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The "Invisibles School 2014" is organised in the context of the FP7 funded INVISIBLES ITN (FP7-
PEOPLE-2011-ITN, PITN-GA-2011-289442-INVISIBLES). The School will take place in the beautiful
"Château de Button", in Gif-Sur-Yvette (30 kms from Paris). 
This year's edition of the Invisibles School will focus on several aspects of neutrino physics.
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• Basics of neutrino physics - Renata Zukanovich-Funchal
• Neutrino theory (BSM and phenomenological implications) - Ferrucio Feruglio
• Neutrino experiments (long baseline, solar, atmospheric, reactor and neutrinoless double beta

decay) - Debbie Harris
• Neutrino data analysis - Thomas Schwetz
• Effective theories (with applications for Higgs physics, dark matter and neutrino physics) -

Howard Georgi
• LHC physics - Gilad Perez
• Dark matter and cosmology - Joe Silk
• Neutrinos in cosmology - Julien Lesgourgues
• Statistical methods and data analysis - Glen Cowan
• New geometrical approaches to amplitudes - Stephen Parke

During the School there will also be a series of tutorials and workshops to introduce participants to
research in the field.
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Outline

• Some motivation.	



• Calculating LHC cross sections (Xsection).	



• Parton distribution functions, parton luminosities.

Lecture I:

• Example, top-pair Xsection calculation.	



• Kinematics & jets.	



Lecture II:
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Lecture I: 	



!

Some motivation (SM problems, naturalness); 	



How to calculate Xsections @ the LHC;	



Parton distribution functions (PDFs) parton 
luminosities.  	



!
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Why the LHC? What are the problems of the 
Standard Model* (SM), before the LHC started?

WW/unitarity, 
masses

fine tuning,	


naturalness

neutrino masses flavor puzzle 

dark matter (strong CP)

baryogenesis 
unification, 

charge 
quantisation

* Let’s set quantum gravity aside for simplicity …
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data driven,	


clear scale

conceptual
vague scale

data driven,	


no clear 

reachable scale
conceptual

WW/unitarity, 
masses

fine tuning,	


naturalness

neutrino masses flavor puzzle 

dark matter (strong CP)

baryogenesis 
unification, 

charge 
quantisation

Why the LHC? What are the problems of the 
Standard Model* (SM), before the LHC started?

* Let’s set quantum gravity aside for simplicity …
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Why the LHC? (2 subjective reasons)

• Higgs & unitarity, suggests physics < TeV.	



• Given the Higgs, the  fine tuning problem 
requires new physics at a scale, generically, 
within the reach of the LHC.
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The SM Higgsless Unitarity Problem
LSM = L0 + Lmass
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The physics discovered so far  can be powerfully classified according to a 

gauge principle, except for the terms responsible for the particles’ masses

Mass terms are not invariant under the local SU(2)LxU(1)Y symmetry

Mass terms are responsible for the inconsistency of the theory at high energies:

The scattering of longitudinal W’s and 
Z’s violates unitarity at high energy 

�

The optical theorem
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The SM Higgsless Unitarity Problem

The amplitude for scattering of longitudinal W’s and Z’s grows 
with the energy and eventually violates the unitarity bound:

WL WL

+ +
Z,γ

Z,γ

WL WL

Ex: A(W+
L W�

L �W+
L W�

L ) =
g2
2
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gives a factor 
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�
E
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Unitarity is restored by adding diagrams with intermediate Higgs in them as long as mh <. 800 GeV . 

Mandelstam variables
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Higgs as a solution to the unitarity problem

We can resolve theW+W− → W+W− cross section divergence with two

additional diagrams

but only ifmH < 1 TeV

There is also a theoretical lower limit; if the mass is too small then the weak vacuum

become unstable, however, experiment gives the current best lower limit.
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The Higgs & the fine tuning/naturalness problem

’t Hooft definition of technical naturalness: 	


a parameter is natural if when it’s set to 0 there’s an enhanced symmetry.	



Additive renormaliztion (unnatural parameters):  	


Multiplicative renormalization (natural parameters):  

d�/dlnµ / �g(µ) + f(µ)
d�/dlnµ / �g(µ)

ֿ
The Higgs mass parameter is subject to additive renormalisation. 	


Thus, it is sensitive to microscopic new physics dynamics.
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Figure 2: Dependence of the asymmetries for the LHC on the lepton pt for three di↵erent scale

choices, calculated by POWHEG. The left and right panel show Ac and Al respectively and

middle one shows the ratio Al/Ac. These plots show the ideal SM scenario where no cuts have

been applied.
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Naturalness might give a hint: Higgs mass is additive, sensitive to microscopic 
scales. Within the SM it translates to UV sensitivity:                                        .

