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Dark matter from  colored particle decay 

A class of model with Pair 
production of colored particle 
followed by the decay p p → QQ   
Q→ X + jets or lepton  

Q can be anything: top partner T, 
gluino G,  stop t …  followed by  
Q→X + visible objects with E=mQ-
MX 

If E is small,  trigger ISR (monojet)   

LHC explored significant  parameter 
region already   

Introduction Monte-Carlo study of Monojet signature Conclusion

What we could achieve from monojet study?

We may achieve following from investigating monojet channel.

New physics discovery: check SM background only hypothesis vs
background + BSM signal hypothesis

Mass of new particle?

Spin and color of new particle?
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However, to fully resolve this hypothesis, we need to understand signal and
background in high precision.
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Is Monojet signature viable at future colliders? 

1. Experimental uncertainty at HL or HE- LHC (quick estimate)  

                    The reach significantly depend on background estimation 

2. How distribution depends on Q? (spin 0 or 1/2  and color 3 or 8 ) 
Identify theoretical precision needed to identify nature of Q 

3. MC uncertainty in NLO[MC@NLO]   Top partner example:   

LO merging →TT(NLO)  [This is where we are]  

 [Today, we try current best MC we have  ] 

  TT+j (NLO with jet PT cut)  NLO[MG5_aMC@NLO: allows 
simulation  of all kind of BSM particles] 

   TT+njet  MEPS@NLO [Sherpa, modifying ttbar generation ]



baseline simplified models 

Particle name Color Rep. Lorentz Rep. Decay

Fermionic Top partner (Tp) 3 Dirac fermion q +X

Top squark (t̃) 3 Complex scalar t⇤X ! bqq +X

Gluino (g̃) 8 Majorana fermion qq +X

Scalar Gluon (�) 8 Real Scalar

Table 1: Summary of signal particles, their SU(3)c and Lorentz representations (Rep.), and decay
mode to stable DM candidate (X).

formalism [20, 43] as implemented by Ref. [21, 44, 45]. We alter the top quark decay into a light quark
and a real scalar particle X which is invisible.

To account for additional high-pT QCD emissions at the matrix element level, beyond that which
is already present in inclusive TpTp production at NLO, we simulate at NLO accuracy the processes

pp ! TpT̄p + j and pp ! TpT̄p + 2j, (2.3)

and merge with the inclusive pp ! TpT̄p sample following the MEPS@NLO prescription [22, 23]. The
central value (Q

0

) for the renormalization and factorization scales are set around HT , where HT is
the scalar sum of the transverse momentum of the final state partons (SH: PLEASE CHANGE, refer
METS/VAR scale setter info!!) We choose as factorization (Qf ) and renormalization (Qr) scales ...
and choose Q

MEPS

= 120 GeV as a MEPS@NLO matching scale.
SH: Shower starting scale info

2.3 Standard Model Inputs

For signal and background processes, we assume nf = 5 active/massless quark flavors and a diagonal
Cabbibo-Kobayashi-Maskawa (CKM) quark mixing matrix with unit entries. The SM inputs used in
our study are as follows,

MZ = 91.1876 GeV, ↵�1(MZ) = 127.94, GF = 1.17456⇥ 10�5 GeV�2 (2.4)

mt(mt) = 173.3 GeV, ↵MS(MZ) = 0.1184, (2.5)

The parton distribution functions (PDF) and strong coupling constant ↵s(µr) evolution are ex-
tracted using the libraries of LHAPDF v6.1.6 [46]. While our calculations are formally NLO in
QCD accurate, the various matching procedures implemented capture most ingredients to the in-
clusive pp ! HH process at NNLO in QCD; only the two-loop and one-loop-one-real interference
contributions are missing. Hence, to avoid double counting, we use the NNPDF 3.0 NNLO PDF
set (lhaid=261000) [47]. [Richard, please polish these sentences!]

3 Current and future mono-jet search at the LHC

3.1 The SM background predictions

Both the ATLAS and CMS collaborations have searched for new physics using events with significant
imbalance in the transverse momentum and at least one energetic jet mostly arising from initial-state
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*     Assume  QCD interaction  for production.  

