
	
  Collisioni	
  adroniche	
  e	
  
produzione	
  di	
  W/Z	
  	
  

ai	
  collider	
  da	
  SppS	
  a	
  LHC	
  
	
  



Collisioni	
  Adroniche	
  

•  Due	
  classi	
  di	
  even:	
  
–  Processi	
  “so=”	
  a	
  piccolo	
  momento	
  trasferito,	
  caraCerizzate	
  dalla	
  

emissione	
  di	
  par:celle	
  a	
  basso	
  momento	
  trasverso	
  (QCD)	
  
–  Processi	
  “hard”	
  a	
  grande	
  momento	
  trasferito	
  dove	
  e’	
  possibile	
  

osservare	
  la	
  produzione	
  di	
  geJ	
  di	
  par:celle	
  adroniche,	
  fotoni,	
  
bosonei	
  veCori	
  etc.	
  (QCD+EWK)	
  

•  Anche	
  nei	
  processi	
  “hard”	
  la	
  grande	
  maggioranze	
  delle	
  
par:celle	
  emesse	
  sono	
  prodoCe	
  dal	
  riarrangiamento	
  dei	
  
flussi	
  di	
  colore	
  dei	
  partoni	
  nelle	
  par:celle	
  dei	
  fasci	
  (beam	
  
remnants)	
  per	
  oCenere	
  sta:	
  finali	
  “bianchi”.	
  Si	
  produce	
  
quindi	
  il	
  così	
  deCo	
  “underlying	
  event”	
  

A.A. 2012-13 Carlo Dionisi FNSN II 2 

Collisioni Adrone-Adrone 

•  Caratteristiche: 
–  La σ dell�urto hard e� mediata sulle pdf 
–  Gli stati iniziali e finali possono emettere 

gluons 
–  Gli stati finali colorati frammentano a 

formare dei �jets� 
–  Underlying event dai residui daproton/p-bar  

fragmentation 

parton 
distribution 

parton 
distribution 

Jet 

Under- 
-lying 
event 

Photon, W, Z etc. 

Hard scattering 

ISR FSR 



Variabili	
  Cinema:che	
  

•  Il	
  centro	
  di	
  massa	
  delle	
  collisioni	
  elementari	
  
ha	
  in	
  genere	
  un	
  moto	
  non	
  trascurabile	
  
lungo	
  l’asse	
  dei	
  fasci	
  (protoni	
  =	
  oggeJ	
  
complessi)	
  

•  U:lizziamo	
  il	
  piano	
  trasverso	
  ai	
  fasci:	
  

A.A. 2012-13 Carlo Dionisi FNSN II 8 

Variabili usate nelle interazioni p-p 

•  pT	
  e’	
  invariante	
  rispeCo	
  al	
  boost	
  del	
  c.m.	
  
•  Si	
  sfruCa	
  la	
  conservazione	
  del	
  momento	
  nel	
  piano	
  

trasverso	
  (=0	
  nello	
  stato	
  iniziale)	
  per	
  rivelare	
  la	
  
presenza	
  di	
  par:celle	
  non-­‐interagn:	
  

•  Energia	
  trasversa	
  ET	
  =	
  E	
  *	
  sin	
  θ	
  	
  
	
  



Variabili	
  cinema:che	
  –	
  
Rapidita’	
  

•  L’angolo	
  polare	
  θ	
  non	
  è	
  invariante	
  rispeCo	
  
a	
  boost	
  lungo	
  Z	
  cosi’	
  come	
  non	
  lo	
  è	
  	
  la	
  
distnza	
  angolare	
  Δθi,j	
  tra	
  due	
  par:celle	
  I,j.	
  

A.A. 2012-13 Carlo Dionisi FNSN II 6 

Variabili Utili 
•  Anche se l�urto protone–antiprotone  e� nel CM, NON LO 

E� lo scattering hard tra i partoni ! 
–  La collisione Hard e� tipicamente �boosted� lungo i fasci 

di una quantita� NON nota ! 
•  La soluzione e� quella di usare variabili che hanno una 

sensibilita� piccola al boost longitudinale: 
–  Transverse energy: ET = E sin q 
–  Rapidity y = ½*ln[(E+pz)/(E-pz)]  

# pseudo-rapidity η = ln(tan(q/2)) for m=0 

Theta vs eta
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Direzione del fascio di protoni 

•  Si	
  introduce	
  
la	
  rapidita’:	
  

	
  
•  Applcando	
  
un	
  boost	
  di	
  
Lorentz	
  (β):	
  

	
  

•  Dunque	
  	
  	
  Δy=yi-­‐yj	
  e’	
  	
  una	
  misura	
  
Lorentz	
  invariante	
  della	
  “distanza”	
  
tra	
  due	
  par:celle	
  	
  (i,j).	
  



Variabili	
  cinema:che	
  –	
  
Rapidita’	
  

•  Per	
  par:celle	
  mass-­‐less	
  o	
  altamente	
  
rela:vis:che	
  e’	
  conveniente	
  u:lizzare	
  la	
  
pseudo-­‐rapidita’	
  η	
  

•  Per	
  m<<	
  pT	
  	
  yà	
  η	


•  Dunque	
  definiamo	
  una	
  distanza	
  2D	
  tra	
  due	
  

par:celle	
  	
  :picamente	
  come:	
   15

η vs. y 
We can use the relation:  tanh(η) = cos(θ) = tanh(y)/β
to plot η vs. y: 

In the region of detector 
acceptance (|η|<2.5), 
η represents a good 
approximation for y if 
β > 0.99, i.e. pπ = 1 GeV.

Note that |η| ≥ |y|

3,1

pπ (GeV)

1,0

0,28
0,18
0,08

η

y



Rapidity	
  Plateau	
  

•  L’emissione	
  di	
  par:celle	
  è	
  circa	
  
costante	
  in	
  rapidità	
  all’interno	
  del	
  
range	
  cinema:camente	
  permesso	
  

•  Spazio	
  delle	
  fasi	
  invariante	
  dτ	
  
proporzionale	
  a	
  dy:	
  

•  Se	
  matrix-­‐element	
  costante	
  con	
  y	
  
	
  	
  
•  La	
  sez.	
  d’urto	
  sarà	
  circa	
  costante	
  in	
  y	
  

Transform phase space element dτ=d3p/E=dpxdpydpz/E 

from (E, px, py, pz) to (pt, y, Φ, m):

dpxdpy = 1/2 dpT
2dΦ

dy = dpz[∂y/∂pz + (∂y/∂E)·(∂E/∂pz)]   and using y = ½ · ln[(E+pZ)/(E-pZ)]                

dy = dpz[E/(E2-pz
2) - pz/(E2-pz

2)·(pz/E)] = dpz/E

Therefore:    dτ = 1/2 dpT
2dΦdy

Basic quantum mechanics:  dσ = |M|2dτ

⇓

If |M|2 varies slowly with respect to rapidity, dσ/dy will be ≈constant in y

                                                     Consequences:

Phase Space 

6

Transform phase space element dτ=d3p/E=dpxdpydpz/E 

from (E, px, py, pz) to (pt, y, Φ, m):

dpxdpy = 1/2 dpT
2dΦ

dy = dpz[∂y/∂pz + (∂y/∂E)·(∂E/∂pz)]   and using y = ½ · ln[(E+pZ)/(E-pZ)]                

dy = dpz[E/(E2-pz
2) - pz/(E2-pz

2)·(pz/E)] = dpz/E

Therefore:    dτ = 1/2 dpT
2dΦdy

Basic quantum mechanics:  dσ = |M|2dτ

⇓

If |M|2 varies slowly with respect to rapidity, dσ/dy will be ≈constant in y

                                                     Consequences:

Phase Space 

6

Rapidity plateau
Cross section for inclusive particle production:

dσ/dy ≈ constant ⇒ origin of the “rapidity plateau”  

Applied to jet fragmentation: particles should be uniform in rapidity wrt jet axis:

We expect jet fragmentation to be function of momentum perpendicular to jet axis 
(verified experimentally)

7

Region around y=0 
(90 degrees) has a 
“plateau” with width 
Δy ~ 6 for LHC

beam fragmentation regions

plateau height and width
dependent on √s



Relazioni	
  cinema:che	
  ymax

9

Given the definition y = ½·ln[E+pZ)/(E-pZ)], there is a maximum 
value for the rapidity, which depends on the beam energy. 
We can simply calculate it for a “forward elastically scattered” 
beam protons (i.e. θ ≈ 0 degrees and pZ ≈ pbeam):

     1     (E+pZ)     1     (E+pZ)   (E+pZ)    1     (E+pZ)2    
y = —·ln ————— = —·ln —————·———— = —·ln ————— 
     2     (E-pZ)     2     (E-pZ)   (E+pZ)    2      (E2-pZ

2)

        1      (2pbeam)2      2pbeam        √s
ymax = —·ln —————— = ln ————— = ln ———
        2       mp

2             mp          mp

Therefore,
at LHC:        ymax ≈ ln(14TeV/1GeV) ≈ ln 14000 ≈ 9.5
at Tevatron:   ymax ≈ ln(2TeV/1GeV) ≈ ln 2000 ≈ 7.6

only log dependence
on beam energy

LHC parton kinematics

11

q1 = ½√s (x1,0,0,x1)

q2 = ½√s (x2,0,0,-x2)

The rapidity for the system q1+q2 is:

y = ½ ln[(E+pz)/(E-pz)] = ½ ln(x1/x2)

Hence:   x1 = x2 e2y

and using ŝ = M2 = x1 x2 s,   we obtain:

x1 = (M/√s) · e+y    and    x2 = (M/√s) · e-y

Therefore, different values of M and y

probe different values of x1 and  x2 

of the colliding beams. 

In general, for ANY final state with a 

given y and M values, in the plot on 

the right, there will be two (dashed) 

lines that give the x values at which 

the protons are probed

LHC



Conclusioni	
  

•  La	
  produzione	
  di	
  par:celle	
  so=	
  
avviene	
  a	
  tuCe	
  le	
  rapidità	
  (ma	
  si	
  
concentra	
  in	
  avan:	
  in	
  θ: intervalli	
  
costan:	
  in	
  y	
  corrispondono	
  a	
  
intervalli	
  sempre	
  piu’	
  piccoli	
  nel	
  
laboratorio )	
  

•  Per	
  la	
  produzione	
  di	
  par:celle	
  
pesan:	
  siamo	
  interessa:	
  alla	
  zona	
  
“centrale”	
  nel	
  rivelatore,	
  ovvero	
  
le	
  zone	
  corrisponden:	
  a	
  y	
  piccolo	
  
(ad	
  es.	
  |y|<1.5)	
  

•  Più	
  pesante	
  à	
  più	
  “centrale”	
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Abstract 9 

We study charged particle production (pT > 0.5 GeV/c, |K| < ���) in proton-antiproton collisions at 10 

300 GeV, 900 GeV, and 1.96 TeV. The 300 GeV and 900 GeV data are a result of the “Tevatron 11 

Energy Scan” which was performed just before the Tevatron was shut down.  We use the 12 

direction of the leading charged particle in each event, PTmax, to define three regions of K-I 13 

space; “toward”, “away”, and “transverse”.  The transverse region is very sensitive to the 14 

