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RADIATIVE CORRECTIONS
As a rule = size of radiative corrections ko a given process is
determined by discrepancy between various mass & energy scales involved

For a wide class of low-energy and Z-boson observables
dominant effects originate entirely in gauge boson propagators

(obligue corrections)
and can be parametrized in terms of 4 electroweak parameters:

Aa, Ap, Ar, and AK
0‘.Aa determines running fine structure constant at 7 boson scale
a(mz)/oa=(1-Aa)""
°

® AP measures quantum corrections of NC/CC amplitudes at low energy

..
© Ar embodies non-photonic corrections to muon Lifetime

.0
0O AK conbrols effective weak mixing angle

sin® 8, = sin” 0,,(1 + Ak)
that occurs in ratio of Zff vector and axial-vector couplings
Le. c{;/ci = ) sin? 6,



CHESS NOTATION

Today’s class m intro to theory of electroweak radiative corrections
and its role in testing SM, predicting top mass, constraining Higgs mass,
and searching for deviations that may sighal presence of new physics
Implementing such a program

can be first formulated nfrc:-m Pain& c:»f view of experimentalist

2L o |
1 o 432 + 1654
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CHESSBOARD
Chess Eqs. represent incomplete List of experiments
capable of measuring Sin 0

2
\o’&iidiﬁj of M requires that each measurement yields same value of S

[ Ratio of V), scattering on left- and right-handed electromns
which is a function of sin” B only @

I| Measurement of weak boson masses = W

W Combination of myy, a, and G as determined by muon Lifetime = 1

IV Partial widths of Z into a fermion pair

wikhh veckor and axial ﬁOMFLE«V\S C{/ and C;Z

and color factor Cp = 3 (1) for quarks (leptons) = &
V Various asymmelries measured abt Z-foctories m W
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CORRECTIONS TO 7 PROPAGATOR

After inclusion of O(a) corrections

sin® @, values obtained from different methods will no longer be same
because radiative corrections modify chess egs. in different ways

B C ol
diagram modifies {-channel

|/ propagator measured by %

It does not — however —- contribute ko O() shifts in W, Z masses

which jiei.d a merov&d Sin2 0., value via X
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WEINBERG ANGLE
Experimentalist has to make a choice and define Weinberg angle to O(a)

ALL other experiments should be reformulated in terms of preferred S

What this choice should be is ho longer a matter of debate
we will define sin® g, i terms of physical masses of weak bosons

— e e ———

2 i ) ||
=1 - W _ (.23122(15)

L€

This choice is particularly useful in that one can estimate
radiative corrections in kerms of renormalization group
which has been previously introduced

O(Oz) corrections can be qualitatively understood
in terms of loop corrections to vector-boson propagators *T\ and &P

A wost straightforward test of theory is now obtained
by fixing sin’ 0, in terms of measured weak boson masses
and ve&ri{fjur\g that iks value coincides with obher measurements of 0,
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FREE [PARAMETERS
AlLL UV divergences in QED can be absorbed in two parameters: & and me

List of parameters to be fixed by expemmen& in electroweak theory includes

weak mixihg ahgi.e does ‘ i List of parameters:

tks value is au&oma&ieattj debtermined bj mw, Mz via B

Traditionally w SM Lagrangmn is d@.&e‘rmmed in kterms of
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ELECTROMAGNETIC RADIATIVE CORRECTIONS
EXARMMPLE w  Show how relation X is calculated ko O(Oé)
in terms of weak angle 0, defined by &

Origin of relation 1 s 1 Lifetime w to leading order is given bv diagram

e S

In Fermi &hecarj w  eleckromagnetic radiative corrections
must be included to obtain result to O(Oé)

Sfjmboi.&t:ai.i.j | () — @

] ,Ll, \/§

where
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ELECTROWEAK RADIATIVE CORRECTIONS

In eleckroweale Ekeor:j

photonic corrections |

propagator

vertex
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ELECTROWEAK NODEL AT BORN LEVEL