**   Only one colored particle (no yukawa type processes in production)   

***  decay  by  small Yukawa (I do not care, but you can think about fancy 
thing like displaced vertex, soft lepton..)   

**** mass difference set to be 20GeV for a moment  for simplicity, mass      
difference maybe fixed by DM density, but too much modeling 



current status and extrapolation 
[Summary]  
HL-LHC  may access Top partner  up to 800GeV  with 3000fb-1 
HE-LHC(27TeV)  improve signal and background  

IM Emiss

T

[GeV] predicted events statistical error total error

1 > 250 245900± 5800 0.2 % 2.3 %
2 > 300 138000± 3400 0.3 % 2.5 %
3 > 350 73000± 1900 0.4 % 2.6 %
4 > 400 39900± 1000 0.5 % 2.5 %
5 > 500 12720± 340 0.9 % 2.6 %
6 > 600 4680± 160 1.5 % 3.4 %
7 > 700 2017± 90 2.2 % 4.4 %
8 > 800 908± 55 3.3 % 6.1 %
9 > 900 464± 34 4.6 % 7.3 %

10 > 1000 238± 23 6.4 % 9.7 %

Table 2: The predicted number of SM background events and associated errors for the inclusive signal
region (IM1-IM10) as given in [13]. The Statistical errors are estimated from the predicted number of
events.

IM Observed limit [fb] Expected limit [fb]
scaled limit [fb] with

R
dtL = 3000 fb�1

2.5% syst. error 1% syst. error

1 531 324 333 133
2 330 194 187 74.9
3 188 111 99.2 39.6
4 93 58 54 22
5 43 21 17 6.9
6 19 9.8 6.4 2.6
7 7.7 5.7 2.8 1.1
8 4.9 3.4 1.2 0.52
9 2.2 2.1 0.64 0.28
10 1.6 1.5 0.34 0.16

Table 3: Model-independent 95% CL upper limit on visible cross section, which is defined by product
of cross section, acceptance and e�ciency. For the observed and expected limits, we quoted number
from ATLAS. For the scaled CL

s

limit, we scale systematic error only assuming total error is quadrature
of statistical and systematic errors. We simply calculated the limit assuming signal and background
models are Gaussian. Reproduced limits with this strategy agree with the limits of ATLAS within
from 3% for IM1 and 16% for IM10.

the last two columns of Table 3. These calculated limits will be used when we discuss the new physics
signatures in the next section.
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systematics  
dominate in low 

Emiss

statistics  
dominate  

and improve 
with high L 
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Figure 2: Cross sections of t̃, Tp and g̃ at 13 TeV after the experimental cuts as the function of
Ecut

Tmiss. The current limit, and estimated limit at 3000fb�1 assuming 2.5% and 1% systematical errors
are also shown.

colored patches denotes the 1� scale uncertainty band. From Fig. 2, one can observe that exclusive
limits from the 13 TeV 36.1 fb�1 data stands around 400 GeV for the top-partner and 600 GeV for
the gluino while no strong limit on the stops. However, the situation improves significantly in the HL
run of LHC. For example, top-partners up to 800 GeV is accessible if the systematic error is controlled
by using O(100) times more events in high pT jet samples. It is interesting to note that, even in IM10
signal region, estimated number of background events exceed 100, therefore, statistics in the signal
bins at 3000 fb�1 is comparable to what we obtain in IM5 signal region with 30 fb�1 data.

Recently the discussions on the up-gradation of the center-of-mass energy of the LHC has been
started [50]. One of the interesting possibilities is to increase the energy up to 27 TeV with the
integrated luminosity at 1 ab�1 by upgrading the magnet system of the main ring.