“underlying event” and is further separated into a MAX and MIN transverse region, which helps 15 

separate the “hard component” (initial and final-state radiation) from the “beam-beam remnant” 16 

and multiple parton interaction components of the scattering. The center-of-mass energy 17 

dependence of the various components of the event are studied in detail. The data presented here 18 

can be used to constrain and improve the QCD Monte Carlo models, resulting in more precise 19 

predictions at the future LHC energies of 13 and 14 TeV.   20 

I.  Introduction 21 

The total antiproton-proton cross section is the sum of the elastic and inelastic 22 

components, Vtot = VEL + VIN.  Three distinct processes contribute to the inelastic cross section: 23 

single diffraction, double-diffraction, and everything else (referred to as “non-diffractive”).  For 24 

elastic scattering neither of the beam particles breaks apart (i.e. color singlet exchange).  For 25 

single and double diffraction one or both of the beam particles are excited into a high mass color 26 

singlet state (i.e. N* states) which then decay.  Single and double diffraction also correspond to 27 

color singlet exchange between the beam hadrons.  When color is exchanged the outgoing 28 

remnants are no longer color singlets and one has a separation of color resulting in a multitude of 29 

quark-antiquark pairs being pulled out of the vacuum.  The non-diffractive component, VND, 30 

involves color exchange and the separation of color. However, non-diffractive collisions have 31 

both a soft and hard component.   Most of the time the color exchange between partons in the 32 

beam hadrons occurs through a soft interaction (i.e. no high transverse momentum) and the two 33 

beam hadrons ooze through each other producing lots of soft particles with a uniform 34 

distribution in rapidity and many particles at small angles to the beam.  Occasionally, there is a 35 

hard scattering among the constituent partons producing outgoing particles and “jets” with high 36 

transverse momentum. 37 

Min-bias (MB) is a generic term which refers to events that are selected with a “loose” 38 

trigger that accepts a large fraction of the overall inelastic cross section.  The Collider Detector 39 

at Fermilab (CDF) MB trigger requires at least one charged particle in the forward region 3.2 < K 40 

< 5.9 and simultaneously at least one charged particle in the backward region -5.9 < K < -3.2, 41 

where the pseudo-rapidity K = -log(tan(Tcm/2)) and Tcm is the center-of-mass scattering angle. 42 

The underlying event (UE) consists of the beam-beam remnants (BBR) and the multiple parton 43 

•  The	
  underlying	
  event	
  (UE)	
  consists	
  of	
  the	
  beam-­‐beam	
  
remnants	
  (BBR)	
  and	
  the	
  mul:ple	
  parton	
  nterac:ons	
  (MPI)	
  
that	
  accompany	
  a	
  hard	
  scaCering	
  The	
  UE	
  is	
  an	
  unavoidable	
  
background	
  	
  	
  to	
  hard-­‐scaCering	
  collider	
  events.	
  To	
  study	
  
the	
  UE	
  we	
  use	
  MB	
  data,	
  however,	
  MB	
  and	
  UE	
  are	
  not	
  the	
  
same	
  object.	
  The	
  majority	
  of	
  MB	
  collisions	
  are	
  so=,	
  while	
  
the	
  UE	
  is	
  studied	
  in	
  events	
  in	
  which	
  a	
  hard	
  scaCering	
  has	
  
occurred.	
  One	
  uses	
  the	
  structure	
  of	
  the	
  hard	
  hadron-­‐
hadron	
  collision	
  	
  to	
  experimentally	
  study	
  the	
  UE.	
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Minimum Bias (MB) 

n  La vastissima 
maggioranza della 
sezione d’urto inelastica 
protone-protone (~50 
mb su 70 al TeVatron, 
80/100 a LHC!) e’ 
costituita da interazioni 
soffici (produzione di 
particelle di basso 
impulso trasverso)  

n  Minimum bias : eventi raccolti senza richieste 
particolari di segnali sul rivelatore, storicamente 
richiedendo la coincidenza di segnali sui due lati 
del rivelatore (indicando che sia il protone che 
l’anti-protone si sono “rotti”) 
 

Single 
Diffracti
ve 

Double 
Diffracti
ve 

Non 
Diffracti
ve 
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Misura della sezione d’urto di MB 
a CDF 

n  Eventi caratterizzati da bassa 
molteplicita’ carica e basso 
PT  

n  Misura recente di CDF 
utilizza dati a bassa 
luminosita’ instantanea (max 
1 interazione per evento) 

n  Trigger richiede un numero 
molto basso di hit nel 
calorimetro (efficienza 
calcolata utilizzando 0 bias 
event à random trigger) 

n  La sezione d’urto di questo 
processo e’ stato misurato su 
13 ordini di grandezza! 

n  Studio importante anche 
nella prima fase di LHC. 
Trigger dedicati à basati su 
scintillatori che si buttano 
dopo i primi mesi di 
operazione (danneggiamento 
da radiazione) 
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n  Phojet, Pythia8, 
Pythia DW, 
MC09 tutti 
tuning basati su 
SppS e Tevatron 

n  AMBT1 unico 
tuning su dati 
LHC à 
produzione 2010 
dei MC in Atlas 
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n  Accordo peggiora a 
basso impulso 

n  (diffractive 
enhanced) 

n  Accordo nella 
regione diffractive 
limited  

n  Pre LHC tunes OK 
a 900 GeV, 
discrepanze 
emergono con 
l’estrapolazione di 
sqrt(s) 
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Estrapolazione/Misura a 
differente √s 



Misura nella regione forward 
con CMS + TOTEM 

9

Fig. 5 Charged particle pseudorapidity distributions obtained in pp collisions at
√
s = 8 TeV for inelastic events. The coloured bands show

the combined systematic and statistical uncertainties and the error bars represent the η-uncorrelated uncertainties. The results obtained in this
work based on collisions at z = 11.25 m (displaced IP) are shown under the green band, while the distributions under the orange band are taken
from [7], where collisions occurred at z = 0 m (nominal IP). The measurements are compared in each η region to the corresponding prediction
from PYTHIA8 (tune 4C), SIBYLL 2.1, EPOS (tune LHC), and QGSJETII-04.

Vilho, Yrjö and Kalle Väisälä Fund), the OTKA grant NK
101438 (Hungary) and the Ch. Simonyi Fund (Hungary).
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n  Conclusioni (dopo il primo run di 
LHC) 

n  I primi dati a bassa luminosita’ sono 
stati utilissimi per studiare sia il detector 
sia le caratteristiche delle collisioni 
anelastici a 7 TeV/8 TeV 

n  Difficile trovare un accordo per 
molteplicita’ e spettri in tutto il range di 
pt 

n  Ad LHC si ripetera’ l’esercizio questa 
estate a 13 TeV 



19 

Produzione di Jet in interazioni p-
(anti)p 

n  Produzione di jet 
adronici nelle collisioni 
p-p 

n  Oltre ai jet prodotti 
nello scattering duro 
dobbiamo considerare 
il cosi-detto 
“underlying event” 
composto da  
q  Beam Remnants (a 

differenza che per 
particelle collidenti 
puntiformi) 

q  Radiazione di QCD 
da stato iniziale e 
finale (ISR,FSR) 

q  … 
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Produzione di Jet in interazioni p-
(anti)p 

n  E talvolta da 
ulteriori  
interazioni 
soffici in una 
singola 
collisione 
protone-
protone dette: 
Multiple 
Parton 
Interactions 
(MPI) 

 
n  Questi fenomeni non-perturbativi 

vengono modellati fenomenologicamente 
ed opportunamente codificati nei normali 
generatori di eventi Monte Carlo 
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Studio dello “underlying 
event” 

n  I modelli fenomenologici sono stati adattati ai 
dati di Tevatron 

n  In particolare attraverso lo studio degli eventi a 
due jet e del flusso di particelle cariche e della 
densita’ di impulso nelle regioni   “Transverse” :    

      60o <|ΔΦ| <120o  
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Charged particle density 
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Transvere Momentum 
Density 
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Pt spectra of  underlying 
event particles 

n  A crescente energia 
del jet principale 
corrisponde uno 
spettro 
dell’underlying event 
sempre piu’ duro 
(code piu’ elevate 
della distribuzione) 
dovuto all’aumentare 
della probabilita’ di 
emettere gluoni hard 
a grande angolo 

n  Andamento ben 
riprodotto dal tuning 
di CDF 



Studio in funzione di sqrt(s) 
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TeV, 900 GeV, and 300 GeV to the corresponding value at 300 GeV (i.e. 1.96 TeV divided by 468 
300 GeV, 900 GeV divided by 300 GeV, and 300 GeV divided by 300 GeV, which is equal to 469 
one).  All four densities, MAX, MIN, AVE, and DIF have different center-of-mass energy 470 
dependences and the QCD Monte Carlo model tunes do a remarkably good job in describing the 471 
general features of these four observables.  472 

Figure 18 compares the energy dependence of the transMIN and transDIF components.  473 
The data show that the transMIN  charged particle and charged PTsum density increase by a 474 
factor of 2.8 and 3.2, respectively, in going from 300 GeV to 1.96 TeV, while the transDIF 475 
charged particle and charged PTsum density increases by only a factor of 1.6 and 1.8, 476 
respectively.  The transMIN density (more sensitive to MPI & BBR) increases much faster with 477 
center-of-mass energy than does the transDIF density (more sensitive to ISR & FSR).  The MPI 478 
increases like a power of the center-of-mass energy, while the ISR & FSR increase 479 
logarithmically.  This is the first time we have seen the different energy dependences of these 480 
two components. Previously we only had information on the energy dependence of the transAVE 481 
density.  The QCD Monte Carlo tunes do a fairly good (although not perfect) job in describing 482 
the energy dependence of transMIN and transDIF. 483 
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 484 
Figure 19.  (A,B) Data at 1.96 TeV, 900 GeV, and 300 GeV on the charged particle average pT (pT > 0.5 GeV, |K| < 485 
0.8) in the transverse  region as defined by the leading charged particle, PTmax, as a function of PTmax. (C,D) Data 486 
on the transverse charged particle average pT as defined by the leading charged particle, PTmax, for 5.0 < PTmax < 487 
6.0 GeV/c plotted versus the center-of-mass energy (on a log scale) for charged particles with pT > 0.5 GeV and |K| 488 
< 0.8.  The data are corrected to the particle level with errors that include both the statistical error and the systematic 489 
uncertainty, and are compared with PYTHIA Tune Z1 and Z2* (A,C) and PYTHIA Tune Z2* and 4C* (B,D).  490 

(4) The Transverse Average PT  491 

Figure 19 shows the data at 1.96 TeV, 900 GeV, and 300 GeV on the charged particle 492 
average pT in the transverse region as defined by the leading charged particle, PTmax, as a 493 
function of PTmax. Figure 19 also shows the transverse charged particle average pT for 5.0 < 494 
PTmax < 6.0 GeV/c plotted versus the center-of-mass energy.  The transverse average pT 495 
increases slowly with  center-of-mass energy and this slow rise is correctly predicted by the 496 
QCD Monte Carlo model tunes.  However, all the tunes predict an average pT that is slightly less 497 
than that seen in the data than seen in the data over most of the PTmax range. The average pT is a 498 



Sezioni	
  d’urto	
  per	
  
collisioni	
  tra	
  adroni	
  

•  Tenendo	
  conto	
  anche	
  dell’evoluzione	
  
con	
  Q2	
  delle	
  pdf	
  (eq.	
  altarelli	
  parisi)	
  	
  

•  Prendiamo	
  ad	
  esempio	
  la	
  produzione	
  Drell-­‐
Yan	
  	
  di	
  di-­‐leptoni	
  (µ+µ-	
  o	
  e+e-­‐)	
  

•  Nel	
  modello	
  a	
  partoni:	
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•   effective centre-of-mass energy             smaller 
   than √s of colliding beams:  

ŝ

Aaa p  x p


=

Bbb p  x p


=
pA= pB= 7 TeV s xsxx  ŝ ba ≈=

→  to produce m ≈  100 GeV    x ~ 0.01 
     to produce m ≈      5 TeV     x ~ 0.35 

if xa ≈ xb  



Cross	
  Sec:ons	
  a	
  SppS	
  

•  Notare	
  la	
  
minore	
  
sezione	
  
d’urto	
  per	
  la	
  
produzione	
  
di	
  Z	
  

A.A. 2012-13 Carlo Dionisi FNSN II 33 

Osservati per la prima volta al collisionatore p-pbar al 
CERN nel 1983. 