See: Giudice (13)

Igor Stravinsky used, when he said “Silence will save me from being wrong, but it
will also deprive me of the possibility of being right.”

The basic observation is that quadratic divergences are fully related to UV physics.
This means that, if the matching condition of the Higgs bilinear at an arbitrary scale
⇤ in the far UV is mH(⇤) ⇡ 0, then mH remains small at all scales below ⇤, as long
as there are no massive thresholds at intermediate energies. This is evident once we
consider the one-loop renormalisation-group equation for mH in the SM

dm2
H

d lnµ
=

3m2
H

8⇡2

 

2�+ y2t �
3g22
4

� 3g21
20

!

. (6)

The Higgs parameterm2
H is onlymultiplicatively renormalised and so SM infrared (IR)

contributions do not bring back the naturalness problem, once it has been eradicated
from the UV. These considerations suggest a possible solution to the naturalness of
the Higgs, which I will call here UV Naturalness. It is based on two assumptions:
(i) a miracle occurs in quantum gravity, which sets m2

H(MPl) to be approximately
zero (i.e. about 34 orders of magnitude smaller than the naive expectation); (ii) if
there are new particles with mass between MPl and mh, then they must be su�ciently
decoupled from the Higgs field.

In his Summa contra gentiles, St. Thomas Aquinas classifies miracles in three
categories. A miracle of the third degree is when God does something that nature
can do, but without intervention of a natural agent (e.g. a storm that suddenly
stops just before the ship sinks). A miracle of the second degree is when God does
something that nature can do, but without respecting the natural temporal order
(e.g. a man regains sight after being blinded or comes back to life after death). The
highest degree of miracle is when God does something that nature can never do (e.g.
parting the waters of the Red Sea or causing the sun to stand still at Gibeon).

We can get inspiration from ancient wisdom and, in a modern Summa contra natu-
ralitatem, classify the degree of quantum-gravity miracles required by the assumption
(i) above. A miracle of the third degree occurs if graviton loops do not a↵ect the Higgs
mass and do not modify the evolution of the SM couplings in the far UV (i.e. in the
transplanckian region). In this case gravity does not introduce a naturalness problem,
but one may need to introduce new physics to avoid the non-asymptotic freedom of
the hypercharge coupling or other possible Landau poles. A miracle of the second
degree corresponds to a situation in which both gravity and the SM are well-behaved:
the Higgs mass is not a↵ected by any large corrections and all couplings reach UV
fixed points. Finally, a first degree miracle would happen if quantum-gravity e↵ects
magically erase any large quantum correction to the Higgs mass generated at any
scale, larger or smaller than MPl. The latter possibility seems utterly implausible
and I will disregard it, since it requires an exact correlation between contributions
occurring at completely di↵erent energy scales. So, resorting to a quantum-gravity
miracle (say of the second or third degree), we can conceive the possibility of a special
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Beyond the SM: any scale that couples to the Higgs (or even to tops, gauge ...)	


will induce a large shift to the Higgs mass,                   .

ducing the problem of tachyonic sleptons [20]. Moreover, it gives a prediction for the
Higgs mass which is comfortably in the right range [27], unlike most natural versions
of supersymmetric models. Finally, it o↵ers a chance for discovery at the high-energy
phase of the LHC through gluino pair production, although it is not guaranteed that
gluinos are kinematically accessible.

UV Naturalness

As I have already mentioned, whenever we encounter a threshold with particles of
mass M , coupled to the Higgs field, we expect that quantum corrections give a con-
tribution

�m2
H ⇡ ↵

4⇡
M2 . (5)

This introduces a naturalness problem.
So let us suppose that no heavy particles coupled to the Higgs exist at all. For the

moment I disregard all indications in favour of new heavy thresholds based on dark
matter, strong CP, baryogenesis, inflation, unification, etc. Nonetheless, there is one
mass scale I cannot dispense with: the Planck mass MPl associated with quantum
gravity. This leads me to consider the following question: Does gravity introduce a
Higgs naturalness problem? In practice, one would like to compute loop diagrams
with two external Higgs lines, involving virtual gravitons and SM particles. Do these
diagrams give a contribution �m2

H / M2
Pl or not? In classical general relativity, the

Planck mass enters only through the combination GN = M
�1/2
Pl , as a coupling with

inverse powers of MPl. Does quantum gravity introduce positive powers of MPl in the
result? One generally expects that the answer is in the a�rmative. Pure gravity loop
diagrams do not contribute to the Higgs mass, because of the Higgs shift symme-
try. But there is no obvious reason why two-loop diagrams involving gravity and top
Yukawa (or Higgs quartic) couplings should vanish. For instance, we can interpret
microscopic black holes as virtual quantum states that contribute at the loop level
to gravitational corrections �m2

H / M2
Pl. However, since we cannot solve quantum

gravity, it is di�cult to make a firm statement. Some authors have considered (either
implicitly or explicitly) [28–38] the hypothesis that quantum gravity may not nec-
essarily introduce any ‘Planckian particles’ and quantum-gravity corrections to the
Higgs mass may be free from positive powers of MPl. Some (still unspecified) miracle
is expected to cure the UV behaviour of gravity and the presence of GN would not
significantly a↵ect the Higgs mass.

