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Figure 1.14: Feynman diagrams showing the leading order SM processes that are considered a
background to an exotic high mass dielectron resonance search. The dominant process is Drell-Yan
(a), which is added with the Drell-Yan plus jets background (b). Other non-negligible backgrounds
that can mimic the signal process come from tt̄ (c),W + jets (d), and dibosons: WW (e), WZ (f),
or ZZ (g).
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1.2. Theory and Motivation 34

Figure 1.13: Feynman diagrams showing (left) the LHC production process of interest (without
proton remnants) for (right) the leading order BSM processes: (upper) qq production, and e+e−
decay, of a Z′ gauge boson, and (middle) qq production, (lower) gg production, and associated
e+e− decay, for the RS G∗.
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The Problem

• A high mass discovery would therefore likely proceed differently than 
many discoveries in the past, facing different challenges.

• Experimental uncertainties reduce with time and effort, but difficult to 
reduce theory uncertainties without further input.
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• A high mass discovery would therefore likely proceed differently than 
many discoveries in the past, facing different challenges.

• Experimental uncertainties reduce with time and effort, but difficult to 
reduce theory uncertainties without further input.

PDF uncertainty on leading W background from CT14
eigenvector variations and comparison to other PDFs

Reduced set of 7 eigenvector variations provided by CT14
authors
Problems with NNPDF at very high mass – suspect
including this deviation in the uncertainty is too conservative

Do not apply any PDF uncertainties on signal in the
statistical analysis

If we want to do this, need to decide on the NNPDF issue
which can have somewhat significant impact

Magnar K. Bugge Slides for Carl 4 / 4
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Zʹ→ũũ: Treatment of Theory Uncertainties
• PDF Eigen-vector variations.
- Vary all CT14NNLO eigen-vectors. Bundle similar eigen-vectors 

together into 7 orthogonal sets, that allow correlated/uncorrelated 
treatment between Zʹ and Wʹ.

• PDF choice.
- Compare nominal choice (CT14NNLO) to other modern PDFs.

• Other uncertainties:
- EW corrections.
- PDF scale and AlphaS.
- Photon-Induced DY                                                                

corrections.
- TTbar and Diboson                                                                       

cross-section.

Z′→ℓℓ W′→ℓν

• (Above) PDF eigen-vector variation and PDF choice uncertainty (%)

The Problem
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• Resonance Searches: theory uncertainties reduce sensitivity but 
mainly hamper efforts to distinguish between models.

The Problem

https://arxiv.org/abs/1308.2738
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• Non-Resonant searches: The situation becomes dire. The 
uncertainties are so large that you might completely lose sensitivity.
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• Resonance Searches: theory uncertainties reduce sensitivity but 
mainly hamper efforts to distinguish between models.

• Non-Resonant searches: The situation becomes dire. The 
uncertainties are so large that you might completely lose sensitivity.

Link Link

The Problem

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2015-07/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2015-07/
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• In 2019 we (Willis, Brock, Hayden, Hou, Isaacson, Schmidt, Yuan), 
published a paper identifying a way to tackle this issue.

ePump to the Rescue Link
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FIG. 6. The dilepton invariant mass spectrum, generated with the ResBos MC generator and the

CT14HERA2 PDF set.

that it bisects the angle formed by the momentum of one of the incoming protons and the

negative of the momentum of the other incoming proton. The y axis is constructed to be

normal to the plane of the two proton momenta and the x axis which is chosen in order to

create a right-handed Cartesian coordinate system.

The cosine of the polar angle ✓⇤ defines the direction of the outgoing lepton `� relative

to ẑ in the CS frame and can be calculated directly from lab frame lepton quantities with

cos ✓⇤ =
Pz

|Pz|
2
�
p+1 p

�
2 � p�1 p

+
2

�

M``

p
M2

`` + P 2
T

. (9)

The sign of the z axis is defined on an event-by-event basis as the sign of the lepton pair

momentum with respect to the z axis in the laboratory frame. Here, PT and Pz are the

transverse and longitudinal momentum of the dilepton system, respectively, and,

p±i =
1p
2
(Ei ± pz,i) , i = 1, 2, (10)

where the lepton (anti-lepton) energy and longitudinal momentum are E1 and pz,1 (E2 and

pz,2), respectively. This definition requires the electric charge identification of each lepton.

We define DY events as forward (cos ✓⇤ > 0) or backward (cos ✓⇤ < 0) according to the

direction of the outgoing lepton in this frame of reference.

14

https://arxiv.org/abs/1809.09481
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14

The parts of the PDF (eigen-
vectors) that control *most* of the 
uncertainty in the high mass region.

https://arxiv.org/abs/1809.09481
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14

The parts of the PDF (eigen-
vectors) that control *most* of the 
uncertainty in the high mass region.

