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The success of the SM

Overall extremely good  
experiment-theory agreement



 
Differential SM measurements



 
Differential SM measurements

Complementarity at LHCb?
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Precision EW/QCD HF / top Rare processes

charge asymmetries VBSV+jets differential measurements
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Precision at the LHC
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PDFs 
‣ DGLAP fitting

Hard (perturbative) scattering process  
‣ N(N)LO QCD + EW 
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Key: QCD factorization:
Short distance non-
perturbative effects (PDFs) 
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QCD Bremsstrahlung  
‣ parton shower 
‣ matched to NLO matrix elements 

QED Bremsstrahlung  
‣ parton shower 
‣ matched to NLO matrix elements

Hard (perturbative) scattering process  
‣ N(N)LO QCD + EW 
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QCD Bremsstrahlung  
‣ parton shower 
‣ matched to NLO matrix elements 

QED Bremsstrahlung  
‣ parton shower 
‣ matched to NLO matrix elements

Hadronization/fragmentation/decay 
‣ pheno models 

Multi Particle Interactions (MPI) 
‣ pheno model 

Hard (perturbative) scattering process  
‣ N(N)LO QCD + EW 

PDFs 
‣ DGLAP fitting
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Theoretical Predictions for the LHC

Hard (perturbative) scattering process:
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d� = d�LO + ↵S d�NLO + ↵EW d�NLOEW

+↵2

S d�NNLO + ↵2

EW
d�NNLOEW + ↵S↵EW d�NNLOQCDxEW
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Hard (perturbative) scattering process:
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d� = d�LO + ↵S d�NLO + ↵EW d�NLOEW

+↵2
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EW
d�NNLOEW + ↵S↵EW d�NNLOQCDxEW
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1
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Perturbation theory

We need the amplitude squared:

At leading order (LO) only Born amplitudes contribute:
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At next-to-leading order (NLO): One-loop amplitudes and Born amplitudes with an
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virtual one-loop matrix element

real tree-level matrix element
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•UV renormalisation ⇒ reduction of μR dependence

•soft/collinear cancellations+PDF renormalisation ⇒ reduction of μF dependence 
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Combining QCD and EW corrections,

MC reweighting, error assessment, ... → talk by A.Vicini

Example:

W/Z/γ + jet background predictions for Dark Matter searches
→ talk by A.Huss

W/Z/γ
W/Z/γ

Stefan Dittmaier, Standard Model Theory EPS Conference on HEP, Venice, July 5–12, 2017 – 29

V+jets

•very important standard-candle (very clean and large x-sections)
•crucial background in many BSM searches
•allows for Mw and sin2𝜃eff measurements

How to retain full differential information on the leptons in measurments?
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Figure 1. Schematic diagram illustrating the
kinematic configuration for the process.
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Figure 2. The definition of the Collins–
Soper [10] angles in the di-lepton rest frame.

depends on the four-momenta p1, p2, and q. Based on Lorentz- and gauge-invariance, the

general decomposition of the hadronic tensor into form factors therefore reads2

Hµ⌫ = H1 g̃µ⌫ +H2 p̃1,µ p̃1,⌫ +H3 p̃2,µ p̃2,⌫ +H4 (p̃1,µ p̃2,⌫ + p̃2,µ p̃1,⌫)

+ iH5 (p̃1,µ p̃2,⌫ � p̃2,µ p̃1,⌫) + iH6 ✏(µ, ⌫, p1, q) + iH7 ✏(µ, ⌫, p2, q)

+H8
�
p̃1,µ ✏(⌫, p1, p2, q) + µ $ ⌫

�
+H9

�
p̃2,µ ✏(⌫, p1, p2, q) + µ $ ⌫

�
, (2.1)

with g̃µ⌫ = gµ⌫ �
qµq⌫
q2 and p̃µ = g̃µ⌫p⌫ . The decomposition (2.1) further incorporates

discrete symmetries such that H1,...,5 (H6,...,9) and H5,8,9 (H1,...,4,6,7) are respectively even

(odd) under parity and time-reversal.

It is interesting to note that lepton-pair production satisfies an analogous relation

to the Callan–Gross relation in deep-inelastic scattering (DIS) known as the Lam–Tung

relation [11–13],

H1 =
1

2
Hµ

µ . (2.2)

This relation, formulated in a covariant manner, is frame independent and characteristic of

the spin-12 nature of the quark. It has been further shown [13] that Eq. (2.2) is not a↵ected

by O(↵s) QCD corrections,3 which follows as a direct consequence of the vector-coupling

of the spin-1 gluon to quarks [37]. However, this relation has been shown to be violated

at O
�
↵2
s

�
[16]. As such, the Lam–Tung relation o↵ers a unique opportunity to study the

pQCD predictions of the underlying dynamics encoded in Hµ⌫ in more detail than through

rate measurements alone.

To further elucidate the Lam–Tung relation, let us consider the kinematics of this

process in the lepton-pair rest frame where the final-state lepton momenta can be expressed

2
Owing to H

⇤
µ⌫ = H⌫µ, the symmetric and anti-symmetric parts of the hadronic tensor are purely real

and imaginary, respectively.
3
In the DIS process, the Born kinematics are highly constrained and are necessarily part of the Callan–

Gross relation. In the presence of real-emission corrections, these constraints are lifted leading to a violation

of the Callan–Gross relation at O(↵s).
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lepton kinematics in the Z/�⇤ (lepton-pair) rest frame:
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V+jets

Lam–Tung relation
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DY @ NNLO

➡ V+jet @ NNLO yields          , i.e.  (A0-A2) at NLO O(↵3
S)Lam–Tung violation — CMS
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NLO (CMS) �2/Ndata = 24.5/14 = 1.75

NNLO (CMS) �2/Ndata = 14.2/14 = 1.01

[Gauld, Gehrmann-De Ridder, Gehrmann, Glover, Huss, 1708.00008]
Lam–Tung violation — LHCb
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I sizeable NNLO corrections: 30 % – 60 %

I important to include in data vs. theory comparison!
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HF hadroproduction
[Gauld, Haisch, Pecjak, 1901.0757] 
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Figure 2. Di↵erential bb̄ (left) and cc̄ (right) cross sections for pp collisions at

p
s = 13 TeV

in the fiducial region (2.2). The NLO distributions employ the two scale choices µ0 = mQQ̄ and
µ0 = ET,Q, and LO distributions obtained with µ0 = ET,Q are also shown. The lower part of each
panel displays the distributions normalised to the central NLO prediction obtained with µ0 = mQQ̄.

point of view, it is important to validate the absolute heavy-quark jet rates as well as the

shape of the invariant mass distributions, in particular in the region around the Z pole.

