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Weale Interactions

©° Oldest and best-lnown examples of weak processes are:

o -decay of atomic nuclei

and more fundamental neubron de&:av n — pre |

©° By analogy to emission of photons th nuclear 7Y ~decay
Fermi considered neubrino-electron pair to be created and emitted
in nuclear transition of a neutron to a proton

Inspired by current-current form of electromagnetic interaction
he proposed that tnvariant amplitude for 6] ~decay process be given by

- = S —— — E— |

- M =Gr (U up) (Vevputie) |

N —— S = — g

effective coupling (G i needs to be determined bj experinment
(lowhn as Fermi consbkant)
®° Amplitude explained properties of some features of ﬁmdecav
but not others

o
» Attempts to unravel true form of weak interaction in following 2§ yr
lead to a whole series of ingenious [J-decay experiments

reaching climax with discovery of parity violation in 1956



Charge-raising wealk current
@ Only essential change required in Fermi's original proposal
WA S repta&emen& of W“ b'j ’Y“ (]1 5 75)

@® rFermi had not forseen parity vmtahom
and had no reason ko include a ’y Y contribution

a mixture of 2% and 7 W“ automatically violates parity conservation
.9, th&rge*r&LSth weah: currem&

tcu-u,[otes aln thgoing Megaﬁve hatiai&v eleckron CL
te an outgoing negative kel&«ci&v neukrine

® Resides tot«figur&&iom (62, vV L) w charge-raising wealk current
also COMF’L@.S afouowitﬁ»\g (lngoing, outqoing) LG.F?EOM pair tow‘figuraﬁoms:
(VRa eR)v (07 VL@R)) (GL VR, O)
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Charge lowering wealk currenk

Charge-lowering weak current JH = ﬂefy'u % (]I 0 75)u,/

= [u} 7" "3 —~°)ue]!

-T001 ut 0

“ = uly" (T —~®)y"T4 u,
| — EGVO%(H_WE)WOWNMUV

— U, fy“%(]l — 75)uy

Weal inkeraction amplitudes are of form - ’ M = ZLGTF
2

— e — et

Charge conservation requires that
I be product of charge-raising and charge-lowering current

Factor of 4 arises because
currents are defined with normalized with projector operator % (I — ”75)

rather than old—fashioned (I[ Tl 5)
LS pure convention

3
V2 (o keep original definition of G F which did not include 7 )

Thursday, November 10, 2011



‘Pocri;Ev Violakion

Cumulative evidence of many experiments is that
indeed c:»sr\i.v Vi, (and VR) are involved in weale interactions

absence of mirror imaqe states Uy, and VR
clear violation of parity nvariance

Charge conjugation C' tramsforms a V[, state into a Tp, state

(' is violakted

(I — 75) form leaves wealk interaction thvariant under
combined (P operation

i D(rT — ptvp) 20" — u vg) =0 P violation,
D(r" — ptv) A T(n~ — p~ ) =0 C' violation
but [F(ﬂ'_l_ — ptvp) =T(n~ = pu vgR) CP invariancej

UV denotes a wuon neukrino
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Fermit conskank

Values of GF obtained from wmeasurements of

‘eutron Lufe&me

o

Gr (1 136 -

are {cund to be wn&hm a nfew pert:em&

Comparison of these resulks supports assertion that
Fermi conskank (s same {Or all Le.g&cams and nucleons
and hence universal

Nuclear [ -decay and decay of muon have same physical origin
We'll see reason for small difference is important
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Neubrinoe Probe

Although experiments exgasivxg violation of parity in weak interactions
(poto\riz.eci o d&.ﬂ&v, K d&tat}, T de&aj, eke)

are some of highlights gy deveiopmen& of particle physics

pari&j violation and ks V — A structure

con now be demonskraked experimem&auj more. ciirat&bj wikth neubrinos

This is analogous to study of electromaqgnetic lepton-quark interaction

To predict neutrino-quark cross sections
we clearly need to know form of gquark weak currents

Quarks interact electromagnetically just like leptons

(apart from their fractional charge)

Therefore we construct quark weak current just as we did for leptons
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Invariant amplitude of CC interaction

We model charge-raising quark current

o wealk current |

hermitian r:o give charge-lowering wealk currents
Short range of wealk interaction
results from exchange of a heavy gauge boson of mass My

J = %

Upon inserting currents @ and 4 into ¥ e we obkain

tavariant amplitude for charged current (CC) neutrino-quark scattering



Isoscalar Nucleons

To confront pQCD predictions with experiment

ik is simplest to consider isoscalar nucleon targets

n which nuclel contain equal numbers of protons and neutrons

N =(+n)/2

Procedure ko embed comstituent cross sec&mm s »f&mdmv’ fyom Llast class

Ls dn{%@.f&h&nat cross-section given in terms 0{: s&ru&&ur& {un&mms

Y, =1+ (1 =g)%, Yo o0 ), 11
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vN Q L0