Although it goes against e↵ective field-theory intuition, one can conceive the pe-
culiar possibility that quantum-gravity corrections �m2

H / M2
Pl vanish. It has never

been proven to be true, but the opposite hasn’t been proven either. This may not
seem such a scientifically cogent reason, but it follows the same successful logic that

6

Farina, Pappadopulo & Strumia (13)
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Tunning vs. fine tuning/naturalness problem

Flavor puzzle: the parameters’ are small and hierarchical.	


Is the flavor sector fine tuned? mu/mt ~ 10-5 .	



L
fermions

2  ̄L@µ�µ L +  ̄R@µ�µ RMassless fermions theory:

Two separate U(1)’s:  L,R ! e✓L,R L,R

Mass term breaks it to a single U(1):  ̄Lm R

Only invariant under transformation with ✓L = ✓R = ✓

Sym’ is indeed!
enhanced when!
the mass vanishes.!
(modulo anomalies)
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Flavor (including neutrinos) parameters are natural

Flavor parameters are natural, subject to tuning & then radiatively stable, no UV	


sensitivity.	


!
Within the SM the only exception is the Higgs mass. (& the QCD angle & the cosmological constant)	


!!
(A simple way to understand this is to realise that a massless fermion requires 2 
degrees of freedom (dof) while a massive 4.	


A massless vector boson requires 2 and a massive 3.	


Thus, there is discontinuity in the massless to massive limit.	


This does not happen for a massive scalar.)	


!
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LHC physics
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Need more E!
Sync’ radiation,

                            problem for circular e-collider:

LEP (1989-2000)

dW
dt |e ⇤

�
e
r

⇥2
⇤

E
me

⌅4
⇥ 104 GeV s�1 ⌅ �1012e ⇥ MWs radiation!

1013 improvement when e <=> proton

Tevatron (1985-...) pp̄

E~2TeV (2000GeV) 

Why LHC?
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Nothing’s free - QCD dust

• Expect                           ,  who needs 2TeV?

• Proton anti-proton are composite:

mt = 130-200GeV

E2
event = x1x2E2

pp̄

• We don’t know what is ECM .

• We don’t know which particles interacted.

• And ...

• Typical E’s much smaller:
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Calculating Xsections at the LHC: Parton 
Distribution Functions (PDFs)

Let’s explore this formally

! 
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Figure 11: Boundaries between the two- and three-jet regions in the (21, xs) plane 
for (a) Sterman-Weinberg jets with (c,6) = (0.3,30”) (solid lines), and (b) JADE 
algorithm jets with y = 0.1 (dashed lines). 

The corresponding boundary (for y = 0.1) is shown by the dashed lines in Fig. 11. As 
for the~stermsn-Weinberg jets, the two- and three-jet fractions to O(Q) are obtained 
by integrating the right-hand side of Eq. (106) over the appropriate region: 

f3 = ..~[,,-6,,10,(~)+21o92(~) 

+~-6y-~p2+4Li2($--)-%]., 

f2 = 1 - j3 , 023) 

where Liz is the dilogarithm function, 

Liz(z) = - = dy- log Y 
1-y 024) 

Eq. (123) is valid for y < 3. Fig. 12 shows the two and three jet ratios from Eq. 123 
for as = 0.118. The soft and collinear singularities again reappear as large logarithms 
in the limit y -+ 0. Clearly the result in Eq. (123) only makes sense for y values large 
enough such that js >> js, so that the O(as) correction to js is perturbatively small. 
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At higher orders, gluon-quark scattering may also contribute,

dσhh′→Q2(s, Q2)

dQ2
=

∑

i,j=f,f̄,G

∫ 1

0
dξdξ′ φi/h(ξ, µ

2)Hij

(

Q2

ξξ′s
,
Q2

µ2
, αs(µ

2)

)

φj/h′(ξ′, µ2) . (122)

As in DIS, the hard-scattering function is a power series in αs(µ2). H depends on the scheme

chosen for the parton distributions. As an example, for Hff̄ , we have, to one loop in DIS scheme