Experimentally, measurements of the cross sections may give handles on the (charged)

flavour-tagging e�ciency and the mis-tag rates, as well as providing an important valida-

tion of the jet-energy scale and resolution corrections. The di↵erential heavy-quark cross

sections may also lead to constraints on new-physics models which contain light gauge

bosons, a point we will return to in Section 5. The remainder of the current Section is

dedicated to the study of the symmetric distributions.

3.1 Cross sections

Figure 2 gives our
p

s = 13TeV predictions for the heavy-quark jet rates within the LHCb

acceptance (2.2). The results have been obtained at NLO for both b- (left) and c-jet (right)

pairs for the two dynamical references scales (2.5) with the corresponding scale uncertain-

ties shown as error bands. In order to allow to assess the perturbative stability of the

predictions, the LO predictions obtained with µ0 = ET,Q are also displayed. In both

cases, the lower panel of the plots shows the distributions normalised to the central NLO

prediction obtained with µ0 = mQQ̄.

In the figure we have focussed on the region of mQQ̄ 2 [60, 300] GeV, where the

di↵erential cross sections span several orders of magnitude. The scale uncertainties of

the NLO distributions are about 10%, which represents a marked improvement with re-

spect to the LO results. We also find that the NLO distributions corresponding to the

two scale choices (2.5) lead to consistent results, and tend to lie within the uncertainty

bands of the LO distributions. In the region of mQQ̄ � 100 GeV the cross sections are

entirely dominated by the QCD contributions, and there is a 5% to 10% di↵erence between

– 8 –

Dominant uncertainty = Scale variation +/- 10% 

�11

Motivations: asymmetry
Interesting region 1:

 

 

Interesting region 2:

mQQ̄ ⇠ 90 GeV
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

mQQ̄ ⇠ [100, 350] GeV
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>
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HF hadroproduction
[Gauld, Haisch, Pecjak, 1901.0757] 
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Motivations: asymmetry
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Figure 3. Same as Figure 2 but restricted to invariant masses mQQ̄ 2 [60, 120] GeV. Besides the
full NLO results various individual contributions are shown. See text for further details.

the central values of the NLO results obtained with µ0 = mQQ̄ or µ0 = ET,Q. An im-

provement in the perturbative stability of the predictions in this region would require the

inclusion of O(↵4
s) corrections, either through a fixed-order calculation or by performing

resummation (see for example [61]). The fiducial cross sections within the invariant mass

bin mQQ̄ 2 [250, 300] GeV are approximately 30 pb. Assuming an integrated luminosity

of 5 fb�1 and a signal e�ciency ✏QQ̄ = 0.6%, these numbers imply that a relative statistical

uncertainty of about 1% may be achievable with future LHCb data.

LHCb has recently performed a measurement of the process pp ! Z ! bb̄ + jets

at
p

s = 8TeV [17]. This measurement is performed di↵erentially with respect to mbb̄ in

bins of width 4 GeV in the Z-pole region, suggesting that future measurements of inclusive

heavy-quark pair production will also be possible with similarly fine binning. In Figure 3 we

provide predictions for both bottom (left) and charm (right) jet-pair production, focussing

on the invariant-mass region of mQQ̄ 2 [60, 120] GeV. Besides the total rates also spectra of

the various subprocesses are shown. At LO we display the purely QCD (↵2
s) and EW (↵2)

contributions, while at NLO we have chosen to depict various combinations of mixed QCD-

EW corrections. When considering the EW corrections to the LO QCD processes (↵↵
2
s)

only the values of the NLO coe�cient is displayed, where we have separated the impact of

the QED and weak corrections. The QED corrections in this case are negative, and thus

the absolute values of the NLO coe�cient are shown. In the case of the QCD corrections to

the LO EW processes (↵2
↵s) the sums of the LO and NLO coe�cients are given, where we

have also displayed the result when including only initial-state radiation (ISR) from QCD

(labelled as ISR only).

The LO QCD contributions are by far dominant, while the LO EW contribution only

becomes relevant (reaching roughly 10%) in the region of mQQ̄ 2 [85, 95] GeV. The QED

corrections to the LO QCD process are negative and more important in the case of charm-

quark production,5 where these e↵ects amount to half a percent of the total cross section.

For both bottom- and charm-quark production, the weak corrections are negligibly small.

5
This contribution is dominated by the QED correction to the gg ! QQ̄ subprocess, which is propor-

tional to the squared electric charge of the heavy quark.

– 9 –

• QCD always dominant
• EW and QCD-EW contributions typically (1-10)% 
• Proper treatment of FSR corrections important 
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Figure 5. Ratio between the di↵erential cross section of c- and b-jet pair production at the
13 TeV LHC. Left: LO and NLO distributions for µ0 = mQQ̄, as well as the NLO distribution
obtained without the O(↵↵

2
s) corrections. Right: NLO distribution obtained with µ0 = mQQ̄, where

an additional uncertainty due to photon-induced contributions has been included as explained in
the main text. The central value of the LO distribution is also shown for reference.

3.2 Cross-section ratios

In addition to the measurements of the bb̄ and cc̄ cross sections discussed in the last

section, it is also of interest to perform measurements of the cross-section ratio between

the di↵erent heavy-quark types. As the theoretical predictions for the cross-section ratios

are very precise, these measurements will provide an important experimental benchmark

for testing and validating the (charged) flavour-tagging e�ciency and mis-tag rates.

Our predictions for the cross-section ratio of c- and b-jet pairs at the 13 TeV LHC in the

phase-space region (2.2) are shown in Figure 5. These distributions are obtained with µ0 =

mQQ̄, and the uncertainty has been evaluated by correlating the scale variations between

the charm- and bottom-quark predictions. In the considered mQQ̄ range, the ratio between

the cc̄ and bb̄ cross sections is below 1. The observed deviation of the ratio from 1 can be

attributed to the mass dependence of the LO cross section — see Figure 1 (left) — and also

to the di↵erent EW charges of up- and down-type quarks which a↵ects the ratio both close

to and away from the Z peak. In Figure 5 (left), the NLO ratio is also displayed for the

case that the O(↵↵
2
s) corrections have been removed. These corrections arise dominantly

in the form of QED corrections to the gg ! QQ̄ subprocess. They are negative and amount

to e↵ects of the order of e
2
Q · 1% on the spectra, where eQ denotes the electric charge of

the heavy quark Q. While the O(↵↵
2
s) contributions thus have a negligible impact at the

level of the cross sections, they have a visible e↵ect on the ratio of the symmetric rates.

As discussed in Section 2, we have chosen to use PDFs that do not include a photon

PDF, and as a result photon-initiated contributions are not included in our computations.

