Particle Physics: The Standard Model

Dirk Zerwas

LAL
zerwas@lal.in2p3.fr

April 26, 2012

Dirk Zerwas Particle Physics: The Standard Model



EW and Fermi
Parity Violation
Neutral Currents
Drell-Yan

The Electroweak Theory

The Pion Decay

nt — ety

—d(p)u(p) — e"(k)re (k)

Dirk Zerwas Particle Physics: The Standard Model



EW and Fermi
Parity Violation
Neutral Currents
Drell-Yan

The Electroweak Theory

The Pion Decay

ot — etyy @ initial state fermions

—d(p)u(p) — e"(k)re (k)

Dirk Zerwas Particle Physics: The Standard Model



EW and Fermi
Parity Violation
Neutral Currents
Drell-Yan

The Electroweak Theory

The Pion Decay

ot — etyy @ initial state fermions

—d(p)u(p) — e"(k)re (k)

Dirk Zerwas Particle Physics: The Standard Model



EW and Fermi
Parity Violation
Neutral Currents
Drell-Yan

The Electroweak Theory

The Pion Decay

ot — etyy @ initial state fermions

—d(p)u(p) — et (k)vg (k) @ final state fermions

Dirk Zerwas Particle Physics: The Standard Model



EW and Fermi
Parity Violation
Neutral Currents
Drell-Yan

The Electroweak Theory

The Pion Decay

mt — etyy @ initial state fermions

—d(p)u(p) — et (k)vg (k) @ final state fermions

Dirk Zerwas Particle Physics: The Standard Model



EW and Fermi
Parity Violation
Neutral Currents
Drell-Yan

The Electroweak Theory

The Pion Decay

ot — etyy @ initial state fermions

—d(p)u(p) — e (K)re (k) o final state fermions
@ massive propagator

Dirk Zerwas Particle Physics: The Standard Model



EW and Fermi
Parity Violation
Neutral Currents
Drell-Yan

The Electroweak Theory

The Pion Decay

ot — etyy @ initial state fermions

—d(p)u(p) — e (K)re (k) o final state fermions
@ massive propagator

Tn = v(p') u(p)
t(k) v (k')

Dirk Zerwas Particle Physics: The Standard Model



EW and Fermi
Parity Violation
Neutral Currents
Drell-Yan

The Electroweak Theory

The Pion Decay

ot — etyy @ initial state fermions
—d(p)u(p) — e (K)ve (k) o final state fermions
@ massive propagator

@ vertex (incoming)

Tn = v(p') u(p)
t(k) v (k')

Dirk Zerwas Particle Physics: The Standard Model



EW and Fermi
Parity Violation
Neutral Currents
Drell-Yan

The Electroweak Theory

The Pion Decay

ot — etyy @ initial state fermions
—d(p)u(p) — e (K)ve (k) o final state fermions
@ massive propagator

@ vertex (incoming)

T = U0 i RUR)
g
92—mg,
t(k) v(k’)

Dirk Zerwas Particle Physics: The Standard Model



EW and Fermi
Parity Violation
Neutral Currents
Drell-Yan

The Electroweak Theory

The Pion Decay

mt — etyy @ initial state fermions
—d(p)u(p) — e (K)re (k) o final state fermions
@ massive propagator
@ vertex (incoming)

@ vertex (outgoing)

Ti = V(p/)mwl?su(p)
g"”
"
u(k) v(K’)

Dirk Zerwas Particle Physics: The Standard Model



EW and Fermi
Parity Violation
Neutral Currents
Drell-Yan

The Electroweak Theory

The Pion Decay

mt — etyy @ initial state fermions
—d(p)u(p) — e (K)ve (k) o final state fermions

@ massive propagator

@ vertex (incoming)

@ vertex (outgoing)

To = V() 7, z=u(P)

g#
92—mg,

u(

1—
K) Vzsimay 7wz v (K)

Dirk Zerwas Particle Physics: The Standard Model



EW and Fermi
Parity Violation
Neutral Currents
Drell-Yan

The Electroweak Theory

The Pion Decay

mt — etyy @ initial state fermions
—d(p)u(p) — e (K)ve (k) o final state fermions

@ massive propagator

@ vertex (incoming)

@ vertex (outgoing)

To = V() 7, z=u(P)

g#
92—mg,

@ 1 — 5 ensures left-handed (k) zaman v 2V (k)

Dirk Zerwas Particle Physics: The Standard Model



EW and Fermi
Parity Violation
Neutral Currents
Drell-Yan

The Electroweak Theory

The Pion Decay

mt — etyy @ initial state fermions
—d(p)u(p) — e (K)ve (k) o final state fermions

@ massive propagator

@ vertex (incoming)

@ vertex (outgoing)

To = V() 7, z=u(P)

g#
92—mg,

@ 1 — 5 ensures left-handed (k) zaman v 2V (k)
@ g’=s=m?

