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The goal of this school is to prepare you to think about physics
results from the LHC.

At the LHC, we hope to discover laws of physics that are now
unknown.

However, any new physics must stand on the foundation of what is
already understood. In these lectures, | will present some
essential features of the ‘Standard Model’ of elementary particle
physics.



The Standard Model is a theory of vector bosons, fermions, and
one scalar boson that gives an internally self-consistent model of
strong, weak, and electromagnetic interactions. The model is
well tested and, plausibly, explains all aspects of elementary
particle behavior seen in accelerator experiments.

The predictions of the model divide into two classes. First, there
are predictions that are derived in weak-coupling perturbation
theory. Second, there are predictions of the theory that require
analysis of strongly coupled quantum field theory. For LHC
physics, we need to understand both aspects. We collide protons,
strong interaction bound states, but the reaction we are most
interested in involve weak interactions of the proton components.

In this lecture, | will give a general introduction to both aspects of
the model.



We first discuss weakly coupled theories of vector bosons and
fermions. The most general renomalizable Lagrangian for such a
system is very simple. It is a Yang-Mills theory.

Let G be a simple Lie group with structure constants f abe
B, 7] = i fereee
Then the unique renormalizable Lagrangian is

1 a \2
L = _492 (F,ul/)
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The field strength ng is associated with a covariant derivative

D, = 8, — iA%"

where

by the relati .
y the relation [D/,UDI/] _ —zFﬁyta

This theory has G as a local (‘gauge’) symmetry, a property
essential for forming a consistent renormalizable quantum theory.



Fermion and boson matter fields couple to the vector fields by
using the covariant derivative in their Lagrangian. For example,
for a massless fermion in the representation R of G

L= WL (iE#Du)w
with
ot = (1,—6)" Dy =0, —iAith

| have written the fermion as a 2-component fermion field. That
is the minimal spin-1/2 representation of the Lorentz algebra.

We can also add mass terms for the fermions. In the Standard
Model, it turns out, all fermion mass terms are forbidden by
symmetry, unless we add a scalar or some other ingredient to the
model. In this lecture, | will say the very minimum about
masses, reserving that discussion for later.



That is the whole structure.

We can have several commuting local symmetry groups and several
representations of fermions. Then the most general Lagrangian is

1 1 2 T —

L=—-7 > ?(Ffiw) + > §l(iz - D)y
i 7 j

We need to pick a set of gauge groups G representations R, and

coupling constants g that describe the real world. Then all of the

consequences of the Standard Model must come out of this formula

(and assumptions about how masses are generated).



The correct choices are that G should be a product of three groups
G=U(1) x SU(2) x SU(3)

describing the electroweak and strong interactions, and that the
fermions should give three copies of the representations

Tyl

(+1,0,1)

1 1
(+_7_73)

indicated by the charge under the U(1), the spin under the SU(2),
and the representation under the SU(3).

The fermions shown are left-handed; their antiparticles, with the
opposite quantum numbers, are right-handed.



Here is a simple example of the dynamics in the gauge theory
Lagrangian: the coupling of a massive vector boson to a massless

fermion and antifermion:

w
iM=iG €, (W) u'(¢")a"u(q) g _
. qL y «— qR

Then, with the spinors

i) =vEE ()})  ute) = vaE 9)

We find iM = iG myy eZ(W) (0,1, —1%,0)"

The vector is proportional to the J = 1, J? = —1 polarization
vector, as should be expected.



Then, for example, the process du — W~ — ¢/~ vyields
a W boson withJ? = —1

A complete process du — ¢~ v has an angular distribution

d
dcjse(da S 0T) ~ (0,1, —i,0) - (0,cos6,i, —sin 0)|2
~ |1+ cosf|?
Similarly, Jg _
dcose(udﬁfru) ~ |1 —cosf|?