Produzione di W(+,-) e Z0   
in Collisioni Adroniche 



Canali	
  osservabili	
  
•  Ad	
  alto	
  pT	
  il	
  

processo	
  con	
  
sezione	
  d’urto	
  più	
  
alta	
  è	
  la	
  
produzione	
  di	
  jet	
  	
  
(σjet)	
  

•  Per	
  poter	
  
osservare	
  il	
  
processo	
  inclusivo	
  
ppàW+X	
  	
  (ppàZ
+X)	
  al	
  collider	
  ci	
  si	
  
limita	
  ai	
  
decadimen:	
  
leptonici	
  di	
  W	
  e	
  Z	
  

•  I	
  decadimen:	
  in	
  
coppie	
  di	
  quark	
  
non	
  sono	
  
osservabili	
  in	
  
generale	
  a	
  causa	
  
della	
  sezione	
  
d’urto	
  di	
  
produzione	
  di	
  jet	
  
molto	
  più	
  grande	
  
di	
  σw	
  e	
  σz	
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  Common to all hadron colliders: 
     high-pT events dominated by QCD 
     jet production: 

•  Strong production → large cross-section 
•  Many diagrams contribute: qq → qq, 
  qg → qg, gg → gg, etc.  
•  Called ��QCD background � 

Most  interesting processes are rare processes: 
•  involve heavy particles 
•  have weak cross-sections (e.g. W production) 
•  To extract signal over QCD jet backround must 
  look at decays to photon and leptons 
  → pay a prize  in branching ratios 

q 

q 

g 

q 

q 
jet 

jet 

αs 

αs 



Decadimen:	
  di	
  W	
  e	
  Z	
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Decadimenti: I bosoni W e Z decadono nel 
70% dei casi in adroni che alle energie di 540 
GeV non si possono identificare dagli altri 
adroni creati nelle collisioni protone-
antiprotone. Si cerca invece di identificarli dai 
loro decadimenti leptonici.!

Vite medie: le vite medie di W e Z sono 
dell’ordine di 10-25 s e quindi NON visibili 
direttamente negli esperimenti.!



Identificazione di particelle 
in un tipico rivelatore  

•  Parte piu’ interna del rivelatore – Spettremetri 
magnetici per particelle cariche + rivelatori di 
vertici secondari  

31 
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Cause di mis-
identificazione di leptoni 

•  Elettroni: 
–  π0 isolati con traccia carica overlapping  
–  π carichi isolati con reazione di scambio carica 

nel calorimetro (e.g. π++nàπ0p) 
–  γ conversion su beam pipe, inner tracker 
–  Heavy Flavor decays 

•  Muoni 
–  Punch through 
–  Pion and Kaon decay in flight (DIF) 
–  Heavy Flavor decays 
–  Cosmici, accidentali  

•  In ogni caso si tratta di effetti non sempre 
facilmente simulabili… (se non altro per il 
costo in termini di CPU!) 



Missing Transverse Energy 

•  Momentum conservation in the transverse 
plane is the basis for neutrino detection 

•  Various correction needed to account for e.g. 
muons (which only leave a few GeV by dE/dX 
in the calorimeters) 

•  Improve resolution by applying correction 
based on identified jet 

•  Key detector point: coverage (no holes), 
hadronic calibration, linearity 

33 



Neutrini e missing energy 
•  Segnatura 

distintiva 
nel 
decadimen
to Wàlν	



•  Anche 
Zàνν, 
per 
esempio 
in 
ppàZZ
àllνν	
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Neutrini e missing energy 
•  Segnatura 

distintiva di 
modelli di 
nuova fisica 
che 
prevedono 
particelle 
stabili non 
interagenti 
(candidati 
dark matter) 

35 



Missing	
  energy	
  Materia	
  
Oscura	
  	
  

•  Processo	
  elementare	
  ricercato	
  molto	
  
semplice:	
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correct relic density values for non-relativistic matter in the early universe [24], as measured by23

the Planck [25] or WMAP satellites [26], if its mass is between a few GeV and a TeV and if24

it has electroweak-scale interaction cross sections. Many new particle physics models such as25

supersymmetry designed to solve the hierarchy problem also predict WIMPs.26

q

q̄

χ

χ̄

q

q̄

χ

χ̄

Figure 1: Feynman diagrams for the production of WIMP pairs considered here. The contact
interaction described with effective operators is shown on the left, the simplified model with a
Z ′ as new mediator particle is shown on the right.

Because WIMPs do not interact with detector material, their production leads to signatures27

with missing transverse momentum (pmiss
T )1, the magnitude of which is called Emiss

T . Here,28

WIMPs are assumed to be produced in pairs, and the events are identified via the presence of29

an energetic jet from initial- or final-state radiation (ISR/FSR) [27–30] yielding large Emiss
T .30

The interaction of WIMPs with SM particles is described using an effective field theory31

(EFT) approach, as mediated by a single new heavy particle or particles with mass too large32

to be produced directly at the LHC (see Fig. 1-left). It is assumed here that the DM particle33

is a Dirac fermion or a scalar χ; the only difference for Majorana fermions is that certain34

interactions are not allowed and that the cross section for each operator is larger by a factor35

of four. Seven interactions are considered (Table 1), namely C1, C5, D1, D5, D8, D9, D11,36

following the naming scheme of Ref. [31]. These operators describe different bilinear quark37

couplings to WIMPs, qq → χχ, except for C5 and D11, which describe the coupling to gluons,38

gg → χχ. C1 and D1 are defined including factors of 1/mq because quark Yukawa couplings are39

assumed. The version without Yukawa coupling are called C1′ and D1′ in the table (they are40

relevant for validity studies below). The operators for Dirac fermions and scalars in Ref. [31] fall41

into six categories with characteristic Emiss
T spectral shapes. C1, C5, D1, D5, D9, and D11 are42

a representative set of operators for these six categories, while D8 falls into the same category43

as D5 but is listed explicitly in Table 1 because it is often used to convert LHC results into44

limits on DM pair production. In the operator definitions in Table 1, M∗ is the suppression45

scale of the interaction, after integrating out the heavy mediator particles, that are too heavy46

to be produced at the LHC. The use of a contact interaction to produce WIMP pairs via heavy47

mediators is considered conservative because it rarely overestimates cross sections when applied48

to a specific BSM scenario. Cases where this approach is indeed optimistic are studied in49

Refs. [30,32–36]. Despite the issues with the validity of the EFT approach, which are studied in50

detail in Appendix A, this formalism is used here as it provides a useful framework for comparing51

LHC results to direct or indirect dark matter searches. Within this framework, interactions of52

1Letters in bold font are used for vector quantities.
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Figure 6: Measured distributions of the jet multiplicity, Emiss
T , leading jet pT, and the Emiss

T to
the leading jet pT ratio for the SR1 selection compared to the SM predictions. For illustration
purposes, the distribution of different ADD, WIMP and GMSB scenarios are included. The
error bands in the ratios shown in lower panels include both the statistical and systematic
uncertainties on the background predictions.

599 fb – 2.9 fb (726 fb – 3.4 fb) are excluded at 90% CL (95% CL) for SR1–SR9 selections, 455

respectively. 456

8.1 Large extra spatial dimensions 457

The results are translated into limits on the parameters of the ADD model. The typical (A× ε) 458

of the selection criteria vary, as the number of extra dimensions n increases, between 23% and 459

33% for SR1 and between 0.3% and 1.4% for SR9, and are approximately independent of MD. 460

Different sources of systematic uncertainty on the predicted ADD signals are considered. 461

Experimental uncertainties related to the jet and Emiss
T scales and resolutions introduce, when 462

combined, uncertainties in the signal yields that vary between 2% and 0.7% for SR1 and between 463

8% and 5% for SR9, with increasing n. Uncertainties on the proton beam energy are considered 464

by simulating ADD samples with the lower and upper allowed values given in Ref. [108]. They 465

result into uncertainties on the signal cross sections that vary between 2% and 5% with increasing 466

n, and uncertainties on the signal acceptance of about 1% for SR1 which increase up to 3%–4% 467

for SR9. Finally, a 1% uncertainty on the simulated trigger efficiency, affecting only SR1, and 468

the uncertainty on the total integrated luminosity are included. Uncertainties related to the 469

17

•  Background	
  
dominato	
  da	
  
processi	
  con	
  
neutrini	
  nello	
  
stato	
  finale	
  



Missing energy resolution 
from Z event 

•  The measured Z momenutm can be compared with 
missing energy obtained removing the Z decay 
products 

•  Resolution is a function of  total measured energy: 

•  Stocastic term fluctuate as :  sqrt(ΣET) 
37 

S
cala e.m

. 
à

scala adronica 



Picco	
  Jacobiano	
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Misura di MW 

! 

dn
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trasf .coordinate# $ # # # # # 
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dpT
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W→l νl!
trascurando il moto 
trasversale della W 
(piccolo)!

pTe!
e!

νe"

W!

LAB!

e!

νe"

W!

CM. W!

pTe!

θ�"

pe = mW/2!

pTe è il medesimo nei due riferimenti = (mW/2) sin θ*!
Distribuzione angolare di decadimento nel CM nota!
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Picco “Jacobiano” per pTe = mW/2!
Picco “Jacobiano” per pTmissing = mW/2!

Il moto trasversale della W (pTW≠0) sbrodola il picco, ma non lo 
cancella. La misura della mW si basa sulla misura dell’energia del picco o 
del suo fronte di discesa 

dpT
e =

mW

2
cos(ϑ *)dϑ *

dϑ *

dpT
e =

1
mW

2
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Wàeν	
  event	
  UA1	
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Wàµν	
  event	
  UA1	
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Evento W→µν (solo UA1) 



Picco	
  Jacobiano	
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Transverse	
  Mass	
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For	
  massless	
  part.	
  

Anche	
  in	
  MT	
  si	
  verifica	
  lapresenza	
  di	
  un	
  picco	
  
jacobiano.	
  	
  Cosa	
  sono	
  gli	
  even:	
  con	
  MT>mW?	
  



Massa	
  e	
  Larghezza	
  W	
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UA2 ha miglior controllo della 
calibrazione del calorimetro. 
Piccole celle, calibrate su fascio 
periodicamente!

Per entrambi errore sistematico = 
incertezza su scala dell’energia!

