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QED Muon pair production

Anomalous magnetic moment

® Remember the particle zoo

® yande

@ today: add o and 7
(o) () ()

Definition

Charged Leptons: e, u, 7
Leptons: charged leptons plus

neutrinos R HR R
Jargon: leptons as charged y
leptons
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Muon pair production
Anomalous magnetic moment

QED

Properties of the

mp = 0.105GeV ptes
T = (2.197-105)s PS
cT = 659m
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Muon pair production
Anomalous magnetic moment

Properties of the Properties of the 7

QED

mp = 0.105GeV ptes mp = 1.777GeV ete”
r = (2.197-10%)s PSl T = (2.906-10"13)s ete"
cT = 659m ct = 87um
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Muon pair production
Anomalous magnetic moment

QED

Properties of the Properties of the 7

mp = 0.105GeV ptes mp = 1.777GeV ete”
r = (2.197-10%)s PSl T = (2.906-10"13)s ete"
cT = 659m ct = 87um

B(p—ey) < 12-1071
B(r —ey) < 3.3-10°8
B(r —py) < 4.4-1078
CL = 90%
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Muon pair production
Anomalous magnetic moment

Properties of the Properties of the 7
mp = 0.105GeV ptes mp = 1.777GeV ete”
r = (2197-107%)s PS| 7 = (2.906-1071%)s efe"
cT = 659m ct = 87um

Lepton numbers (additive QNS)

Le L, L,
B(p—ey) < 12-1071
B(r —ey) < 3.3-10°8
B(r —py) < 4.4-1078
CL = 90%
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Muon pair production
Anomalous magnetic moment

Properties of the Properties of the 7
mp = 0.105GeV ptes mp = 1.777GeV ete”
r = (2197-107%)s PS| 7 = (2.906-1071%)s efe"
cT = 659m ct = 87um
Lepton numbers (additive QNS)
Le L, L,
e 1 0 O
B(p—ey) < 1.2-1071
B(r —ey) < 33-1078
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Dirk Zerwas Particle Physics: The Standard Model



Muon pair production
Anomalous magnetic moment

Properties of the p Properties of the
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Muon pair production
Anomalous magnetic moment

Properties of the p Properties of the
mp = 0.105GeV ptes mp = 1.777GeV ete”
r = (2197-107%)s PS| 7 = (2.906-1071%)s efe"
cT = 659m ct = 87um
Le L, L,
e 1 0 O
et -1 0 O
B(p—ey) < 1.2-1071 W 0 1 0
B(r —ey) < 33-1078 i 0O -1 ©O
B(r —wy) < 4.4.10°8 T 0 0 1
CL = 90% Tt 0O 0 -1
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Muon pair production
Anomalous magnetic moment

Properties of the Properties of the 7

mp = 0.105GeV ptes mp = 1.777GeV ete”
T = (2.197-10°%s PSI T = (2.906-10"13)s ete"
cT = 659m ct = 87um
Le L, L,
e 1 0 O
et -1 0 O
B(p—ey) < 1.2-1071 W 0 1 0
B(r —ey) < 33.-10°8 ut 0 -1 0
B(r —wy) < 4.4.10°8 T 0 0 1
CL = 90% Tt 0O 0 -1
non—leptons O O O

Dirk Zerwas Particle Physics: The Standard Model



Muon pair production
Anomalous magnel\c moment

QED

e"(p2)e (p1) — 1 (Pa)n” (P3)

Transition Amplitude
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Muon pair production
Anomalous magnel\c moment

QED

oLl=1-1=0=Lf
([ o Y _f
oL, =0=1-1=L]

e"(p2)e (p1) — 1 (Pa)n” (P3)

Transition Amplitude
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Muon pair production
Anomalous magnel\c moment

QED

oLl=1-1=0=Lf

i _0— o f
o L'u_o_l—l_L#
@ Initial state

e"(p2)e (p1) — 1 (Pa)n” (P3)

Transition Amplitude
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Muon pair production

Anomalous magnetic moment

oLl=1-1=0=Lf

i _0— o f
o L'u_o_l—l_L#
@ Initial state

e"(p2)e (p1) — 1 (Pa)n” (P3)

Transition Amplitude

Ti = $V(p2)(—iev*)u(p1) ]
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Muon pair production