The production cross section of the BSM particles increases with center-of-mass energy; in fact
we observe that the enhancement is more for the BSM particles compared to the backgrounds when
we change

p
s from 14 TeV to 27 TeV. RR: This follows from the well-documented [51, 52] growth
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current status and HL-LHC 

HL-LHC  may access Top partner  up to 800GeV  with 3000fb-1

current upper limit 
mT~400GeV 

2.5% systematics  
3000fb-1  →mT =600GeV

1% systematics → 
mT =800GeV

unlike current experimental study, we use QQ+ j (NLO)  
to estimate signal  distribution  
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Figure 4: Same as Fig. 2 but scaled for
p
s = 27 TeV assuming (a) L = 3 ab�1 and (b) 15 ab�1.

given
p
s and Emiss

T,cut, denoted as �(
p
s;Emiss

T,cut), is obtained from the relation

�(
p
s;Emiss

T,cut
0

) = �(13 TeV;Emiss
T,cut) ·

�pp!Zj(
p
s; pgenT = Emiss

T,cut
0

)

�pp!Zj(13 TeV; pgenT = Emiss
T,cut)

. (3.1)

In the above, �pp!Zj(
p
s; pgenT ) is the LO Z + j cross section with pgenT at a collider energy

p
s.

We further assume that the detector acceptance and e�ciencies are the same at 13 and 27 TeV.
This assumption is not as strong as one may anticipate in more general circumstances. The HE-
LHC project proposes to refit, replace, and/or upgrade the current LHC magnet system and detector
experiments. As the detector experiment caverns themselves cannot physically grow, one is forced to
adopt a detector fiducial volume at 27 TeV that is largely unchanged from 13 TeV. Similarly, we also
assume systematic uncertainties of 2.5% and 1%, the same considered in Sec. 3.1.

Arguably, the background modeling of a LO process appears naive at first glance. However, the
dominant SM backgrounds for inclusive monojet searches are indeed electroweak boson production [18].
Such processes possess an initial-state parton composition and color structure comparable to Z+j, and
also exhibit a similar dependence on collider energy. Hence, as shown in Fig. 4, once the scaled limits for
the SM backgrounds are determined, we can compare the predicted cross sections for pp ! QQ+j NLO
process and estimate the expected reach at the 27 TeV HE-LHC. We find that with L = 3� 15 ab�1,
one is sensitive compressed spectra scenarios featuring fermionic top partners with masses mTp . 1100
GeV, gluinos with masses mg̃ . 1800 GeV, and stops with masses mt̃ . 600 GeV.

3.3 Properties Determination of Heavy Colored Particles

We now turn to the possibility of extracting properties of the heavy colored particleQ from jet behavior
within the monojet signature. As briefly discussed in the introduction, asserting color representation
and spin of Q is required to infer information on its mass from cross section measurements (or limits).

– 14 –

High Energy LHC 27TeV 

stop 600GeV, top parter 1100GeV, and Gluino 1800 GeV 



 2. can we  distinguish parent particle Q?

ex: increase pt cut  from 600 GeV to 800 GeV,  σ(gluino)/ σ (stop)= 1.3              
ex: increase √s =27TeV  σ(gluino)/σ(stop) =2.1  σ(T)/σ(stop)= 1.35
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Figure 13: (a) Upper: The pp ! QQ+ j cross section at
p
s = 14 TeV as a function of jet pT

selection criterion (pj1T,cut), for representative (Q,m
Q

) combinations. Lower: The same
but normalized to the (Q,m

Q

) = (Tp, 600 GeV) curve. (b) The pp ! QQ+ j cross
section at

p
s = 14 and 27 TeV, with pj1T,cut = 500 GeV. The error bar reflects the

renormalization and factorization scale variation.

As discussed in Sec. 3.3, ratios of cross sections measured at
p
s = 14TeV and

p
s = 27TeV can also

e↵ectively discriminate against various Q hypotheses if theoretical uncertainties on these ratios are
smaller than about 30%.