At LO in pQCD w structure functions are given in terms of PDFs as

y =x(u+d+2s+2b+u+d+ 2¢+ 2t),
cFY =x(u+d+2s+2b—u—d—2¢—2t),
and F7 =0

and hence @ can be written in an atd ho& nfc:-rm

~2CC

oS¢ G

subscripts Uand S label valence and sea contributions
u,d,c,s,t and b
denote distributions for various gquark flavors in a proton
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vN Q@ LO

Calculation of TN scattering proceeds along Lines of VN scattering
wikh r@.[ptatzemen& of FQ’/7 ngéﬂ FLV 5 F2177 xF:f, FL’7

At leading order FY = z(u+ d 4 2¢ + 2t + @ + d + 25 + 2b),
vF} =z(u+d+2c+ 2t —u—d— 25— 2b)

Going through same steps, we obtain

(m—( 2 >2[if

| N —CC
Ta=
dxdy s 17

1f there were just three valence quarks in a hucleon w QCC(QE, Qz) =— ()

neutrino-nucleon and antineubtrino-nucleon scattering data
would exhibit dramakic V — A Frmpar&ies of weak interaction
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NLO

At NLO = relation between structure functions & quark momentum distributions
ivolve further QCD calculable coefficient functions
and contributions from [ can no longer be neglected

QCD predictions for structure functions
are obkained bv solving DGLAP evolution equations ot NLO

NLO inclusive VIV (left) and DIV (right) cross section
with T10 uncertainties (shaded band) eompo\red with LO calculation
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Weale Neubral Current Interactions
Discovery of neutrino-induced muonless events in 1973
heralded a new era i Farﬂet& Ftkﬁsws

These evenks m mosk r@.a\cii,i.v améerpre.&abte as
Vi (?)N — Uy \V (_)—I— hadrowns

are evidence of a weak neutral t::u,rrenﬁ

wc&h vet&c:-r &M.d axmi.--vec:&canr t:ou,pi.w\gs gwev\ bj

T]? & () are &hwd aompm\ev\& of wealk nsospm &: tkarg& of fermion f

Wl WIN W WIN
Wl WIN O O

1
2
1
2
0
0
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p

In general = (unlie J ,L(Lj 2 ) is nok pure V — A current (CV =£.C A)

Neukbral cu.rre.m% interaction is described by a Coupimg g / cos 0,

E— = e s ——

g JNC L :
cos @, m7, cos @,

4GF JNC JNC,LLT &

= — S = = = — = _ —— —— ——

Combihéhg o0 with Bqgives | G B * x ,
| P2 Yo 8mzy COSH ) |

S— =

from Last two equations and my =
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IN OTH EQ WOQ.&SMN

1f wmodel is successful = all neutral currenkt Ikemomema
will be deseribed by a common parameter

For moment we will leave C7{/, C;L4 and P as free parameters
to be determined by experiment

For further discussion it is useful to remember that:
@® wneutral currents have a coupling oG g
@ P represents relative strength of neutral and charged weak currents

e.g. for neulrino-quark scattering:

Ap weasures quantum corrections
Fo rakio C}‘f neubral= and tk&rggd—» current O\MPLL&MG’&QS abt Llow ev\ergv
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LO NC cross section
Caleulation of inclusive cross sections VN — v X
proceeds exactly as that for charged current processes
At LO in pQC we find
" d20NS  GLME, ( m% )2 [
dxdy 27 Q% + m%

qu,o:rk‘ densities are given bj

R—

= _— =
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NC-to-CC ratio
A quantitative comparison of strength of NC to CC weak processes

obtained by NuTeV Collaboration scattering neutrinos off an iron tarqget

Experimen&at values are

For B, > 107 GeV  theoretical Predi«:&mn using CTEQ4 PDFs is
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Kaown d@.&&v

Leptons and quarks participate in wealk thteractions through Ve = Ccs

constructed from following pairs of (left- handed) fermion states

| (v v w )
i : 'li ] and g
i € K d -

ALL these charged currents couple with universal coupling Gr

It appears natural to bry to extend Ehis universality to emwbrace doublek

2} formed from heavier quark states

However = we already lnow that this cannot be quite correct
£.& TR /LJFVM decay occurs K™ is made of U and S quarks
implying there must be a weale current which couples a U to an S quark

This conbradicks above scheme

which omtv allows weale kransibions between 4 <5 d and ¢c & s



Quark Flavor Mixing

Instead of introducing new couplings to accommodate K oa ,UJFV/L

let's bry to keep universality but modify quark doublets

We assume that charged current couples rotated quark states

dcosf. + ssin 6,

—dsinf,. + scoséb.