Anomalous magnetic moment

oLl=1-1=0=Lf

i _0— o f
o L'u_o_l—l_L#
@ Initial state

@ Final state

e"(p2)e (p1) — 1 (Pa)n” (P3)

Transition Amplitude

Ti = $V(p2)(—iev*)u(p1) ]
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Muon pair production

Anomalous magnetic moment

oLl=1-1=0=Lf

i _0— o f
o L'u_o_l—l_L#
@ Initial state

@ Final state

e"(p2)e (p1) — 1 (Pa)n” (P3)

Transition Amplitude

iTi = HV(p2)(—iey")u(pr)  TU(p3)(—iev")v(ps)]
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Muon pair production

Anomalous magnetic moment

oLL=1-1=0=L%
i 00— 0 f

o L'u_o_l—l_L#

@ Initial state

@ Final state

o

Photon Propagator

e"(p2)e (p1) — 1 (Pa)n” (P3)

Transition Amplitude

iTi = HV(p2)(—iey")u(pr)  TU(p3)(—iev")v(ps)]
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Muon pair production

Anomalous magnetic moment

oLL=1-1=0=L%
i 00— 0 f

o L'u_o_l—l_L#

@ Initial state

@ Final state

o

Photon Propagator

e"(p2)e (p1) — 1 (Pa)n” (P3)

Transition Amplitude

T = L[U(p2)(—ier*)u(p1) =22 a(pa)(—iev”)v(pa)]
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Muon pair production

Anomalous magnetic moment

oLL=1-1=0=L%

i _0— o f
o L'u_o_l—l_L#
@ Initial state
o
o

Final state
Photon Propagator

e"(p2)e (p1) — 1 (Pa)n” (P3)

Transition Amplitude

1) =% T(ps)(—iey”)v(pa)]

0(p3)y"v(pa)]

iTi = HV(p2)(—iey")u(p

= e’[V(p2)r*u(p1)®y”
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Muon pair production

Anomalous magnetic moment

oLl=1-1=0=Lf

i _0— o f
o L'u_o_l—l_L#
@ Initial state

@ Final state
@ Photon Propagator

e"(p2)e (p1) — 1 (Pa)n” (P3)

Transition Amplitude

My = HE(pa)(~ler")u(ps

= e2[V(p2)y"u(p1)%

- U(ps)(—iey”)v(pa)]
“U(p3)yv(pa)
= E[V(p2)y"u(p1)i(Pa)1uv(pa)]
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Muon pair production
Anomalous magnetic moment

Useful Formula

QED

Yo = guoﬁ’ = 4°
W = Gy = —F
i = u’ = ulyp

Insert

[V(p2)7"u(p1)U(pa)ywV (pa)l’
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Muon pair production
Anomalous magnetic moment

Useful Formula

QED

. i
Insert

[V(p2)7"u(p1)d(ps)v(pa)]’
= [VI(p2)7°yu(p1)u(ps)y° vV (Pa)]’

~
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Muon pair production
Anomalous magnetic moment

Useful Formula

QED

. i
Insert

[V(p2)7"u(p1)d(ps)v(pa)]’
= [VI(p2)7°yu(p1)u(ps)y° vV (Pa)]’
= [VI(Pa) () (Y°) T (uh) (p3)ut(p1)(v*)T(¥°) T (vT)T(p2)]

~
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Muon pair production
Anomalous magnetic moment

Useful Formula

QED

. i
Insert

[V (p2)7*u(P1)d(pa)V(pa)l’
= [V(p2)7°y u(p1)uf(ps)y°7 v (pa)lt
= [VI(pa)(%)T(v®) T (uh) (p3)ut(p1)(v*)T(2°)F(vT) (p2)]
[VI(pa) ()T (7°)'u(pa)ut(p1) (7)1 (+°) v (p2)]

~
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Muon pair production
Anomalous magnetic moment

Useful Formula
() = A%y#°
() = G =0w(P®¥%) = P9°

. o
Insert

[V (p2)7u(P1)d(pa)V(pa)l’
= [VI(p2)7%7"u(p1)u’(p3)7° v (Pa)]’
= [VI(pa)(%)T(v®) (uh) (p3)ut(p1)(v*)T(2°) T (vT)T(p2)]
= [VI(Pa)(3)T(7°) u(p3)ut(p1)(v*) (%) v (p2)]