Compare the QED formula for ete™ — ™

do 2 Tl
T = 1 2 —[(1 + cos0)* + (1 — cos 0)?]
o
= —(1+cos?#)
25
Ta? u? . t?
— [ | 2]

s ‘s?2 s



We can now compute the width and partial widths of the W boson.
To be a little more careful about the normalization, write

1 1
W= = o (A T iA%) 0T = 5(01 + io?)
2

The kinetic term of SU(Z) bosons written earlier is normalized to
L= ——(A1 Al + A? A2)
292
so with the definition of the W field above
L=-WTOW™

Then the W vertex becomes

WU“A‘L( ) =

\%w*ﬁ“ Whot + W, o |y

iM(updr — W) = zﬁmw V2

or



Now we can work out all of the properties of the W boson.

We need the experimental values:

mw = 80.4 GeV j—z — vy = 1/29.6
Tr
Then 11 | , N
(W™ —¢Ty) == S — 226 MeV
(W =) = 3 2y 87 g2 | 12w ©

Similarly, including a factor 3 for color, and a QCD correction,

TWT — ud) = (aymw /12) - 3 - (1 + &S(rw)) = 702 MeV

This gives
I'w =3-0.226 4+ 2-0.702 = 2.08 GeV

and the branching ratios:
BRW* —wetv)=11%  BRW™ — ud) = 34%



To discuss the Z boson and the weak neutral current, | need to
say more about the vector boson mass matrix. | will start by
postulating the following mass matrix of SU(2)XU(1) bosons:

Al 1 Al
AT R VO
A3 4 1 —1]1|A43
\ 5 \ -1 1) \B)
In the Lagrangiané this reads

L= [(A") + (47 + (4° - BY]
This mass matrix has the following properties:

It couples SU(2) (I2) and U(1) (Y) gauge bosons.
It contains a zero eigenvector (which will give the photon).
The pure SU(2) part is isospin-symmetric (custodial symmetry).



The mass eigenstates are given by the W fields above and by
rewriting A_i B 92Z,u |- glA,u B’u B —01 Z’u -+ g2A’u

92 \gi+g3 g1 V9i + g5
The following notation is useful: 5
g1 91 2
= tand, 5 5 =5
Th | g2 | 911+ 9
N A%04% - - BOB=—-(A0A + Z02)
295 291 2
and 2 (A3 B)2 1 vz( . )22
3 W g1 T 92
The mass eigenstate vector bosons are thus:
A m? =0
W= . m? = g5v° /4
Z m? = (g7 + g5)v* /4
From these formulae, miy /my =c2 =1—s2

Experimentally, m%v/mzz = 0.777 sfu = 0.23 (not so bad)



The couplings of A and Z are derived from the basic form
AT’ + B,Y
by the substitutions on the previous slide

V), @P Y
Vi + 93 V93 + 93
e
— GQAMI QZZ,u
S Cuy
In these formulae, | identify e* = 9193 02+ g2 = e’
91 + 93 LT 2

and Q= (I*+Y) Qz=(°-s%Q)




From these formulae, we can compute the properties of the Z:

For any fermion species

YY1V A

2 2
( —>ff) 32m28 ‘\/77”2 QZ| 62 Rz
The values of ()7 are:
1% C u d

Q7 = 0250 0.073 0.120 0.179 L,Q
- 0.053 0.024 0.006 e,u,d
sum = 0.250 0.126 0.144 0.185

Then we find for the total width:

'y, = (667 MeV)-[3-0.250+3-(0.126) + (3.1) - (3-0.185 + 2 - 0.144)]
= 249 GeV
and for the branching ratios: 3;, o u d

BR(Z° — ff) 20% 3.4% 11.9% 15.3%



As along as we only deal with leptons, we can easily compute the
cross sections for W and Z production:

1 d’
olete” — ZO) = 3 (27r)3]29EZ (27T)45(4)(p1 +p2 —pz) —’ \fiz)mz‘ (Q2ZL T Q2ZR)
| = Qe+ Q) 2m0(s —md)
or finally ¢
22 (v
_ 0 w2 2 2
olete” = 2°) = 2 (Qzr +QZr)0(s —mZz)
w

To include a finite boson width
m»1'~/m
5(s—m22) > zlz/ 55
(s —m%)* + mzI7

However, at the LHC, we do collider hadrons, so we must include
some results from the SU(3) part of the Standard Model, QCD.