Dirk Zerwas Particle Physics: The Standard Model



EW and Fermi
Parity Violation
Neutral Currents
Drell-Yan

The Electroweak Theory

The Pion Decay

mt — etyy @ initial state fermions
—d(p)u(p) — e (K)ve (k) o final state fermions

@ massive propagator

@ vertex (incoming)

@ vertex (outgoing)

To = V() 7, z=u(P)

g#
92—mg,

@ 1 — 5 ensures left-handed (k) zaman v 2V (k)
@ g?=s=m?
@ m, < my Fermi-contact

interaction

Dirk Zerwas Particle Physics: The Standard Model




EW and Fermi
Parity Violation
Neutral Currents
Drell-Yan

The Electroweak Theory

The Pion Decay

ot — ety initial state fermions

—d(p)u(p) — et (K)re (k)

final state fermions

)
)
@ massive propagator
@ vertex (incoming)

)

vertex (outgoing)

—_ 1—
Ti = V(Fi’y)ﬁngww 72u(p)
@ 1 — 45 ensures left-handed ( )fs,n(, WiFEv (k')
° 02 — s — m? G _ e 11 e 1
q S =Mx V2 T V/2sinby 2mZ, V2sinby 2

@ m, < my Fermi-contact
interaction

Dirk Zerwas Particle Physics: The Standard Model



EW and Fermi
Parity Violation
Neutral Currents
Drell-Yan

The Electroweak Theory

The Pion Decay

ot — ety initial state fermions

—d(p)u(p) — et (K)re (k)

final state fermions

)
)
@ massive propagator
@ vertex (incoming)

)

vertex (outgoing)

_ 1—
Ti = V(Fi’y)ﬁngww 72u(p)
@ 1 — 45 ensures left-handed ( )fs,n(, WiFEv (k')
2 _«_pm2 G e 11 e 1
] —_ S =m 2FE g =
q & _ V2 fsmew2m2 V2sin Gy 2
@ m, < my Fermi-contact _ e?
interaction 8sin” by mg,

Dirk Zerwas Particle Physics: The Standard Model



EW and Fermi
Parity Violation
Neutral Currents
Drell-Yan

The Electroweak Theory

Branching Ration 7+

0.9999 ) ¢ g
0.0001

B(rt — uFuy )
B(rt — ety )

Dirk Zerwas Particle Physi



EW and Fermi
Parity Violation
Neutral Currents
Drell-Yan

The Electroweak Theory

Branching Ration 7+

0.9999 ) ¢ g
0.0001

B(rt — uFuy )
B(rt — ety )

@ me < m, phase space!

Dirk Zerwas Particle Physics: The Standard Model



EW and Fermi
Parity Violation
Neutral Currents
Drell-Yan

The Electroweak Theory

Branching Ration 7+

B(rt — uFuy )
B(rt — ety )

0.9999 * g
0.0001

@ me < m, phase space!
@ theory is chiral not helicity!

@ mass breaks
helicity=chirality

Dirk Zerwas Particle Physics: The Standard Model



EW and Fermi
Parity Violation
Neutral Currents
Drell-Yan

The Electroweak Theory

Branching Ration 7+

B(rt — uFuy )
B(rt — ety )

0.9999 * g
0.0001

@ me < m, phase space!
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Branching Ration 7+ Helicity picture

et Ve,
09999 | * " >
™
0.0001

B(rt — uFuy )
B(rt — ety )

The pion is a scalar!
@ me < m, phase space!

. . . " M(nt—etvg )
@ theory is chiral not helicity! Bevg) _ @ —F——
Blutva) = T —utum)
@ mass breaks 2 —m2
helicity—=chirality = (= )2( )
@ me < m, — muons break ~ 1.10°4
easier! ' .

