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Di-muon Searches 

inclusive  dimuon  search @ LHCb 
 
 
 

enhanced PT  dimuon  search  @ CMS

[Ilten,Soreq,Thaler,Williams, XW 2016 PRL]

[Cesarotti, Soreq, Strassler, Thaler, XW  1902.04222]



Dark Photons at LHCb
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Dark Photons
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mA ! [GeV]

Move to a triggerless detector readout in Run 3 will have a huge impact on 
low-mass BSM searches, including dark photons.

Inclusive AÕ ! !!
Ilten, Soreq, Thaler, MW, Xue 

[1603.08926]

Radiative Charm Decays
Ilten, Thaler, MW, Xue 

[1509.06765]

[Ilten,Soreq,Thaler,Williams, XW 2016 PRL]

[Ilten,Thaler,Williams, XW 2015 PRD]
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Additional Figures
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Figure 7: Mass spectrum selected by the prompt-like A0!µ+µ� trigger.
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Figure 8: Example min[�2

IP

(µ±)]1/2 distributions with fit results overlaid for prompt-like candi-
dates near (left) m(A0) = 0.5, (middle) 5, and (right) 50GeV. The square root of min[�2

IP

(µ±)]
is used in the fits to increase the bin occupancies at large min[�2

IP

(µ±)] values.
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Figure 9: Comparison of the results presented in this Letter to existing constraints from previous
experiments (see Ref. [1] for details about previous experiments).
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2016 data, 1.6 fb-1

LHCb collaboration (2017), arXiv:1710.02867
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Dark Photons and Hidden Sectors

¥ dark photon searches, to increase ÒgoodÓ backgrounds 
 
 
 
 

¥ Hidden Sectors, to decrease backgrounds

Signal ! Backgroundem
<latexit sha1_base64="5CPhvmRXby8z+Yt3PW/kGRYo+ks=">AAACGnicbVDJSgNBEK1xjXGLevTSGgRPYcaLHkO8eIxoFkhC6Ol0kia9DN09QhjmO7z4JYIgHhTxJl78EO92FkETHxQ83qui6lUYcWas7396C4tLyyurmbXs+sbm1nZuZ7dqVKwJrRDFla6H2FDOJK1YZjmtR5piEXJaCwfnI792Q7VhSl7bYURbAvck6zKCrZPauSDbFNj2tUiuWE9inqJmpFVkFfrRS5gMelrFspO2EyrSdi7vF/wx0DwJpiRfPPi6fwSAcjv33uwoEgsqLeHYmEbgR7aVYG0Z4TTNNmNDI7cE92jDUYkFNa1kHC1FR07poK7SrqRFY/X3RIKFMUMRus7RvWbWG4n/eY3Yds9aCZNRbKkkk0XdmCOXfPQn1GGaEsuHjmCimbsVkT7WmFj3zax7QjAbeZ5UTwqBXwgug3yxBBNkYB8O4RgCOIUiXEAZKkDgFh7gGV68O+/Je/XeJq0L3nRmD/7A+/gG0Zqk7Q==</latexit><latexit sha1_base64="ogVkXhSTkWK3wo3atumsPuMiDJk="></latexit><latexit sha1_base64="ogVkXhSTkWK3wo3atumsPuMiDJk="></latexit><latexit sha1_base64="SnaUM9kYpyJOdx+XKmNinWBKn8I=">AAACGnicbVDLSsNAFJ34rPFVdelmsAiuSuJGl6VuXFa0D2hLmEwm6dB5hJmJUEK+w42/4saFIu7EjX/jtI2grQcuHM69l3vPCVNGtfG8L2dldW19Y7Oy5W7v7O7tVw8OO1pmCpM2lkyqXog0YVSQtqGGkV6qCOIhI91wfDXtd++J0lSKOzNJyZCjRNCYYmSsFFR9d8CRGSme39JEIFbAQapkaiT80ZsIjxMlMxEVQU54EVRrXt2bAS4TvyQ1UKIVVD8GkcQZJ8JghrTu+15qhjlShmJGCneQaZLaIyghfUsF4kQP85m1Ap5aJYKxVLaEgTP190aOuNYTHtrJ6b96sTcV/+v1MxNfDnMq0swQgeeH4oxB63yaE4yoItiwiSUIK2p/hXiEFMLGpunaEPxFy8ukc173vbp/49cazTKOCjgGJ+AM+OACNMA1aIE2wOABPIEX8Oo8Os/Om/M+H11xyp0j8AfO5zcF5qId</latexit>