@

wikh

Before discussing status of measurements of Ar w note that

to leading order w Ar = ()
wusing e

M reduces to Born relation i
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DORMINANT TERANS

Electroweak radiative corrections are gathered in Ar

We specifically isolated fermions which are responsible for running of

Other conbribukions are small and are grou.pe.d in remainder Nrom

To the exbtent Ehal A]rem s small w ohe can imagine summiing series

by replacement (1 -+ Afr‘) — (1 — AT)_l i W
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AV

We already discussed running of & from small lepton masses to My

where NC 3 is number o{ colors and Utb ts CKM mabrix element

‘Utb|2 o |
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FINGEPRINTS OF ELECTROWEAK THEORY

: has important property that

Diagram [FAV:

e defining my =mp € =

In QED -
only equal mass fermions and antifermions appear in neutral photon Loops

and diagrams of this type are not possible

9y
Rewrite %@ and %* in form

2mims3 m?
In —

— o5
my Ty

/ Z conbribution to ann observable is {orbuda&em i QED and QCD
whem virtual particle effects are suppressed by inverse powers of their masses

o embodies this requirement because € = 0 for photon Loops

Conversely m appearance of My / Z kerm

is a characteristic feature of electroweak theory



WE ARE NOW READY TO WLUSTRATE THATAp £ 0.
O We first determine experimental value of Ar from W

2
Using Cro.. 9  oud S gsin 6, =

_Sm%‘/

AN

O(a) SM relation @ requires a non-vanishing value of Ap

© Using  we obkain _Eko& Ap — 0.0086 viei.cis

' (Ar)calculated = AN

S~ = e = ——

in agreement with experimental value

We leave ik as an exercise bto hsert errors into calculakion
and show that arqument survives a straightforward statistical analysis
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CONSTRAINS ON HIGGS RRASS

Higgs particle makes a contribution to Ar

From 114.4 GeV < my < 1 TeV 0.0006

conkribution too swmall to be sensed bj simple analysis Fresam&ed above

Quantity AT is in principle sensitive to Higgs mass

Radiative corrections predicted by SM have successfully confronted experiment

program is however far from complete

problem can be quantified by rewriting A and @ as

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

¢ .

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

Using £ —pole measurements of SLD and LEP1
electroweale radiative corrections are evaluated
to predict masses of top quark and W-boson
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— LEP2 and Tevatron (prel.)
LEP1 and SLD

68% CL

Contour curves of 6%% CL in (Mg, Mw) plane
for direct measurements and indirect determinations
Band shows correlation between TIII and 1My expected in SM
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NEUTRINO OSCILLATION

Convincing experimental evidence exists

for oscillatory transitions v, = v between different neubrino flavors

Stmplest and most direct interpretation of atmospheric data
is that of muon neubtrino oscillations

Evidence of atmospheric UV disappearing is now ot > 150
mosk uwatj converting te Vs

Anqular distribution of contained events shows that
for B, ~ 1 GeV deficit comes mainly from L i, ~ U

These results have been confirmed by KEK-to-Kamioka (K2K) experiment
which observes disappearance of accelerator V), at a distance of 250 km

Daka collecked b'j the Sudbu,r-j Neubrino Observa&orj (SNG)
i conjunction with data from SupewKamLotmnde (sK)
show that solar Ve convert to Vi or Vr with CL of wmore than 7o

KamlLAND Collaboration has measured flux of U, from distant reactors
and find that V. disappear over distances of about 180 km

ALl these data suggest that neutrino eigenstates that travel through space
are hot flavor states that we measured through wealk force

but rather mass eiqenstates



Flavor eigenstates ‘Va> and mass eigenstates ‘V@>
are reta&ed bj a unitary &ransformahom U (:,e mixing mo&mx)

For am&mea&rmas ohe kas to reptac:e U i b‘ﬁ U*.