Massa trasversale 

( )
  angolo tra elettrone e neutrino

2

 
nel piano trasvers

 

o

1 cos  l l
T T TM p pν ν

φ

φ≡ −

UA1!
MW=82.7±1.0(stat)±2.7(syst) GeV!
ΓW<5.4 GeV!
!
UA2!
MW=80.2±0.8(stat)±1.3(syst) GeV!
ΓW<7 GeV!A.A. 2012-13 Carlo Dionisi FNSN II 42 
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Z	
  discovery	
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Il	
  picco	
  Zàe+e-­‐	
  a	
  UA1	
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Misura	
  di	
  precisione	
  di	
  
mW	
  

•  In	
  tempi	
  piu’	
  recen:	
  la	
  misura	
  di	
  mW	
  è	
  
diventata	
  sempre	
  più	
  precisa.	
  Due	
  strade	
  a	
  
LEP2	
  e	
  a	
  Tevatron	
  (e,	
  in	
  futuro,	
  LHC)	
  

•  La	
  mo:vazione	
  è	
  essenzialmente	
  quella	
  di	
  
verificare	
  le	
  correzioni	
  radia:ve	
  dello	
  SM	
  al	
  
propagatore	
  del	
  W	
  Motivation

⇢ parameter =) M2
W = ⇢M2

W tree

�⇢ = ⇢ � 1 ⇠ M2
top

�⇢ ⇠ ln MH

MW and Mtop costrain MH and possibly new particles beyond SM

Vittorio Raoul Tavolaro Measurement of the W Boson Mass using 2.2 fb�1 of CDF II Data 3

Both two- and three-loop QCD contributions are negative, and their effect is a
screening of the bare mass splitting, so that only a reduced “effective” quantity enters
the ρ parameter.

Following the method of fastest apparent convergence [15], we can absorb our three-
loop correction into a rescaling of αs. With nf = 6, δQCD

(3) will be zero, if we take
µ ! 0.2327 mt. When we apply the BLM procedure [16], the nf -dependent term
in (20) can be absorbed into the rescaling of αs, if we choose µ ! 0.154 mt. The
same value was also obtained in [17]. We conclude that the expression for the term
proportional to nf , given in [17], agrees with the analytical result for this term given
in (20). As an important result of our calculation, we stress the stability of δQCD: the
usual perturbation theory, the FAC and BLM procedures give rather close results for
δQCD. Taking αs(mt) = 0.1055, we have δQCD = −0.1125, −0.1159 and −0.1154 for
the perturbation theory, FAC and BLM procedures, respectively.

For our calculations we used the anticommuting γ5. To check our result obtained
with this prescription at least partially, we calculated δQCD again, using the regu-
larization by dimensional reduction [18] which keeps the algebra of γ matrices four-
dimensional. For propagator-type diagrams in the three-loop approximation the incon-
sistency of this recipe is not yet revealed. As was expected, the result that we obtained
in the regularization by dimensional reduction agrees with δQCD in the conventional
dimensional regularization after the following recalculation of the coupling constant:

hRDR = h
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1

3
CAh
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, (23)

which just corresponds to a change in the renormalization scheme. The relation can
be derived, for example, by equating invariant charges in these two schemes.

Special attention was paid to the evaluation of the diagram with the axial anomaly.
Only one such diagram contributes to ∆ρ (namely, to ΠZ(0)) with two triangles and
only the top quark running around. We evaluated it in the framework of the reg-
ularization by dimensional reduction and using the prescription given in [19]. The
contribution from this diagram is finite, and the calculations yielded the same value in
both approaches (although the evanescent parts were different). Our result also agrees
with the one given in [20]. At nf = 6 this contribution amounts to about 30% of the
total three-loop correction (22).

Some observables that are affected by our result are briefly mentioned here. One
of them is the mass of the W boson as predicted from α, Gµ and MZ [21]
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Both two- and three-loop QCD contributions are negative, and their effect is a
screening of the bare mass splitting, so that only a reduced “effective” quantity enters
the ρ parameter.

Following the method of fastest apparent convergence [15], we can absorb our three-
loop correction into a rescaling of αs. With nf = 6, δQCD
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µ ! 0.2327 mt. When we apply the BLM procedure [16], the nf -dependent term
in (20) can be absorbed into the rescaling of αs, if we choose µ ! 0.154 mt. The
same value was also obtained in [17]. We conclude that the expression for the term
proportional to nf , given in [17], agrees with the analytical result for this term given
in (20). As an important result of our calculation, we stress the stability of δQCD: the
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with the one given in [20]. At nf = 6 this contribution amounts to about 30% of the
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Following the method of fastest apparent convergence [15], we can absorb our three-
loop correction into a rescaling of αs. With nf = 6, δQCD

(3) will be zero, if we take
µ ! 0.2327 mt. When we apply the BLM procedure [16], the nf -dependent term
in (20) can be absorbed into the rescaling of αs, if we choose µ ! 0.154 mt. The
same value was also obtained in [17]. We conclude that the expression for the term
proportional to nf , given in [17], agrees with the analytical result for this term given
in (20). As an important result of our calculation, we stress the stability of δQCD: the
usual perturbation theory, the FAC and BLM procedures give rather close results for
δQCD. Taking αs(mt) = 0.1055, we have δQCD = −0.1125, −0.1159 and −0.1154 for
the perturbation theory, FAC and BLM procedures, respectively.

For our calculations we used the anticommuting γ5. To check our result obtained
with this prescription at least partially, we calculated δQCD again, using the regu-
larization by dimensional reduction [18] which keeps the algebra of γ matrices four-
dimensional. For propagator-type diagrams in the three-loop approximation the incon-
sistency of this recipe is not yet revealed. As was expected, the result that we obtained
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which just corresponds to a change in the renormalization scheme. The relation can
be derived, for example, by equating invariant charges in these two schemes.

Special attention was paid to the evaluation of the diagram with the axial anomaly.
Only one such diagram contributes to ∆ρ (namely, to ΠZ(0)) with two triangles and
only the top quark running around. We evaluated it in the framework of the reg-
ularization by dimensional reduction and using the prescription given in [19]. The
contribution from this diagram is finite, and the calculations yielded the same value in
both approaches (although the evanescent parts were different). Our result also agrees
with the one given in [20]. At nf = 6 this contribution amounts to about 30% of the
total three-loop correction (22).

Some observables that are affected by our result are briefly mentioned here. One
of them is the mass of the W boson as predicted from α, Gµ and MZ [21]
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6.6. Impact of the MW measurement on mh

An approximate formula for MW (in the MS scheme), which exhibits the
dependence on the relevant electroweak parameters, is 34

MW = 80.3827− 0.0579 ln
( mh

100 GeV

)
− 0.008 ln2

( mh

100 GeV

)

− 0.517

(
∆α(5)

had(MZ)
0.0280

− 1

)
+ 0.543

(( mt

175 GeV

)2
− 1
)

− 0.085
(
αs(MZ)
0.118

− 1
)

. (54)

The experimentally measured value for MW seems to be a bit high (Table 2).
As we can see from (54), a largish MW can be explained by either a small
mh, a larger mt, a smaller αs, or some combination of the above. The
correlation between MW , mt and mh from the precision data is shown in
Fig. 18, where the solid contour delineates the 68% CL region resulting from
a global fit omitting the MW , ΓW and mt measurements. Also shown is the
SM prediction for this correlation, for mh = 114, 300, 1000 GeV. We first
see that the indirect determination of MW and mt from precision data alone
is in very good agreement with the direct MW and mt measurements shown
with the dashed contour. This fact may not look that impressive, now that
the top quark and the W boson have been discovered, but nevertheless it
should be considered as a triumphant success of the precision program. We
also see that both the direct and indirect measurements of MW and mt

prefer a light Higgs boson.

6.7. Impact of the asymmetry measurements on mh

The asymmetries (or equivalently, sin2 θeff ) also exhibit significant sensi-
tivity to mh. Examining Figure 15, we notice a couple of things. First,
A! and Ab,c

FB place contradictory demands on the Higgs mass: A! prefers a
very small mh while Ab,c

FB prefer a heavier Higgs boson. There are a couple
of A! measurements – one from LEP and the other from SLD, and they
seem to be in agreement. Second, since the best fit value for mh is low,
this means that Ab,c

FB will be off from its “SM prediction”d. Finally, the
NuTeV measurement of sin2 θW (Figure 17) also seems to prefer a rather

dOf course, if we compute the Ab,c
F B prediction with a large mh, then Ab,c

F B will be OK,
but a number of other well measured observables will deviate, most notably A! and MW ,
and the fit will become worse.
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3.2 Boson-Pair and Four-Fermion Production

In e+e− interactions, pairs of neutral bosons γ and Z are produced in neutral-current t- and u-channel
interactions as shown in Figure 3.18. The set of these two diagrams is denoted as NC02 [62]. As
only the already known γff and Zff vertices and couplings are involved, pair production of neutral
gauge bosons and their decay does not reveal new information about the Standard Model. However,
an observation of neutral boson pair production involving ZZZ, γZZ or γγZ tree-level vertices, absent
in the SM, would signal new physics beyond the SM.

Topologically, the NC02 diagrams with at least one boson decaying into a fermion-antifermion pair
are identical to s-channel fermion-antifermion pair production with a radiative photon or additional
pair-production attached to the initial state. This shows again the problem of the signal definition,
i.e., what is considered as radiative correction to fermion-pair production, and what is considered as
genuine four-fermion production, now from the side of four-fermion production.

Pair production of charged bosons, e+e−→ W+W−, proceeds through both charged-current t-
channel and neutral-current s-channel interactions as shown in Figure 3.19. The set of these three
diagrams is called CC03 [62]. The s-channel diagrams are particularly interesting because they appear
as a consequence of the triple gauge boson vertices γW+W− and ZW+W− which are expected due to
the non-Abelian nature of the electroweak gauge group SU(2)L. Measurement of W-pair production
thus tests the Standard Model of electroweak interactions in this very fundamental area.

e+ γ/Z

e

e− γ/Z

e+

γ/Z

e

e−

γ/Z

Figure 3.18: Feynman diagrams in γ/Z-pair production in e+e− interactions. The u-channel diagram
exists for pair-production of identical bosons.

e+ W+

νe

e− W−

e+

e−
γ

W+

W−

e+

e−
Z

W+

W−

Figure 3.19: Feynman diagrams in W-pair production in e+e− interactions.

3.2.1 Born Level

3.2.1.1 Helicity Amplitudes

The matrix element for W-pair production in e+e− interactions, e+e−→ W+W−, is a sum of three
contributions corresponding to s-channel γ and Z exchange and t-channel neutrino exchange. The
decomposition in terms of helicity amplitudes is given by:

M(σ, σ̄,λ, λ̄) = Mγ(σ, σ̄,λ, λ̄) + MZ(σ, σ̄,λ, λ̄) + Mν(σ, σ̄,λ, λ̄) , (3.106)
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Figure 5.49: W-pair events selected at LEP–II. Top: W+W− → qqµν event observed in the ALEPH

detector. Bottom left: W+W− → qqeν event observed in the OPAL detector, showing two hadronic
jets and an electron. The neutrino is inferred from the missing momentum vector. Bottom left:
W+W− → qqτν event observed in the L3 detector, showing two hadronic jets and a hadronic τ decay.

5.10.2 Measurements at LEP-II

5.10.2.1 Selection

Pair production of W bosons, e+e− → W+W−(γ), at LEP–II is very clean because only the W-pairs
and possibly some radiative photons are produced. Therefore, all decay modes of the W boson are
analysed. Since two W bosons are produced and decay per event, there are three event classes: fully
hadronic events where both W bosons decay into qq′ pairs, semileptonic events where one W decays
hadronically and the other into a lepton-neutrino pair, and leptonic events where both W bosons
decay into "ν pairs. Examples of selected events are shown in Figures 5.48 and 5.49.