QED
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Muon pair production
Anomalous magnetic moment

Useful Formula
() = A%y#°
() = G =0w(P®¥%) = P9°

QED

. o
Insert

[V(p2)7"u(p1)d(ps)v (pa)]’

= [Vi(p2)7y®y*u(p1)ut(pa)y®rwv (pa)lt

= [VI(Pa) ()T (°) UN) (pa)ul(p1) ()T (7°)T(vT)i(p2)]
= [VI(pa)(7)T(7°) u(pa)u’(p1)(v*) (%) TV (p2)]

= V(P17 Pu(pa)ut(p)7°1 770 v (p2)]

Dirk Zerwas Particle Physics: The Standard Model



Muon pair production
Anomalous magnetic moment

Useful Formula

QED

. i
Insert

[V(p2)7"u(p1)d(ps)v(pa)]’

= [Vi(p2)y*v u(p2)uf(p3)y v (pa)l’

= [VI(P4) (1) (°) (U (pa)uf(p1) ()T (7°)T(vT)T(p2)]
= [VI(pa) () (7°) u(pa)ut(p1)(v*) (%) TV (p2)]

= VI(Pa)Y*%7°7°°7Pu(pa)ut(p1)7°r* 770 v (p2)]

.
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Muon pair production
Anomalous magnetic moment

Useful Formula

QED

. i
Insert

[V(p2)7"u(p1)U(pa)ywV (pa)l’
= [VI(p2)7*y u(p1)u’(ps)y° v (pa)lt
= [VI(P4) (1) (°) (U (pa)uf(p1) ()T (7°)T(vT)T(p2)]
= [VI(pa) () (7°) u(pa)ut(p1)(v*) (%) TV (p2)]
= VI(Pa)Y*%7°7°°7Pu(pa)ut(p1)7°r* 770 v (p2)]
(Pa)

= [VI(Pa)?®u(ps)ut(p1)r°y"v(p2)]

(v
(v
g
,YO

.
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Muon pair production
Anomalous magnetic moment

Useful Formula

QED

. i
Insert

[V(p2)y*u(p1)T(pa)vV(pa)lt
= [Vi(p2)y* v u(p2)ut(p3)° v (pa)]’
= [VI(P4) ()T (°) T (uN) (pa)uf(p1) ()T (7°)T(vT)i(p2)]
= [VI(Pa) (1) (7°) u(ps)ut(p1)(v*) (7°)Tv(p2)]
= V(P 17°7°7°7Pu(pa)ut(p)7°r 7700V (p2)]
= [V(pa)y®ru(p3)ut(pa)y°y*v(p2)]
= [V(pa)vu(p3)t(p1)y"v(p2)]

~
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Muon pair production
Anomalous magnetic moment

Formula

>

Matrix Element

IMPZ = & S WVa(P2) Un (P1)Tc(P3)pucd Ve (Pa)]
[Ve(Pa)ywer Ur (P3)Ug (P1) Vg, Vi (P2)]

QED
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Muon pair production
Anomalous magnetic moment

Formula

>

Matrix Element

MP = & Y [a(P2)7h b (P1)dc(P3) vucaVa (Pa)]
[Ve(Pa)ywer Ur (P3)Ug (P1) Vg, Vi (P2)]

= %ZVh(pz)Va(pz)ngUb(pl)Ug(pl)’Yé’h
Us (P3)Uc(P3)Yucd Vd (P4)Ve (Pa) Ve

QED
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Muon pair production
Anomalous magnetic moment

Mg = Tr(M)

o

QED

Matrix Element

IMPZ = & S WVa(P2) Un (P1)Tc(P3)pcd Ve (Pa)]
[Ve (P4)vverUr (P3) g (P1)7gnVh (P2)]

= & Y Vn(P2)Va(P2)7 Un(P1)Tg (P1)V,
Us (P3)Uc(P3)Yucd Vd (P4)Ve (Pa)vvet
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Muon pair production
Anomalous magnetic moment