In ratios and double ratios, such as those discussed in previous sections, the normalization com-
ponent of uncertainties cancel. As shown in figure 9a, for example, variations of the factorization and
renormalization scales a↵ect mainly the overall normalization, not the shape/pjT dependence. There-
fore, uncertainties estimated in this way are expected to drop out in Eq. (5.1). To verify this, we
calculate the scale uncertainty for the ratio of the cross section to the nominal scale choice:

F(pj1T,cut, p
?, µR, µF ) =

�(pj1T > pj1T,cut, QR = µRQ0, QF = µFQ0)/�(p
j1
T > p?, QR = µRQ0, QF = µFQ0)

�(pj1T > pj1T,cut, QR = Q0, QF = Q0)/�(p
j1
T > p?, QR = Q0, QF = Q0)

. (5.2)

For the normalizing cross section, we consider the mTp = 600 GeV and vary the factorization and
renormalization scales in same manner and choose p? = 300 GeV. We observe that the e↵ect of varying
µR,F between 1/2 and 2 with Q0 = HT /2 is marginal (only 2%) at 1 TeV. The PDF uncertainty,
however, impacts the cross section more, though the e↵ect remains no more than 10% at 1 TeV.

In Eq. (5.2), we assume the scale choices are correlated for both the numerators and denominators.
Fairly, one might argue that in order to estimate uncertainties on cross section ratios through the
shape of the pj1T,cut dependence, one should consider di↵erent functional forms of QR and QF as well.
In Fig. 14 we show that the e↵ect of choosing a non-dynamical nominal scale can in fact induce
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pTcut energy 

Changing pT cut(slope)  
Changing  beam energy 

(normalization)  



3. NLO  simulation for monojet signal   
Introduction Monte-Carlo study of Monojet signature Conclusion

Monojet cross section for new particle disambiguation

Monojet can be used for distinguishing new particle hypotheses also.
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BORN REAL emission 
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Introduction Monte-Carlo study of Monojet signature Conclusion

NLO Monte-Carlo simulations

For precise study of signals, we performed NLO QCD Monte-Carlo simulations
of 14 TeV pp collision with simplified models. Following NLO simulators are
now well-established but they also have some limitations.

Fermionic top partner Tp

Sherpa: reuse SM top NLO processes
with di↵erent top mass, 1jet merged
sample is used.
Madgraph5 aMC@NLO: we generated
NLO UFO model for this process.
We separately generated 0jet and 1jet
sample to check their behavior
independently.

p

p

Tp

T̄p

j

SUSY-like particle, gluino g̃ and t̃
Madgraph5 aMC@NLO: can handle generic BSM models with NLO.

p

p
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g̃

j

p

p

t̃

¯̃t

j

Let’s focus on Fermionic top partner case for discussion of uncertainty.
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+

α2 α3

α3 α4

QQ NLO 
Does not give  

useful prediction 

QQ+j NLO  
…This is  

what we need 

because our signal is a hard jet 
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Figure 7: a) The distribution of �(pp ! TpTp)NLO as a function of pj1
T,cut, and b) The distribution of

the ratio of �(pp ! TpTp)NLO and the fixed order cross section for di↵erent values of the jet pT cut.
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Figure 8: To be updated with with new Sherpa samples.

and the multijet-merged simulation is very good apart from a normalization di↵erence of about 5%.
Add explanation. The MC@NLO calculation for pp ! TpT̄pj does, however require the introduction
of an matrix element cut in order to regulate the soft and collinear divergences of the jet since this
simulation lacks an all-order Sudakov form factor that is present in the multijet-merged calculation.
Since we are interested in fairly hard jets with transverse momenta of O(100)GeV, the Sudakov e↵ects
are quite small, as shown in the comparison plot in Fig. 8. In the right panel of the same figure we
show that also the generation-level matrix element cut on the jet transverse momentum does not
significantly a↵ect the result if placed about 50GeV below the transverse moment cut in the analysis.

A comparison of the multijet-merged calculation discussed above to one in which we include also
NLO matrix elements for two additional jets is shown in Fig. 9. In this simulation, the second jet
is also described at NLO accuracy. For small transverse momenta, the fixed-order uncertainties are
very similar to the calculation in which we take into account only one jet at NLO. At large transverse
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 scale dependence of TT production (NLO)  

changing shower starting scale   
by factor of 2 → 1.5 increase 

This is known feature for all MC@NLO  
but especially large uncertainty for monojet process
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We compared (left) pp ! TpT̄p + 2j at LO and pp ! TpT̄p at NLO and (right) pp ! TpT̄p and
pp ! TpT̄p + j at NLO We normalize the distribution with their nominal choices i.e. µR = µF = 1.
Note that normalization di↵erence between di↵erent emission order and LO/NLO choices are not
reflected on this plot. [CHANGE y-LABEL to (� ±��)/�]

correction to the jet emission in the fixed-order calculation. Since we are interested
in fairly hard jet emission, we expect these corrections to be small, however.