Hadronic events, W+W− → qqqq, are selected with typical efficiencies of 85% and purities of
80%. Events must contain four well separated hadronic jets and no missing energy. The dominant
background arises from QCD multijet production in e+e− → qq(γ). At centre-of-mass energies

√
s >

2MZ, above the ZZ threshold, e+e− → ZZ → qqqq(γ) becomes an important background.
Leptonic events, W+W− → "ν"ν are selected by requiring two acoplanar charged leptons, which

rejects the main background arising from dilepton production, e+e−→ "+"−(γ). Efficiencies ranging
from 30% to 70% and purities ranging from 75% to 90% are achieved, where the lower values are
obtained if both leptons are τ leptons and the higher values if both leptons are electrons or muons.

Semileptonic events, W+W− → qq"ν, are tagged by the presence of a high-energy charged lepton.
In addition, events must contain two hadronic jets and missing energy due to the neutrino. The main
background arises through inclusive lepton production in qq(γ) events, where the missing energy is
given by initial-state radiative photons lost in the beam pipe. Semileptonic events are selected with
an efficiency between 30% and 90% and a purity between 70% and 95%, where the lower values are
obtained for qqτν events and the higher values for qqeν and qqµν events.
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Figure 5.48: W-pair events selected at LEP–II. Left: W+W− → qqqq event observed in the DELPHI

detector, showing four well separated jets. Right: W+W− → eνµν event observed in the L3 detector
showing apparent lepton flavour violation.

W
+ W

-­‐ 	
  à
	
  µ
νq

q’
	
  



Misura	
  di	
  precisione	
  di	
  
mW	
  (metodo	
  della	
  soglia)	
  

√s!   [GeV]

σ
(e

+ e−
→

W
+ W

− (γ
)) 

  [
pb
]

MW=80.0 GeV
MW=80.2 GeV
MW=80.4 GeV
MW=80.6 GeV
MW=80.8 GeV

LEP
0

2

4

6

8

10

12

14

155 160 165 170 175
√s! − 2MW   [GeV]

offset error

|dM/dσ|   [GeV pb−1]

statistical error

√σ
! |dM/dσ|

[GeV pb-1/2]

scale error

σ |dM/dσ|
[GeV]

0

1

2

3

4

5

-2 0 2 4 6

Figure 5.52: W-mass measurement at threshold. Left: Cross section for W-pair production as a
function of

√
s in the vicinity of the kinematic threshold for different values of MW. Right: Error

components of MW error arising from the statistical error and systematic scale and offset errors on
the cross section measurement at threshold. All contributions show a minimum around zero to 2 GeV
above the nominal threshold of

√
s = 2MW.

threshold method is most efficient for the W-mass determination with a cross section measurement at
the optimal centre-of-mass energy of

√
s = 2MW + 0.5 GeV = 161 GeV.

In the first half of the 1996 data taking period, LEP–II was operated at a centre-of-mass energy of√
s = 161.33±0.05 GeV. Each LEP experiment collected a luminosity of 10 pb−1 and selected about 30

W+W− events. The measured total W-pair cross sections of the four LEP experiments are compared
in Figure 5.53. The measurements are averaged based on weights given by the expected errors so
that the average is unbiased by upward or downward fluctuations of individual measurements. The
averaged W-pair cross section at a centre-of-mass energy of

√
s = 161.33 ± 0.05 GeV is:

σWW = 3.69 ± 0.45 pb . (5.121)

This value corresponds to a mass of the W boson of:

MW = 80.40+0.22
−0.21 ± 0.03 GeV , (5.122)

also shown in Figure 5.53. The first error is experimental, the second due to the uncertainty in the
LEP beam energy calibration as discussed in Section 4.6. For the determination of MW, this method
must assume QED radiative corrections, the Standard-Model calculation of the total width of the W
boson in terms of MW, and the Standard-Model dynamics in the area of gauge couplings of the W
boson.

3.2 Boson-Pair and Four-Fermion Production

In e+e− interactions, pairs of neutral bosons γ and Z are produced in neutral-current t- and u-channel
interactions as shown in Figure 3.18. The set of these two diagrams is denoted as NC02 [62]. As
only the already known γff and Zff vertices and couplings are involved, pair production of neutral
gauge bosons and their decay does not reveal new information about the Standard Model. However,
an observation of neutral boson pair production involving ZZZ, γZZ or γγZ tree-level vertices, absent
in the SM, would signal new physics beyond the SM.

Topologically, the NC02 diagrams with at least one boson decaying into a fermion-antifermion pair
are identical to s-channel fermion-antifermion pair production with a radiative photon or additional
pair-production attached to the initial state. This shows again the problem of the signal definition,
i.e., what is considered as radiative correction to fermion-pair production, and what is considered as
genuine four-fermion production, now from the side of four-fermion production.

Pair production of charged bosons, e+e−→ W+W−, proceeds through both charged-current t-
channel and neutral-current s-channel interactions as shown in Figure 3.19. The set of these three
diagrams is called CC03 [62]. The s-channel diagrams are particularly interesting because they appear
as a consequence of the triple gauge boson vertices γW+W− and ZW+W− which are expected due to
the non-Abelian nature of the electroweak gauge group SU(2)L. Measurement of W-pair production
thus tests the Standard Model of electroweak interactions in this very fundamental area.

e+ γ/Z

e

e− γ/Z

e+

γ/Z

e

e−

γ/Z

Figure 3.18: Feynman diagrams in γ/Z-pair production in e+e− interactions. The u-channel diagram
exists for pair-production of identical bosons.

e+ W+

νe

e− W−

e+

e−
γ

W+

W−

e+

e−
Z

W+

W−

Figure 3.19: Feynman diagrams in W-pair production in e+e− interactions.

3.2.1 Born Level

3.2.1.1 Helicity Amplitudes

The matrix element for W-pair production in e+e− interactions, e+e−→ W+W−, is a sum of three
contributions corresponding to s-channel γ and Z exchange and t-channel neutrino exchange. The
decomposition in terms of helicity amplitudes is given by:

M(σ, σ̄,λ, λ̄) = Mγ(σ, σ̄,λ, λ̄) + MZ(σ, σ̄,λ, λ̄) + Mν(σ, σ̄,λ, λ̄) , (3.106)
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Figure 5.53: Determination of the W-boson mass from the W-pair cross section measured at the
kinematic threshold. The χ2 of the average is calculated based on the uncorrelated errors.
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5.10.2.4 Direct Reconstruction Method

At higher centre-of-mass energies, the sensitivity of the total W-pair cross section to the W mass is
much reduced. On the other hand, more WW events are available due to the higher cross section,
allowing to apply the method of direct reconstruction.

The fermions in selected W-pair events, e+e− → ffff(γ) are reconstructed, yielding the energy,
E, and polar and azimuthal angle, θ and φ of the visible fermions. Invariant masses of W decay
products are calculated for fully hadronic and semileptonic W-pair events, e+e− → qqqq(γ) and
e+e− → qq$ν(γ), respectively, while in e+e− → $ν$ν(γ) the presence of two neutrinos does not allow
a measurement of the W mass with this method.

The laboratory system coincides with the CM system of the W pair produced in e+e− interac-
tions, e+e−→ W+W−, simplifying the kinematic analysis of the events. A kinematic fit imposing
four-momentum conservation and equal mass of the two W bosons allows the determination of the un-
measured neutrino kinematics and improves the resolutions in the kinematics of the measured fermions
by a factor of three to four. The spectra of reconstructed invariant masses are shown in Figure 5.54.

A difficulty associated with qqqq(γ) events is the assignment of hadronic jets to W bosons. A priori
there are three possibilities to group 4 jets into two pairs, (1,2)(3,4), (1,3)(2,4), and (1,4)(2,3). There
are several algorithms to solve this ambiguity. For example, one can chose the combination with the
smallest mass difference, or the combination with the largest sum of the two masses. It is also possible
to let the kinematic fit evaluate the combinations by imposing an equal mass constraint in addition.
In that case a kinematic fit is performed for each of the three possibilities. The kinematic fit with
the largest fit probability is most likely indicating the correct combination. In contrast to correctly
paired four-jet events, the invariant mass distribution of the incorrectly paired events is much broader,
as shown in Figure 5.54. In order to recover events, also the second best pairing is included in the
mass determination. This is possible because the W-mass values extracted from correct and incorrect
pairings are uncorrelated.
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Figure 5.54: Distribution of invariant masses reconstructed in W-pair events selected by L3 at
√

s =
183 GeV [218]. Left: semileptonic events; right: hadronic events.
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Source Systematic Uncertainty in MeV

on mW on ΓW

qq!ν! qqqq Combined

ISR/FSR 8 5 7 6

Hadronisation 13 19 14 40

Detector effects 10 8 9 23

LEP energy 9 9 9 5

Colour reconnection − 35 8 27

Bose-Einstein Correlations − 7 2 3

Other 3 10 3 12

Total systematic 21 44 22 55

Statistical 30 40 25 63

Statistical in absence of systematics 30 31 22 48

Total 36 59 34 83

Table 7.3: Error decomposition for the combined LEP W mass and width results using the
direct reconstruction method. Information from cross-section measurements at the W-pair
production threshold are not included in the W-mass uncertainties. Detector effects include
uncertainties in the jet and lepton energy scales and resolution. The ‘Other’ category refers to
errors, all of which are uncorrelated between experiments, arising from: simulation statistics,
background estimation, four-fermion treatment, fitting method and event selection. The error
decomposition in the qq!ν! and qqqq channels refers to the independent fits to the results from
the two channels separately. Large correlated uncertainties, mainly from FSI, lead to a reduced
weight of measurements contributing to the average result and thus an increased statistical
uncertainty both in the qqqq channel and for the LEP combination.

to 37 − 42 MeV.
A cross-check of the LEP energy determination is performed by analysing e+e− → Z + γ →

ff + γ events with hard ISR photons, mostly emitted at small polar angles with respect to
the beam directions. In these events with a so-called radiative return to the Z, the mass of
the 2-fermion system is calculated from the fermion production angles only, assuming energy-
momentum conservation. The mass spectrum exhibits a peak around the Z mass value. Com-
paring the Z mass, mff

Z , determined from this spectrum with the precise value of mZ measured
at Z pole energies [2] is equivalent to a test of the LEP centre-of-mass energy (see Appendix C
for further details):

∆
√

s =
√

s −
√

sLEP =
√

s
mff

Z − mZ

mZ
, (7.4)

with the nominal value of
√

sLEP [156] provided by the LEP energy working group. When
combining all available LEP data [87, 162, 163, 164] with Z decays to hadrons, and to electron,
muon, and tau pairs, the difference is found to be

135

Sistema:che	
  teoriche	
  rela:ve	
  allo	
  
scambio	
  di	
  gluoni	
  tra	
  i	
  4	
  quark	
  
dello	
  stato	
  finale	
  (solo	
  nel	
  canale	
  
completamente	
  adronico)	
  

Modelli	
  di	
  adronizzazione:	
  	
  il	
  
processo	
  che	
  trasforma	
  quark	
  
colora:	
  in	
  geJ	
  di	
  par:celle	
  
adroniche	
  neutre	
  di	
  colore	
  



Misura	
  di	
  precisione	
  di	
  
mW	
  	
  (ricostruzione	
  direCa)	
  