Signal ! Backgroundem
<latexit sha1_base64="5CPhvmRXby8z+Yt3PW/kGRYo+ks=">AAACGnicbVDJSgNBEK1xjXGLevTSGgRPYcaLHkO8eIxoFkhC6Ol0kia9DN09QhjmO7z4JYIgHhTxJl78EO92FkETHxQ83qui6lUYcWas7396C4tLyyurmbXs+sbm1nZuZ7dqVKwJrRDFla6H2FDOJK1YZjmtR5piEXJaCwfnI792Q7VhSl7bYURbAvck6zKCrZPauSDbFNj2tUiuWE9inqJmpFVkFfrRS5gMelrFspO2EyrSdi7vF/wx0DwJpiRfPPi6fwSAcjv33uwoEgsqLeHYmEbgR7aVYG0Z4TTNNmNDI7cE92jDUYkFNa1kHC1FR07poK7SrqRFY/X3RIKFMUMRus7RvWbWG4n/eY3Yds9aCZNRbKkkk0XdmCOXfPQn1GGaEsuHjmCimbsVkT7WmFj3zax7QjAbeZ5UTwqBXwgug3yxBBNkYB8O4RgCOIUiXEAZKkDgFh7gGV68O+/Je/XeJq0L3nRmD/7A+/gG0Zqk7Q==</latexit><latexit sha1_base64="ogVkXhSTkWK3wo3atumsPuMiDJk="></latexit><latexit sha1_base64="ogVkXhSTkWK3wo3atumsPuMiDJk="></latexit><latexit sha1_base64="SnaUM9kYpyJOdx+XKmNinWBKn8I=">AAACGnicbVDLSsNAFJ34rPFVdelmsAiuSuJGl6VuXFa0D2hLmEwm6dB5hJmJUEK+w42/4saFIu7EjX/jtI2grQcuHM69l3vPCVNGtfG8L2dldW19Y7Oy5W7v7O7tVw8OO1pmCpM2lkyqXog0YVSQtqGGkV6qCOIhI91wfDXtd++J0lSKOzNJyZCjRNCYYmSsFFR9d8CRGSme39JEIFbAQapkaiT80ZsIjxMlMxEVQU54EVRrXt2bAS4TvyQ1UKIVVD8GkcQZJ8JghrTu+15qhjlShmJGCneQaZLaIyghfUsF4kQP85m1Ap5aJYKxVLaEgTP190aOuNYTHtrJ6b96sTcV/+v1MxNfDnMq0swQgeeH4oxB63yaE4yoItiwiSUIK2p/hXiEFMLGpunaEPxFy8ukc173vbp/49cazTKOCjgGJ+AM+OACNMA1aIE2wOABPIEX8Oo8Os/Om/M+H11xyp0j8AfO5zcF5qId</latexit>
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CMS Open Data

7
http://opendata.cern.ch

2014 Nov CMS release their 2010 data to public  

http://opendata.cern.ch


Jesse Thaler Ñ The Future is Open:  Jet Substructure with CMS Public Data 40

The CMS Open Data is a fantastic resource,!
with many exciting applications

My View

Stress-testing archival data strategies

Enabling exploratory/proof-of-principle studies

Facilitating dialogue between theory and experiment 

Educating future scientists 

Researching physics in and beyond the standard model 

These are only possible with sustained!
investments in public data initiatives
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CMS Open Data