To assess the potential uncertainty due to these missing contributions, we have recomputed

the ratio of the cc̄ and bb̄ spectra at LO with the LUXqed15 PDF set. An uncertainty is

– 11 –

Continuum 
• Mass effects (mb = 4.75 GeV, mc = 1.5 GeV)
• QED effects (Qc=2/3, Qb=1/3)

Z-boson Resonance
• Weak effects (Zbb vs Zcc couplings) 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Figure 6. Di↵erential asymmetries for b- (left) and c-jet (right) pairs within the LHCb ac-
ceptance (2.2) at

p
s = 13 TeV. The NLO (LO) results have been obtained for µ0 = mQQ̄ and

µ0 = ET,Q (µ0 = ET,Q), and the shown error bands correspond to scale variations.

stringent tests of the SM as well as new physics. Two applications along these lines are

discussed in Section 5.

Before discussing these applications, it is important to estimate the potential sensitivity

of future experimental measurements. The original measurement of the b-jet pair asym-

metry at LHCb was performed with an integrated luminosity of 1 fb�1 collected at 7 TeV [4].

Results were presented in the mbb̄ bins of [40, 75] GeV, [75, 105] GeV and [105, 300] GeV,

and the measurement was statistically limited in each bin. To estimate the statistical

sensitivity expected at 13 TeV, we compute the corresponding uncertainties via

�A
2
stat =

(1 � A
2)

N
, (4.1)

where A denotes the central value of the NLO asymmetry obtained with µ0 = mQQ̄,

and N is the expected number of events within the data set. To calculate N , we use

our cross-section predictions, assume a data set of 5 fb�1, and further apply experimental

e�ciencies for the reconstruction of a pair of charged- and flavour-tagged jets of ✏bb̄ = 0.6%

and ✏cc̄ = 0.3%. The values of these e�ciencies are obtained by inverting (4.1) for the

7 TeV measurement [4] using the corresponding central NLO prediction at 7 TeV. We note

that the value of ✏bb̄ = 0.6% corresponds to a factor of two improvement compared to what

has been achieved in the original measurement.

The results of our sensitivity study are shown in Figure 7, where the projections for the

statistical uncertainties (4.1) are overlaid on the predictions for the b- (left) and c-jet (right)

pair asymmetries. This study indicates that a significant improvement in statistical pre-

cision will be achievable with future data sets, and that finely binned measurements close

to the Z pole should be possible. This is a consequence of the higher cross sections, the

increased data sample size, and the assumption about the improved signal e�ciency. In the

event that a data sample of 50 fb�1 is collected at LHCb [62] (such as in the high-luminosity

phase of the LHC), it is likely that measurements of the heavy-quark asymmetries will be

systematically and not statistically limited.

– 13 –

instance at O(↵3
s) where both the Q and Q̄ are contained within a single jet (at LO this

cannot occur as the heavy quarks are produced back-to-back). The impact of the choice

of the angular cut on the predicted asymmetries is discussed in Section 4.

The two primary observables of interest are the heavy-quark production cross sections

and the corresponding asymmetries. The cross sections are computed di↵erentially in mQQ̄

within the LHCb fiducial region (2.2). The asymmetries are also computed di↵erentially

in mQQ̄, and defined according to

dA

dmQQ̄
=

 
d�S

dmQQ̄

!�1
0

@ d�A

dmQQ̄

�����
�y>0

�
d�A

dmQQ̄

�����
�y<0

1

A . (2.3)

Here d�S (A) refers to the convolution integral of the di↵erential (a)symmetric partonic

cross sections with the relevant PDFs, and �y = yQ � yQ̄ is the di↵erence between the

rapidities of the Q and the Q̄.

2.3 Heavy-quark mass e↵ects

As mentioned above, we retain the e↵ects of the heavy-quark mass throughout our cal-

culations. The following choices for the heavy-quark masses in the on-shell scheme are

adopted

mb = 4.75 GeV , mc = 1.5 GeV . (2.4)

These values are broadly consistent with the recommendations of the LHC Higgs Cross

Section Working Group [45]. When we provide predictions for either cross sections or

asymmetries, we do not consider the uncertainties associated to (2.4). The motivation

for this is that the mass corrections within the considered fiducial region are typically

small (although not negligible), and the resulting ambiguities are small compared to the

scale uncertainties. This statement is corroborated in Figure 1 (left), which shows LO

di↵erential bb̄ cross sections within the LHCb fiducial region (2.2) for di↵erent choices

of mb. These distributions are obtained with the LUXqed15 [46] central PDF set member

with factorisation (µF ) and renormalisation (µR) scales set dynamically to mbb̄, and the

distributions have been normalised to the result obtained with mb = 4.75 GeV. As can

be seen from the distribution obtained with mb = 0 the mass corrections amount to 3%

to 10% within mbb̄ 2 [40, 100] GeV. On the other hand, a variation of mb in the range

mb 2 [4.5, 5.0] GeV results in cross-section changes below the percent level. We note that

the inclusion of mass e↵ects lead to a positive correction to the cross section within the

LHCb fiducial region, while the inclusive cross section within the same invariant mass

region receives negative corrections.

While to achieve precision predictions in the region of mbb̄ 2 [40, 100] GeV including

mass corrections is clearly important, at larger values of mbb̄ one could alternatively perform

the calculation taking the heavy quarks to be massless. Employing a massless scheme

would have the advantage that logarithmic mass corrections could be resummed, but also

has some weaknesses. In this context it is important to recall that the measurement

is performed by requiring the presence of two well separated flavour-tagged anti-kt jets
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Figure 7. Di↵erential asymmetry for b- (left) and c-jet (right) pairs within the LHCb fiducial
region (2.2) at

p
s = 13 TeV. The shown NLO distributions are obtained with the scale choice

µ0 = mQQ̄, and the estimated statistical sensitivity of a future measurement at LHCb with 5 fb�1

of integrated luminosity has been indicated.

We conclude this Section by returning to the choice of the angular cut �QQ̄ used in

defining the fiducial region (2.2). As mentioned in Section 3, the motivation for introducing

this cut is to increase the sensitivity to the asymmetry by enhancing “non-gg production

mechanisms”. To assess this statement, we study the impact of the choice of �
min
QQ̄

on the

observable �A/�
1/2
S , where �S (A) is the (a)symmetric production cross section. The motiv-

ation behind this definition is that the significance of a statistically limited measurement of

the asymmetry is approximately A/�Astat. Our definition is therefore useful as it estimates

the overall statistical sensitivity to the asymmetry measurement itself, rather than just

the asymmetry. This is relevant because, while the value of the asymmetry may increase

as the value of the cut �
min
QQ̄

is increased, the number of analysed events simultaneously

decreases. Our predictions for �A/�
1/2
S as a function of �

min
bb̄

are shown in Figure 8. The

two di↵erent sets of predictions correspond to the results restricted to the invariant mass

bins mbb̄ 2 [75, 105] GeV and mbb̄ 2 [105, 300] GeV. The obtained distributions are close

to flat as �
min
bb̄

increases, indicating that from a statistical point of view the sensitivity to

the asymmetry is not improved by requiring larger �
min
bb̄

values. We have therefore chosen

to provide predictions for �
min
QQ̄

= 2.6, which matches the original value advocated in [4].

