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2

High METLow MET

Wlv
40%

Zvv
54%

Other
6%

Wlv
11%

Zvv
86%

Other
3%

Background composition

Signal extraction is based on MET distribution in each bin 
 

5 Control Regions (Zee, Wen, Zmm, Wmn, GJets) to estimate major backgrounds of Zvv and Wlv.  
Fit performed simultaneously in different categories.

Equal parts of Zvv and Wlv Dominated by Zvv
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3

Simultaneous Fit

Z (vv) Jets

Z (mm) Jets 

Gamma  Jets

W (mv) Jets Z (ee) Jets 

W (ev) Jets 

W (lv) Jets

5 Control Regions to estimate major backgrounds.   
Fit performed simultaneously in different categories.

Signal extraction is based on MET distribution, fitting 
1 parameter in each bin
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Background Estimation Method: Transfer Factor Definition

4

Procedure
• Step 1: Compute a “Recoil” Variable (U) in the Control Regions (CRs) 

• U =  Met + Pt μμ/ee  or Met + Pt μ/e  or Met + PTƔ  

• Step 2: Compute “Transfer Factors” for each bin of recoil to translate between CRs to Signal Region (SR):

• Step 3: Embed uncertainties (θ) in the 
likelihood as constrained additive 
perturbations to the transfer factors Rγ/Z/W

Ni is the number of 
events in bin i of the 
recoil distribution 

CR SR
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Production rates of V+jet channels

L = 300 fb−1

Z(νν̄)+ jet
Z(ℓ+ℓ−)+ jet
W(ℓν)+ jet
γ+ jet
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One-dimensional reweighting of
Monte Carlo samples
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Master formula

d

dx

d

d~y
σ(V)(~εMC, ~εTH) =

d

dx

d

d~y
σ

(V)
MC(~εMC)

[
d
dxσ

(V)
TH(~εTH)

d
dxσ

(V)
MC(~εMC)

]

• Same scale choices, inputs, PDFs

RMC(x,~y) =
d
dx

d
d~yσ

(V)
MC

d
dxσ

(V)
MC

• Same phase-space cuts

RTH/MC(x) =
d
dxσ

(V)
TH

d
dxσ

(V)
MC

• TH prediction: distribution in
reweighting variable x

• MC sample: correlation between
reweighting variable x and ~y

∆

[
d

dx
σ

(V)
TH

]
≤ ∆

[
d

dx
σ

(V)
MC

]
∆

[
d
dx

d
d~yσ

(V)
MC

d
dxσ

(V)
MC

]
≤ ∆

[
d
dx

d
d~yσ

(V)
TH

d
dxσ

(V)
TH

]

Constitution of higher-order theory prediction for each V+jet process

d

dx
σ

(V)
TH =

d

dx
σ

(V)
QCD +

d

dx
∆σ

(V)
EW +

d

dx
∆σ

(V)
mix +

d

dx
σ

(V)
γ−ind.
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Setup for d
dxσ

(V )
TH in V+jet calculations
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Observable: transverse momentum of (recombined) vector boson

pT,V ∈ [30, 40, . . . , 150, 200, . . . , 1000, 1100, . . . , 1400, 1600 . . . , 3000, 6500]GeV

Dressed leptons ∆R`γ =
√

∆φ2
`γ + ∆η2

`γ < Rrec, Rrec = 0.1

Central scale µ0: half of the total transverse energy Ĥ′T

µR,0 = µF,0 = µ0 = Ĥ′T/2, Ĥ′T = ET,V +
∑

i∈{q,g,γ}

|pT,i|

Nominal prediction: centre of 7-point factor-2 variation band

K
(V)

NkLO
(x) =

1

2

[
K

(V,max)

NkLO
(x) + K

(V,min)

NkLO
(x)
]

Event-selection criteria

process extra cuts observable comments

pp→ W+(`+ν`) + jet none pT,`+ν`
` = e or µ

pp→ W−(`−ν̄`) + jet none pT,`−ν̄` ` = e or µ

pp→ Z(ν`ν̄`) + jet none pT,ν`ν̄` ` = e + µ+ τ

pp→ Z(`+`−) + jet m`` > 30GeV pT,`+`− ` = e or µ

pp→ γ + jet dynamic isolation pT,γ
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Photon isolation prescription
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pT,V [GeV]
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∑
i=partons/hadrons

pT,i Θ(R −∆Riγ) ≤ ε0 pT,γ

(
1− cosR

1− cosR0

)n

∀ R ≤ R0,

Dynamic-cone isolation

ε0,dyn = 0.1, ndyn = 1, R0,dyn = min

{
MZ

pT,γ
√
ε0
, 1.0

}
Fixed-cone isolation (standard Frixione isolation)

ε0,fix = 0.025, nfix = 2, R0,fix = 0.4
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Higher-order QCD corrections
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QCD uncertainties through a set of independent nuisance parameters
(correlated across processes, correlated across pT bins)

• Scale uncertainty (half width of 7-point factor-2 variation band)

δ(1)K
(V)

NkLO
(x) =

1

2

[
K

(V,max)