¥ 7 TeV  proton proton collision in 2010 and 2011  
8 TeV  in 2012

¥ luminosity 36.1 pb -1 (2010) and 2.11 fb-1  (2011)

¥ primary  and simulated  datasets 
       electron, gamma, muon, jet, multijets, Missing ET, minbiasÉ

• here we use 2011 dimuon dataset

• The framework need to be tested NOW  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CMS Open Data 
New Physics Searches

9

2011 Open Data (1%) 
Could we do BSM searches? 

Could we Þnd something new?
[Tripathee, XW, Larkoski, Marzani, Thaler (2017)]
[Larkoski, Marzani, Thaler, Tripathee, XW (2017)]
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Consistent Check for Z boson
3

HLTDoubleMu7(µ7µ7) trigger with a nominal threshold
of pT > 7 GeV on both muons. After our baseline se-
lection, the muon pT spectra from µ13µ8 and µ7µ7 are
statistically equivalent, demonstrating that we are indeed
working in the trigger plateau region.3

For all of our analyses, we require that the muons pass
the tight muon selection criteria deÞned in Ref. [53].4

This means that the muon is reconstructed both as a
Òglobal muonÓ with the Þt yielding! 2/ d.o.f. < 10 and as
a Òtracker muonÓ with more than 10 inner-tracker hits.
As a baseline IP requirement, the reconstructed muon
tracks must intersect the primary vertex within d0 <
2 mm in the xÐy plane andz0 < 10 mm in the z direction.

We now present two validation studies of the CMS11a
µ13µ8 trigger stream. These same baseline requirements
will be used in our dimuon search in Sec.III .

B. Comparison to Monte Carlo Samples

The Þrst validation study, shown in Fig. 1, involves
comparing the opposite-sign dimuon spectrum in the
CMS11a data set with MC samples provided by CMS,
which are generated using the CMS GEANT4-based [57]
detector simulation. We impose isolation cuts on the
muons to reduce QCD backgrounds to negligible levels;
more details are given in Eq. (2) below.

In the mass range mµµ > 50 GeV, we compare
to a Z -pole Monte Carlo sample (ZMC) [58] obtained
from MadGraph 5 v1.1.0 [59] interfaced with Pythia
6.4.25 [60]5 with tune Z2 [61] and TAUOLA 2.4 [ 62], ad-
justing the ZMC normalization to match the Z boson
peak in CMS11a. In the mass rangemµµ ! [10, 50] GeV,
we compare CMS11a to a DY Monte Carlo sample
(DYMC) [ 63] obtained from Pythia 6 with tune Z2, ad-
justing the DYMC normalization to match the top of
the trigger turn-on curve around 30 GeV. We also im-
pose an unusualupper bound of pµµ

T /m µµ < 1 on the
data and MC events, because the DYMC sample, lacking
parton shower/matrix element matching, underestimates

3 Note that Ref. [55], which used the same trigger on the 2011 data
set, applied looser requirements of |⌘µ| < 2.4 and pT > 14 GeV
(9 GeV) on the leading (subleading) muon. In Ref. [28], the
results of Ref. [55] were recast as a dark photon search, albeit
with weaker limits than derived here due to the use of relatively
coarse mass bins.

4 This tight definition is taken from the 2010 CMS performance
study [53]. To our knowledge, there is no dedicated muon per-
formance study from CMS on the 2011 data. There is a study
on the CMS 2012 data that recommends slightly di↵erent tight
muon selection criteria [56], but that study is limited to muons
with pT < 20 GeV.