(non-4q) [GeV]WM
80.0 80.2 80.4 80.6 80.8 81.0

ALEPH  0.060±80.429 

DELPHI  0.075±80.339 

L3  0.071±80.212 

OPAL  0.063±80.449 

LEP  0.036±80.372 
correl. with 4q = 0.20

LEP W-Boson Mass

(4q) [GeV]WM
80.0 80.2 80.4 80.6 80.8 81.0

ALEPH  0.080±80.475 

DELPHI  0.137±80.311 

L3  0.080±80.325 

OPAL  0.083±80.353 

LEP  0.059±80.387 
correl. with non-4q = 0.20

LEP W-Boson Mass

Figure 7.2: The W mass measurements in the W+W− → qq!ν! channels (top), and the
W+W− → qqqq channel (bottom) obtained by the four LEP collaborations (as published)
compared to the combined value. Correlations between experiments and between measure-
ments at different energy points are properly taken into account. The combined non-4q and 4q
results are correlated since they are obtained from a fit to both channels taking into account
inter-channel correlations. For the LEP combination, the assessment of systematic uncertain-
ties due to colour reconnection and Bose-Einstein correlations for the individual measurements
of the four experiments is revised with respect to the direct LEP measurements of FSI.
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 [GeV]WM
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ALEPH  0.051±80.440 

DELPHI  0.067±80.336 

L3  0.055±80.270 
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Figure 7.1: The measurements of the W-boson mass obtained by the four LEP collaborations
(as published) together with the LEP combined result. The combined value includes correla-
tions between experiments, between different energy points, and between the qq!ν! and qqqq
channels. A revised estimation of systematic uncertainties due to colour reconnection and
Bose-Einstein correlations is applied to the input of the individual measurements to the LEP
combined results in order to take the direct determination of FSI parameters into account.
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Figure 5.45: Monte Carlo simulation of the transverse lepton-neutrino mass (left) and the transverse
lepton energy (right) for DØ [213]. The solid lines show the distributions at generator level with
the transverse W momentum set to zero. The dots show the distributions when the transverse W
momentum is included according to the W production model, modifying the transverse lepton energy
but not the transverse lepton-neutrino mass. The shaded area show the spectra when the resolution
of the detector, here DØ, is included, visibly affecting the transverse lepton-neutrino mass but not the
transverse lepton energy.
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Figure 5.46: Distributions of (a) the transverse electron-neutrino mass and (b) the transverse electron
energy as observed in W → eν events selected by the DØ experiment [213]. The solid line shows the
fit result including background. The arrows indicate the fit region. In addition to the χ2/d.o.f , the
Kolmogorov-Smirnov probability is given. The shaded part denotes the background.
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Figure11. Monte Carlo simulations of the transverse mass spectrum for different W -
boson widths. The normalization is arbitrary. (From Ref. 31.)

An alternative method for measuring MW employs the lepton pT dis-
tribution, which cuts off around MW /2. However, unlike MW

T , the p!
T

distribution depends on the W boost, and therefore on the transverse mo-
mentum pW

T with which the W was produced. It is difficult to compute
pW

T by theoretical means, especially in the low pT region, and it is best
to extract it from data. For this purpose the Tevatron experiments have
used the observed pZ

T distribution, which has a similar shape, but fewer
events. Hence, in Run I this method was statistically limited, but offers
good prospects for Run II. The expected precision of the MW measurements
at the Tevatron by the two methods is shown in Table 5.

Jacobian peaks

Vittorio Raoul Tavolaro Measurement of the W Boson Mass using 2.2 fb�1 of CDF II Data 10
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CDF Detector

Inner silicon tracker, outer tracking drift chamber, COT, 1.4 T m. f. inside
trackers, EM and Had calorimeters, muon system (CMU, CMP, CMX)

Vittorio Raoul Tavolaro Measurement of the W Boson Mass using 2.2 fb�1 of CDF II Data 13



Misura	
  di	
  precisione	
  di	
  
mW	
  	
  a	
  CDF	
  

Momentum calibration

⌥(1s) ⌥(2s)

Vittorio Raoul Tavolaro Measurement of the W Boson Mass using 2.2 fb�1 of CDF II Data 20

Momentum calibration

Combined momentum scale from J/ and ⌥(1s) applied to Z and W
samples

Consistent with world average mZ = 91188 ± 2 MeV

Overall momentum scale �p/p = (�129 ± 9)10�5

In 2007 was �p/p = (�150 ± 21)10�5

Vittorio Raoul Tavolaro Measurement of the W Boson Mass using 2.2 fb�1 of CDF II Data 21

Accurata	
  misura	
  della	
  
calibrazione	
  della	
  
misura	
  del	
  momento	
  
trasverso	
  dei	
  muoni	
  
u:lizzando	
  campioni	
  di	
  
controllo:	
  J/ψ	
  àµµ	
  
Y(1s)àµµ	
  +	
  Zàµµ	
  	
  

Momentum calibration
Measure of J/ mass as a function of inverse muon pT

Non zero
intercept :
scale
correction
relevant for
Z and W
decays

Non zero
slope:
remaining
unmodeled
IEL even
after
material
tuning

�MW = 7 MeV

⌅ non uniformities in tracker m.f. corrected removing dependence of J/ 
mass from muon mean polar angle

⌅ scale dependence on < 1/pT > removed scaling tracker material

Vittorio Raoul Tavolaro Measurement of the W Boson Mass using 2.2 fb�1 of CDF II Data 19



Misura	
  di	
  precisione	
  di	
  
mW	
  a	
  CDF	
  

Energy calibration
EM calorimeter energy scale is set using E/p electron distribution

�MW = 13 MeV

⌅ EM calorimeter non-linearity from E/p fits as a transverse energy
⌅ tail to tune absolute number of X0 in tracker

Same with Z �! ee samples
Vittorio Raoul Tavolaro Measurement of the W Boson Mass using 2.2 fb�1 of CDF II Data 23
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Recoil calibration

Recoil �!u : vector sum of transverse energy over all
EM and Had towers for |⌘| < 2.4, explicitly removing
lepton towers.

Two components
⌅ soft “spectator interaction” component, randomly oriented =) minimum

bias event with tunable magnitude
⌅ hard jet component, opposite to pT (W) =) pT dependent,

logarithmically increasing in pT , following Z data
R ⌘ urec/utrue = a log(utrue + b)/ log(15 + b)

Vittorio Raoul Tavolaro Measurement of the W Boson Mass using 2.2 fb�1 of CDF II Data 25

Recoil calibration
Z �! ll because we need to reveal both decay products

⌘ axis defined as the geometric bisector of two leptons, ⇠ axis ? ⌘
Mean and rms of recoil projection as a function of pT (ll)

Tuning of hadronic model parameters (minimum �2)
Vittorio Raoul Tavolaro Measurement of the W Boson Mass using 2.2 fb�1 of CDF II Data 26

Recoil calibration

Recoil �!u : vector sum of transverse energy over all
EM and Had towers for |⌘| < 2.4, explicitly removing
lepton towers.

Two components
⌅ soft “spectator interaction” component, randomly oriented =) minimum

bias event with tunable magnitude
⌅ hard jet component, opposite to pT (W) =) pT dependent,

logarithmically increasing in pT , following Z data
R ⌘ urec/utrue = a log(utrue + b)/ log(15 + b)

Vittorio Raoul Tavolaro Measurement of the W Boson Mass using 2.2 fb�1 of CDF II Data 25

Recoil calibration

Tuned hadronic recoil model tested on W �! l⌫

Substantial improvement in model accuracy led to

�MW = 7 MeV

In 2007 was 20 MeV

Vittorio Raoul Tavolaro Measurement of the W Boson Mass using 2.2 fb�1 of CDF II Data 27
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Mass fits
Binned maximum-likelihood fit to pT (l), pT (⌫), mT for each lepton channel

Vittorio Raoul Tavolaro Measurement of the W Boson Mass using 2.2 fb�1 of CDF II Data 30

Uncertainities

Vittorio Raoul Tavolaro Measurement of the W Boson Mass using 2.2 fb�1 of CDF II Data 33

Errore	
  Teorico	
  importante:	
  
	
  
1.  PDF	
  à	
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  le	
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  dei	
  prodoJ	
  di	
  
decadimento	
  nel	
  lab	
  frame	
  

2.  QED	
  à	
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  bisogno	
  di	
  
implementare	
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αe.m.

3	
  per	
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80200 80400 80600

Mass of the W Boson

 [MeV]WM March 2012

Measurement  [MeV]WM

CDF-0/I  79±80432 

-I∅D  83±80478 

CDF-II )-1(2.2 fb  19±80387 

-II∅D )-1(1.0 fb  43±80402 

-II∅D )-1 (4.3 fb  26±80369 

Tevatron Run-0/I/II  16±80387 

LEP-2  33±80376 
World Average  15±80385 

Figure 1: Summary of the measurements of the W boson mass and their average as of
March 2012. The result from the Tevatron corresponds to the values in this note (see
Table 3) which include corrections to the same W boson width (2092.2 MeV) and PDFs.
The LEP II result is from Ref. [24]. An estimate of the world average of the Tevatron
and LEP results assuming no correlations between the Tevatron and LEP is included.
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Figure F.1: The comparison of the indirect constraints on mW and mt based on LEP-I/SLD data
(dashed contour) and the direct measurements from the LEP-II/Tevatron experiments (solid
contour). In both cases the 68% CL contours are plotted. Also shown is the SM relationship
for the masses as a function of the Higgs mass in the region favoured by theory (< 1000 GeV)
and allowed by direct searches (dark green bands). The arrow labelled ∆α shows the variation
of this relation if α(m2

Z) is changed by plus/minus one standard deviation. This variation gives
an additional uncertainty to the SM band shown in the figure.
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Figure F.2: The 68% confidence level contour in mW and mH for the fit to all data except the
direct measurement of mW, indicated by the shaded horizontal band of ±1 sigma width. The
vertical bands show the 95% CL exclusion ranges on mH from the direct searches.
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Source ∆ΓW (MeV)
Electron response model 33
Electron resolution model 10
Hadronic recoil model 41
Electron efficiencies 19
Backgrounds 6
PDF 20
Electroweak radiative corrections 7
Boson pT 1
MW 5
Total Systematic 61

TABLE I: Systematic uncertainties on the measurement of
ΓW .

template divided by the data statistical uncertainty.
The methodology used to extract the width in this

Letter is tested using W and Z boson events produced by
a pythia/geant-based simulation and the same analysis
methods used for the data. The fast MC simulation is
separately tuned for this study. Good agreement is found
between the fitted ΓW value and the input ΓW value
within the statistical precision of the test.

The ΓW result obtained using the MT spectrum is in
agreement with the predictions of the SM. We get con-
sistent values of the W boson width from fits to the pe

T

distribution (2.012 ± 0.046 (stat) GeV) and the /ET dis-
tribution (2.058± 0.036 (stat) GeV). The width can also
be estimated directly from the fraction of events with
MT > 100 GeV, and this gives ΓW = 2.020±0.040 (stat)
GeV. The results are stable within errors when the data
sample is divided into different regions of instantaneous
Tevatron luminosity, run epoch, and different restrictions
on uT , electron ηD, "uT ·p̂T (e) and fiducial cuts on electron
azimuthal angle.

As a further cross check of the recoil library method we
also use it to measure the W boson mass using the MT

distribution over the region 65 < MT < 90 GeV. A value
of MW = 80.404±0.023 (stat)±0.038 (syst) GeV is found,
in good agreement with the result, MW = 80.401 ±
0.023 (stat)± 0.037 (syst) GeV, obtained using the same
data set and the parameterized recoil model [12].

In conclusion, we have presented a new direct mea-
surement of the width of the W boson using 1 fb−1

of data collected by the D0 detector at the Tevatron
collider. A method to simulate the recoil system in
W → eν events using a recoil library built from Z → ee
events is used for the first time. Our result, ΓW =
2.028 ± 0.039 (stat) ± 0.061 (syst) = 2.028 ± 0.072 GeV,
is in agreement with the prediction of the SM and is the
most precise direct measurement result from a single ex-
periment to date.
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Run-I Run-II

CDF-Ia CDF-Ib D0-Ib CDF D0

CDF-Ia 1.00 0.02 0.02 0.03 0.03

CDF-Ib 1.00 0.03 0.04 0.04

D0-I 1.00 0.07 0.07

CDF-II 1.00 0.09

D0-II 1.00

Table 4: Matrix of global correlation coefficients among the 5 measurements
of Table 2.