[41],

Hff̄ =
dσ(Born)

ff̄

dQ2

(

δ(1 − z) +
αs

π

{

CF [(1 + z2)(

[

ln(1 − z)

1 − z

]

+

+ 3
[

1

1 − z

]

+

−6 − 4z − ln z) +

(

4π2

3
+ 1

)

δ(1 − z)]
}

)

, (123)

where z = Q2/ξξ′s. Given phenomenological parton distributions in some scheme, the factor-

ization formula gives an absolute prediction for the Drell-Yan cross section, which has been

successfully applied to a wide range of experiments. The corrections in H are not always small,

however, and as we shall see, we sometimes need information about contributions at arbitrarily

high power.

Another application of parton model ideas, extended to perturbative QCD, involves single-

particle inclusive cross sections, which count hadrons at fixed momenta, but are otherwise

inclusive in the hadronic final state,

h(p) + h′(p′) → C(pC) + X . (124)

If the hadron (C) is observed, for instance, at large transverse momentum, we know that a

hard scattering has taken place, and may hope that incoherence and hence factorization is

relevant [46, 47]. In this case, the parton model suggests that the hadron C arises from the

“hadronization”, or fragmentation, of some parton k. The process of hadronization should,

following our discussion of Section 1, occur over time scales that are independent of the hard-

scattering scale, and of the fragmentation of other partons, scattered in other directions. Hadron

C is thus expected to be produced in a universal fashion from parton k, and to inherit a

fraction 0 ≤ z ≤ 1 of that parton’s momentum. The (incoherent) probability for this evolution

is summarized in a “fragmentation function” dC/k(z, µ2), which describes the distribution of

hadrons in the fragments of a parton, and is analogous to the parton distribution φi/h, but

with the roles of hadron and parton reversed. In perturbation theory, d must be renormalized,

and thus it depends on the factorization scale µ. The corresponding factorization formula for

single-particle inclusive cross sections is

ωC
dσhh′→C(pC)(p, p′, pc)

d3pC
=

∑

i,j,k=f,f,G

∫ 1

0
dξdξ′

dz

z2
Hijk

(

µ2

ξξ′s
,
pC · ξp
zµ2

,
pC · ξ′p′

zµ2
, αs(µ

2)

)

×φi/h(ξ, µ
2)φj/h′(ξ′, µ2) dC/k(z, µ

2) . (125)
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algorithm jets with y = 0.1 (dashed lines). 

The corresponding boundary (for y = 0.1) is shown by the dashed lines in Fig. 11. As 
for the~stermsn-Weinberg jets, the two- and three-jet fractions to O(Q) are obtained 
by integrating the right-hand side of Eq. (106) over the appropriate region: 

f3 = ..~[,,-6,,10,(~)+21o92(~) 

+~-6y-~p2+4Li2($--)-%]., 

f2 = 1 - j3 , 023) 

where Liz is the dilogarithm function, 

Liz(z) = - = dy- log Y 
1-y 024) 

Eq. (123) is valid for y < 3. Fig. 12 shows the two and three jet ratios from Eq. 123 
for as = 0.118. The soft and collinear singularities again reappear as large logarithms 
in the limit y -+ 0. Clearly the result in Eq. (123) only makes sense for y values large 
enough such that js >> js, so that the O(as) correction to js is perturbatively small. 

Physically only pairs of PDF are important
(assuming no p-rapidity or pt cuts)
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�̂(ŝ) Corresponds to the hard/local/short distance Xsection that we 	


would like to calculate/measure. 

For instance gg ! t¯t

ŝ = (pt + pt̄)
2 = (pg + pg0)2
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At higher orders, gluon-quark scattering may also contribute,

dσhh′→Q2(s, Q2)

dQ2
=

∑

i,j=f,f̄,G

∫ 1

0
dξdξ′ φi/h(ξ, µ

2)Hij

(

Q2

ξξ′s
,
Q2

µ2
, αs(µ

2)

)

φj/h′(ξ′, µ2) . (122)

As in DIS, the hard-scattering function is a power series in αs(µ2). H depends on the scheme

chosen for the parton distributions. As an example, for Hff̄ , we have, to one loop in DIS scheme

[41],

Hff̄ =
dσ(Born)

ff̄

dQ2

(

δ(1 − z) +
αs

π

{

CF [(1 + z2)(

[

ln(1 − z)

1 − z

]

+

+ 3
[

1

1 − z

]

+

−6 − 4z − ln z) +

(

4π2

3
+ 1

)

δ(1 − z)]
}

)

, (123)

where z = Q2/ξξ′s. Given phenomenological parton distributions in some scheme, the factor-

ization formula gives an absolute prediction for the Drell-Yan cross section, which has been

successfully applied to a wide range of experiments. The corrections in H are not always small,

however, and as we shall see, we sometimes need information about contributions at arbitrarily

high power.