5 Since the information provided with Ref. [58] (and other similar
MC samples) does not specify the Pythia version used for event
generation, we cite version 6.4.25, which has tune Z2 as an o�cial
option. An earlier version might have been used, with the tune
Z2 settings.
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FIG. 1. Dimuon mass spectrum for the CMS11a data set
(black dots), compared to a combination of two MC sam-
ples (orange histogram) provided with the CMS Open Data:
DYMC ( Pythia 6 with tune Z2) below 50 GeV and ZMC
(MadGraph 5 interfaced with Pythia 6) above 50 GeV;
see text for further details. The normalization of the two
MC samples is ßoated separately. We require pµµ

T /m µµ <
1 because the DYMC sample does not have matrix ele-
ment/parton shower matching; see the main text. Statistical
uncertainties on the data (MC samples) are shown as black
error bars (orange shading).

the high-pT tail of the data below mµµ < 50 GeV.6

The CMS11a data set and the DYMC/ZMC samples
show fairly good agreement in Fig.1, including the shape
of the Z pole and the shape of the trigger turn-on re-
gion. Below the Z pole, disagreements are mostly within
the expected theoretical uncertainties of the simulations,
which are of order " s " 10%Ð20%. Where the DYMC
and ZMC samples meet at mµµ = 50 GeV, there is
a small mismatch, again within the expected theoret-
ical uncertainties of the simulations. (Strictly speak-

6 We must rely on the unmatched Pythia -only DY sample here,
because the 2011 CMS Open Data release provided Mad-
Graph /Pythia matched samples for DY plus {1, 2, 3, 4} jets [64–
67] but not for DY plus 0 jets. This highlights the importance
of stress-testing archival data strategies, to ensure that relevant
information is not inadvertently omitted.

¥ Trigger: HLT_Mu13_Mu7

¥ MC vs real data

¥ total cross section

We combine this in quadrature with the uncertainty inferred from the jitter in the ratio of Z

boson events to recorded luminosity, 2% on thedimuon e�ciency (1.4% per muon), giving a total

uncertainty on the single muon e�ciency of 2.4%.

To impose isolation, we requireI comb < 0.15 for each muon, where the combined isolation

variable is

I comb =

�
ptrackT + EECAL

T + EHCAL
T

�
R<0.3

pµT
, (2)

where the numerator is the sum of the transverse momenta of all tracks within a cone of radius

R = 0 .3 around the muon, together with the transverse energy of all ECAL and HCAL deposits

within the same cone, without removing double counting (see Ref. [50]). To determine ✏

Z
iso, we

use multiple methods, including truth information from ZMC and a tag-and-probe analysis on

the CMS11a data, and these agree to within 1%. To be conservative we take a 1.5% systematic

uncertainty.

This analysis is essentially background free. This can be seen, for instance, in the CMS DY

study [52], where backgrounds fromZ ! ⌧⌧ , tøt, W Z , ZZ , and QCD (i.e. real and fake muons

from all hadronic sources) together add up to less than 1% of the signal. This can be checked by

a direct calculation, except for the QCD background, which we probe using SS muon events; from

Table I we see they are removed e�ciently by the isolation cut. Combining the uncertainties from

Table II in quadrature leads to a relative uncertainty of approximately 5%.

Inserting NZ from Table I into Eq. ( 1), we Þnd

�Zµµ = (974 ± 1± 52) pb (3)

in the Z -mass window of 60Ð120 GeV, where the Þrst uncertainty is statistical and the second is

from the uncertainties in Table II . This agrees with the next-to-next-to-leading-order SM prediction

of 970± 30 pb quoted in Ref. [67] (obtained from FEWZ [ 72] and MSTW08 [73]), the measured

value of 968± 44 pb in Ref. [67] (974± 44 pb with electron/muon averaging), and the 2011 CMS

result of 986± 31 pb [52].