Pion decay understood from
left-right structure of the
Standard Model!
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Parity Tranformation Electroweak Interaction

° P(p)— —p @ violates parity maximally
@ Spin is unchanged @ has V — A structure
@ Helicity changes sign @ left-handed behaves
. ” differently than
fight-handed J

@ ¢yt perfectly symmetric . :
for left- and right-handed @ left- and right? Spin
particles @ Polarization: average

orientation of spin

@ Invert polarization and
measure at the same
location
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Lwerre R0 #Co
} | puupine TuBE FoR GRIFT) 031Mev p—
ot R R
77777 012%
\ 148 MeV 11732 Mev y
adem
\ | reenraane 1.3325 MeV v
Vichum space
%Ni

MUTUAL INDUCTANCE
THERNOMETER coiLs-—_ |

o roen—

- —

by Eﬁ = 0.3MeV
ot

1.2MeV
E, = 13MeV

m
2
Il

60Co — 60NiI* +e + g
n — pte 47 @ (3 small free path
60Ni* — 60Ni + v+ @ ~ larger free path
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@ Polarization: anisotropy of

10 ecm—
v puumns Tuse, Fon ~-rays (in-time) in two
detectors (Nal)
@ edetection in Antracene

crystal (photons to PM)

@ [3: (de-)excitation after
passage of particles

{—RE-ENTRANT
VACUUM SPACE

ANTHRACENE CRYSTAL

e |V (organic)
o inine == Eﬁ = @ ~v: photo-electric effect,

pair production (~ Z°,
~ Z?2, anorganic
Z(Na) = 11, Z(Na) = 53)
@ Polarize Co with external
field
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Bt @ ~ anisotropy: large
’ L g polarization
R : @ use of two polarizations
§| | cancels systematics
el @ asymmetry opposite to
_,j__ il spin direction
” 1 i3 o pomans o | @ parity violated maximally
e Discussion of Garwin
J M experiment on parity violation in
Problem Solving session
g

& 8 10
TIME IN MINUTES
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Z° 1973
P
ZO*
u
@ impossible for photons @ (CC) charm: charged
@ no FCNC lepton plus strange
@ produce pion from protons @ strange liftime visible (V°)
@ pions decay to v, @ vertex: 2 OS leptons
@ detect hadronic final state @ displaced hadronic vertex

from nothing
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bubbling

— i
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bubbling S v

@ reduce pressure, augment
volume rightarrow bubbles
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Gargamelle ) .
@ Liquid gas (Freon) close to _ A N /\ O /
.

bubbling
@ reduce pressure, augment
volume rightarrow bubbles
@ ionizing particles leave
bubble traces
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Gargamelle . “ . T

@ Liquid gas (Freon) close to _ ,'. . /\ O/
bubbling - - '

@ reduce pressure, augment
volume rightarrow bubbles

@ ionizing particles leave
bubble traces

@ magnetic field for p
@ dE/dx

@ picture with KODAK
camera

— i
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“CHARME "

reaction :
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©
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Negative Muon \ |

- H -

-
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NEUTRING ENTRANT
INCOMING NEUTRINO
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(4

Jeff (2°€€) < Qert (2°0Q)
N(d) ~ 3N(e)

detect electron at 2° beam
axis

@ signal: Anti-neutrino or
neutrino beam

@ background: Anti-neutrino
beam
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o o Charged current (CC)
® Gert(27€6) < Gerr(2°4q) background for v, (PID)
@ N(q) ~ 3N(e)
@ detect electron at 2° beam

axis
@ signal: Anti-neutrino or
neutrino beam

@ background: Anti-neutrino
beam
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o o Charged current (CC)
® Gert(27€6) < Gerr(2°4q) background for v, (PID)
@ N(q) ~ 3N(e)
@ detect electron at 2° beam

axis
@ signal: Anti-neutrino or
neutrino beam

@ background: Anti-neutrino
beam
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The Drell-Yan Process

Yy

Definition

h+h — putu= +X
a+9q — ptp +X

h: hadrons

X: remnants

neglect fermion masses!
s = (Pq + Pg)?

AA
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A

3s

Kinematics

Enter the QPM: M? = § is CM energy of the partonic system

olete” — utuT) =

(P1+P2)* = 2-p1-p2
= 2 -X1%X2Eq - E2(1 — COS(ﬂ'))

= 4. -X1%E; -

gy

= 4.)(1)(2% .

