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Questions from past lectures KIT
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Colloquium SKIT

Recent results on
K™ — nvr from NA62

Radoslav Marchevski (EPFL)

P — -

ML T

3 Particle Physics 1



Perturbation theory KIT

- Pertu rbat I O n E From Oxford Languages

® A deviation of a system, moving object, or process from its regular or normal state or path,
caused by an outside influence.

= Anxiety; mental uneasiness.
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Perturbation theory (time-ordered) SKIT

®= Focus on one of the two possible time-ordered diagrams

VIV
_ (FIVID) + Z (/1 \J><J\ D,

J#L
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Quantum Electrodynamics KIT

® QED = The QFT of the electromagnetic interaction

1
M = (lﬁc\VWa) ) > Wd\V\lﬁb)
1 T = Tx
LY mattox
e/le,mﬁil

= To obtain the QED matrix element for a scattering process:
a Need the expression for the QED interaction vertex

= Sum over the QM amplitudes of the possible polarization states of the
spin-1 photon propagator
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Interaction of electrons with EM field ST

® \What is the form of the perturbation? -
@ Start as we did for finding the form of C (LO3, S28-29)
i N

(P, A
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+ A 5‘{ S
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r\f&pm%(_)‘g Divac @fw b//up‘/(/t% +/i,g X///l/l/l %1‘ Jm%«’D
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QED scatteringe™ ™7~ — e 7~ AKIT

®a Need to calculate the Lorentz invariant matrix element 4 for the
I-channel scattering process Au i€ ‘\) MY

e e
= We now have the form of the perturbation: Vp = ¢y”y*A,.

[ ] ﬁ— [ ]
® Use this potential for thé e y vertexinteraction:
4

W(p)IVpli(p1)) — ul(p3) Qeey’y el ue(p1)

" And for th@teraetion:

® Sum over the 2 time-ordered diagrams (& include the photon polarization):

T T
Uy (pa) Qeey*y' & un(p2)
Thomson Fig. 5.6

M = Z ue(p3)Qeey 'y ue(py) | — " i (p4) Orey"y ur(p2)|

q

8 Particle Physics 1



QED scatteringe™ ™7~ — e 7 AKIT
® Clean this up a bit

M = Z 1l (p3)Qeey’y uc(py) |} = eV [l (p4) 0cey™y ur(p2)] . .
P+ P3
® Use this relation between the sum of over the polarization
states of the virtual photon and the metric tensor: TN 49
e e = —gu P2 Py
A
" And the adjoint spinor i = y'y" T T
Thomson Fig. 5.6
M = [Qee ue(p3)y” ue(pl)] [Qre u(pa)y” Mr(l?z)] S
v Mz - Qe Je gy
2 S 7
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Feynman rules for QED SKIT

initial-state particle: u(p) - o
final-state particle: u(p) © -
1nitial-state antiparticle: v -y e _ .
tipa P) i(psliey u(p1)
final-state antiparticle: v(p) o——
initial-state photon: Eu(p) ANANANNS _ig
final-state photon: 8:; (p) eV U QZHV
Iy
photon propagator: — g,; e
1 i(pa)liey Ju(p2)
. i(y"qu +m)
fermion propagator: -— > © ©
qg-—m

Y Thomson Fig. 5.7
QED vertex: —iQey"
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Feynman diagrams SKIT

® Direction of time is convention (I like left to right)
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Feynman diagrams SKIT

® Once you choose a convention, those diagrams describe different
pPhysICS processes

/
Sc/l/%@’_‘ '
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Feynman diagrams SKIT

® The angles between the different lines have no spatial meaning

® The two diagrams on the right are considered identical

A<
I
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QED annihilatione™e™ — u*u~ KIT

® Use our rules to calculate .Z for the s-channel annihilation process

[ TM /\ A
\ | e il
"
P3
SN Y y
M5 |V I ~A ) el ©7 v
J/L//L SV (M iwn’ } m(ﬁ) [ | gzé L(A()“l)ffd dﬂw) /

Thomson Fig. 5.8
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Calculations in perturbation theory IT
® Revisit the QED annihilation process eTe™ — u ™

®= \WWe only looked at the lowest order Feynman Diagram:

ey, |
/}/L@ —°</VlI/D“{'O<L /V’,J)" O/'Ti.ri
1 AP/ yt )3L
\/wﬂ,)z_ ¢0<Z //”:Lzlz-?' O(BEC )3 °<bl ]
et L™  Thomson Fig. 6.1

® But there are an infinite number of higher order diagrams

69“(%“)

Thomson Fig. 6.2
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Including spin KIT

. HOW many possible orthogonaﬂaeheWbinatiOns?
M\:L /U\" (‘,/—-\‘ﬁ 1

— = [/
> o kL
Crln M S

Z//le 5 ?N( ) ’/V’ﬂbll +/Mm/z /WLL/)
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4-momenta in CM frame AT