Another application of parton model ideas, extended to perturbative QCD, involves single-

particle inclusive cross sections, which count hadrons at fixed momenta, but are otherwise

inclusive in the hadronic final state,

h(p) + h′(p′) → C(pC) + X . (124)

If the hadron (C) is observed, for instance, at large transverse momentum, we know that a

hard scattering has taken place, and may hope that incoherence and hence factorization is

relevant [46, 47]. In this case, the parton model suggests that the hadron C arises from the

“hadronization”, or fragmentation, of some parton k. The process of hadronization should,

following our discussion of Section 1, occur over time scales that are independent of the hard-

scattering scale, and of the fragmentation of other partons, scattered in other directions. Hadron

C is thus expected to be produced in a universal fashion from parton k, and to inherit a

fraction 0 ≤ z ≤ 1 of that parton’s momentum. The (incoherent) probability for this evolution

is summarized in a “fragmentation function” dC/k(z, µ2), which describes the distribution of

hadrons in the fragments of a parton, and is analogous to the parton distribution φi/h, but

with the roles of hadron and parton reversed. In perturbation theory, d must be renormalized,

and thus it depends on the factorization scale µ. The corresponding factorization formula for

single-particle inclusive cross sections is

ωC
dσhh′→C(pC)(p, p′, pc)

d3pC
=

∑
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∫ 1

0
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dz

z2
Hijk
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,
pC · ξp
zµ2

,
pC · ξ′p′

zµ2
, αs(µ

2)

)

×φi/h(ξ, µ
2)φj/h′(ξ′, µ2) dC/k(z, µ

2) . (125)
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As in DIS, the hard-scattering function is a power series in αs(µ2). H depends on the scheme

chosen for the parton distributions. As an example, for Hff̄ , we have, to one loop in DIS scheme
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where z = Q2/ξξ′s. Given phenomenological parton distributions in some scheme, the factor-

ization formula gives an absolute prediction for the Drell-Yan cross section, which has been

successfully applied to a wide range of experiments. The corrections in H are not always small,

however, and as we shall see, we sometimes need information about contributions at arbitrarily

high power.

Another application of parton model ideas, extended to perturbative QCD, involves single-

particle inclusive cross sections, which count hadrons at fixed momenta, but are otherwise

inclusive in the hadronic final state,

h(p) + h′(p′) → C(pC) + X . (124)

If the hadron (C) is observed, for instance, at large transverse momentum, we know that a

hard scattering has taken place, and may hope that incoherence and hence factorization is

relevant [46, 47]. In this case, the parton model suggests that the hadron C arises from the

“hadronization”, or fragmentation, of some parton k. The process of hadronization should,

following our discussion of Section 1, occur over time scales that are independent of the hard-

scattering scale, and of the fragmentation of other partons, scattered in other directions. Hadron

C is thus expected to be produced in a universal fashion from parton k, and to inherit a

fraction 0 ≤ z ≤ 1 of that parton’s momentum. The (incoherent) probability for this evolution

is summarized in a “fragmentation function” dC/k(z, µ2), which describes the distribution of

hadrons in the fragments of a parton, and is analogous to the parton distribution φi/h, but

with the roles of hadron and parton reversed. In perturbation theory, d must be renormalized,

and thus it depends on the factorization scale µ. The corresponding factorization formula for

single-particle inclusive cross sections is

ωC
dσhh′→C(pC)(p, p′, pc)

d3pC
=

∑

i,j,k=f,f,G

∫ 1

0
dξdξ′

dz

z2
Hijk

(

µ2

ξξ′s
,
pC · ξp
zµ2

,
pC · ξ′p′

zµ2
, αs(µ

2)

)

×φi/h(ξ, µ
2)φj/h′(ξ′, µ2) dC/k(z, µ

2) . (125)

45

Gluons dominate at low x .

To set the scale, x = 0.14 at LHC is 0.14 * 7TeV = 1TeV

=> The LHC is a gluon collider !!!

Gluons dominate at low x .

To set the scale, x = 0.14 at LHC is 0.14 * 7TeV = 1TeV

=> The LHC is a gluon collider !!!
Thursday, February 4, 2010

17



Let’s explore this formally
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Figure 11: Boundaries between the two- and three-jet regions in the (21, xs) plane 
for (a) Sterman-Weinberg jets with (c,6) = (0.3,30”) (solid lines), and (b) JADE 
algorithm jets with y = 0.1 (dashed lines). 