NLO multijet
merging

The LO multijet merging techniques described above have been extended in such
a way as to describe jet observables at NLO accuracy for jets above the hardness
scale Q

cut

. Analogous to LO merging, NLO accuracy for all jet multiplicities in-
cluded in the setup is guaranteed while still accounting for all-orders parton shower
corrections such as Sukakov suppression factors. Here we use the corresponding
extension of the CKKW merging technique as implemented in Sherpa [? ? ] and
take into account NLO matrix elements for up to one jet in the final state.

4.2 Theoretical Uncertainties

In this section we discuss the theoretical uncertainties associated to the simulations discussed above.
Our benchmark observable will be the cross section for the production of a TpT̄p pair in association of
a jet as a function of the minimum transverse momentum cut on the jet.

Fig. ?? shows the results obtained from an MC@NLO-matched simulation for the process pp !
TpT̄p and for a LO multijet merging simulation with LO matrix elements for up to two additional jets
taken into account. As discussed in the previous section, both types of simulation are LO accurate at
large transverse momentum of the additional jets. Due to the accuracy only being LO, the fixed-order
uncertainties we assess through variations of the facorization and renormalization scales µF and µR

are large at high transverse momentum. For smaller transverse momenta below about 600GeV, the
MC@NLO uncertainties are smaller due to both virtual corrections and real corrections in this region.
This leads to cancellations in the µF and µR dependence, which approaches ±10% at zero transverse
momentum.
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Figure 9: B

In Fig. 8 we show the results of an NLO multijet-merged simulation with matrix elements for up
to one additional jet taken into account. The agreement between the MC@NLO-matched simulation
and the multijet-merged simulation is very good apart from a normalization di↵erence of about 5%.
Add explanation. The MC@NLO calculation for pp ! TpT̄pj does, however require the introduction
of an matrix element cut in order to regulate the soft and collinear divergences of the jet since this
simulation lacks an all-order Sudakov form factor that is present in the multijet-merged calculation.
Since we are interested in fairly hard jets with transverse momenta of O(100)GeV, the Sudakov e↵ects
are quite small, as shown in the comparison plot in Fig. 8. In the right panel of the same figure we
show that also the generation-level matrix element cut on the jet transverse momentum does not
significantly a↵ect the result if placed about 50GeV below the transverse moment cut in the analysis.

In Fig. ?? we show a comparison of the multijet-merged calculation discussed above to one in
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Figure 10: The distributions of pp ! TpTp+ up to one or two jets matched sample generated by
Sherpa as a function of the leading jet pT cut: a) Qcut dependence, b) the renormalization and
factorization dependence, c) shower starting scale dependence for the leading jet in one jet merged
sample d) shower scale dependence of the leading jet in one jet merged sample.

– 20 –

scale dependence of T T+ j  NLO prediction  



Error on the ratio of the cross section at 
different Etmiss cut 

Large gluon PDF uncertainty →　3% slope uncertainty  
between 300GeV-1TeV

Introduction Monte-Carlo study of Monojet signature Conclusion

PDF variation

Parton distribution is basically fitted result of experimental data, and they have
their own uncertainty

 [GeV](cut)
1jT, 

p
200 400 600 800 1000

 )
(c

ut
) 1j

T,
 

p
 >

 
1j

T,
 

p
 ( 
σ

 ) 
/ 

(c
ut

) 1j
T,

 
p

 >
 

1j
T,

 
p

 ( 
σ

0

0.5

1

1.5

2

=0.118sαPDF: NNPDF30NNLO 

NLO+PS

σNLO+PS, +1

σNLO+PS, -1

 in MG5+Pythia8j+1pTpTPDF variation in 

 [GeV]XM
210 310

Ra
tio

0.8
0.85
0.9

0.95
1

1.05
1.1

1.15
1.2

1.25
1.3

Gluon-Gluon, luminosity

NNPDF30NNLO

 = 1.40e+04 GeVS

G
en

er
at

ed
 w

ith
 A

PF
EL

 2
.7

.1
 W

eb

For moderate mass mTp = 600 GeV, PDF variation is moderate, . 10%.