III. RESONANCE SEARCH STRATEGY

We now describe our analysis strategy for setting new bounds onV production. Our results

are largely model independent, up to subtleties described below. The overall methodology is

straightforward. Taking events in the µ13µ8 trigger stream, we impose minimal additional cuts on

10
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Dimuon Selection with P T  cuts
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FIG. 2. The dimuon mass spectrum in 2 GeV bins for the (left) isolated and (right) prompt samples. The

distributions are shown for no p

µµ
T cut (upper curve, blue) and for pµµT cuts of 25 GeV (middle, black) and

60 GeV (lower, green). The trigger threshold, which dominates the inclusive sample, becomes irrelevant as

p

µµ
T cuts are applied.

2. a prompt sample, where no isolation cut is imposed but the transverse IP cut on the two lead-

ing muons is tightened further to d0 < 100µm, substantially reducing the QCD background

and leaving it comparable to the irreducible DY background.

From the ZMC and DYMC samples, and cross-checking using data, we infer that this tighter IP

cut in the prompt sample accepts � 97% of typical prompt signals, an e↵ect we correct for later.7

Note that access to the CMS Open Data was essential for validating the prompt sample, since

it involves QCD backgrounds whose magnitude cannot be precisely predicted a priori, as well as

detector e↵ects related to the IP resolution. (Though not directly comparable, one can also infer

the potency of the IP cut to reduce QCD backgrounds from Figure 7b of Ref. [50].)

As control samples, we take SS muons separated into prompt and non-prompt subsamples, and

OS muons where we reverse either the isolation cut or the tighter IP cut. Nothing striking appears

in these samples, which adds confidence that any features observed in the signal samples are not a

result of kinematic sculpting.

Finally, within the isolated and prompt samples, we consider additional subsamples, defined

7 The Z sample of Sec.II , and any high pT sample of DY with isolation imposed, are almost free of QCD contami-

nation. This can be inferred from the number of SS dimuon events and from lack of a tail in the IP distribution.

In these nearly pure samples of prompt dimuons, which closely resemble our signals, we can directly estimate the

relevant e! ciency by counting events as a function of the IP cut.
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FIG. 2. The dimuon mass spectrum in 2 GeV bins for the (left) isolated and (right) prompt samples. The

distributions are shown for no pµµ
T cut (upper curve, blue) and for pµµ

T cuts of 25 GeV (middle, black) and

60 GeV (lower, green). The trigger threshold, which dominates the inclusive sample, becomes irrelevant as

pµµ
T cuts are applied.

2. a prompt sample, where no isolation cut is imposed but the transverse IP cut on the two lead-

ing muons is tightened further to d0 < 100µm, substantially reducing the QCD background

and leaving it comparable to the irreducible DY background.

From the ZMC and DYMC samples, and cross-checking using data, we infer that this tighter IP

cut in the prompt sample accepts! 97% of typical prompt signals, an e! ect we correct for later.7

Note that access to the CMS Open Data was essential for validating the prompt sample, since

it involves QCD backgrounds whose magnitude cannot be precisely predicteda priori , as well as

detector e! ects related to the IP resolution. (Though not directly comparable, one can also infer

the potency of the IP cut to reduce QCD backgrounds from Figure 7b of Ref. [50].)

As control samples, we take SS muons separated into prompt and non-prompt subsamples, and

OS muons where we reverse either the isolation cut or the tighter IP cut. Nothing striking appears

in these samples, which adds conÞdence that any features observed in the signal samples are not a

result of kinematic sculpting.

Finally, within the isolated and prompt samples, we consider additional subsamples, deÞned

7 The Z sample of Sec.II , and any high pT sample of DY with isolation imposed, are almost free of QCD contami-

nation. This can be inferred from the number of SS dimuon events and from lack of a tail in the IP distribution.

In these nearly pure samples of prompt dimuons, which closely resemble our signals, we can directly estimate the

relevant e! ciency by counting events as a function of the IP cut.