It is worth noting that the choice of this cut may also be important for background re-

jection (i.e. from light jets). In the far future, if the asymmetry measurements becomes

systematically limited, it may be worthwhile to perform a dedicated experimental study of

this issue.

5 Applications

In this Section we present two applications of our calculations of heavy-quark production.

We will first discuss the model-independent constraints that future LHCb measurements

of the ratio of the bb̄ and cc̄ asymmetry may allow to set on the couplings of the Z boson to

bottom- and charm-quark pairs. We will compare the results of our sensitivity studies

– 14 –

➡Sensitivity on Zbb and Zcc couplings! 
➡Could this even compete with AbFB, LEP (long-lasting 3σ deviation)?
➡Percent level precision required…. 
➡This requires NNLO QCD and good control of exp. systematics.
➡Feasible!
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Top quark production in the forward region

2 Calculational basis

At leading order the production of tt̄ pairs in pp̄ collisions originates, via the strong interaction,
from the partonic processes qq̄ → tt̄ and gg → tt̄, which yield the O(α2

s) of the (integrated) cross
section, i.e. the denominator of AFB in (1) and (2). The antisymmetric cross section, the numerator
of AFB , starts at O(α3

s) and gets contributions from qq̄ → tt̄(g) with q = u, d (the processes from
other quark species, after convolution with the parton distributions and summation, are symmetric
under yt → −yt and thus do not contribute to AFB) as well as from qg → tt̄q and q̄g → tt̄q̄.

Writing the numerator and the denominator of AFB (for either of the definitions (1) and (2))
in powers of αs we obtain

AFB =
N

D
=

α3
sN1 + α4

sN2 + · · ·

α2
sD0 + α3

sD1 + · · ·
=

αs

D0
(N1 + αs(N2 −N1D1/D0)) + · · · . (5)

The terms up to one-loop (D0, D1, N1) have been calculated [9, 10, 11, 12, 13, 14], [15, 16, 17, 18],
[5], whereas only some parts of N2 are currently known [19, 20]. The inclusion of the N1D1/D0

term without N2 would hence be incomplete, and we have chosen to use only the lowest order cross
section in the denominator and the O(α3

s) term in the numerator, as done in [5].
Rewriting N and D to include the EW contributions yields the following expression for the

leading terms,

AFB =
N

D
=

α2Ñ0 + α3
sN1 + α2

sαÑ1 + α4
sN2 + · · ·

α2D̃0 + α2
sD0 + α3

sD1 + α2
sαD̃1 + · · ·

= αs
N1

D0
+ α

Ñ1

D0
+

α2

α2
s

Ñ0

D0
+ · · · (6)

where the incomplete O(α2
s) part has been dropped. In the following we (re-)evaluate the three

contributions on the r.h.s. of (6).
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Figure 1: Electroweak and QCD Born diagrams

Figure 1 contains all the tree level diagrams for the partonic subprocesses qq̄ → tt̄ and gg → tt̄
(Higgs exchange is completely negligible). The squared terms |Mqq̄→g→tt̄|

2 and |Mgḡ→tt̄|
2 yield

2

•Only partial reconstruction of decay products possible  

•Complementary information to ATLAS and CMS
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Fig. 73: The relative gluon PDF uncertainties of the original and profiled ABMP16 (left), CT14 (middle)
and NNPDF3.1 (right) sets.

Table 33: The number of tt̄ events expected to be reconstructed at LHCb per final state using a dataset
corresponding to an integrated luminosity of 300 fb�1. The mean value of Bjorken-x of the most ener-
getic initiating parton is also shown for each final state.

Final state 300 fb�1 < x >

`b 830k 0.295
`bb̄ 130k 0.368
µeb 12k 0.348
µebb̄ 1.5k 0.415

erator interfaced with PYTHIA v8, with electroweak corrections approximated as described in Ref. [599].
Leptons are required to satisfy 2.0 < ⌘ < 4.5 and pT > 20 GeV, while jets are required to satisfy
2.2 < ⌘ < 4.2 and pT > 20 GeV in all final states except the `b final state, where the pT threshold
is raised to 60 GeV to combat the increased background. The detector efficiency is extrapolated from
current measurements, where increases of between 10 and 50% are expected due to to improvements in
the b-tagging algorithm and analysis techniques. Both muons and electrons are assumed to be employed
for all analyses with similar efficiencies due to anticipated improvements in electron performance at
LHCb during the HL-LHC. Measurements are expected to be made at sub-percent statistical precision
in the `b final state, and at the percent level in the µeb and µebb final states. The dominant systematic
uncertainties are expected to arise from the purity determination, particularly for the single lepton final
states, and the knowledge of the b-tagging efficiency, which are both expected to be at the level of a few
percent.

As tt̄ production in the LHCb acceptance probes very large values of Bjorken-x, it has the poten-
tial to provide significant constraints on the gluon PDF in this region. The potential of the µeb final state
was evaluated in Ref. [600], where reductions of 20% were found for a cross-section measurement with
a precision of 4%. Even more stringent constraints can be obtained through precise differential cross-
section measurements, and measurements in the µebb final state, both of which will only be possible
with the data available at the HL-LHC.
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➡measurements at sub-percent level feasible

➡measurements at percent level feasible

➡Significant constraints on gluon PDF in forward region possible
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Top quark charge asymmetries at LHCb

2 Calculational basis

At leading order the production of tt̄ pairs in pp̄ collisions originates, via the strong interaction,
from the partonic processes qq̄ → tt̄ and gg → tt̄, which yield the O(α2

s) of the (integrated) cross
section, i.e. the denominator of AFB in (1) and (2). The antisymmetric cross section, the numerator
of AFB , starts at O(α3

s) and gets contributions from qq̄ → tt̄(g) with q = u, d (the processes from
other quark species, after convolution with the parton distributions and summation, are symmetric
under yt → −yt and thus do not contribute to AFB) as well as from qg → tt̄q and q̄g → tt̄q̄.
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Figure 1: Electroweak and QCD Born diagrams

