculations. The bottom part of each subfigure represents
the ratio of the measured cross section to the expected one from POWHEG +GG2ZZ+PYTHIA
(black crosses with solid symbols) and MCFM (red crosses). The shaded areas on all the plots
represent the full uncertainties calculated as the quadrature sum of the statistical and system-
atic uncertainties, whereas the crosses represent the statistical uncertainties only.

The agreement between PowHEG and ZZ is very good 

Correlation then with PowHEG 	


and resummation in WW is crucial



EXPLORING JET VETO EFFECTS 
DIRECTLY?

• Jet veto scale ~25-30 GeV introduces a new scale in the 
problem, and hence logs	



• A number of groups have investigated this for Higgs/Drell-Yan	



Banfi, Salam, Zanderighi/Stewart, Tackmann, Walsh, Zuberi and others	


!
• This should be studied directly for SM WW	



• Similar to Banfi et al 1203.5773 comparison between HqT 
and jet vetoes



CONCLUSIONS…
• There could be BSM right around the corner: understand WW!!!!	



• Charginos, Sleptons, Stops all can fit better than the SM, or certainly exist at low 
energies!!!!!!!!!!!	



• Can also set new bounds better than experimentalists using SM cross sections! 
1304.7011	



• Important to get QCD predictions/MC as accurate as possible to push back on 
experimentalists	



• Transverse momentum resummation can have an effect on WW, but it can go both ways, 
and we have to understand the best scale choice	



• jet veto resummation or joint pt/eta resummation would be useful to investigate	



• Experimentalists need to care just as much about background shapes as signal	



• Crucially important to get EW scale correct before pushing higher, as it can have serious 
implications for Higgs physics! Experimentalists also tend not to revisit things…