Frank Petriello will give a comprehensive introduction to QCD in his
lectures at this school. But | would like to introduce the most basic
concepts now.

The coupling constant of QCD exhibits asymptotic freedom
as(Qo) {0.18 at Q = 10 GeV

dm T 14 (bo/2m)10gQ/Q0

At high Q, QCD is a weak interaction and perturbation theory applies.
at low Q, QCD is a strong interaction. We find quark confinement
and hadronic bound states.

2
93 _ _
s(Q) 0.12 at Q = 100 GeV

To compute the rates of reactions at the LHC, it would be good to
deal as little as possible with the nonperturbative aspects of QCD.
However, we are colliding protons, so we need to know something
about the proton bound state. How do we encode that information ?



Consider a proton at high energy.

Each constituent has most of its momentum in the direction of the
proton’s momentum. In order for a constituent to have high
momentum transverse to the proton direction, it must have
exchanged large momentum with another constituent. This is a
weak effect and can be added later using QCD perturbation theory.

So, model the proton as a collection of collinear massless
constituents (partons). Let

dg fp(¢)

be the probability of find the parton p (e.g. a u quark or a gluon)
at the fraction & (0 < & < 1) of the proton’s momentum.

This is the parton model, as first introduced by Feynman.



The parton model had its first success in application to deep
inelastic scattering: e"p — ¢~ + X at energies L, > m,,.

In the parton model, this is described as
electron-quark scattering:

p+q

The cross section for the underlying process is
do 7'('042Q2(§2 —I—’ELZ)
dcos  § TV 2
obtained by crossing our earlier result for ete™ — Ty, The

hats denote the invariants in the reaction of partons. Then the
parton model cross section for ep scattering should then be

az/df SR (©) /dcose ma” &7+
J

5 42



In the deep inelastic experinents, we measures the recoil momentum
of the electron. Then it is possible to infer the momentum transfer
g. From this, all of the invariants can be computed.

f:qQE— 2 §:2k-p ?ALZQ(]C—C])j?

The initial quark momentum is p = £P. Now comes Feynman'’s
remarkable observation: the final quark must be on shell, so

(p+q)*=(EP+q)° =26P q—Q°

(ignoring P? = m}% < (Q?). Then ¢ — Q> _
2P - q
In each event, we know the momentum fraction ¢ of the struck
quark ! Further, 0 2k—q)p | 9P
5 2%k-p =loy,with ¥= 975

The value of y is observable, equal to the fraction of the e- energy
that is tranfered to the hadronic system in the lab frame. Note also

/dcos@=/2dﬂ/§:/2dy



Finally, we obtain

2ma?
dwdy {ZQfmff } C;Sl1+(1—y)2]

where f is summed over all species of quarks and antiquarks.

The factorization of this formula is remarkable. The quantity

ZQfxff

is predicted to depend only on x and to be independent of Q :
This property is called Bjorken scaling.

The original data from SLAC supported this scaling strongly.
Today, with data over a larger range of QQ, we know that
also has a slow dependence on Q . As Frank Petriello will
explain, this Q2 dependence of the parton distributions is
predicted by QCD, and the observed variation is in good
agreement with the predictions.



the SLAC-MIT deep inelastic scattering experiment
1967
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Now apply this logic to the cross section for W and Z production --
the Drell-Yan process. The picture is

g W, 7
P — @O0,
1 2

The quark level cross section formulae are

o(q@ — Z°) = 302 (Qzr + Qzr)o(s —myz)
2
— L Ty 5
olud — WT) = 32 d(s — miy)

The factor 1/3 appears because the quark and antiquark must be

of the same color to annihilate. Then we find ;
27 0ty

o(pp — 2°) = /dl’ldﬂ?z > fr(@) fr(22)[Q% L + Q%] 3.2 d(s —mi)
f w
" T2ty 5
oop—W*) = [ davday [fu@)fylaz) +-) 55000~ miy)