Figure 1 contains all the tree level diagrams for the partonic subprocesses qq̄ → tt̄ and gg → tt̄
(Higgs exchange is completely negligible). The squared terms |Mqq̄→g→tt̄|

2 and |Mgḡ→tt̄|
2 yield
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Signal: Background:

➡Enhanced sensitivity in forward region due to increased quark content
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term without N2 would hence be incomplete, and we have chosen to use only the lowest order cross
section in the denominator and the O(α3

s) term in the numerator, as done in [5].
Rewriting N and D to include the EW contributions yields the following expression for the

leading terms,

AFB =
N

D
=

α2Ñ0 + α3
sN1 + α2

sαÑ1 + α4
sN2 + · · ·

α2D̃0 + α2
sD0 + α3

sD1 + α2
sαD̃1 + · · ·

= αs
N1

D0
+ α

Ñ1

D0
+

α2

α2
s

Ñ0

D0
+ · · · (6)

where the incomplete O(α2
s) part has been dropped. In the following we (re-)evaluate the three

contributions on the r.h.s. of (6).
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Figure 1: Electroweak and QCD Born diagrams

Figure 1 contains all the tree level diagrams for the partonic subprocesses qq̄ → tt̄ and gg → tt̄
(Higgs exchange is completely negligible). The squared terms |Mqq̄→g→tt̄|

2 and |Mgḡ→tt̄|
2 yield

2

Table 47: Projected total uncertainties on the top quark mass for 3 ab�1 and
p
s=14 TeV obtained with

different methods as obtained by CMS.

Method Statistical Systematic Total (GeV)
tt̄ lepton+jets 0.17 0.02 0.17
single-t t-channel 0.45 0.06 0.45
msv` 0.62 0.02 0.62
J/ 0.24 0.53 0.58
�tt̄ 0.4% (exp) 0.4% (theory) 1.2
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Fig. 81: The predicted SM asymmetry at LHCb as a function of lepton pseudorapidity in the `b final
state at 14 TeV. The bands show the uncertainty on the theoretical predictions due to scale variations
(light green) and due to combined scale, PDF and ↵s variations (dark green). The expected statistical
precision on measurements performed by LHCb using 23 and 300 fb�1 of data is indicated by the error
bars on the points.

optimal use of statistics, as described in Sec. 6.1.4. The expected differential single lepton asymmetry
at LHCb, inferred from the rate of `+b and `�b production as a function of lepton pseudorapidity,
is shown in Fig. 81 [704]. The expected statistical precision of a dataset corresponding to 300 fb�1

of integrated luminosity, the total expected at LHCb during the HL-LHC, is shown, along with the
theoretical uncertainties due to scale, ↵s and PDF uncertainties. The projection indicates that LHCb
will have sufficient statistics to make a non-zero observation of the tt̄ charge asymmetry at the HL-LHC.
The dominant systematic uncertainty on the measurement is expected to come from the knowledge of the
background contributions, particularly from W production in association with b-jets. Other final states,
where an additional b-jet or lepton are required to be present will provide additional information as,
despite the lower statistical precision, they probe larger values of Bjorken-x and select the data sample
with a higher purity.
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VBS at LHCb
[Pellen, 1908.06805] 
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FIG. 2: Schematic representation of a typical VBS event to

be measured at the LHCb experiment. The blue objects are

the ones that are actually detected.

iment, the detector is only covering one part of the phase
space and is asymmetric. This implies that either the
whole system has to be boosted in order to be detected
as for the W+jet and Z+jet measurements [10] or only
parts of the full process are detected. In this letter, the
latter avenue is followed.

As mentioned previously, the golden channel for the
measurement of the electroweak (EW) component of
order O

�
↵6

�
is the same-sign W channel (with the

`±⌫``0±⌫`0 jj final state) due to its unique signature in
the SM. Its irreducible background of order O

�
↵4↵2

s

�
is

rather suppressed, at the level of 10% while its interfer-
ence of order O

�
↵5↵s

�
is at the per-cent level [11]. There-

fore, it is natural to focus on measuring two same-sign
leptons while tagging only one of the quark-jets [28]. Fig-
ure 2 represents how such an event would be measured
at the LHCb experiment. The leptonic system is slightly
boosted in order to measure the two same-sign leptons
along with one of the two jets. The second jet is not
tagged as it is likely to be on the other side of the detec-
tor due to kinematic constraints.

At ATLAS or CMS, one can unambiguously distin-
guish between the same-sign WW (ss WW), WZ, and
ZZ channels as all the final-state particles are measured.
On the other hand at LHCb, requiring same-sign lep-
tons is not su�cient to isolate the same-sign WW and
all other leptonic channels have to be included. Indeed,
one (for WZ) or two (for ZZ) charged leptons could be
undetected and still lead to the signature `±`0±j.

Including the WZ and ZZ channels has the drawback
of lowering the signal-to-background ratio with respect
to same-sign WW. In order to diminish the e↵ect of such
channels, a veto whenever additional leptons are detected
can be introduced. From a theoretical point of view, it
also has the advantage to cut away singular contributions
of the type �⇤

! `+`� with low virtuality for the photon.
In principle, the final state `±`0±j with all flavour com-

binations `, `0 = µ, e should be considered. As the present
study is mainly illustrative, only the case µ+µ+ is exam-
ined here. It is justified by the fact that the cross section
of the negative signature is only about one third of the
positive one due to di↵erent parton distribution functions

(PDF) [12].
To be more concrete, the event selection reads as fol-

lows. The final state is µ+µ+j and the requirements on
these objects are:

pT,j > 20GeV, 2.2 < ⌘j < 4.2, (1)

pT,µ+ > 20GeV, 2.0 < yµ+ < 4.5, (2)

�Rjµ+ > 0.5. (3)

Thanks to the high-rapidity coverage of the LHCb de-
tector for leptons, it can reach kinematic regions that are
not accessible to ATLAS or CMS. These regions receive
very large EW corrections [11] which are thus interest-
ing to explore in the SM and beyond. In addition to the
above cuts, a veto is applied to all events featuring ex-
tra lepton(s) of di↵erent charge or flavour in the detector
region

2.0 < ⌘` < 4.5, (4)

with ` = µ�, e+, e�. Its main purpose is to reject as
much as possible the WZ and ZZ contributions which
have worse signal-to-background ratios than ss-WW.
The philosophy of this event selection is to suppress as

much as possible contributions other than the ss-WW
one. This implies that the signal over background is
maximal but the overall statistics are lower. Relaxing
these requirements could improve the measurement and
therefore the present selection should be understood as
a pessimistic scenario. For example, both muons have
been required to have a transverse momentum larger
than 20GeV for simplicity while in reality the trigger
requires only one of them. But such optimisations of the
cuts require experimental knowledge on e�ciencies, event
yields, fake backgrounds and therefore go beyond this ex-
ploratory theoretical work. These will be addressed in a
dedicated study [13].