Le. r\-w S Uzlm) |

Number of parameters of an 1L X N unitary matrix is 2n

It is easy to see that 21 — 1 relative phases of n? neubrino stakes

can be redefined such that (n — 1)° independent parameters are Lleft
For these it is convenient to talee:

1
= ey of an N-dimensional rotakion

and %(n —1)(n — 2)
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HARILTONIAN RRECHANICS

© Being eigenstates of mass makrix m states |1/;) are stationary states

(Le. they have the time depemienea)

where IV X2 p is tokal neubrine enerqgy

w here ik is assumed Fhat neubrinos are stable
© A pure {Lavor state ‘Voz> e Z Uai‘yi> pr&sem& o 17— ()

devewps wikthh time Unko skabe

f Z Ugie™

Thursday, November 17, 2011




TRANSITION AMPLITUDE

Time depemden& Eransition ampli&ud@_
for tramsition from flavor UV, to flaver Vg is

. — —

wikh DZ] - 6Z'j€_iEit (G’\.E,QSOMQL MQETLX)
An equivalent expression for transition ampti&ude is obtained bfj
i ],

nserting (3 into [ and extracting an overall phase factor e

WA(ve = vp,t) = ZUaiU*i @—i?Et

'R] imzL

o ZUO”;U*?: e~ 2B

1

where [, = C%;G@.t&u- G ="k ) ?S distance O‘f d&t
in which V3 is observed from 1/, source
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1 — 7 TRANSITION AAMPLITUDE

For an arbitrary chosen afnxed ] &rams;&on amyh?zude bec‘omes

= (L — Ej) =

—

: e T SR TINE  0 D 2
L LS me&sur&d t ke E LA G’Q\i (Mf\d 5mw — mi eixs mj LA eV

(in ¥ umi&ari&j relation has been used)
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[PROPERTIES OF TRANSITION ARMPLITUDE
J Transition ampii&ud@_s are bthus given b:-j n(’n =t 1) real F’QI‘Q!ME&QTS

(n . 1)2 E,y\deFey\dey\& Parame&ers of uni&arj mabrix
(which determines sizes of oscillations)

and 1 — 1 mass square differences

(which determine frequencies of oscillations)

\/ 1f CP is conserved in heubtrino oscillations

all C'P-violating phases vanish and Uai are real

te. U is an orthogonal makbrix U~ ' = U?! with %n(n — 1) parameters

Number of parameters for transition amplitude is then %(n Sy - 2)

J Usting
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Comparing and 8 following relation holds for
Eransformations between neutrinos and antineubrinos

This follows directly from C'PT theorem:
& changes Far&it.:i.e tnto an&par&i«ct@.

P provides hecessary “ﬂ.ifz’ from lefb-handed neubrino
to right-handed antineutrine and vice versa
and 1’ reverses arrow indicating tramnsition

1f CPis conserved w U,; andUg; are real in and &

That is = if time reversal variance holds one has

Therefore m (P violation can be searched for

e.9. by comparing oscillations Vo — Vg and g — 1,
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TRANSITION PROBABILITY

Transition probabilities are obtained by squaring moduli of amplitudes &

X —iErL't
Pya—>V5 — E UaiUﬁie
2

bos =4y Re (U Ui Unjy Up,) sin? Ay
e ]

+ 2% Sm (U} Usi Uaj Up,) sin 24
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ANATCHING EXPERIMENTAL DATA
22 In standard breabtment of neutrine oscillakions

nfiavcr etgenstates |Va>(a — €, W, T)

are expanded in terms of 3 mass eigenstates vi)(i =1, 2, 3)
> = Atmospheric heutrino data suggest corresponding

torresgaonciiv\g oscillation Phase musk be maxinal Daim ~ 1

which reguires 5m§tm ~ 10_4 — 10_2 eV2

\;I

v Assuming all upgoing multi-GeV UV oscillate inko different flavor
while none of downqgoing ones do

observed up-down asymmetry
leads to a mixing angle very close ko maximal sin® 20, > 0.85

>2 Combined analysis of a&mospheﬂt neubtrinos with KK
leads to a best &Empc:-m& and 1o ranges

S = 2.270 5 X LEEEEY S U O

s | | i 2
312 On the other hand m reactor data suggest |U.3]° < 1



ANASS EVGENSTATES
TO SIPLIFY...