12

To reduce backgrounds:  isolation criteria or stringent IP cut

isolated samples 
    muon isolation     

 prompt samles  
   transverse IP d0 < 100 ! m 
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Dimuon Selection with P T  cuts
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FIG. 2. The dimuon mass spectrum in 2 GeV bins for the (left) isolated and (right) prompt samples. The

distributions are shown for no p

µµ
T cut (upper curve, blue) and for pµµT cuts of 25 GeV (middle, black) and

60 GeV (lower, green). The trigger threshold, which dominates the inclusive sample, becomes irrelevant as

p

µµ
T cuts are applied.

2. a prompt sample, where no isolation cut is imposed but the transverse IP cut on the two lead-

ing muons is tightened further to d0 < 100µm, substantially reducing the QCD background

and leaving it comparable to the irreducible DY background.

From the ZMC and DYMC samples, and cross-checking using data, we infer that this tighter IP

cut in the prompt sample accepts � 97% of typical prompt signals, an e↵ect we correct for later.7

Note that access to the CMS Open Data was essential for validating the prompt sample, since

it involves QCD backgrounds whose magnitude cannot be precisely predicted a priori, as well as

detector e↵ects related to the IP resolution. (Though not directly comparable, one can also infer

the potency of the IP cut to reduce QCD backgrounds from Figure 7b of Ref. [50].)

As control samples, we take SS muons separated into prompt and non-prompt subsamples, and

OS muons where we reverse either the isolation cut or the tighter IP cut. Nothing striking appears

in these samples, which adds confidence that any features observed in the signal samples are not a

result of kinematic sculpting.

Finally, within the isolated and prompt samples, we consider additional subsamples, defined

7 The Z sample of Sec.II , and any high pT sample of DY with isolation imposed, are almost free of QCD contami-

nation. This can be inferred from the number of SS dimuon events and from lack of a tail in the IP distribution.

In these nearly pure samples of prompt dimuons, which closely resemble our signals, we can directly estimate the

relevant e! ciency by counting events as a function of the IP cut.
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FIG. 2. The dimuon mass spectrum in 2 GeV bins for the (left) isolated and (right) prompt samples. The

distributions are shown for no pµµ
T cut (upper curve, blue) and for pµµ

T cuts of 25 GeV (middle, black) and

60 GeV (lower, green). The trigger threshold, which dominates the inclusive sample, becomes irrelevant as

pµµ
T cuts are applied.

2. a prompt sample, where no isolation cut is imposed but the transverse IP cut on the two lead-

ing muons is tightened further to d0 < 100µm, substantially reducing the QCD background

and leaving it comparable to the irreducible DY background.

From the ZMC and DYMC samples, and cross-checking using data, we infer that this tighter IP

cut in the prompt sample accepts! 97% of typical prompt signals, an e! ect we correct for later.7

Note that access to the CMS Open Data was essential for validating the prompt sample, since

it involves QCD backgrounds whose magnitude cannot be precisely predicteda priori , as well as

detector e! ects related to the IP resolution. (Though not directly comparable, one can also infer

the potency of the IP cut to reduce QCD backgrounds from Figure 7b of Ref. [50].)

As control samples, we take SS muons separated into prompt and non-prompt subsamples, and

OS muons where we reverse either the isolation cut or the tighter IP cut. Nothing striking appears

in these samples, which adds conÞdence that any features observed in the signal samples are not a

result of kinematic sculpting.

Finally, within the isolated and prompt samples, we consider additional subsamples, deÞned

7 The Z sample of Sec.II , and any high pT sample of DY with isolation imposed, are almost free of QCD contami-

nation. This can be inferred from the number of SS dimuon events and from lack of a tail in the IP distribution.