1600 2000 2400

Width of the W Boson

 [MeV]WΓ February  2010

Measurement  [MeV]WΓ

 / dof = 1.4 / 42χ

SM
* (Preliminary)

CDF-Ia  329±2,032 

CDF-Ib  138±2,043 

-I∅D  172±2,242 

CDF-II  72±2,033 

-II∅D  72±2,034 

Tevatron Run-I/II  49±2,046 

LEP-2*  83±2,196 

 42±World Av.* = 2,085 

Figure 1: Comparison of measurements of the width of the W -boson and
their average. The most recent preliminary result from LEP-2 [20] and the
Standard Model prediction are also shown. The Tevatron values are corrected
for small inconsistencies in theoretical assumptions among the original pub-
lications .
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s = 1.96 TeV by the D0 detector at the Fermilab Tevatron pp̄ collider are

analyzed. We use the same methods and data sample that were used for our recently published W
boson mass measurement, except for the modeling of the recoil, which is done with a new method
based on a recoil library. Our result, 2.028± 0.072 GeV, is in agreement with the predictions of the
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The gauge structure of the standard model (SM) of
electromagnetic, weak, and strong interactions tightly
constrains the properties and interactions of the carriers
of these forces, the gauge bosons. Any departure from
its predictions would be an indication of physics beyond
the SM. The W boson is one of the carriers of the weak

force and has a predicted decay width of
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Figure 1: A possible location of the Future Circular Collider in the
Geneva area.

would also give an excellent opportunity to perform pre-
cision measurements at the Z pole, at the WW produc-
tion threshold and at the tt̄ production threshold, provid-
ing a unique discovery potential by combining precision
measurements and direct searches (e.g. search for right-
handed neutrinos [3]).

The present conceptual design of the machine is
driven by the requirement of precision Higgs physics
at a centre-of-mass energy of 240 GeV and foresees a
power consumption a factor five higher than LEP, still
manageable, with a multi-bunch scheme. The same total
power can be exploited to increase the centre-of-mass
energy, with a reduction of the number of bunches and,
consequently, of the luminosity. This way the tt̄ produc-
tion threshold can be reached, opening a window to top
physics and in particular to a precise measurement of
the top mass. On the other hand, the centre-of-mass en-
ergy can be lowered and the RF power used to increase
considerably the number of bunches and, therefore, the
luminosity. Recent studies [4] have shown that at the Z
one can introduce ”crab waist” collision techniques and
increase the luminosity even further.

The FCC-ee design is based on an accelerator ring
with a storage ring delivering continuous top-up injec-
tion. The storage ring compensates for the small beam
lifetime caused by Bhabha scattering and loss of par-
ticles in collisions, providing a constant level of lumi-
nosity [5]. The multi bunch operation foresees more
than16000 bunches with beams of 45.6 GeV (Z Pole)
and about 100 bunches with beams of 175 GeV (tt̄ pro-
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Dashed lines : Possible energy and luminosity upgrades

Figure 2: Instantaneous luminosity, in units of 1034cm�2s�1, expected
at FCC-ee (full red line), in a configuration with four interaction points
operating simultaneously, as a function of the centre-of-mass energy.
For illustration, the luminosities expected at linear colliders, ILC (blue
line) and CLIC (green line), are indicated in the same graph. The plot
includes further luminosity and energy upgrades for ILC and FCC-ee
(dashed lines), under discussion at the time of writing these proceed-
ings.

duction threshold). Figure 2 shows the FCC-ee expected
instantaneous luminosity as a function of the centre-of-
mass energy, if the luminosity is delivered at four inter-
action points. The highest luminosity is reached at the Z
pole, as expected from the previous considerations. The
behaviour is clearly complementary to linear colliders:
much higher luminosity can be reached at a centre-of-
mass energy well above 350 GeV, while linear colliders
can potentially reach a much higher centre-of-mass en-
ergy.

3. Physics at the Z pole

A unique feature of an electron positron circular col-
lider is the possibility to perform a high precision mea-
surement of one of the pillars of electroweak fits: the Z
mass trough the line-shape scan. Here the key point is
the knowledge of the centre-of-mass energy during the
scan, which is by far the dominating systematic uncer-
tainty in the Z mass measurement. At LEP a precision
of 2 ⇥ 10�5 was reached [6] with the technique of res-
onant depolarisation [7]. At FCC, as explained below,
the precision could be increased by at least one order of
magnitude: this method would lead to an uncertainty of
100 keV on both the Z mass and width.

In a circular collider, transverse polarisation builds
up naturally because of the Solokov-Ternov e↵ect [8],
which is related to bremsstrahlung. A magnet providing
horizontal B field, positioned along the ring, can be used
to tilt the electron spin, inducing Thomas precession. If
the electron spin turns out to be in phase at next turn, the
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Polarizzazione della W⇒eνe 
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Nel riferimento del c.m. della W :"
 l’energia dell’elettrone >> me. chiralità ≈ elicità!

V–A ⇒ W si accoppia solo a! fermioni con !elicità –!
antifermioni con !elicità +!
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N.B. Se fosse stato V+A!

L’asimmetria avanti-indietro è conseguenza della violazione di P 

Per distinguere V–A da V+A sono necessarie misure di polarizzazione 
dell’elettrone 
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N.N.B: nel caso di W+ l’elicita’ del leptone e del neutrino è invertita e sarà 
favorita l’emissione lungo l’asse dell’antiprotone  Jz’(fin.)=+1 	
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Selezionati 132 eventi con carica dell’elettrone ben 
definita e pL

ν ben determinato dalla cinematica!
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Polarizzazione della W⇒eνe 

Occorre determinare la componente longitudinale del momento 
del neutrino imponendo la massa del W al valore misurato	



N.B. nell’articolo originale di 
UA1 θ* misurato a partire dalla 
direzione del fascio di anti-
protoni cos(θ*) à - cos(θ*

UA1)	





Un po’ di cinematica...
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Asimmetria W

+/W�

Passiamo ora alla misura dell’asimmetria nella produzione di W

+

e W

�
:
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Una misura di quest’ asimmetria e’ molto sensibile alle di↵erenze fra le pdf u e d nella

regione Q

2 ' M

2

W

; possiamo percio’ sfruttarla per ottenere informazioni

sull’andamento del loro rapporto

u

d

in funzione di x .
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Cinematica di pp̄ ! W ! e⌫

Analogamente a prima:

x

1

=
M

Wp
s

e

y

W

x
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Wp
s

e

�y

W

Se ci limitiamo a vedere il bosone W

+

,

l’accoppiamento V � A fa si’ che il numero

degli eventi in funzione dell’angolo di

decadimento sia (1� cos✓⇤)

2

; se, pero’,

teniamo conto del contributo dei quark del

mare, ci sara’ anche una componente con

l’andamento (1 + cos✓⇤)

2

:
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Asimmetria e

+/e�

Nell’e↵ettuare la misura possiamo

servirci solo delle particelle che

osserviamo; definiamo percio’

l’asimmetria elettrone-positrone in

funzione della loro pseudorapidita’:

A(⌘
e

) =
d�(e+)/d⌘

e

� d�(e�)/d⌘
e

d�(e+)/d⌘
e

+ d�(e�)/d⌘
e

Come si puo’ notare dalla figura gli andamenti

delle due asimmetrie sono di↵erenti; in

particolare e’ da notare il cambiamento di

segno nell’asimmetria elettrone-positrone.
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Distribuzioni bosone � leptone

Se andiamo ad osservare le distribuzioni dei
W

± e dei corrispettivi leptoni di decadimento,
notiamo quale sia il motivo del cambio di segno:

In base ad alcune considerazioni di spin

possiamo capire il perche’ le distribuzioni

abbiano questa forma:

u

(�! · ( � d̄ W

+ · �! e

+

( � · (�! ⌫
e

Il caso dell’altro bosone carico e’ del tutto analogo e quello che si nota e’ che, in

entrambi i casi, il leptone di decadimento tende ad andare nella direzione opposta

rispetto a quella del W ; questo fa si’ che le distribuzioni per e

+ � e

�
risultino

leggermente spostate verso rapidita’ minori in modulo.
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Come risolvere il problema?

Quello che possiamo fare e’ imporre il valore della massa del bosone W ; a
questo punto l’impulso del neutrino (o dell’antineutrino), puo’ essere dedotto a
meno del segno, informazione che pero’ possiamo ricostruire parzialmente dalla
conoscenza della distribuzione angolare del decadimento prevista
dall’accoppiamento V � A.
Parametrizziamo la distribuzione in questo modo:

P±(cos✓⇤, y
W

, PW

T

) = (1⌥ cos✓⇤)2 + Q(y
W

, PW

T

)(1± cos✓⇤)2

Notiamo che Q(y
W

, PW

T

) e’ il termine che deve tenere in conto del contributo
alla produzione dei W dei quark del mare; inoltre, in generale, dobbiamo
utilizzare quanto trovato per pesare opportunamente le varie soluzioni:

wt

±
1,2 =

P±(cos✓⇤
1,2, y1,2, P

W

T

)�±(y
1,2)

P±(cos✓⇤
1

, y
1

, PW

T

)�±(y
1

) + P±(cos✓⇤
2

, y
2

, PW

T

)�±(y
2

)

Come si puo’ vedere, questo e’ un processo iterativo, in quanto i pesi sono

funzioni delle sezioni d’urto che intendiamo misurare.
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Risultati

Come si puo’ vedere nella prima figura, il Run I e’ riuscito ad arrivare ad |⌘| = 2

mentre con il Run II e l’esperimento presentato, il cui risultato e’ presentato

nella seconda figura, si e’ potuti arrivare ad |⌘| = 2.8, riuscendo percio’ a

ricavare informazione in una regione in cui le pdf non sono mai state misurate.
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Cosa si puo’ fare ad LHC?

Tevatron �! p � p̄ (l’asimmetria di produzione dipende dalla forma delle pdf)

LHC �! p � p (l’asimmetria dipende dall’integrale di quark ed antiquark)

In un collider protone-protone non

sarebbe possibile, tramite una

misura di questo tipo, stabilire la

forma del rapporto

u

d

; se non altro

perche’ la produzione di W

+

sarebbe sicuramente maggiore di

quella dei W

�
data la presenza di

due quark u nel protone (contro

un solo quark u).
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FIG. 5 (color online). Muon pT > 25 GeV data sample. Examples of the extraction of theW → μν signal from fits to ET distributions
of W → μν candidates in data: 0.0 ≤ jηj < 0.2 (a), (b), 1.0 ≤ jηj < 1.2 (c), (d), and 2.1 ≤ jηj < 2.4 (e), (f). The fits to Wþ → μþν and
W− → μ−ν̄ candidates are in panels (a), (c), (e) and (b), (d), (f), respectively. The ratios between the data points and the final fits are
shown at the bottom of each panel. The dark shaded band in each ratio plot shows the statistical uncertainty in the shape of the MC ET
distribution, and the light shaded band shows the total uncertainty, including all systematic uncertainties as discussed in Sec. VI.
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CT10 error set is used to estimate the bin-to-bin correla-
tions. The PDF uncertainties are about 10% of the total
experimental uncertainty.