NkLO
(x)− K

(V,min)

NkLO
(x)
]

• Shape uncertainty (reference pT,0 = 650GeV )

δ(2)K
(V)

NkLO
(x) = ωshape(x) δ(1)K

(V)

NkLO
(x),

ωshape(pT) = tanh

[
ln

(
pT
pT,0

)]
• Process-correlation uncertainty (defined wrt. Z+ jet as reference)

δ(3)K
(V)

NkLO
(x) = ∆K

(V)

NkLO
(x)−∆K

(Z)

NkLO
(x),

∆K
(V )

NkLO
= K

(V )

NkLO
/K

(V )

Nk−1LO
− 1

⇒ d

dx
σ

(V)

NkLO QCD
(~εQCD) =

[
K

(V)

NkLO
(x) +

3∑
i=1

εQCD,i δ
(i)K

(V)

NkLO
(x)

]

× d

dx
σ

(V)
LO QCD
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QCD corrections and uncertainties

Z(ℓ+ℓ−)+ jet
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Process ratios and QCD uncertainties
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Higher-order EW corrections
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EW uncertainties through a set of independent nuisance parameters
(correlated/uncorrelated across processes, correlated across pT bins):

• Uncertainty from O(α3) Sudakov terms (naive exponentiation)

δ(1)κ
(V)
nNLO EW(x) =

2

3
κ

(V)
NLO EW(x)κ

(V)
NNLO Sud(x)

• Uncertainty from missing O(α2) corrections (beyond Sudakov
approximation)

δ(2)κ
(V)
nNLO EW(x) = 0.05 |κ(V)

NLO EW(x)|

• Uncertainty from limitations of Sudakov approximation

δ(3)κ
(V)
nNLO EW(x) = κ

(V)
NNLO Sud(x)− 1

2
[κ

(V)
NLO EW(x)]2

⇒ d

dx
σ

(V)
EW(~εEW, ~εQCD) =

[
κ

(V)
EW(x) +

3∑
i=1

ε
(V)
EW,i δ

(i)κ
(V)
EW(x)

]

× d

dx
σ

(V)
LO QCD(~εQCD)
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EW corrections and uncertainties
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Process ratios and EW uncertainties
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Mixed QCD–EW corrections
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Mixed QCD–EW uncertainties through independent nuisance parameter
(correlated across processes, correlated across pT bins)

• Multiplicative approach motivated by known factorization of QCD
corrections from Sudakov-enhanced EW corrections at high energies

• Uncertainty estimate based on extreme cases: ⊕ vs. ⊗ combination

K
(V )
TH,⊕(x , ~µ) = K

(V )

NkLO
(x , ~µ) + κ

(V )
EW(x)K

(V )
LO (x , ~µ)

K
(V )
TH,⊗(x , ~µ) = K

(V )

NkLO
(x , ~µ)

[
1 + κ

(V )
EW(x)

]
.

• Small factor 0.1 motivated by comparison to V+2jets at NLO EW

δK
(V)
mix(x) = 0.1

[
K

(V)
TH,⊕(x, ~µ0)− K

(V)
TH,⊗(x, ~µ0)

]

⇒ K
(V)
TH(x, ~εQCD, ~εEW, εmix) =

[
K

(V)

NkLO
(x) +

3∑
i=1

εQCD,i δ
(i)K

(V)

NkLO
(x)

]

×
[

1 + κ
(V)
EW(x) +

3∑
i=1

ε
(V)
EW,i δ

(i)κ
(V)
EW(x)

]
+ εmix δK

(V)
mix(x)
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Comparison of EW corrections to V+jj
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QCD ⊗ EW corrections and uncertainties
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Summary – Combination of TH uncertainties
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not included:

• γ-induced processes
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(di-boson processes)
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uncertainty in γ+jet

↪→ MC sample
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5

Collaboration with theorists arXiv:1705.04664 

Black ratio from data and statistical uncertainties / Red from MC 
Grey band is stat. + sys uncertainty on MC. Sys uncertainty includes theoretical uncertainties 

dashed lines -> what the uncertainties would have been without the work of the theory community
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background fit 
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Interpretations

8
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DM interpretations using DMSimp models
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Back up

10
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Background Estimation Method: Likelihood

11

fi  ratio in the signal region : 
  •  Relies on theoretical prediction for differential xsec and lepton acceptance

Objective: Define a partial likelihood for each event category as the product over Poisson likelihoods for 
each bin in recoil, in each of the control regions
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Z ν

ν

Z l

l

μuon (2)

μuon (1) Jet

Take out muons

If we remove the muons from a Z→μμ event, 
it mimics a Z→νν event

MET 

JetSame pT spectra as Z→νν 
but… statistically limited 

Z→μμ branching ratio ~3% 
Z→νν branching ratio 20%

Z(νν)+jets:  Irreducible background and makes up 50 to 80% 
of the total background estimation! 

Question: What other standard model processes can we use 
to estimate the leading background more precisely? 

Leading background estimation case study: Monojet

12
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Conversion into DD limits
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