This introduces an arbitrary parameter 0. quark mixing angle

- knowh as Cabibbo QMSL@. e

Thursday, November 10, 2011



Cabibbo Angle

In 1963 w Cabibbo first introduced doublet u, d’
to account for weal decays of strange particles
Indeed mixing of d and S quark can be determined by comparing

AS =1 and AS = (0 decays

E.G.

After allowing for kinematic factors arising from different particle masses

dobka show Ehat AS = 1 Eransikions are suppressed

by a factor of about 20 as compared to AS = 0 transitions

This torrespmncis to sinf,. = 0.2255 4+ 0.0019




Cabibbo favored & su,ppr@.ssed transitions

Whalt we have downe is ko change our mind about CC &

We now have Cabibbo favored transitions (proportional to COS 6.)
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We can summarize Ehis...

by writing down explicit form of matrix element

describing the CC weak interactions of quarks

Unitary matbrix U performs robation of d and S quarks states:

J3

Amplitudes describing semileptonic decays
are conskructed from procim:& of a quark with a Lep?ovx current

JH (qumk*) J ZL (i.ep&cn)
ALL this has implications for our previous calculations

We must repta&e GF Ak bj GF — GF COS (96

BUT
purely leptonic [i-decay rate X (which involves no mixing) is unchanged

Detailed comparison of s and 3% rates supports Cabibbo's hypothesis



CabibbawKabajasM*MasLmu.m nakrix

Unitary makbrix Uin B gives a zeroth —order approximation
to weak inkeractions of Uu, d, S, C quarks

their coupling to third famii.z (though non-zero) is very small

3 X 3 wmakrix U cangﬁis;\s three reod.apamme&ers and ac&or 67’5

(Cabibbo-like mixing av\gie.s)
Original parametrization was due to Kobayashi and Maskawa

Easy-to-remember approximation
to observed magnitude of each element in 3-family makrix is

|Uud‘ ‘UuS‘ ‘Uub‘

“ U — Ucd UCS Ucb ~
Utg Uts Uty

~— = e

These are order of magnitude only
cach element may be mulkiplied by a phase and a coefficient of O(1)
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Properties of weak amplitude 9N

To investigate O'P invariance we first compare:
ampl&ud@. for wealk process ab — cd

with that for antiparticle reaction ab — cd
We take ab — cd to be charged current interaction of processes
described by

Ampti&ud& LS

3
S

because Uljd — 7

I deseribes eibher ab — cd or cd — ab
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Properties of weak ampti&ude M

Amplitude M’ for antiparticle process ab — éd (orcd — ab) is

e ee—— . [ —— —— e

~  (JE)Y T b
~ UXUgp (Ggy" (I — 75)%) {
ok GO —00L

This should wnot be surprising

It is demanded by hermiticity of Hamilkonian

By glancing back at Ly = —Z/¢}'Z(:E) V(x) ¢i(x) b

= —i/¢;§ ie(A*9, + 0, A") ¢; d*x
and
Tt; = —iNaNp Ne Np (2m)* 6 (pp + pc — pp — pa) M
we see bhab )T is essentially interaction Hamiltonian |/ for process

Total interaction Hamiltonian must contain T g)ﬂ

N describes § — f transition and MM describes f — 7 transition
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How to test CP invariance

We have seen that weak interactions violakte both P £ (' invariance
BUT have indicaked Ethat

invariance under combined (P operation may hold
How do we verixfj Ehak Ekemry is (P tavarionk?
We calculate from ﬂﬁ(ab i Cd)

amplitude Mep describing C' P-transformed process
and see whebher or not Hamilkonian remaiing hermiktian

1f ik does = that is f Mop = Nl then theory is (' P invariank
1f it does not = then is (P violaked

——— ———— —————

NMcp is obtained b substituting CP ~transformed Dirac spinors
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Hints for the calculation

To form Mop we need U°

and also to khow how 7Y (I[ Sasid) ) Eransforms under &
In standard representation of gamma matrices we have 7

S —

= —iy" (C” WOC)(C ) (CTC)(CTIAC)
T ol 17T 2T 3T

= —ir* 0y 2y

= (P21 0)T

= (i 2T

T 5T
\ = —Hy
+ = —(v°¥)*

= ()"
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More hinks for the calculation

With replacements 8| = first charged current becomes

| (72

Ueca(tc) " (I — V5)(ua)c

- cauTC_17M(H_75)Cﬂg
= Ueatte [Y"(I+7°)]

= (D)Uecalla V" (I + 7°)tc

B=""(1- )

?&ri&v opera&ion P = 70 - and so P_lfy“ (I[ 4 75)
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CP¥ unvariance?

|j We can now compare

------------------------------------------------------------------------------------------------------

-----------------------------------------------------------------------------------------------------

---------------------------------------------------------------------

~ UUap (827" (1= 77)ue) (@7 (1= 7°)ua)

......................................................................