The corresponding boundary (for y = 0.1) is shown by the dashed lines in Fig. 11. As 
for the~stermsn-Weinberg jets, the two- and three-jet fractions to O(Q) are obtained 
by integrating the right-hand side of Eq. (106) over the appropriate region: 

f3 = ..~[,,-6,,10,(~)+21o92(~) 

+~-6y-~p2+4Li2($--)-%]., 

f2 = 1 - j3 , 023) 

where Liz is the dilogarithm function, 

Liz(z) = - = dy- log Y 
1-y 024) 

Eq. (123) is valid for y < 3. Fig. 12 shows the two and three jet ratios from Eq. 123 
for as = 0.118. The soft and collinear singularities again reappear as large logarithms 
in the limit y -+ 0. Clearly the result in Eq. (123) only makes sense for y values large 
enough such that js >> js, so that the O(as) correction to js is perturbatively small. 
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As in DIS, the hard-scattering function is a power series in αs(µ2). H depends on the scheme

chosen for the parton distributions. As an example, for Hff̄ , we have, to one loop in DIS scheme
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where z = Q2/ξξ′s. Given phenomenological parton distributions in some scheme, the factor-

ization formula gives an absolute prediction for the Drell-Yan cross section, which has been

successfully applied to a wide range of experiments. The corrections in H are not always small,

however, and as we shall see, we sometimes need information about contributions at arbitrarily

high power.

Another application of parton model ideas, extended to perturbative QCD, involves single-

particle inclusive cross sections, which count hadrons at fixed momenta, but are otherwise

inclusive in the hadronic final state,

h(p) + h′(p′) → C(pC) + X . (124)

If the hadron (C) is observed, for instance, at large transverse momentum, we know that a

hard scattering has taken place, and may hope that incoherence and hence factorization is

relevant [46, 47]. In this case, the parton model suggests that the hadron C arises from the

“hadronization”, or fragmentation, of some parton k. The process of hadronization should,

following our discussion of Section 1, occur over time scales that are independent of the hard-

scattering scale, and of the fragmentation of other partons, scattered in other directions. Hadron

C is thus expected to be produced in a universal fashion from parton k, and to inherit a

fraction 0 ≤ z ≤ 1 of that parton’s momentum. The (incoherent) probability for this evolution

is summarized in a “fragmentation function” dC/k(z, µ2), which describes the distribution of

hadrons in the fragments of a parton, and is analogous to the parton distribution φi/h, but

with the roles of hadron and parton reversed. In perturbation theory, d must be renormalized,
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The corresponding boundary (for y = 0.1) is shown by the dashed lines in Fig. 11. As 
for the~stermsn-Weinberg jets, the two- and three-jet fractions to O(Q) are obtained 
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Eq. (123) is valid for y < 3. Fig. 12 shows the two and three jet ratios from Eq. 123 
for as = 0.118. The soft and collinear singularities again reappear as large logarithms 
in the limit y -+ 0. Clearly the result in Eq. (123) only makes sense for y values large 
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for (a) Sterman-Weinberg jets with (c,6) = (0.3,30”) (solid lines), and (b) JADE 
algorithm jets with y = 0.1 (dashed lines). 

The corresponding boundary (for y = 0.1) is shown by the dashed lines in Fig. 11. As 
for the~stermsn-Weinberg jets, the two- and three-jet fractions to O(Q) are obtained 
by integrating the right-hand side of Eq. (106) over the appropriate region: 
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where Liz is the dilogarithm function, 
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Eq. (123) is valid for y < 3. Fig. 12 shows the two and three jet ratios from Eq. 123 
for as = 0.118. The soft and collinear singularities again reappear as large logarithms 
in the limit y -+ 0. Clearly the result in Eq. (123) only makes sense for y values large 
enough such that js >> js, so that the O(as) correction to js is perturbatively small. 
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At higher orders, gluon-quark scattering may also contribute,

dσhh′→Q2(s, Q2)

dQ2
=

∑

i,j=f,f̄,G

∫ 1

0
dξdξ′ φi/h(ξ, µ

2)Hij

(

Q2

ξξ′s
,
Q2

µ2
, αs(µ

2)

)

φj/h′(ξ′, µ2) . (122)

As in DIS, the hard-scattering function is a power series in αs(µ2). H depends on the scheme

chosen for the parton distributions. As an example, for Hff̄ , we have, to one loop in DIS scheme

[41],

Hff̄ =
dσ(Born)

ff̄

dQ2

(

δ(1 − z) +
αs

π

{

CF [(1 + z2)(

[

ln(1 − z)

1 − z

]

+

+ 3
[

1

1 − z

]

+

−6 − 4z − ln z) +

(

4π2

3
+ 1

)

δ(1 − z)]
}

)

, (123)

where z = Q2/ξξ′s. Given phenomenological parton distributions in some scheme, the factor-

ization formula gives an absolute prediction for the Drell-Yan cross section, which has been

successfully applied to a wide range of experiments. The corrections in H are not always small,

however, and as we shall see, we sometimes need information about contributions at arbitrarily

high power.