S Mg = Tr(M)
M = &5 Y [Va(p2)1Us(P1)Tc (P3)Vuca Ve (P4)]
[Ve (Pa)ywer Ur (P3)Ug (P1) Vg Vi (P2)]
= & Y Vn(P2)Va(P2)7 Un(P1)Tg (P1)V,
Us (P3)Uc(P3)Yucd Vd (P4)Ve (Pa)vvet
= & 3 Tr(v(p2)¥(p2)y"u(p1)d(p1)7”)
Tr(u(ps)t(ps)yuV(P4)V(P4)y)

QED
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Muon pair production
Anomalous magnetic moment

>duu = Yvw=p
M = &5 Y [Va(p2)1Us(P1)Tc (P3)Vuca Ve (P4)]
[Ve (Pa)ywer Ur (P3)Ug (P1) Vg Vi (P2)]
= & Y Vn(P2)Va(P2)7 Un(P1)Tg (P1)V,
Us (P3)Uc(P3)Yucd Vd (P4)Ve (Pa)vvet
= & 3 Tr(v(p2)¥(p2)y"u(p1)d(p1)7”)
Tr(u(ps)t(ps)yuV(P4)V(P4)y)

QED
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Muon pair production
Anomalous magnetic moment

>duu = Yvw=p
M = &5 Y [Va(p2)1Us(P1)Tc (P3)Vuca Ve (P4)]

[Ve (Pa)ywer Ur (P3)Ug (P1) Vg Vi (P2)]

= & Y Vn(P2)Va(P2)7 Un(P1)Tg (P1)V,
Us (P3)Uc(P3)Yucd Vd (P4)Ve (Pa)vvet

= & 3 Tr(v(p2)¥(p2)y"u(p1)d(p1)7”)
Tr(u(ps)t(ps)yuV(P4)V(P4)y)

= ST(p* 1) T (P3vu Par)

QED
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Muon pair production
Anomalous magnetic moment

Formula

Tr(v2#y79°) = 4(g*Pg?° + g*°g? — g*7g”?)

QED

>

M = & S [Va(p2)1 Un(P1)Tc(Ps)ucaVa (Pa)]
[Ve(Pa)ywer Ur (P3)Ug (P1) Vg, Vi (P2)]
= %ZVh(Pz)Va(Pz)’ngUb(pl)Ug(pl)’Yé’h
Ur (P3)Uc(P3)Vucd Vd (P4)Ve (P4)vver
= & 3 T (v(p2)¥(p2)y"u(p1)d(p1)y”)
Tr(u(p3)u(ps)yuV(Pa)V(Pa)ye)
= ST(p" 1y )T (P3vu Pav)
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Muon pair production
Anomalous magnetic moment

Formula

Tr(v2#y79°) = 4(g*Pg?° + g*°g? — g*7g”?)

QED

M2 = &5 S [Va(P2)1 U (P1)Tc(P3) YucaVa (P4)]

[Ve(Pa)ywer Ur (P3)Ug (P1) Vg, Vi (P2)]

= %ZVh(Pz)Va(Pz)’ngUb(pl)Ug(pl)’Yé’h
Ur (P3)Uc(P3)Vucd Vd (P4)Ve (P4)vver

= 5 S TI(v(p2)¥(p2)y*u(p1)i(pa)r”)
Tr(u(ps)U(ps)y.V (P4)V(Pa)r)

= ST (p2r* P17y T (Pavu Patw)

= 8 [(p1pa)(p2P3) + (P1P3)(P2Pa)]




Muon pair production

ED
Q Anomalous magnetic moment

(P1—p3)® = p1®+ps®—2p1Pps
= —2pip3
= — (ii—iicosa)

(P1 —ps)> = —25(1+cosb)

Differential Cross section
3—6 = ’M|264ﬂ-23
528 5 [(P1P4)(P2P3) + (P1P3)(P2P4)]

~

Dirk Zerwas Particle Physics: The Standard Model



Muon pair production

ED
Q Anomalous magnetic moment

(P1—p3)® = p1®+ps®—2p1Pps
= —2pip3
= — (ii—iicosa)

(P1 —ps)> = —25(1+cosb)

Differential Cross section
3—6 - ’M|264ﬂ-23
528 5 [(P1P4)(P2P3) + (P1P3)(P2P4)]
= %[%(1+cos€)-§(1+cose)
+ %(1—cosf)- (1 —cosb)]