Are the same as those that control 
the high dilepton rapidity / cosϴ*, 
at low mass (more accessible).

https://arxiv.org/abs/1809.09481


D. HaydenMSU 18

• In 2019 we (Willis, Brock, Hayden, Hou, Isaacson, Schmidt, Yuan), 
published a paper identifying a way to tackle this issue.

ePump to the Rescue Link

Dilepton Invariant Mass [GeV]
50 100 200 300 1000 2000

+X
) [

pb
]

- l+  l
→

*/Z
 

γ 
→

(p
p 

σ

7−10

6−10

5−10

4−10

3−10

2−10

1−10

1

10

210

310  = 13 TeVs CT14Hera2 ResBos

Drell-Yan

PDF Error

Dilepton Invariant Mass [GeV]
50 100 200 300 400 1000 2000 3000

  R
el

. E
rro

r  

0.8
0.85

0.9
0.95

1
1.05

1.1
1.15

1.2

FIG. 6. The dilepton invariant mass spectrum, generated with the ResBos MC generator and the

CT14HERA2 PDF set.

that it bisects the angle formed by the momentum of one of the incoming protons and the

negative of the momentum of the other incoming proton. The y axis is constructed to be

normal to the plane of the two proton momenta and the x axis which is chosen in order to

create a right-handed Cartesian coordinate system.

The cosine of the polar angle ✓⇤ defines the direction of the outgoing lepton `� relative
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FIG. 7. The lepton angular distribution cos ✓⇤ in slices of dilepton invariant mass, m``, ranging

from 40 GeV to 1 TeV (a)-(f). The up-type and down-type DY sub-processes are shown as well,

which exhibit a strong angular dependence, especially at high mass. The CT14HERA2 PDF set is

used.

16

https://arxiv.org/abs/1809.09481


D. HaydenMSU 20

• In 2019 we (Willis, Brock, Hayden, Hou, Isaacson, Schmidt, Yuan), 
published a paper identifying a way to tackle this issue.

ePump to the Rescue Link

CS
*θcos

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

-1
Ev

en
ts

/p
b

0

1

2

3

4

5

6

7
Total
u-Type
d-Type

 CT14Hera2ResBos
 = 13 TeVs

 < 66 GeVee40 < m

(a)

CS
*θcos

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

-1
Ev

en
ts

/p
b

0

10

20

30

40

50

60

70

80 Total
u-Type
d-Type

 CT14Hera2ResBos
 = 13 TeVs

 < 116 GeVee66 < m

(b)

CS
*θcos

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1
-1

Ev
en

ts
/p

b
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2
Total
u-Type
d-Type

 CT14Hera2ResBos
 = 13 TeVs

 < 250 GeVee116 < m

(c)

CS
*θcos

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

-1
Ev

en
ts

/p
b

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14
Total
u-Type
d-Type

 CT14Hera2ResBos
 = 13 TeVs

 < 400 GeVee250 < m

(d)

CS
*θcos

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

-1
Ev

en
ts

/p
b

0

0.005

0.01

0.015

0.02

0.025
Total
u-Type
d-Type

 CT14Hera2ResBos
 = 13 TeVs

 < 600 GeVee400 < m

(e)

CS
*θcos

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

-1
Ev

en
ts

/p
b

0

0.001

0.002

0.003

0.004

0.005

0.006 Total
u-Type
d-Type

 CT14Hera2ResBos
 = 13 TeVs

 < 1000 GeVee600 < m

(f)

FIG. 7. The lepton angular distribution cos ✓⇤ in slices of dilepton invariant mass, m``, ranging

from 40 GeV to 1 TeV (a)-(f). The up-type and down-type DY sub-processes are shown as well,

which exhibit a strong angular dependence, especially at high mass. The CT14HERA2 PDF set is

used.

16

• Re-discovered that the LHC is a very good: up - anti-up quark collider!

• A careful selection of data at low mass (where no signal is expected) 
could be used to constrain the high-mass PDF uncertainties.

https://arxiv.org/abs/1809.09481
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used.
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FIG. 8. The ePump package requires two inputs to generate an updated PDF set: an existing Theory

template of a PDF set (parameters + uncertainties) and binned Data template of (pseudo-) data,

including statistical uncertainties from integrated luminosity assumptions.

Notice that we’ve not really learned anything new since DY kinematics is an old sub-

ject. But high-mass behavior in regions only statistically available at the LHC is revealing

and the question is whether cos ✓⇤ behavior as a function of mass should be an important

discrimination as an input to global PDF fitting. This is where ePump comes in.

