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W rapidity asymmetry in p-pbar
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(Assuming dominance of valence contributions)
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Run 1I comparison of  W charge asymmetry 
with current PDF parameterizations



Lepton charge asymmetry in W production
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While the W+ prefers to go in the u-quark direction, the emerging e+ prefers to go 
backward. The competition between these two effects leads to a non-trivial structure 
in the lepton charge asymmetry distribution!
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Lepton rapidity charge-asymmetry in W production at the Tevatron 
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W+ / W– production asymmetries in pp collisions
A.Martin et al, http://arxiv.org/abs/1010.2130

Driven by the d(x)/u(x) ratio

Driven by the 
V–A decay spectrum

Driven by the d(x)/u(x) ratio
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At large pt this diagram dominates. 
V–A does not align the lepton with the IS quark, so u/d 
asymmetry dominates over V–A effects, which cause the 
bend over of the asymmetry at small ptW

W charge asymmetry at large lepton pt

⇒ push the measurement to large pt
⇒ also consider large-pt and large-MET, 
to probe large x values

e+/e–

u/d

ν

jet
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Lepton charge asymmetry in W production G. Watt, http://arXiv.org/pdf/1106.5788
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There is still room to further constrain PDF distributions relevant for W/Z production 
properties. 

Questions: 
- How do we convince ourselves that we are actually fitting the PDFs, and not missing 
higher-order QCD or EW effects in the matrix elements? 

CMS-PAS-SMP-12-021

http://indico.cern.ch/materialDisplay.py?materialId=0&confId=270169
http://indico.cern.ch/materialDisplay.py?materialId=0&confId=270169
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an example from the past ....
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From the supercollider-bible of the 80‘s, 

EHLQ (Eichten, Hinchliffe, Lane, Quigg): 
“Supercollider Physics”, Rev.Mod.Phys. 56 (1984) 579-707

The presence of a quark substructure would 
manifest itself via contact interactions (as in 
Fermi’s theory of weak interactions). On one side 
these new interactions would lead to an increase 
in cross-section, on the other they would affect the 
jets’ angular distributions. In the dijet CMF, QCD 
implies Rutherford law, and extra point-like 
interactions can then be isolated using a fit. 

At the LHC, with the anticipated statistics of 300 
fb-1, limits on the scale of the new interactions in 
excess of 40 TeV should be reached (to increase to 
60 TeV with 3000 fb-1) 

Eichten, Lane, Peskin, 
Phys.Rev.Lett. 50 
(1983) 811-814 
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!!!

Example, at the Tevatron, ~1995



Some more kinematics

x1,2 =
pT

Ebeam
cosh y⇤ e±yb

Prove as an exercise that 

where
y⇤ =

η1�η2
2

, yb =
η1+η2
2

We can therefore reach large values of x either by selecting large 
invariant mass events:

or by selecting low-mass events, but with large boosts (yb large) in either 

positive of negative directions. In this case, we probe large-x with events 
where possible new physics is absent, thus setting consistent constraints 
on the behaviour of the cross-section in the high-mass region, which 
could hide new phenomena.

pT
Ebeam

cosh y⇤ ⌘
p
τ! 1
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Follow-up analyses, spectra vs eta, PDF refitting, ... .....

0<η<0.5

0.5<η<11<η<1.5
1.5<η<2

2<η<2.5

DO jet data, and 
PDF fits

CDF data, using fits 
from high-η region

0<η<0.9
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Tevatron,
Run 2 results
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Selected jet physics results 
at the LHC
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Jet production rates at the LHC, subprocess composition
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(at large ET)

(this is at 14 TeV: results at 7 TeV are ~obtained by rescaling ET by 0.5)
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Example: Jet cross section

19Rates span 10 orders of magnitude!

ATLAS, arXiv:1410.8857



Initial state composition of inclusive jet events
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NB: Impact of virtual EW corrections:

7 TeV

at pT~2 TeV it’s larger than qg contribution
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Central production, TH vs data 
(TH: absolute prediction for both shape and normalization)
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Forward production, TH vs data 
(TH: absolute prediction for both shape and normalization)
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Multijets ATLAS, arXiv:1107.2092
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σ [μb] N jet=2 N jet=3 N jet=4 N jet=5

ETjet >20 GeV 350 19 2.6 0.35

ETjet >50 GeV 12.7 0.45 0.045 0.004

ETjet >100 
GeV

0.85 0.021 0.0015 0.0001

σ(3)/σ(2) σ(4)/σ(3) σ(5)/σ(4)