~
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Muon pair production

ED
Q Anomalous magnetic moment

(P1—p3)® = p1®+ps®—2p1Pps
= —2pip3
= — (ii—iicosa)

(P1 —ps)> = —25(1+cosb)

Differential Cross section
g_sqz - ’M|264ﬂ-23
528 5 [(P1P4)(P2P3) + (P1P3)(P2P4)]
25%2[3(1 +cosd) - (1 + cosh)
3(1 —cosf)- (1 —cosb)]
= @[ﬁ(l 4 c0s 0)? + i(l — c0s6)?]
—  s3lie 16

+

~
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Muon pair production

ED
Q Anomalous magnetic moment

(P1—p3)® = p1®+ps®—2p1Pps
= —2pip3
= — (ii—iicosa)

(P1 —ps)> = —25(1+cosb)

Differential Cross section
g_sqz - ’M|264ﬂ-23
528 5 [(P1P4)(P2P3) + (P1P3)(P2P4)]
25%2[3(1 +cosd) - (1 + cosh)
3(1 —cosf)- (1 —cosb)]
= 2¢[52(1 4 cosf)? + 55(1 — cosh)?]
- s3 116 16
a? 2
= %1+ cos* ]

+

~
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do
dQ2

Muon pair production

Anomalous magnetic moment

~(1-cosf)®+(14cosh)?® €

Do the two terms have a O(u=.e) = 0

particular meaning? 1+cosf = 2 Probmax

Only the spin can lead to

an angular distribution that _

is not flat _ //M n
_ e - «<- e

Photon: Spin-1, mass zero - o, B

— 2 dofs; +1 ut

classical ED: 2

polarizations, no 0(n-.e) = 0 _

restframe... 1-cos¢ = 0 Probmin
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Muon pair production

Anomalous magnetic moment

et U JADE 12
R [
E - 10|
10;\ VS =344 GeV
£ 8F
8 C
6F k9
E E o
= . r
F 1 2
;. E
F Bl 0
oL 1 PRI | T
A 0s 00 0s -1

- ete” — utpu~

V8 <415 GeV @ JADE detector at PETRA

3 @ s - %2 scale invariant
% @ lows — (1 + cos?6)

s

@ higher s — asymmetry not
QED
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Muon pair production
Anomalous magnel\c moment

QED

e*e T 1" JADE LA e s e
LI S e I B R JADE 1
r DRIV
15— o eTer T'T"
L — QED 4
- --- Standard Model |
ol 4 S-SR S N
——* S R
r Norm Error
05 —
[ R R R P [ ]
-1 -05 00 05 1 L | L | L l PRSI L
Qo 500 1000 1500 2000 2500

s (Gev?y)

LI I

/5 =429GeV

@ Small mass dependence at
high /s

@ Lepton universality

@ Agreement with QED

cos©®

article Physics: The Standard Model



QED Muon pair production

Anomalous magnetic moment

Bohr

Current - Surface - n
= &.72r%2.n

— 2.7
- 27r$/V mre-n
= =(mvr)n

= 5 (h0n
= peln

pg = 5.8-107%V/T

=

Intrinsic magnetic moment:

Definition
g is the gyromagnetic ratio

Dirk Zerwas Particle Physics: The Standard Model



QED Muon pair production

Anomalous magnetic moment

Bohr Dirac
i = Current - Surface - n J L+S
= gyt P
- ZQWE?E\;L)n o= ey
_ (7lf) ~ 3(ril)
_ = —<f|¢WJIf>
pug = 5.8-107%V/T L
g / — E(L+4n)
Intrinsic magnetic moment: = Z(flL+gS|f)
f=9-ps-S @ The magnetic moment is

anti-parallel with the Spin

@ Dirac predicts g = 2!
Definition P 9

g is the gyromagnetic ratio

Dirk Zerwas Particle Physics: The Standard Model
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Muon pair production

Anomalous magnetic moment

and QFT?
e e
Interaction with an external Interaction with an external
field: LO field: NLO