1
s

-
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Drell-Yan

Kinematics and integration d2 (same as electron)

4ma?
38

g =

i
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Drell-Yan

Add proton and anti-proton PDFs

o = 4
o = TR (xa)ff(xe) + Fxa)fg (x2)]

~
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Drell-Yan
Colour Factor Initial state: 3 = 2
_ 4nd?
o TS
o = ER0G0R) + 0w ()]
o = SRR ) + o))

-
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Drell-Yan

Electric Charge initial state quark

4o
g S
o = LR (xR (%) + B (x0)T] (%))
o = Am2P(xy)B(x) + FR(xa )i (%))
o = g2 [fp(xl)f—g(xz) +f%(X1)f(§_) (x2)]

~
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Differential cross section do/d$

_ 4na?
g = 73
o — 47ra
o — 4o
o — 47ra

_ 4na?
do = ST

Dirk Zerwas Particle Physics: The Standard Model

05 [fp(Xl

[fg (x1

&~ Qglf
Qélf

Xz)

~~ N ~— ~—

p
q
p
q

£2(x1)f5 (x2)]
12 (x1)f§ (x2)]
F2(x1)fg (x2)]

+
+12(x0 )P (x2)]6(M? — §)dM?

~
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g = 4
3s . _
o= [P (xq)(x2) + FR(x0)fE (x2)]
o _ 47ra [fp( l)f_g(xz) f%(Xl)fé_)(XZ)]
o = AmRQ2P(x,)fR(xz) + FA(xe)EE (x2)]
do = 47ra Qq[fc?(xl)f%(XZ)"‘f%(xl)fé’(XZ)]o(Mz _S)dMZ
e = o QAR (x)f0e) + FE(x)IF 0)IS(s (M — xaxz2))

Dirk Zerwas Particle Physics: The Standard Model



EW and Fermi
Parity Violation
Neutral Currents
Drell-Yan

The Electroweak Theory

o = 5

o = ZE[R0a)E (k) + 15 (x0)E (%))

o = ZE[R ()R (x2) + PR x0T (%))

o = ZEQA ()R (x2) + PR (x0T (%))

do = gﬁqu[fc?(Xl)f%(Xz)Jr%( X1 )T (%2)]6(M2 — §)dM?2
ddﬁ = Aglrwaz Qalfy Xl)f—z( 2) + fg(x )g(XZ)]fs( (——Xlxz))
oz = TQALR(x)R0k) + PR 0)l6( % — xaxs)

-
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Drell-Yan

_ 4na?
g = 73
o — 47ra
o — 47ra
o — 47ra
_ 4rnad?

do = e
do _ 4ma?

dvz oM2
do 47ra

dm2

do _ 47ra

M2 oM?2

o

Dirk Zerwas Particle Physics: The Standard Model

[P (x0)f B (x2) + FB(x0)ff (x2)]

[£§ (x)FB(x2) + FB(x)TF (%2)]

Q[P (x1)FB (x2) + P (x1)ff (x2)]

Q2[R (x1)fB(x2) + FB(x1)ff (x2)]0(M? — §)dM?

Qq[fp(xl)f—z(xz>+f—3< x1)f§ (x2)]0(s (% — x1%2))
QZLITR (xa)fB(x2) + FH (<1 )i (x2)]0(X — x1%2)

éx,\h)éz[f (x1)f§(x2) + f%(xl)fp(xz)w(——xlxz)
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Drell-Yan Scaling

do _ 4xa? 2
amz2 - 9|v?4 Zq Qq
Jo Jo XX [f§ ()2 (x2) + 2 (x1)E (x2)]

5(M?2 — X1X2)dX1dX2

Compare different experiments with 7 = m/+/s
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Drell-Yan Scaling

s = W laQf
Jo Jo XX [f§ ()2 (x2) + 2 (x1)E (x2)]
5(""?2 — X1X2)dxdx;

Msg_& _ 47312 Zq Qg
Jo Jo xax2lf (xa)f3(x2) + F3(x0 )i (x2)]

5(M?2 — X1X2)dX1dX2

Compare different experiments with 7 = m/4/s
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e o 12 o s v o
O NA3 150 Gev/c = acClP 225 Gev/c
'% 107 © OMEGA 40 GeV/c
L h ] : L
H S0 T Ii
j
@ anti-protons on target @ pions on target
@ detect muon pairs — m? @ scaling observed

Predicted LO: , observed ~ 2 — 3LO, NLO ~ 3LO :)
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