Another application of parton model ideas, extended to perturbative QCD, involves single-

particle inclusive cross sections, which count hadrons at fixed momenta, but are otherwise

inclusive in the hadronic final state,

h(p) + h′(p′) → C(pC) + X . (124)

If the hadron (C) is observed, for instance, at large transverse momentum, we know that a

hard scattering has taken place, and may hope that incoherence and hence factorization is

relevant [46, 47]. In this case, the parton model suggests that the hadron C arises from the

“hadronization”, or fragmentation, of some parton k. The process of hadronization should,

following our discussion of Section 1, occur over time scales that are independent of the hard-

scattering scale, and of the fragmentation of other partons, scattered in other directions. Hadron

C is thus expected to be produced in a universal fashion from parton k, and to inherit a

fraction 0 ≤ z ≤ 1 of that parton’s momentum. The (incoherent) probability for this evolution

is summarized in a “fragmentation function” dC/k(z, µ2), which describes the distribution of

hadrons in the fragments of a parton, and is analogous to the parton distribution φi/h, but

with the roles of hadron and parton reversed. In perturbation theory, d must be renormalized,

and thus it depends on the factorization scale µ. The corresponding factorization formula for

single-particle inclusive cross sections is

ωC
dσhh′→C(pC)(p, p′, pc)

d3pC
=

∑

i,j,k=f,f,G

∫ 1

0
dξdξ′

dz

z2
Hijk

(

µ2

ξξ′s
,
pC · ξp
zµ2

,
pC · ξ′p′

zµ2
, αs(µ

2)

)

×φi/h(ξ, µ
2)φj/h′(ξ′, µ2) dC/k(z, µ

2) . (125)
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Figure 11: Boundaries between the two- and three-jet regions in the (21, xs) plane 
for (a) Sterman-Weinberg jets with (c,6) = (0.3,30”) (solid lines), and (b) JADE 
algorithm jets with y = 0.1 (dashed lines). 

The corresponding boundary (for y = 0.1) is shown by the dashed lines in Fig. 11. As 
for the~stermsn-Weinberg jets, the two- and three-jet fractions to O(Q) are obtained 
by integrating the right-hand side of Eq. (106) over the appropriate region: 

f3 = ..~[,,-6,,10,(~)+21o92(~) 

+~-6y-~p2+4Li2($--)-%]., 

f2 = 1 - j3 , 023) 

where Liz is the dilogarithm function, 

Liz(z) = - = dy- log Y 
1-y 024) 

Eq. (123) is valid for y < 3. Fig. 12 shows the two and three jet ratios from Eq. 123 
for as = 0.118. The soft and collinear singularities again reappear as large logarithms 
in the limit y -+ 0. Clearly the result in Eq. (123) only makes sense for y values large 
enough such that js >> js, so that the O(as) correction to js is perturbatively small. 
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Figure 11: Boundaries between the two- and three-jet regions in the (21, xs) plane 
for (a) Sterman-Weinberg jets with (c,6) = (0.3,30”) (solid lines), and (b) JADE 
algorithm jets with y = 0.1 (dashed lines). 

The corresponding boundary (for y = 0.1) is shown by the dashed lines in Fig. 11. As 
for the~stermsn-Weinberg jets, the two- and three-jet fractions to O(Q) are obtained 
by integrating the right-hand side of Eq. (106) over the appropriate region: 

f3 = ..~[,,-6,,10,(~)+21o92(~) 

+~-6y-~p2+4Li2($--)-%]., 

f2 = 1 - j3 , 023) 

where Liz is the dilogarithm function, 

Liz(z) = - = dy- log Y 
1-y 024) 

Eq. (123) is valid for y < 3. Fig. 12 shows the two and three jet ratios from Eq. 123 
for as = 0.118. The soft and collinear singularities again reappear as large logarithms 
in the limit y -+ 0. Clearly the result in Eq. (123) only makes sense for y values large 
enough such that js >> js, so that the O(as) correction to js is perturbatively small. 
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Liz(z) = - = dy- log Y 
1-y 024) 