Electromagnetic current

—eu~*u
= —ml(P’ + ) +i(p’ —P)uz(7*7” — 77l
= —gmul(p’ +p) +i(p’ - p)o)u

Dirk Zerwas Particle Physics: The Standard Model



QED Muon pair production

Anomalous magnetic moment

—2md(p" +p)iu
—  UrUs = 2Mors
= —e(P'+p)
— pu=0
= —e2E

conserved

Dirk Zerwas Particle Physics: The Standard Model



Muon pair production

ED .
Q Anomalous magnetic moment

Spin dependent part

—omu(p’ +p)u
2m e —: /
—=Uulo"”uA —p),
—  UrUs = 2Moys ( fm j OH(p p)
— (P —Plo=
= —e(p'+p) o0
0 — o0 =0
— /1, —_— .
_ e’ ~ —z%lUIGijEUkAi(p' —p)i
~ o-VxA
conserved -
~ &-B
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Muon pair production

Anomalous magnetic moment

Order Diagrams

1 1

2 7

_ 3 72
c 4 891
leads to: 5 12672

Ap ~ a/r- >
QED prediction ag

= 2+4a/w
a = 972 ae = 1159652182.79 1012
= 1o +7.79-1012
~ 1073 8th order: Phys. Rev. Lett. 99,
110406 (2007)
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Muon pair production

ED .
Q Anomalous magnetic moment

Electron Precession in B-field

mvi/r = ev,B
mvy/r = eB
mwr/r = eB

wo = eB/m
m — My
we = wolv

Dirk Zerwas Particle Physics: The Standard Model



Muon pair production
Electron Precession in B-field

mvi/r = ev,B
mvy/r = eB
mwr/r = eB

wo = eB/m
m — My
we = wolv

Spin Precession in B-field

AE =gugB = hw

w_ = g(eB)/(2m) = 3gwo
Relativistic corrections
(Thomas):

Wp = WL — Wt = %wo— 'nyle
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Muon pair production

ED
Q Anomalous magnetic moment

Electron Precession in B-field Phase difference

mvZ/r = ev,B Aw = W — wo = 8o
mvp/r = eB Relativistic:

mwr/r = eB Aw = wp — we = Aewp
wo = eB/m

m — My

we = wo/y

Spin Precession in B-field

AE =gugB = hw

wL = g(eB)/(2m) = 3gwo
Relativistic corrections
(Thomas):

Wp = WL — Wt = %wo— 'nyle
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QED

Electron Precession in B-field

mvi/r = ev,B
mvy/r = eB
mwr/r = eB
wo = eB/m
m — My
we = wo/y

- o

Spin Precession in B-field

AE =gugB = hw

w_ = g(eB)/(2m) = 3gwo
Relativistic corrections
(Thomas):

Wp = WL — Wt = %wo— 'nyle
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Muon pair production
Anomalous magnetic moment

Phase difference

Aw = w| — wg = aegwp
Relativistic:
Aw = wp — wc = Agwp

ot

ae = 0 : Spin in phase with
electron rotation

ae # 0: Spin precession not in
phase with precession of
particle in B-field

. ot
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Muon pair production

Anomalous magnetic moment
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=2 _faz#— n=1 ae = 115965218073(28) - 10~ 14
Vo - 3o/2 fo T Vo 3072 a~1 = 137.035999084(51)
n=1 ) Va—gVC/2 Ve
n= 0_¢_ @ test QED to 10~ 13
ms =-1/2 ms =1/2 @ determine o to 0.37ppb
(=~ 1079
@ Penning trap electrons @ natural scale: me ~ 0.5MeV

(small scale experiment)
@ §/uvc: relativistic shift
@ f Cyclotron : 149 GHz
@ f Anomaly : 173 MHZ
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Muon pair production

Anomalous magnetic moment

180 Fiber
14 monitor

@ muon liftime penning trap
not feasible

@ 24GeV protons to produce
pions (next week) which
decay to muons

@ muons decay to electrons
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@ calorimeters detect the
electrons

@ excellent knowledge of
B-field necessary



Muon pair production

ED .
Q Anomalous magnetic moment
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@ electron counting rate @ Hadronic contribution (non
varies as function of the QED) important (695)

precession of the spin @ Prediction is mixture of
@ natural scale of experiment calculation and
m, ~ 0.105GeV measurement

@ Supersymmetry?
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