Details of the calculation

Given that all channels contribute to the final state
µ+µ+j, the following hadronic processes have been sim-
ulated:

pp ! µ+⌫µµ
+⌫µjj (ss WW), (5)

pp ! µ+⌫µµ
+µ�jj (WZ), (6)

pp ! µ+µ�µ+µ�jj (ZZ), (7)

at orders O
�
↵6

�
(denoted by EW). These are the sig-

nal processes containing VBS contributions. The dom-
inant irreducible QCD backgrounds (denoted by QCD)
for these processes are:

pp ! µ+⌫µµ
+⌫µjj, (8)

pp ! µ+⌫µµ
+µ�j, (9)

pp ! µ+µ�µ+µ�j, (10)
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all other leptonic channels have to be included. Indeed,
one (for WZ) or two (for ZZ) charged leptons could be
undetected and still lead to the signature `±`0±j.

Including the WZ and ZZ channels has the drawback
of lowering the signal-to-background ratio with respect
to same-sign WW. In order to diminish the e↵ect of such
channels, a veto whenever additional leptons are detected
can be introduced. From a theoretical point of view, it
also has the advantage to cut away singular contributions
of the type �⇤
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In principle, the final state `±`0±j with all flavour com-

binations `, `0 = µ, e should be considered. As the present
study is mainly illustrative, only the case µ+µ+ is exam-
ined here. It is justified by the fact that the cross section
of the negative signature is only about one third of the
positive one due to di↵erent parton distribution functions
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pT,j > 20GeV, 2.2 < ⌘j < 4.2, (1)

pT,µ+ > 20GeV, 2.0 < yµ+ < 4.5, (2)
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Thanks to the high-rapidity coverage of the LHCb de-
tector for leptons, it can reach kinematic regions that are
not accessible to ATLAS or CMS. These regions receive
very large EW corrections [11] which are thus interest-
ing to explore in the SM and beyond. In addition to the
above cuts, a veto is applied to all events featuring ex-
tra lepton(s) of di↵erent charge or flavour in the detector
region

2.0 < ⌘` < 4.5, (4)

with ` = µ�, e+, e�. Its main purpose is to reject as
much as possible the WZ and ZZ contributions which
have worse signal-to-background ratios than ss-WW.
The philosophy of this event selection is to suppress as

much as possible contributions other than the ss-WW
one. This implies that the signal over background is
maximal but the overall statistics are lower. Relaxing
these requirements could improve the measurement and
therefore the present selection should be understood as
a pessimistic scenario. For example, both muons have
been required to have a transverse momentum larger
than 20GeV for simplicity while in reality the trigger
requires only one of them. But such optimisations of the
cuts require experimental knowledge on e�ciencies, event
yields, fake backgrounds and therefore go beyond this ex-
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been required to have a transverse momentum larger
than 20GeV for simplicity while in reality the trigger
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µ+µ+j, the following hadronic processes have been sim-
ulated:
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+⌫µjj (ss WW), (5)
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3

at orders O
�
↵4↵2

s

�
and O

�
↵4↵s

�
(for the last two).

Note that for the EW contributions, singular contribu-
tions can also arise from �⇤

! qq̄ subprocesses in the WZ
and ZZ channels. In the simulations, these have been reg-
ulated by technical cuts as their e↵ects are small [14, 15].
Nonetheless, for completeness, they should be dealt with
using the method proposed in Ref. [15].

Also, the interference contribution of order O
�
↵5↵s

�

has been left out in this study as it usually amounts to
just a few per cent [11, 14]. All predictions are made
at leading order (LO). To obtain the subleading QCD
contributions at order O

�
↵4↵2

s

�
in the channels WZ and

ZZ, the next-to-leading order (NLO) QCD corrections
should be computed. For V+j, in a similar set-up, they
have been found to be about +30% [16].

For all predictions, the resonant particles are treated
within the complex-mass scheme [17, 18], ensuring gauge
invariance. To evaluate all tree amplitudes in the 5-/6-
body phase space, the computer code Recola [19, 20] is
employed. The integration is performed with the Monte
Carlo program MoCaNLO which has already been used
in NLO computations for VBS [11, 14, 21, 22].

Theoretical predictions are presented for pp collisions
at a center-of-mass energy of 13TeV. The on-shell values
for the masses and widths of the gauge bosons read

Mos

W
= 80.379GeV, �os

W
= 2.085GeV,

Mos

Z
= 91.1876GeV, �os

Z
= 2.4952GeV (11)

and are converted into pole masses according to

MV = Mos

V /cV , �V = �os

V /cV ,

cV =
q

1 + (�os

V /Mos

V )2, V = W,Z. (12)

The Higgs-boson and top-quark masses and widths are
fixed to

MH = 125GeV, �H = 4.07⇥ 10�3 GeV,
mt = 173GeV, �t = 0GeV.

The top-quark width has been set to zero as no resonant
top quarks appear at tree level when no external bottom
quarks are considered.

For the electromagnetic coupling ↵, the Gµ scheme is
used where ↵ is obtained from the Fermi constant,

↵Gµ =
p
2GµM

2

W

�
1�M2

W
/M2

Z

�
/⇡, (13)

with

Gµ = 1.16638⇥ 10�5 GeV�2. (14)

The PDF set NNPDF31 lo as 0118 [23] has been used
everywhere [29]. The scale µ is set to the pole mass of
the W boson, µ = MW . Quarks and gluons are clus-
tered using the anti-kT algorithm [24] with jet-resolution
parameter R = 0.4.

Channel �EW [fb] �QCD [fb] �EW/�QCD

ss WW 0.0185(1) 0.0104(1) 1.78

WZ 0.0071(1) 0.2952(4) 0.02

ZZ 0.0003(1) 0.0161(1) 0.02

Sum 0.0258(1) 0.3217(4) 0.08

TABLE I: Cross sections for processes contributing to pp !

µ+µ+
j + X at 13TeV at LHCb. The cross sections are ex-

pressed in femtobarn for the ordersO
�
↵6

�
(EW) andO

�
↵4↵2

s

�

or O
�
↵4↵s

�
(QCD). The digit in parenthesis indicates the in-

tegration error.