® Neglect the particle masses: \/E > m,

® u"u~ produced with¢p =0and ¢ =«

T
6—‘ P1 = (Ea()a()aE)a Ps3
et pr=(FE0,0,-EF), b - +
: e — o
W p3=(E,Esin6,0, Ecosb), / 0,
Wt pa=(E,—Esin6,0,—-Ecosb), o Pa
/\x Thomson Fig. 6.4
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Helicity amplitudes KIT

“ Recall the ME for the lowest-order diagram with 4-vector currents j
62 - B e B
M = ——guy [0(p2)y u(p)][u(p3)y v(pas)] S
9 —~ — N 5 Y
< N\ /W/_\

P> P4

j& =v(p2)y*u(pr) and ji = u(p3)y v(ps). 3 .

" The spinors in these currents are the ultra-relativistic limit (£ > m) of the
helicity eigenstates

C —S \) C 0
S€ C€i¢ C€i¢ S€i¢ - smz
U = \/_ , U] = \/E ,vT:\/E , Vy=VE :
\) —S C 5
Se ¢ —Cei¢ C€i¢ S€i¢ C = COS 5
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Spinors for the ¢ e~ initial state

Initial state electron with (6 = 0, ¢ = 0)

(1)
0

ur(pr) = VE|

0/

19

, uy(p1) = VE

Initial state positron with (0 = 7, ¢ = 7)

, v1(p2) = VE

, v)(p2) = VE

(0
—1

ol

\—1)

Karlsruhe Institute of Technology
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Spinors for the 4™~ final state XIT

C —3S \) C
¢ ip _pl® 1
\Y ce ce \Y
MTZ\/E ,ul:\/E ,UTZ\/E ,» U = E .
C \) —S C
se'? —ce'? ce'? se'?
Final state g~ with (6, 0) Final state u™ with (0 — =, n)
h
P3
(e (—8) () [ s) b, A
g C \/_ g \/_ —C & = D e’
ur(p3) = VE | w(p3) = VE | vrpa) = VE| | opa) = NE A/p4
wt
S/ \—C) \ S/ \—C)
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Determine the muon current

a oo j;f ” lE(ﬂ}) ¥ V(ﬂq)
)TV, ()

\/[jg = ET(pg)yOvl(pél) = E(cs —sc+cs—sc) =0,

]g)z ur(p3)y'vy(ps) = E(=c* + s* — ¢* + s*) = 2E(s* — ¢*) = —2E cos 6,
j’p%) ur(p3)y*v(ps) = —iE(=c* — s* — ¢* — §%) = 2iE,
}? ﬁ/~(p3)y3vv(p4) = E(cs+ sc+cs+ sc) =4Esc = 2E sin 6.

21

eeeeeeeeeeeeeeeeeeeeeeeeeeeeee

. g(gs,sé y (8-52) 7O

In general
Uy'0 = 'Yy = i1 + uhds + Uids + Wi,
Uy'¢ =Yy e = Wids + Usds + Wit + Wid,
Uy = Uy Y e = =i ds — W3 + Uidr — W),
Uy ¢ = vV ¢ = i — uhds + Uid1 — Wi,
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Determine the muon current AT

" Repeat the calculation for the other u™ 1~ helicity combinations

Vs o (GCNFA'»“”" /i What about the

. _ , - ?
/JM,RL = up(p3)y"v(pa) = 2E(0,— cos 6, i, sin 6), electron currents:

Jurr = ur(p3)y’vr(pa) = (0,0,0,0), =0 AT

: _ = 1% _ ,. 0‘/’1 (f

iz = 4(p3)y v(pa) = (0.0.0,0), 50 i (p)

. — y .. A

JuLr = uy(p3)y vr(ps) = 2E(0, —cos 6, —i, sSin 6).

( lou ?fﬂ l/(,( )0))/

/
&)} ;L;E/O)’wo@) J}Jsx\e)

/ S
/ L “y +A’/ ' y

RR M LL H LR Thomson Fig. 6.5
«(a ) //
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cete- -»pty>y & ]
» Calculate the spin-averaged ME

1
(IM#l*y = = X (\MRL—>RL\2 + IMRLoIRI™ + IMirSRLI + \MIZJR_)LR\)

\_/\’\/ Thomson Fig. 6.7
_ Q,Z , d
— [J\: (oo—))“’JLQ)J "[&EZOJ”@gQ,)A}JﬁWQJ
S _
T Y | v pse 2
© TN 0 38
S ‘\\\\ "/nu
M, ) Y et [ 1+ ¢ps? |M<LR£ AL |M<>+ LA
§a < (D3 & +|/M(RL— LR)|? x,x"’:‘~~~,\+|M(RL — RL)|?
----------- | | e
G~ = 2 N 1 0.5 0 0.5 w
“ e T _ (i cos 6
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Chirality SKIT