14 / 16

 [GeV]1
j

, cutT
p

200 300 400 500 600 700 800 900 1000

no
m

in
al

σ
) /

 
σ

∆+
no

m
in

al
σ(

0

0.5

1

1.5

2

 

 

 = 600 GeV
pT

mPDF variation, 

)=0.118Zm(Sα, NNPDF3.0NNLO, PDFσ1±

=14 TeVs  in MG5+Pythia8j+pTpT

 [GeV]1
j

, cutT
p

200 300 400 500 600 700 800 900 1000

)
no

m
in

al
σ

 / 
σ

0.8

0.9

1

1.1

1.2

 

 

 

 = 600 GeV
pT

mSlope variation, 

)=0.118Zm(Sα, NNPDF3.0NNLO, PDFσ1±

= 0.5, 2.0
F

µ=
R

µ, theory
scaleσ1±

=14 TeVs  in MG5+Pythia8j+pTpT

 [GeV]1
j

, cutT
p

0 100 200 300 400 500 600 700 800 900 1000

re
f

σ
 / 
σ

0

0.5

1

1.5

2

 = 600 GeV
pT

m variation, 
cut

Q
 = 80 GeV

cut
Q

 = 120 GeV, reference point
cut

Q
 = 150 GeV

cut
Q

=14 TeVs  in Sherpaj+pTpT

a)

 [GeV]1
j

, cutT
p

0 100 200 300 400 500 600 700 800 900 1000

no
m

in
al

σ
) /

 
σ

∆+
no

m
in

al
σ(

0

0.5

1

1.5

2

 

 

 = 600 GeV
pT

mreno.+fac. scale variation, 

, NLO+PSj+pTpT

=14 TeVs  in Sherpaj+pTpT

b)

 [GeV]1
j

, cutT
p

0 100 200 300 400 500 600 700 800 900 1000

re
f

σ
 / 
σ

0

0.5

1

1.5

2

 = 600 GeV
pT

mshower scale variation, 
 = 0.5
S

µ
 = 1.0, reference point
S

µ
 = 2.0
S

µ

=14 TeVs  in Sherpaj+pTpT

c)

 [GeV]1
j

, cutT
p

0 100 200 300 400 500 600 700 800 900 1000

re
f

σ
 / 
σ

0

0.5

1

1.5

2

 = 600 GeV
pT

mshower scale variation, 
 = 0.5
S

µ
 = 1.0, reference point
S

µ
 = 2.0
S

µ

=14 TeVs  in Sherpaj+pTpT

d)

Figure 10: The distributions of pp ! TpTp+ up to one or two jets matched sample generated by
Sherpa as a function of the leading jet pT cut: a) Qcut dependence, b) the renormalization and
factorization dependence, c) shower starting scale dependence for the leading jet in one jet merged
sample d) shower scale dependence of the leading jet in one jet merged sample.
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Figure 10: The distributions of pp ! TpTp+ up to one or two jets matched sample generated by
Sherpa as a function of the leading jet pT cut: a) Qcut dependence, b) the renormalization and
factorization dependence, c) shower starting scale dependence for the leading jet in one jet merged
sample d) shower scale dependence of the leading jet in one jet merged sample.
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PDF uncertainty is larger  
for slope 

renormalization scale error cancel mostly  
if we take common scale factor to the nominal ptcut 



conclusion
Monojet  distribution contains some information on 
the parent particle. spin independence of pT 
distribution, and mass dependence of cross section 
change with energy 

Discovery in future  Control of BG systematical errors 
is essential in High Luminosity  Era 

 In HE-LHC, you may identify nature of  parent 
particle H from pT distribution of ISR jets.   

 Question on  normalizing (N)LO merged distribution 
by (N)NLO cross section 