4. W-boson qT modeling

To improve the agreement between data and simulation,
the W-boson qT spectrum is weighted using weight factors
determined by the ratios of the distribution of boson qT for
Z=γ! → μþμ− events in data and MC simulation. We
assume that the corrections are the same for W and Z
events. This assumption is tested using two different sets of
MC simulations: one from the POWHEG event generator and
the other from MADGRAPH [43]. Here, the MADGRAPH

simulation is treated as the “data,” and the ratio of Z-boson
qT of the MADGRAPH and POWHEG simulations is com-
pared to the same ratio in simulated W-boson events. This
double ratio is parametrized using an empirical function to
smooth the statistical fluctuations, and additional weights
are obtained using the fitted function. We weight the
POWHEG simulation to be close to the MADGRAPH simu-
lation and measure the asymmetry again. The deviation of
Araw is taken as the systematic uncertainty due to mis-
modeling of W-boson qT. The default boson qT weighting
is based on the POWHEG simulation.

E. Total systematic uncertainty

Table II summarizes the systematic uncertainties in all jηj
bins. For comparison, the statistical uncertainty in each jηj
bin is also shown. The dominant systematic uncertainties
come from muon efficiencies, QCD background, and the
muon momentum correction. The correlation matrix of
systematic uncertainty among jηj bins is reported in
Table III. The correlations among jηj bins are small and
do not exceed 37% and 14% for muon pT thresholds of 25
and 35 GeV, respectively. Much of the correlation is due to
the systematic uncertainties in FSR and QCD background.
The total covariance matrix, including both statistical and
systematic uncertainties, is provided as Supplemental
Material [44].

VII. RESULTS AND DISCUSSION

The measured asymmetries A, after all the corrections,
are shown in Fig. 7 as a function of muon jηj and
summarized in Table IV. In Fig. 7 both statistical and
systematic uncertainties are included in the error bars.
These asymmetries are compared to predictions based on
several PDF sets. The theoretical predictions are obtained
using the FEWZ 3.1 [38] NLO MC calculation interfaced
with the CT10 [3], NNPDF2.3 [45], HERAPDF1.5 [46],
MSTW2008 [2], and MSTW2008CPdeut [15] PDF sets.
No EW corrections are included in these calculations. The
numerical values of the theoretical predictions are shown in
Table IV. We cross-check the theoretical predictions using
the DYNNLO 1.0 [47,48] MC tool, and the agreement

between the FEWZ 3.1 and DYNNLO 1.0 is within 1%.
The predictions using the CT10 and HERAPDF1.5
PDF sets are in good agreement with the data. The
predictions using the NNPDF2.3 PDF set (which include
the previous CMS electron charge asymmetry result and
other LHC experimental measurements [45]) are also in
good agreement with the data. The predictions using the
MSTW2008 PDF set are not in agreement with the data, as
seen in our previous analyses [10,12]. The more recent
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FIG. 7 (color online). Comparison of the measured muon
charge asymmetries to the NLO predictions calculated using
the FEWZ 3.1 [38] MC tool interfaced with the NLO CT10 [3],
NNPDF2.3 [45], HERAPDF1.5 [46], MSTW2008 [2], and
MSTW2008CPdeut [15] PDF sets. No EW corrections have
been considered in these predictions. Results for muon pT > 25
and > 35 GeV are shown in panels (a) and (b), respectively. The
vertical error bars on data points include both statistical and
systematic uncertainties. The data points are shown at the center
of each jηj bin. The theoretical predictions are calculated using
the FEWZ 3.1 [38] MC tool. The PDF uncertainty for each PDF set
is shown by the shaded (or hatched) band and corresponds
to 68% C.L.
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valence-quark distributions are shown at the scale rel-
evant for the W-boson production, Q2 ¼ m2

W . The results
at Q2 ¼ 1.9 GeV2 can be found in supplemental material.
A change in the shapes of the light-quark distributions
within the total uncertainties is observed. The details of
the effect on the experimental PDF uncertainty of u
valence, d valence, and d=u distributions are also given
in supplemental material.
In the next step of the analysis, the CMS W þ charm

measurements are used together with the HERA DIS

data and the CMS muon charge asymmetry. Since both
CMS W-boson production measurements are sensitive to
the strange-quark distribution, a free-s fit can be
performed. The advantage of including these two
CMS data sets in the 15-parameter fit occurs because
the d-quark distribution is significantly constrained by
the muon charge asymmetry data, while the strange-
quark distribution is directly probed by the associated
W þ charm production measurements. In the free-s fit,
the strange-quark distribution sðx;Q2Þ and the strange-
quark fraction Rsðx;Q2Þ ¼ ðsþ s̄Þ=ðūþ d̄Þ are deter-
mined. The global and partial χ2 values for each data
set are listed in Table V, where the χ2 values illustrate a
general agreement among all the data sets.
In Fig. 12, the resulting NLO parton distributions are

presented at Q2
0 ¼ 1.9 GeV2 and Q2 ¼ m2

W . The strange
quark distribution sðx;Q2Þ and the ratio Rsðx;Q2Þ are
illustrated in Fig. 13 at the same values of Q as in
Fig. 12. The total uncertainty in Fig. 12 is dominated by
the parametrization uncertainty in which most of the
expansion in the envelope is caused by the decoupling
parameter choice Bs̄ ≠ Bd̄. The strange-quark fraction
rises with energy and reaches a value comparable to
that of u and d antiquarks at intermediate to low x.
Also, a suppression of Rs at large x is observed, which
scales differently with the energy. This result is con-
sistent with the prediction provided by the ATLAS
Collaboration [68], where inclusive W- and Z-boson
production measurements were used to determine
rs ¼ 0.5ðsþ s̄Þ=d̄. In Ref. [68], the NLO value of rs ¼
1.03 with the experimental uncertainty %0.19exp is
quoted at x ¼ 0.023 and Q2 ¼ 1.9 GeV2. In the frame-
work used, the two definitions of the strange-quark
fraction are very similar at the starting scale Q2

0 and the
values Rs and rs can be directly compared.
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FIG. 11 (color online). Distributions of u valence (top) and d
valence (bottom) quarks as functions of x at the scale Q2 ¼ m2

W .
The results of the 13-parameter fixed-s fit to the HERA data and
muon asymmetry measurements (light shaded band), and to
HERA only (dark hatched band) are compared. The total PDF
uncertainties are shown. In the bottom panels the distributions are
normalized to one for a direct comparison of the uncertainties.
The change of the PDFs with respect to the HERA-only fit is
represented by a solid line.

TABLE V. Global χ2=ndof and partial χ2 per number of data
points ndp for the data sets used in the 15-parameter QCD
analysis.

Data sets
Global
χ2=ndof

Partial
χ2=ndp

DIS, dσWþc
dηl , AðημÞ 598=593

NC cross section HERA I H1þ ZEUS
e−p

107=145

NC cross section HERA I H1þ ZEUS
eþp

417=379

CC cross section HERA I H1þ ZEUS
e−p

20=34

CC cross section HERA I H1þ ZEUS
eþp

36=34

CMS W% muon charge asymmetry
AðημÞ

14=11

CMS W þ c cross section dσWþc
dηl

5=5
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In the free-s fit, the strangeness suppression
factor is determined at Q2 ¼ 20 GeV2 to be κs ¼
0.52þ0.12

−0.10ðexpÞþ0.05
−0.06ðmodelÞþ0.13

−0.10 ðparametrizationÞ, which
is in agreement with the value [65] obtained by the
NOMAD experiment at NNLO.
The impact of the measurement of differential cross

sections of W þ charm production on the strange-quark
distribution and strangeness fraction Rs is also examined by
using the Bayesian reweighting [13,14] technique. The

results qualitatively support the main conclusions of the
current NLO QCD analysis. Details can be found in
supplemental material.

IX. SUMMARY

The W → μν lepton charge asymmetry is measured in
pp collisions at

ffiffiffi
s

p
¼ 7 TeV using a data sample corre-

sponding to an integrated luminosity of 4.7 fb−1 collected
with the CMS detector at the LHC (a sample of more than
20 millionW → μν events). The asymmetry is measured in
11 bins in absolute muon pseudorapidity, jηj, for two
different muon pT thresholds, 25 and 35 GeV. Compared
to the previous CMS measurement, this measurement
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FIG. 12 (color online). Parton distribution functions, shown as
functions of x, obtained by using HERA DIS data and CMS
measurements of W-boson production in the free-s NLO QCD
analysis. Gluon, valence, and sea distributions are presented at
the starting scale Q2

0 ¼ 1.9 GeV2 of the PDF evolution (top) and
the mass squared of theW boson (bottom). The sea distribution is
defined as Σ ¼ 2 · ðūþ d̄þ s̄Þ. The full band represents the total
uncertainty. The individual contributions from the experimental,
model, and parametrization uncertainties are represented by the
bands of different shades. The gluon and sea distributions are
scaled down by a factor of 20.
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FIG. 13 (color online). Antistrange-quark distribution s̄ðx;QÞ
and the ratio Rsðx;QÞ, obtained in the QCD analysis of HERA
and CMS data, shown as functions of x at the scale Q2 ¼
1.9 GeV2 (top) and Q2 ¼ m2

W (bottom). The full band represents
the total uncertainty. The individual contributions from the
experimental, model, and parametrization uncertainties are rep-
resented by the bands of different shades.
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In the free-s fit, the strangeness suppression
factor is determined at Q2 ¼ 20 GeV2 to be κs ¼
0.52þ0.12

−0.10ðexpÞþ0.05
−0.06ðmodelÞþ0.13

−0.10 ðparametrizationÞ, which
is in agreement with the value [65] obtained by the
NOMAD experiment at NNLO.
The impact of the measurement of differential cross

sections of W þ charm production on the strange-quark
distribution and strangeness fraction Rs is also examined by
using the Bayesian reweighting [13,14] technique. The

results qualitatively support the main conclusions of the
current NLO QCD analysis. Details can be found in
supplemental material.

IX. SUMMARY

The W → μν lepton charge asymmetry is measured in
pp collisions at

ffiffiffi
s

p
¼ 7 TeV using a data sample corre-

sponding to an integrated luminosity of 4.7 fb−1 collected
with the CMS detector at the LHC (a sample of more than
20 millionW → μν events). The asymmetry is measured in
11 bins in absolute muon pseudorapidity, jηj, for two
different muon pT thresholds, 25 and 35 GeV. Compared
to the previous CMS measurement, this measurement
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FIG. 12 (color online). Parton distribution functions, shown as
functions of x, obtained by using HERA DIS data and CMS
measurements of W-boson production in the free-s NLO QCD
analysis. Gluon, valence, and sea distributions are presented at
the starting scale Q2

0 ¼ 1.9 GeV2 of the PDF evolution (top) and
the mass squared of theW boson (bottom). The sea distribution is
defined as Σ ¼ 2 · ðūþ d̄þ s̄Þ. The full band represents the total
uncertainty. The individual contributions from the experimental,
model, and parametrization uncertainties are represented by the
bands of different shades. The gluon and sea distributions are
scaled down by a factor of 20.
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FIG. 13 (color online). Antistrange-quark distribution s̄ðx;QÞ
and the ratio Rsðx;QÞ, obtained in the QCD analysis of HERA
and CMS data, shown as functions of x at the scale Q2 ¼
1.9 GeV2 (top) and Q2 ¼ m2

W (bottom). The full band represents
the total uncertainty. The individual contributions from the
experimental, model, and parametrization uncertainties are rep-
resented by the bands of different shades.
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