7] Provided elements of matrix U are real
we find Mop = M and theory is C'P thvariant

For (u, d, ¢, $)w 2 X 2 makrix U s indeed real
With addition of b and t wmwakrix [/ becomes 3 x 3 CKM makrix

U now contains a complex phase factor e

1 Therefore = i general we have N p = Il
and theory necessarily violakes C'P invariance

"1 C' Pviolation was established many years before introduction of CKM matrix
evidence was first revealed in mixing of neubral kaons
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Electroweak Interference in e e Annihilation

Measurement of reaction gilo 7 ,LL+ L ot PETRA energies
provides tests of validity of QED ot small distances

Measurement also provides a unique test of asymmetry
(in angular distribution of muon pairs)

arising from interference of electromagnetic amplitude IMEM 2 / k2
with a small wealk contribution

Size of this effect is found to be
‘mEM mNC‘ N GF N 10—4k2

‘QﬁEM‘Z 62//{2 m?\f

using Gp ~ 107°/my and e?/4r = 1/137
For PETRA e e beam energies ~ 20 GeV w k% A~ S & (40 GeV)2

and so predicts about a 18% effect = which is readily observable
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To malkke a debailed predw&wnm

Use F—*ejnmam rules to «cc:-mpu&e amgti&ude_s ﬂﬁy and Nz

where Kk is four-momentum of virtual 7V (or Z) s k-
With electron-muon universality m superseripts on CV, A are superfluous
We ignore lepton masses = Dirac equation for incident positron reads
(%ka)@ya =0
and numerator of propagator simpwﬂes to Guo



Chiral Couplings
Taking p =1 w Iz can be written as

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

\/§GFT7’L2 _ _ _ —
Mz =—"7 m2Z r(BrY 1R) + (LY L] [cr(ErVver) + cL(ELvveL)]
‘ o
.............................................................................................................. I S
CR=Cy — Ca, C[, =Cy + CA

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

(e 75) are projection operators which enable )17
o be axprasse_& Expiitﬁm.j i kerms O{: T‘igh&* and L@.«f&“k&&'\d&d SF‘»’EMOT’S
b
It is easier to calculate ‘gﬁy -+ ‘ in this form
With definite electron and muon helicities

we can apply results of QED calculation of e ,u+ U



o . N
= 4—3(1 + cos6)? [1 + rck ¢ ]

O‘Q‘L 2 — p 36
= 4—8(1—|—COS(9) 1+ rchel ]

we have included finite resonance width [,

7
which is meor&ah& ‘f""” Rl
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UMPOLQrE,z.@.d Cross Seckion

Expressions similar to M and d8 hold
for other 2 non-vanishing helicity confiqurations

To calculate umyotarnzed Gl ,u L cross section

we average over four allowed L, IR heum&j cambma&mms

o
We find | 49
' dQ 4s

—+ %%e(r)(q + cg)”® + ZM (
— 1 -+ Q%Q(T)CV =F ‘T‘ (CV -+ CA)2

3lr*(cg, — cr)’

= 4§Re(r)cA + 8\r|2chA

= — ———
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Forward-RBackward Asvmmeﬁrj

Lowest-order QED result gives a symmetric regular distribution

(A= 1, A .

Weak interaction introduces a forward-backward asymmetry

(A5

Let us calculate size of integrated asymmetbry defined by

This is in agreement with expectations of order of magnitude estimate

GFS/62
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PETRA-daka :

We may use standard model couplings caq =

1
T + 2sin? 6, ~
ko compare wikh expemmen&ai. measuremen&s

O'f kngh-—amargj 6 6 % ,u ,LL ahguiar diskribution

.\.
\.
\.
\.
\.
.\ .
N

)

CELLO

s do/dQ (nb GeV* sr

.
* —— o

e'e”—> uu
<Vs> = 39 GeV
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PETRA-data (larger statistics)

CELLO
3
\o
\0
\ +
N

o

.

s do/dQ (nb GeV* sr™)

et

e'e”—> uu”
<Vs> = 435 GeV

-0.75 -0.5 -0.25 0 0.25 0.5 0.75 1

cos @

e o ,u+ 1 anqgular distribution for all CELLO data (v/'s) = 43 GeV

cos 0 diskribution does not {:oilow 1 (3082 H QED Pradm&on
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