0.0670.071

0.025

0.090
0.100

0.035

0.1300.130

0.054

ET>20 ET>50 ET>100

Multijet rates

• The higher the jet ET 
threshold, the harder to 
emit an extra jet

• When several jets are 
already present, 
however, emission of an 
additional one is less 
suppressed
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σ [μb] N jet=2 N jet=3 N jet=4 N jet=5

√s > 100 
GeV 75 17.3 2.6 0.37

√s > 500 
GeV 0.27 0.47 0.30 0.13

√s > 1000 
GeV 0.012 0.021 0.022 0.031

0.42.6
17.3

75.0

0.13

0.30

0.47

0.27

σ(2) σ(3) σ(4) σ(5)

0.031
0.0220.021

0.012

Multijet rates, vs √s, with ETjet > 20 GeV

High mass final states are dominated 
by multijet configurations
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ATLAS, arXiv:1109.5816

plus
- jet shapes
- ptrel spectra
- <Nch> and <z> distributions,
- ....

Jet fragmentation function
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ATLAS, J.Phys. 16 (2014) 113013

Reconstruct W/Z→jj from broad jets at large pT

Extract 
σW+Z = 8.5±0.8(stat)±1.5(syst) pb

NLO:  
σW+Z = 5.1±0.5 pb

Likelihood discriminant using (i) thrust minor (ii) sphericity (iii) aplanarity
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CMS, http://arxiv.org/abs/1411.2646ATLAS, http://arxiv.org/abs/1504.00357

Quarks appear pointlike 
even at the distances 
probed by the LHC, up to 
scales in the range of (10 
TeV)–1

Constraints on quark contact interactions

� =

1 + | cos ✓⇤|
1� | cos ✓⇤|

d� = 2

d cos ✓

sin

4
(✓/2)

NB:
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“Second order QCD corrections to jet production at hadron colliders: the all-gluon 
contribution”, A. Gehrmann-De Ridder, T. Gehrmann, E. W. N. Glover,  J. Pires,  arXiv:1301.7310

Inclusive jet cross section at NNLO

NNLO/NLO ~ 1.2
NNLO scale systematics ~ few % ... 

- does this survive if μF≠μR ?

Notice that NNLO outside the NLO 
scale-variation band

http://arxiv.org/abs/1301.7310
http://arxiv.org/abs/1301.7310
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Top quark production
Production dominated by gg initial state up to very large pT

vs

⇒ sensitive probe of the gluon PDF
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Scale variation

LO

NLO NNLO

LL
NLLNNLL

LL NLLNNLL

LHC 8 TeV; mtop=173.3 GeV; A=0
MSTW2008 LO; NLO; NNLO

Fixed Order
NLO+res

NNLO+res

Independent  μR , μF variation, with μ0 = mtop, 
0.5 μ0 < μR,F < 2 μ0       and
0.5 < μR /μF < 2

Great precision reached with the completion of the NNLO calculation
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TH and parametric uncertainties are all of similar size:

Phenomenological study of ttbar production at NNLO
M. Czakon, M. Mangano, A. Mitov, J. Rojo arXiv:1303.7215

ΔαS = ±0.0007 !
Δmtop = ± 1 GeV !



Constraining the gluon PDF with σ(tt)
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M. Czakon et al arXiv:1303.7215
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Top quark and W mass

Inclusion of mH in EW fits greatly tightens correlation between mW and mtop  
introducing perhaps a slight tension ?

New EW fit results, 
including mHiggs :

mtop = 175.8+2.7-2.4 GeV
mW  = 80359 ± 11 MeV

Continued improvement in the direct determination of mW and mtop remains a 
high priority   

Tevatron+LEP2: 
MW =80385±15 MeV 

Tevatron+LHC: 
mt =173.34±0.76 GeV
(Mar 2014) 

cfr:

Tevatron: 
mt =174.34±0.64 GeV
(Jul 2014) 
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Tevatron combined W mass: MW =80387±16 MeV
Tevatron+LEP2 combined W mass: MW =80385±15 MeV 
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Bozzi, Rojo, Vicini, arXiv:1104.2056, updated in arXiv:1309.1311

Theory syst:
ΔmW ≃ ± 8 MeV

- This uncertainty should be further reduced, to be confident that it’s negligible in the 
context of a measurement with a total systematics of less than ± 20 MeV

- These systematics should be validated through dedicated measurements: can one 
extract at the same time PDF and mW from the fit of the relevant distributions (e.g. 
pt(e))?