In these nearly pure samples of prompt dimuons, which closely resemble our signals, we can directly estimate the

relevant e! ciency by counting events as a function of the IP cut.
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Dimuon Selection with P T  cuts
isolated samples  vs prompt samples

���� ���� ���� ���� ����
��

������

��������

��������

�� ���� !���	�
 "

���
���

���
���

���
���

�	�

��

�������� ������ �����	�
 �����
��

�� �������� �������� �	�
! ��

����
���� ! ���� ���	��

������������ !�����	�
�
�� "

���
������������!�����	�
�
�� "

FIG. 5. The dimuon mass spectrum of the prompt (upper points, blue) and isolated (lower points, black)

CMS11a samples, after all other quality and kinematic cuts. Shown are distributions with (upper left) no

pµµ
T cut, (upper right) pµµ

T > 25 GeV, and (bottom) pµµ
T > 60 GeV. Bins are chosen equal to the resolution

appropriate to the plot (1.1% for the upper plots, 1.3% for the lower plot).

V. IMPLICATIONS FOR BENCHMARK SCENARIOS

In this section, we brießy consider the implications of our bounds for benchmark signals. As

discussed in Sec.IV B , full application of the bounds requires detailed discussion of how to obtain

the various e! ciencies for a particular model, which will be presented in future work. Here, we

simply demonstrate that simple models exist in whichAV remains large with our pµµ
T cuts (and

! V
tr is unsuppressed). For these models, which include cases where theV is produced in the decay

of a heavier particle, our pT -enhanced search strategy o" ers much improved sensitivity, because

the trigger/reconstruction e! ciency ! tr is mostly independent of the pµµ
T cut, and any signiÞcant

change in isolation e! ciency can be addressed through the judicious use of the isolated and prompt

25

PT > 25 GeV

!"

!#V
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Systematic Uncertainties

¥ Limits  
 
 

¥ resolution uncertainties are dominant  
 
 

Central Value Uncertainty Incremental E ! ect on Expected Limit

Resolution 1.1% (1.3%) 0.4% 10% (7%) (proÞled)

Line Shape Modeling 1 5%

L 2.11 fb! 1 2.2% 0.6% (multiplicative)

! V
IP (prompt sample only) 0.97 1.5%

TABLE IV. A summary of the systematic uncertainties on our Þtting results, showing the size of the uncer-

tainty and the e! ect on our limits. We proÞle explicitly over the resolution. The latter three uncertainties,

which are essentially uniform across our mass range, are combined together in quadrature and assessed,

after the resolution proÞling, using the multiplicative approach in Eq. (6). (Because the uncertainty in ! V
IP

is so subdominant, its presence in the prompt samples does not alter the incremental e! ect on the expected

limits.)

C. Systematic Uncertainties

Our results include systematic uncertainties associated with the four e! ects in Table IV . For

the dimuon resolution, we take central values of" = 1 .1% for the pµµ
T > { 0 GeV, 25 GeV} samples

and " = 1 .3% for pµµ
T > 60 GeV, and we proÞle over the± 0.4% resolution uncertainty as described

in Sec. III D below. As discussed further in Sec.IV B , we externalize the uncertainties associated

with the acceptance and trigger/reconstruction e" ciencies, since they are model dependent.

The three remaining uncertainties are from line shape modeling, luminosity, and (for the prompt

sample only) IP cut e" ciency. The latter two e! ects have an obvious multiplicative impact on the

limit. Less obvious is that the line shape uncertainty also has a dominantly multiplicative e! ect.

The reason is that, as far as Þtting the signal is concerned, changing the tail of the line shape

primarily changes the normalization of the Gaussian-like core. While it is possible to proÞle over

these multiplicative uncertainties, we can use a simpler rescaling procedure since these multiplica-

tive e! ects are relatively small.

Let the signal strength µ = # $ be multiplicatively proportional to a dimensionless quantity #

with Gaussian uncertainty %#and central value #0. Assume further that the log-likelihood proÞled

over all other quantities is e! ectively Gaussian, such that the quantity $ can be treated as having

Gaussian uncertainty %$and central value $0:

# (#, $) ! # min +
!

# " #0

%#

" 2

+
!