Karlsruhe Institute of Technology

" These are the 4 (out of 16) helicity combinations for ete™ — utu~
which give A4 # (0

@ / l /M_ / L
e —= , = o e = , L= e &, {&= o e & ,{&=
RL —@L) WX Rl LR W ¥ IR AL W IR LR

Thomson Fig. 6.6

® Not due to chance!
, A

® Reflects the chiral structure of QED. % _—

The eigenstates of the 0010

5 - : 0001 0/

y~- matrix are defined VS = iy0yly2y3 = _ ( )

as left- and right- 1000 10

handed chiral states O010O
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Chirality SIT

® Chiral states are denoted with subscripts R, L

ysuR = + Up, }/SuL = — Uy With this convention, the chiral
5 5 eigenstates = the helicity
VU= —Vg, V'V =TU eigenstates when E > m

General solutions to the Dirac equation, which are also eigenstates of y5

C —S \) C
S€i¢ C€l¢ —C€l¢ S€i¢
MREN ,MLEN ,UREN and ULEN .
C \) —S C
S€i¢ —C€i¢ C€i¢ S€i¢
)\/ 7 \€¢m
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Chiral projection operators SKIT

= Define chiral projection operators: Pp = %(1 + )/5),

P =1(1-7%).

@ Used to decompose Dirac spinors into right- and left-handed chiral
components

® Py projects our right-handed chiral particle states and left-handed
antiparticle states

‘PRMRZMR,PRMLZO,PRI/RZO,andPRI/LZI/L /H
/7

® P; projects our left-handed chiral particle states and Léﬁ-handed

antiparticle states
M/ 5 d@(/ﬁﬁ 44),0(1_

. LMR=O,PLI/£L=ML,PLI/R=I/R,andPLI/L=O /’\ }
dhy ,i/akb*( Coefs
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Helicity & chirality SKIT

® Helicity eigenstates defined by the projection of the spin of a particle
onto its direction of motion

“ Chiral states defined as the eigenstates of the y5 matrix

® \What is the relationship between their eigenstates?

— A
Start with the right-handed | mmdewrr (€ = ) | pmcisoner (=5 )
helicity spinor ur = VE +m S§ u, = VE +m le :
E+m© Em®
| hse? e
/\/ g ﬁ / *\ Particles

Lo se?
l<: L MT N e RH/

Eam kse*? /

uy

ur uj
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Helicity & chirality SKIT
® Decompose the right-nanded helicity spinor into left- and right-handed

chiral components
AN T (2|
?ﬂ Ay © 5‘:(140”5’)%? | ;LA/(" (“))$
| I Tl/\/ (:)C\);?\<§@ﬁ%
ally ket S oo e
C :
”—l(l%};)/\/ %m\
2 " b
| ( ) 5 € / L / \
! se;“ |
s —=(\-L AN I
Poas OV D e (pe0): _‘{(wu/\/< t (RN
e — / -
o X, ¥ (l%k)dg l()"l’«)(’{L
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Chiral nature of QED AT

= On , we said the fact that only 4 (out of 16) helicity c
give  #* (0 was due to the chiral nature of QED

® How do we see this?

a Start with our 4-vector current and decompose it into contributions
from left- and right-handed chiral states using the chiral projection

operators
Uyte = (apyr + aj )y (brdr + brér)
— aZbR$R7H¢R T a;bL$R7H¢L T aszQZm/MCﬁR T aZbLiw”ch

®= Work through it and you’ll see that only certain
combinations of chiral eigenstates give # 0

29 Particle Physics 1



Chirality summary KIT

® Similar to, but more abstract (pro-tip: think of chirality always as an abstract
tool!) than helicity: determined by whether the particle transforms in a right- or
left-handed representation of the Poincaré group (important property in
electroweak interactions: chirality is conserved)

| |
“ Chirality projection operators: P, = 5(1 — ;/5) and P, = E(1 1 },5)

® Any spinor can be decomposed into left- and right-handed components, u
and v are chirality Eigenstates (;/Su = X u)

® Lorentz-invariant (but not a constant of motion)

® A particle with right-handed chirality can have left or right-handed helicity,
depending on the reference frame
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Reading assignment KIT

= Modern particle physics (Mark Thomson)

T~—

® Chap. 2

m 2.3.6

~
[ ® Chap. 3 (complete). Should be mostly review from BSc.
Q ®= Chap. 5 (complete)

= Chap. 6

= 6.1-6.4

S

=< " 6.5" (extra reading, not covered in lecture yet)
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What questions do you have?

Karlsruhe Institute of Technology

Particle Physics 1