- there remain issues raised by Krasny et al, Eur. Phys. J. C 69, 379 (2010) which are not 
fully addressed by this study (e.g. the impact of the charm mass in using pt(Z) to model 
pt(W)

Predictions for PDF-induced TH syst at the LHC

http://arxiv.org/abs/1104.2056
http://arxiv.org/abs/1104.2056


Top quark mass

40
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mtop from t-tbar cross section at the LHC

~ 2 larger than



Top decay
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Coupling to 
longitudinal W, 
i.e. Goldstone 
boson

t→bW
mt

16⇡
y2

t

1) #(Wlongitudinal) = mt2/(mt2 +2MW2) = 0.687±0.005

Exercise

data: F0= 0.75±0.08

ATL-CONF-2011-122

Coupling to 
transverse W 
d.o.f.



Top decay
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Coupling to 
longitudinal W, 
i.e. Goldstone 
boson

t→bW
mt

16⇡
y2

t

Exercise

⇒Top quark decays before hadronizing: there are no top-hadrons

2) Γtop ~ 1.34 GeV  >  τhad–1 ~ ΛQCD

Coupling to 
transverse W 
d.o.f.



Why is it hard to measure/define mtop at the LHC ?

If Γtop were < 1 GeV, top would hadronize 
before decaying. Same as b-quark

T
p1

pn

t

q

m2
T =

0

@
X

i=1,...,n

pi

1

A
2

But Γtop is > 1 GeV, top decays before 
hadronizing. Extra antiquarks must be added 
to the top-quark decay final state in order 
to produce the physical state whose mass 
will be measured

As a result, Mexp is not equal to mpoletop, and 
will vary in each event, depending on the 
way the event has evolved. 

The top mass extracted in hadron collisions 
is not well defined below a precision of 
O(Γtop)~ 1 GeV

pn

b

Wt

B
p1

q

q
_

_

t
_

g

M2
exp

=
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@
X
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p
i

1

A
2

Goal: 
- correctly quantify the systematic uncertainty
- identify observables that allow to validate the 
theoretical modeling of hadronization in top 
decays
- identify observables less sensitive to these 
effects

q

q
_

mt = Flattice/potential models (mT, αQCD)
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6. Decay of “odd” clusters, if 
large cluster mass, and decays 

to hadrons
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1. Hard Process
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2. Shower evolution
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2. Shower evolution
B

h
hh

hh

h h

4. Formation of 
“even” clusters and 

cluster decay to 
hadrons

5. Formation of 
“odd” cluster
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Controlled by perturbative shower 
evolution, mostly insensitive to 
hadronization modeling

Out-of-cone radiation, controlled 
by perturbative shower evolution, 

minimally sensitive to 
hadronization modeling

Partly shower evolution, partly color 
reconnection, ambiguous paternity
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mMC vs mpole

Consider a simplified example

Take μ→eνν. 

mμ = mpole and mμ 2 = [p(e)+p(ν)+p(ν)]2 

Take μ interacting with an external field, e.g. bound with a proton in an 
atom:

p

μ
E = mp + mμ + (K + V)μ = mp + mμ – mμ α2/2 = mp + mμ* 

mμ* = mμ (1–α2/2)  absorbs part of the potential energy into itself

It is a “useful” mass, since, once the muon decays, 

[p(e)+p(ν)+p(ν)]2  = mμ* 2 , which ≠ mμ2 by O(α2)

The reason is that the electron, to escape, must overcome the 
Coulomb potential, and its energy will be shifted by V = –mμα2 p

eν

ν
47



W

b

In the case of a quark, the 
potential is the due to the 
interaction with its own gluon 
field

The pole mass is defined by resumming the effects of all these diagrams, 
absorbing all divergences. However, we know that we find problems if we 
integrate the loop momenta below the scale ΛQCD, where perturbation theory 
breaks down. If we do it, to define mpole, the perturbative series can only be 
resummed up to a (“renormalon”) ambiguity. If we stop before, at some scale, we 
dump into a m* mass the self-energy potential due to modes with wavelength 
above that scale. 
This is further justified for the top, which anyway only lives 1/Γtop, so gluons with 
wavelength > 1/Γtop are cutoff:

λ > 1/Γtop

λ < 1/Γtop

δm ~    αS Γtop

what is the coefficient ?

In this case, 
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mMC-1 vs mMC-2 

Q=1.5 GeV

b

W

t, m=mMCt*

This emission at scale Q=1.5 GeV may or may not be present in the MC, depending on the IR 
cutoff scale of the shower (e.g. 1 GeV vs 2 GeV).  One may consider this is as using mMSR 
defined at different scales, or as using different top-mass definitions.