Eq. (123) is valid for y < 3. Fig. 12 shows the two and three jet ratios from Eq. 123 
for as = 0.118. The soft and collinear singularities again reappear as large logarithms 
in the limit y -+ 0. Clearly the result in Eq. (123) only makes sense for y values large 
enough such that js >> js, so that the O(as) correction to js is perturbatively small. 
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Eq. (123) is valid for y < 3. Fig. 12 shows the two and three jet ratios from Eq. 123 
for as = 0.118. The soft and collinear singularities again reappear as large logarithms 
in the limit y -+ 0. Clearly the result in Eq. (123) only makes sense for y values large 
enough such that js >> js, so that the O(as) correction to js is perturbatively small. 
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At higher orders, gluon-quark scattering may also contribute,

dσhh′→Q2(s, Q2)

dQ2
=

∑

i,j=f,f̄,G

∫ 1

0
dξdξ′ φi/h(ξ, µ

2)Hij

(

Q2

ξξ′s
,
Q2

µ2
, αs(µ

2)

)

φj/h′(ξ′, µ2) . (122)

As in DIS, the hard-scattering function is a power series in αs(µ2). H depends on the scheme

chosen for the parton distributions. As an example, for Hff̄ , we have, to one loop in DIS scheme

[41],

Hff̄ =
dσ(Born)

ff̄

dQ2

(

δ(1 − z) +
αs

π

{

CF [(1 + z2)(

[

ln(1 − z)

1 − z

]

+

+ 3
[

1

1 − z

]

+

−6 − 4z − ln z) +

(

4π2

3
+ 1

)

δ(1 − z)]
}

)

, (123)

where z = Q2/ξξ′s. Given phenomenological parton distributions in some scheme, the factor-

ization formula gives an absolute prediction for the Drell-Yan cross section, which has been

successfully applied to a wide range of experiments. The corrections in H are not always small,

however, and as we shall see, we sometimes need information about contributions at arbitrarily

high power.

Another application of parton model ideas, extended to perturbative QCD, involves single-

particle inclusive cross sections, which count hadrons at fixed momenta, but are otherwise

inclusive in the hadronic final state,

h(p) + h′(p′) → C(pC) + X . (124)

If the hadron (C) is observed, for instance, at large transverse momentum, we know that a

hard scattering has taken place, and may hope that incoherence and hence factorization is

relevant [46, 47]. In this case, the parton model suggests that the hadron C arises from the

“hadronization”, or fragmentation, of some parton k. The process of hadronization should,

following our discussion of Section 1, occur over time scales that are independent of the hard-

scattering scale, and of the fragmentation of other partons, scattered in other directions. Hadron

C is thus expected to be produced in a universal fashion from parton k, and to inherit a

fraction 0 ≤ z ≤ 1 of that parton’s momentum. The (incoherent) probability for this evolution

is summarized in a “fragmentation function” dC/k(z, µ2), which describes the distribution of

hadrons in the fragments of a parton, and is analogous to the parton distribution φi/h, but

with the roles of hadron and parton reversed. In perturbation theory, d must be renormalized,

and thus it depends on the factorization scale µ. The corresponding factorization formula for

single-particle inclusive cross sections is

ωC
dσhh′→C(pC)(p, p′, pc)

d3pC
=

∑

i,j,k=f,f,G

∫ 1

0
dξdξ′

dz

z2
Hijk

(

µ2

ξξ′s
,
pC · ξp
zµ2

,
pC · ξ′p′

zµ2
, αs(µ

2)

)

×φi/h(ξ, µ
2)φj/h′(ξ′, µ2) dC/k(z, µ

2) . (125)
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Figure 11: Boundaries between the two- and three-jet regions in the (21, xs) plane 
for (a) Sterman-Weinberg jets with (c,6) = (0.3,30”) (solid lines), and (b) JADE 
algorithm jets with y = 0.1 (dashed lines). 

The corresponding boundary (for y = 0.1) is shown by the dashed lines in Fig. 11. As 
for the~stermsn-Weinberg jets, the two- and three-jet fractions to O(Q) are obtained 
by integrating the right-hand side of Eq. (106) over the appropriate region: 

f3 = ..~[,,-6,,10,(~)+21o92(~) 

+~-6y-~p2+4Li2($--)-%]., 

f2 = 1 - j3 , 023) 

where Liz is the dilogarithm function, 

Liz(z) = - = dy- log Y 
1-y 024) 

Eq. (123) is valid for y < 3. Fig. 12 shows the two and three jet ratios from Eq. 123 
for as = 0.118. The soft and collinear singularities again reappear as large logarithms 
in the limit y -+ 0. Clearly the result in Eq. (123) only makes sense for y values large 
enough such that js >> js, so that the O(as) correction to js is perturbatively small. 
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… and SUSY might not exist in nature.
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