In this case, there are two partons with unknown momentum
fractions. But it is possible to identify both fractions for each event.

miy =8 = (p1 +p2)? = 2p1 - P2 = 22129 P1 - Py = 21725

The rapidity of the W or Z is given by
1. ¢"+¢ 1. ¢t 1. x

2 PP =@ 2 P T2 R,
Then
1 = (mw/s)e’ ro = (my/s)e ¥
From these formulae ds

d[ljldibg — —dY

Then the Drell-Yan cross section can be written
do T2 vy,

o (0p = W) = |21 fu(w1) w2 f(2) +

This factorization is called Drell-Yan scaling.




This formula has an interesting physical consequence.
Consider first proton-antiproton scattering at the Tevatron.

The proton has hard quarks and the antiproton has hard
antiquarks. The u quarks are more likely to carry a large
fraction of the momentum than the d quarks. Then most W+
will be made from ud and go forward, while most W- will be
made from du and go backward.

Next, recall that the leptons from W+ go backward with respect
to the quark direction, while the leptons from W- go forward
with respect to the quark direct. This gives a symmetric
pattern in which the leptons are more central than the W’s.



d =igma / dy (pb)

40

250 F

A00

200

200

150 F

100

Lo




800

700

00

200

400

300

200

100

dﬂn

220".”.’..| ...... dd R RERE I

: l " pl ty : : E |. T T 1T
200 -—-W-FapIdI"?- ........... [ECCETE _: 0.6k =i . ..... \NnCh?rgeA$m.me"y ........... l."‘g
: —E+ e rapidit : 3 F : .

180 ~ ---------- Ea'---enra.g,mtg----ﬁ; ----------- -------- - [ —— Lapton ChargeAsymmegw 50. ]
: : : : 3 (L) i A F . & ]

: S

e T RN SO A —— S FR— -

: 'xt'; E ]

: o0, : ]

......... :.....,.._

: : ®: ]

: * ]

R S [ R R :. .......... .‘ ...... —

ie

Do - U U N e R

P e
2% et L i At At P o f|

0 N T
-3 -2 -1 0 1 2 3 1 2 3

= T N
- T' ........... _I_'Il[IFﬂur
S 4: ___________ +: _____ _
;_._._._._= ........... A1 ,_}_"']"
= [ .
F———— o I
E I - N
S L]
SR |

= M

= 7

I
—— Jet fakeg W rapidity
...... USSR SV SRV SO
CCD fraption uncerjainty k

ey oo by oy e ooy o e by oy

i
I
T
I

B — 4+ Fo——. B — —
I I
| |

d

=

-2

-1

0

1

2 3
W rapidity

W or lepton rapidity

0.8

o
>

W Charge Asymmetry

[
ot
0

-0.8

CDF

B P ]

~ CDF Run Il Preliminary rL =i fb ]

[ —=— 11fb" dataistat. + syst) i

N : ]
HEG-pregiction G HESE-TH3

B | ] PDF uncertainty(CTEQE. 1M} :

B L1 1 1 L1 1 1 | I I | | I I | L1 1 1 L1 1 | i

-3

-2

1

0

W boson I‘apldlt‘y'
— P direction

2

3

p direction —



Muon charge asymmetry vs. muon rapidity, from DO
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What about at the LHC ? Here W’s are made by annihilation of
valence quarks on low-momentum antiquarks.

Both the W+ and W- distributions must be symmetric about Y=0.
However, the W+ distribution will be broader in Y, reflecting the
higher momentum of the u quarks.

The W+’s then decay to a backward lepton, giving a narrow
distribution for the l+’s. The W-’s decay to a forward lepton,
broadening the distribution of the [-’s.
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The parton model is a very general tool for computing cross
sections at the LHC. It applies both the Standard Model and
Beyond the Standard Model physics. As the school progresses,
you will see many applications of this model to LHC processes.