Numerical results

First, the cross sections for the processes (5)-(10) in the
set-up of Eqs. (1)-(4) are given in Table I in femtobarns.
In addition, the ratios �EW/�QCD are also given.
As expected, for the EW component, the cross sections

are larger for processes with W instead of Z couplings. As
for the ATLAS and CMS measurements, the same-sign
WW channel is clearly the golden channel to measure
VBS in terms of cross section and background. Finally,
the last line where the sum over all channels is performed
is the physical cross section that would be measured in
the experiment when looking at the µ+µ+j final state.
It amounts to about 0.35 fb and is the combined cross
section of the EW (8%) and QCD (82%) contributions.
Using scale variation by a factor 2, the estimated the-
oretical error is [+4.6%,�4.3%] on the EW component
and [+10.2%,�9.1%] on the QCD component.
I stress again that the results presented here cor-

respond to a pessimistic scenario where the signal-to-
background ratio is large while the statistics is lim-
ited. Also, here only one event selection has been pre-
sented while one could devise two strategies depending
on whether one wants to measure the combine process
or only the EW component. To that end, a more in-
depth study should be performed based on the detailed
knowledge of the LHCb detector [13].
For illustrative purposes, only the case µ+µ+ has

been considered here. In the limit of massless leptons,
�µ+µ+ = �e+e+ . In addition, given that interference con-
tributions are negligible [12], �µ+µ+ ' �e+µ+ . This im-
plies that the total combined cross section (QCD+EW)
is about

�`+`0+ ' 1.3 fb, (15)

with `, `0 = µ, e. From these, 6% i.e. about 0.1 fb is due to
the EW production. In addition, the cross section with
negatively charged leptons can also be considered using
the same principle. Even if it represents only a fraction
of the ++ signature due to PDF contributions [12], it has
the same diagrammatic contributions and thus is equally
interesting. With an expected luminosity of 50 fb�1 or

3

at orders O
�
↵4↵2

s

�
and O

�
↵4↵s

�
(for the last two).

Note that for the EW contributions, singular contribu-
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and ZZ channels. In the simulations, these have been reg-
ulated by technical cuts as their e↵ects are small [14, 15].
Nonetheless, for completeness, they should be dealt with
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Also, the interference contribution of order O
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have been found to be about +30% [16].

For all predictions, the resonant particles are treated
within the complex-mass scheme [17, 18], ensuring gauge
invariance. To evaluate all tree amplitudes in the 5-/6-
body phase space, the computer code Recola [19, 20] is
employed. The integration is performed with the Monte
Carlo program MoCaNLO which has already been used
in NLO computations for VBS [11, 14, 21, 22].

Theoretical predictions are presented for pp collisions
at a center-of-mass energy of 13TeV. The on-shell values
for the masses and widths of the gauge bosons read
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and are converted into pole masses according to
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V )2, V = W,Z. (12)

The Higgs-boson and top-quark masses and widths are
fixed to

MH = 125GeV, �H = 4.07⇥ 10�3 GeV,
mt = 173GeV, �t = 0GeV.

The top-quark width has been set to zero as no resonant
top quarks appear at tree level when no external bottom
quarks are considered.

For the electromagnetic coupling ↵, the Gµ scheme is
used where ↵ is obtained from the Fermi constant,

↵Gµ =
p
2GµM
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/M2

Z
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/⇡, (13)

with

Gµ = 1.16638⇥ 10�5 GeV�2. (14)

The PDF set NNPDF31 lo as 0118 [23] has been used
everywhere [29]. The scale µ is set to the pole mass of
the W boson, µ = MW . Quarks and gluons are clus-
tered using the anti-kT algorithm [24] with jet-resolution
parameter R = 0.4.

Channel �EW [fb] �QCD [fb] �EW/�QCD

ss WW 0.0185(1) 0.0104(1) 1.78

WZ 0.0071(1) 0.2952(4) 0.02

ZZ 0.0003(1) 0.0161(1) 0.02

Sum 0.0258(1) 0.3217(4) 0.08

TABLE I: Cross sections for processes contributing to pp !

µ+µ+
j + X at 13TeV at LHCb. The cross sections are ex-

pressed in femtobarn for the ordersO
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↵6

�
(EW) andO
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↵4↵2

s
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or O
�
↵4↵s

�
(QCD). The digit in parenthesis indicates the in-

tegration error.

Numerical results

First, the cross sections for the processes (5)-(10) in the
set-up of Eqs. (1)-(4) are given in Table I in femtobarns.
In addition, the ratios �EW/�QCD are also given.
As expected, for the EW component, the cross sections

are larger for processes with W instead of Z couplings. As
for the ATLAS and CMS measurements, the same-sign
WW channel is clearly the golden channel to measure
VBS in terms of cross section and background. Finally,
the last line where the sum over all channels is performed
is the physical cross section that would be measured in
the experiment when looking at the µ+µ+j final state.
It amounts to about 0.35 fb and is the combined cross
section of the EW (8%) and QCD (82%) contributions.
Using scale variation by a factor 2, the estimated the-
oretical error is [+4.6%,�4.3%] on the EW component
and [+10.2%,�9.1%] on the QCD component.
I stress again that the results presented here cor-

respond to a pessimistic scenario where the signal-to-
background ratio is large while the statistics is lim-
ited. Also, here only one event selection has been pre-
sented while one could devise two strategies depending
on whether one wants to measure the combine process
or only the EW component. To that end, a more in-
depth study should be performed based on the detailed
knowledge of the LHCb detector [13].
For illustrative purposes, only the case µ+µ+ has

been considered here. In the limit of massless leptons,
�µ+µ+ = �e+e+ . In addition, given that interference con-
tributions are negligible [12], �µ+µ+ ' �e+µ+ . This im-
plies that the total combined cross section (QCD+EW)
is about

�`+`0+ ' 1.3 fb, (15)

with `, `0 = µ, e. From these, 6% i.e. about 0.1 fb is due to
the EW production. In addition, the cross section with
negatively charged leptons can also be considered using
the same principle. Even if it represents only a fraction
of the ++ signature due to PDF contributions [12], it has
the same diagrammatic contributions and thus is equally
interesting. With an expected luminosity of 50 fb�1 or

4

10
�6

10
�5

10
�4

10
�3

10
�2

0

20

40

60

80

100

0 50 100 150 200 250 300

d
s

d
p T

,j
1

⇥
fb

G
e
V

⇤

LO EW

LO QCD

Sum

d
[%

]

pT,j1 [GeV]

LO EW

LO QCD

FIG. 3: Transverse-momentum distribution of the recon-

structed jet for pp ! µ+µ+
j + X at 13TeV at LHCb. The
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value (upper panel) and relative to their sum (lower panel).

even 300 fb�1 for future operations of LHCb, measuring
both the combined QCD and EW contributions as well
as the EW component on its own is promising. To that
end, a combined measurement which is tested against a
hypothesis with and without an EW component is pre-
ferred over a measurement where the QCD contribution
is subtracted from the data based on Monte Carlo sim-
ulations. Indeed, as pointed out in Ref. [11], the notion
of EW signal and QCD background is ill-defined at NLO
from a theoretical point of view due to interferences.