IV. A PROPOSED STRATEGY TO PDF ERROR REDUCTION FOR DY

We attempt to shed light on two questions:

1. If cos ✓⇤ data were incorporated in global fitting, how significant might the reduction

in PDF uncertainties be?

2. Would those decreased errors be a significant reduction in the overall theoretical un-

certainties in future BSM, high-mass DY searches?

In order to answer Question 1, ePump was used, which can update an existing PDF set

with new experimental data (or pseudo-data) in order to produce an improved best-fit and

Hessian Error PDFs. The ePump workflow can be seen in Fig. 8.

For this analysis, “pseudo-data” are used to mimic a possible future LHC dataset for PDF

fitting. As any dataset has finite statistics, the resulting uncertainties in the new PDFs will

reflect whatever statistical precision is modeled in the pseudo-data. The e↵ects of new PDFs

and uncertainties can then be used to re-evaluate the PDF systematic uncertainty on the

high-mass dilepton event yield.
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• In 2019 we (Willis, Brock, Hayden, Hou, Isaacson, Schmidt, Yuan), 
published a paper identifying a way to tackle this issue.

ePump to the Rescue Link
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FIG. 13. The dilepton invariant mass distribution for (a) central-central dilepton events, and (b)

with an additional cos ✓⇤ > 0 requirement added to the selection. The ratio sub-plot depicts the

CT14HERA2 PDF uncertainty before and after the 3000 fb�1 update.

current state-of-the-art predictions (as depicted in Fig. 7). The PDF uncertainty assessed

in the ATLAS dilepton analysis is, for example, 13% and 29% at m`` = 3 and m`` = 5 TeV,

respectively.

It is worth remembering that many di↵erential cross section analyses of DY data around

the Z peak have been performed over the years, including a triple di↵erential cross section

measurement by ATLAS [35]. We found that because of the extremely high rate, including

using the triple di↵erential cross sections to global PDF fitting from the low mass region

should indeed be important. However, because of the surprising sensitivities to the parton

density flavors, and the enormous rates from the 3000 fb�1 running, about half of the above

uncertainty improvement came from the high statistics, low mass region and about half

came from the high mass continuum, but low cross section region. Therefore we advocate

using the entire di-lepton invariant mass spectrum - from below the Z peak to approximately

1 TeV - as the control region for inputs to future PDF global fitting. The only assumption

this carries is that no new physics lurks in the continuum below that boundary.
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current state-of-the-art predictions (as depicted in Fig. 7). The PDF uncertainty assessed

in the ATLAS dilepton analysis is, for example, 13% and 29% at m`` = 3 and m`` = 5 TeV,

respectively.

It is worth remembering that many di↵erential cross section analyses of DY data around

the Z peak have been performed over the years, including a triple di↵erential cross section

measurement by ATLAS [35]. We found that because of the extremely high rate, including

using the triple di↵erential cross sections to global PDF fitting from the low mass region

should indeed be important. However, because of the surprising sensitivities to the parton

density flavors, and the enormous rates from the 3000 fb�1 running, about half of the above

uncertainty improvement came from the high statistics, low mass region and about half

came from the high mass continuum, but low cross section region. Therefore we advocate

using the entire di-lepton invariant mass spectrum - from below the Z peak to approximately

1 TeV - as the control region for inputs to future PDF global fitting. The only assumption

this carries is that no new physics lurks in the continuum below that boundary.
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From 30% to under 10% 
uncertainty at 5 TeV!

https://arxiv.org/abs/1809.09481
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Considering Forward-Backward Asymmetry

https://arxiv.org/abs/2307.07839

• A recent follow up (Fu, Brock, Hayden, Yuan) looked at using forward-
backward asymmetry (AFB) as a discriminating variable.

Link

https://arxiv.org/abs/2307.07839
https://arxiv.org/abs/2307.07839
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Considering Forward-Backward Asymmetry

https://arxiv.org/abs/2307.07839

• In this study looked at using AFB at high mass to see if this could 
potentially improve PDF uncertainty and help differentiate between PDFs.

Link

• With 300 or 3000 \fb, the PDF uncertainty is not improved by much, but is 
enough to differentiate between the different modern PDFs.

https://arxiv.org/abs/2307.07839
https://arxiv.org/abs/2307.07839
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• This was a study using Neutral-Current Drell-Yan, what about Charge-Current?
- Yao has been working on this too!
- Triple differential measurements in both NCDY and CCDY look promising.
- Appears that charge asymmetry also has something to add.

Further Studies

• For the non-resonant searches: at what level of theory uncertainty or integrated 
luminosity from the LHC do we lose sensitivity completely?
- Once we establish the above, how much does this theory uncertainty reduction 

method help? What happens if you push the reduction even further?