$ " $0

%$

" 2

. (4)
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Model-dependent 

! (pp ! V + X ) BR( V ! µ+ µ! ) AV "V
tr

!
"V

iso

"
" L = Nµµ

<latexit sha1_base64="SdPZIuTJAopJa4NhFyHwSNah52A="></latexit>
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pT-enhanced Dimuon Searches
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FIG. 4. As in Fig. 3, but for the prompt sample. Bounds are on the quantity ! V BR(V ! µ+ µ! ) AV "V

deÞned in Eq. (8), now with "V " "V
tr . As described in the main text (see TableIV ) we make a uniform

upward correction of 3% to account for small signal losses from to the tight IP cut.

rare that knowing them better than 10% is both necessary and feasible. Indeed, signal generation is

often done at tree level, or at best at one loop, meaning that substantial uncertainties are intrinsic

to the methodology.

The trigger and reconstruction e! ciency "V
tr , while not constant, generically has weak model

dependence. Under many circumstances, unless high precision is needed, it is reasonable to take

"tr = 0 .85± 0.05 and combine this uncertainty with the comparable or larger uncertainties on the

21

���� ���� ���� ���� ����
��

����

������

������

������

������

������

�� �� !���	�
 "

���
�!"

���
� �

���
��

��
���

�
��

���
���

��
��
�� ��

#��
��$ �������� ������ �����	�
 �����
��

�� �������� �������� �	�
! ��

�����������
�	�� �����������	�� �
������
���� �����


���� !�� ���� "#������$������%&

�� �� �� �� ���

��

��

��

��

���

���

���

�� !���"

��
!"
��

��
σ
�
��

�→
μμ
� �

ϵ �
#�
�$ ���� ��� ���� ����

� ���� ���� ��! �

�������� ������� ��μμ! �� ���
ρ�"�μμ#$���%���&'

���� ���� ���� ���� ����
��

����

����

����

����

����

����

�� �� !���	�
 "

���
�!"

���
� �

���
��

��
���

�
��

���
���

��
��
�� ��

#��
��$

�������� ������ �����	�
 �����
��

�� �������� �������� �	�
! ��

�����������
�	�� �����������	������
���� ! ���� ���	��

���� "�� ����#$������%������&'

FIG. 3. Resonance search for the isolated sample, with (left column) thep-value for rejecting the background-

only hypothesis as a function ofmµµ , and (right column) the 95% CLs bound, as a function of mµµ , on

the quantity ! V BR(V ! µ+ µ! ) AV "V deÞned in Eq. (7), with the expected bound and its 1! (2! ) bands

shown in green (yellow). Here,! V " ! (pp ! V + X ) is the total V cross section,AV is the acceptance

including the cut on pµµ
T , and "V " "V

tr "V
iso is the combined trigger/reconstruction and isolation e! ciency.

Shown are results with (top row) no pµµ
T cut, (middle row) pµµ

T > 25 GeV, and (bottom row) pµµ
T > 60 GeV.

We assume a luminosity of 2.11 fb! 1.
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FIG. 4. As in Fig. 3, but for the prompt sample. Bounds are on the quantity ! V BR(V ! µ+ µ! ) AV "V

deÞned in Eq. (8), now with "V " "V
tr . As described in the main text (see TableIV ) we make a uniform

upward correction of 3% to account for small signal losses from to the tight IP cut.

rare that knowing them better than 10% is both necessary and feasible. Indeed, signal generation is

often done at tree level, or at best at one loop, meaning that substantial uncertainties are intrinsic

to the methodology.

The trigger and reconstruction e! ciency "V
tr , while not constant, generically has weak model

dependence. Under many circumstances, unless high precision is needed, it is reasonable to take

"tr = 0 .85± 0.05 and combine this uncertainty with the comparable or larger uncertainties on the
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Figure 9: Comparison of the results presented in this Letter to existing constraints from previous
experiments (see Ref. [1] for details about previous experiments).

16



! ank you

18