Finally, two di↵erential distributions are also shown in
Figs. 3 and 4. In the upper plot, the absolute predictions
for the EW and QCD components as well as their sum
is shown for all channels together. The lower plot shows
the contributions of the EW and QCD components with
respect to the combined process.

Both distributions show that the composition of the
combined process is not uniform over the kinematic range
displayed. Figure 3 shows that the EW contribution
steadily increases toward high transverse momentum of
the hardest jet to reach about 20% at 300GeV. On the
other hand, for the rapidity of the hardest anti-muon
(see Fig. 4), the maximal EW composition is reached
for the minimum rapidity (here 2.0 due to the detector
limitations). While these distributions are mainly illus-
trative here, they suggest ways to improve the signal-to-
background ratio in certain phase-space regions.

Discussion

In this article, I have presented an exploratory study
for the measurement of VBS processes at the LHCb ex-
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periment. In particular, an event selection has been de-
signed to deal with the unique design of the LHCb de-
tector. The key point is that not all final states are re-
quired to be tagged as opposed to what is traditionally
done at ATLAS or CMS. Based on this set-up, numerical
simulations of the signal and background processes have
been performed. The results are promising and show that
a combined measurement of the QCD and EW compo-
nents, and even of the EW contribution on its own, can
be in reach for the high-luminosity runs of LHCb.
While the present study provides the main idea and

first theoretical inputs for such a measurement, it can be
extended in several ways. First, it would be desirable to
have NLO QCD and EW corrections for both the sig-
nal and the background along the lines of Refs. [11, 14].
Note that this task is rather challenging as not only QCD
corrections but also EW corrections should be computed
as these are large for VBS at the LHC [21]. Including
the background processes, it amounts thus to compute
12 NLO computation, some of which are still unknown.
Second, a more thorough analysis of the experimental
capabilities should be performed. It would be interest-
ing to optimise the event selection depending on whether
one wishes to target a combined measurement or a mea-
surement of the EW component only. In particular, one
should explore the possibilities for the di↵erent flavour
and charge combinations as well as provide a detailed es-
timation of the experimental systematic errors [13]. Fi-
nally, it would be important to investigate whether spe-
cific new-physics models are enhanced in the LHCb kine-
matic and could then be stress-tested with such a mea-
surement.
The asymmetric nature of the LHCb detector and the

VBS @ LHCb might be feasible!

`+`+j
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Conclusions

• SM is in excellent shape
• High-precision (Theo + Exp) allows to push limits to unprecedented levels (LHC completes LEP)
• Important complementarity in phase-space accessible by LHCb
• (N)NLO QCD + NLO EW is the new standard: V+jets, tt, HF, VBS
• Explore the unknown

 Possible technical developments towards HL/HE-LHC
• NNLO QCD + PS 
• PS matching and multi-jet merging @ NLO QCD+EW
• NNLO QCD for 2→3(4)
• NNLO QCDxEW & NNLO EW
• N3LO QCD for 2→2

?New theoretical, mathematical, and 
computational concepts 

precision for HL-LHC
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  Numerically                             NLO EW ~ NNLO QCD  

1. Possible large (negative) enhancement due to soft/collinear logs from virtual EW gauge bosons: 
                           
 
 
 
 
 
 

[Ciafaloni, Comelli,’98; 
Lipatov, Fadin, Martin, Melles, '99; 
Kuehen, Penin, Smirnov, ’99;  
Denner, Pozzorini, '00]
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Figure 5: Transverse-momentum distribution for W -boson production at the LHC.
(a) LO distribution for pp→W+j and pp→W−j. (b) Relative NLO (dotted), NLL
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pp → W++j

[Kühn et. al.; 2007]
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EW Sudakov logarithms at Q ⇠ TeV � MW

Soft/collinear logarithms from virtual EW bosons [Bauer, Becher, Ciafaloni,

Comelli, Denner, Fadin, Kühn, Lipatov, Manohar Martin, Melles, Penin, S.P., Smirnov, . . . ]

Z, W
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) large logarithms of IR type
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Universality and factorisation [Denner,S.P. ’01]
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➜ overall large effect in the tails of distributions: pT, minv, HT,… (relevant for BSM searches!) 

Relevance of EW higher-order corrections I

Universality and factorisation: [Denner, Pozzorini; ’01] 
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➜ important for various precision observables, e.g. for determination of MW in DY

Relevance of EW higher-order corrections II

δqγ

δmulti−γ

δ
µ

+
νµ

qq̄

δrec
qq̄

pp → l+νlX
√

s = 14 TeV

pT,l, pT/ > 25 GeV

|ηl| < 2.5

pT,l[GeV]

δ[%]

504540353025

5

0

−5

−10

−15

σ0(1 + δ
µ

+
νµ

EW
)

σ0(1 + δrec
EW

)

σ0

pT,l[GeV]

dσ/dpT,l[pb/GeV]

504540353025

600

500

400

300

200

100

0

Figure 1: Lepton-transverse-momentum distribution in LO and corresponding relative
corrections δ at the LHC in the SM.
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Figure 2: W-transverse-mass distribution in LO and corresponding relative corrections
δ at the LHC in the SM.
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[Brensing, Dittmaier, Krämer, Mück; ’08]
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Fig. IV.1: Comparison of the O(–) (left) and O(–s–) (right) corrections to the invariant-mass
distribution of the lepton pair m¸¸ between Ref. [155] and Sherpa. The absolute distributions
and the relative corrections at the respective order are shown in the top and bottom panels,
respectively. Collinear lepton–photon configurations are treated both inclusively with a recom-
bination procedure resulting in the “e dressed” setup (blue) or exclusively in the case of muons
labelled as “µ bare” (red).

Fig. IV.2: Comparison of the O(–) (left) and O(–s–) (right) corrections to the transverse-
momentum distribution of the positively charged lepton p¸+

T between Ref. [155] and Sherpa.
The absolute distributions and the relative corrections at the respective order are shown in
the top and bottom panels, respectively. Collinear lepton–photon configurations are treated
both inclusively with a recombination procedure resulting in the “e dressed” setup (blue) or
exclusively in the case of muons labelled as “µ bare” (red).
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[LH ’15]

Mll

MT

2.   Possible large enhancement due to soft/collinear logs from photon radiation ~                              

in sufficiently exclusive observables.
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