“offshell” top

The question is whether the emission of the extra gluons in the region (cutoffMC-1 – cutoffMC-2) 
affects the observables used to measure mMC and change the measured value

Typically we consider these possible differences as part of the shower/hadronization systematics. 
There is no evidence that they exceed the 100 MeV level. 

Studies like those shown by CMS (mtop vs different production configurations) are crucial to 
understand the sensitivity to these effects, the consistency of the modeling in different MC, with 
data and with themselves 
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M.Mulders, LHC TOP WG mtg Jan 2015



When a top lives longer than 1/ΛQCD  (prob ~ exp(–Γtop/ΛQCD)) it likely hadronizes

QCD effects depend on how long the top actually lives. Should one change mMC as a 
function of lifetime, event by event ?

remarks
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8TeV/7TeV and 14TeV/8TeV 
cross section ratios: the ultimate precision
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MLM and J.Rojo, arXiv:1206.3557

• TH: reduce “scale uncertainties”
• TH: reduce parameters’ systematics: PDF, 

mtop, αS, .... at E1 and E2 are fully correlated

• TH: reduce MC modeling uncertainties
• EXP: reduce syst’s from acceptance, 

efficiency, JES, .... 

E1,2: different beam energies

X,Y: different hard processes

• TH: possible further reduction in scale and PDF syst’s
• EXP: no luminosity uncertainty
• EXP: possible further reduction in acc, eff, JES syst’s (e.g. X,Y=W+,W–)

Following results obtained using best available TH predictions: NLO, NNLO, NNLL 
resummation when available

http://arXiv.org/abs/arXiv:1206.3557
http://arXiv.org/abs/arXiv:1206.3557
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14 TeV / 8 TeV: NNPDF results

• δ<10–2 in W± ratios: absolute 
calibration of 14 vs 8 TeV lumi

• δ~10–2 in σ(tt) ratios 
• δscale < δPDF at large pTjet and 

Mtt: constraints on PDFs

• Several examples of 3-4σ discrepancies between predictions of different PDF sets, 
even in the case of W and Z rates

14 TeV / 8 TeV: NNPDF vs MSTW vs ABKM
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RX

7/8 =
�exp(pp! X; 7 TeV)
�exp(pp! X; 8 TeV)

=
�exp

X

(7)
�exp

X

(8)

�7/8


�BSM

X

�SM
X

�
= 1� �BSM

X (8)/�SM
X (8)

�BSM
X (7)/�SM

X (7)
⇠ 1� LBSM

X (8)/LBSM
X (7)

LSM
X (8)/LSM

X (7)
= �7/8


LBSM

X

LSM
X

�

RX
7/8 ⇠

�SM
X (7)

�SM
X (8)

⇥
⇢

1 +
�BSM

X (7)
�SM

X (7)
�7/8


�BSM

X

�SM
X

��

Xsection ratios as probes of BSM contributions

Assume the final state X receives both SM and BSM contributions:

�exp(pp! X) = �SM (pp! X) + �BSM (pp! X)

Define the ratio:

We easily get:

where:



55

Therefore:

theory systematics in 
7→8 TeV extrapolation

�RX
7/8

RX
7/8

=
�RSM

7/8

RSM
7/8

+
�BSM

X (7)
�SM

X (7)
⇥ �7/8


LBSM

X

LSM
X

�

relative BSM 
contamination

Energy dependence of the 
relative BSM contamination

E.g., assuming σSM(pp→X)=σ(gg→X) and σBSM(pp→X)=σ(qq→X) (*) 

�7/8


LBSM

X

LSM
X

�
= �7/8


Lqq̄(M)
Lgg(M)

�

(*) e.g. SM: gg→tt and BSM: qqbar→Z’→tt
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�E1/E2


Lqg(M)
Lgg(M)

�

�E1/E2


Lqq(M)
Lgg(M)

�

�E1/E2


Lqq̄(M)
Lgg(M)

�

Examples of E-dependence of luminosity ratios

Given the sub-% precision of the SM 
ratio predictions, there is sensitivity 
to BSM rate contributions at the 
level of few% (to be improved with better PDF 
constraints, especially for 8/14 ratios)



(W+jets)/(Z+jets) ratios
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Potential for %-level precision comparisons between TH and data

ATLAS, Eur. Phys. J. C (2014) 74:3168
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Possible mis-modeling of individual processes cancels in the ratios. 
Ratios are more robust. Ratios can therefore be affected by BSM 
physics, feeding only the W or the Z channel

W+jets W+jets / Z+jets