2
we use fact thak |U€3| is hearly zero to ignore possibi.e CP violation
and assume that elements of [J are real
With this in mind = we cain define a mass basis as follows

[ 1) = sinfg|v™) + cosfg|ve) J

[ s} = €08 0|1 — sin O |1 ]

where 00 is solar mixing angle

4 1 )
v3) = E(IM + ) |

\_ J

* 1 . .
™) = ﬁ(\uw —|vr)) | A& is eigenstate orthoqonal to v3)
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FLAVOR EVGENSTATES

Inversion of neutrino mass-to-flavor mixing makbrix leads to

4 ) 4 )
Vo) = cosbg|vy) —sinfg|ve) | &||v") = sinfg|vy) 4+ cos g |vs)
\_ Y, \_ /

by adding [5 and & one obtains Vi flavor eiqenstate

and b'j subs&rac&iv\g these same equ,a&ioms Vr eigenstate

Combined analysis of Solar neubrino data and KamLAND data
are consistent at 30 C], with bes&--{i% poim& and lo ranges:

omz = 821535 x 107° eV?

R —— . . - - - e — = ——— e
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FAR-OUT NEUTRINOS

ForA;; > 1 phases will be erased by uncertainties in L and L
(as would be case for neutrinos propagating over cosmic distances),

averaqging over Sin2 Aij L 36 we obtain

\
ST

g 237 SREC SE S N e

1> SR 4

Since 5045 = 53 3 first and second terms in ¥ cancel each other
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AVERAGE PROBABILITY

Probabilities for flavor oscillation are Eheh

Let ratios of neu&rw\a ﬂfiavors a& prodwzﬁ&m\ U cosmic sources

be written as We : Wy, @ Wr with Zwa =il

so that relative fluxes of each mass eigenstate are W; = Z Wey

We conclude thak Probabiuﬁv of m&asurihg on Earth a flavor O is

F Pya detected — E
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EARHTLY IRATIOS

O Any initial flavor ratio that contains w, = 1/3

will arrive ot Earth with equipartition on 3 flavors

O Cosmic neutrinos arise dominantly from decay of charged pions
their tnitial flavor ratios of nearly 1 : 2 : ()
should arrive ot Earth democratically distributed
= Fairly robust prediction of 1:1: 1 cosmic neutrino flavor ratios
O Prediction for pure U, source originating via neutron [J-decay
has different implications for flavor ratios
W=l viai.ds Em&hiv rabios ~ 5 2 9
O Such a unique ratic would appear above 1 : 1 : 1 background

i direction of neubtron source

O Flavor identificakion of neubrinos on a statistical basis
becomes possible at IceCube
opening up a window for discoveries in particle physics
not otherwise accessible to experiment
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the Yampire

o In SM masses arise from Yulkawa interactions

which couple right-handed fermion with its left-handed doublet
after spontaneous symmetry breaking

% Because no right-handed neubtrinos exist in SM
Yulcawa inbkeractions leave neubrinos massless

% One may wonder U neubrine masses could arise from loop corrections
or even by non-perturbative effects

but this cannot happen

because any neutrino mass term that can be constructed with SM fields
would violate total lepton symmetry

% To inktroduce a neubtrine mass term
we must eibher exktend gar&d\e conbenk

or else abandon gauge invariance and/or remarmatiz&bitiﬁv



How to kill a Yambire

We keep gauge symmetry

and introduce arbitrary number M of additional
right-handed neutrine states

(singlets under kvpemhmge) v Rs(l, 1)0

With particle contents of Sm

and addition of an m‘bi&r&r‘v m wumber of right-handed neutrinos
one can construct two bypes of mass terms

that arise from qauge invariant renormalizable operators

V™ indicates a charge conjugated field (VC =@ ET)

Mp isa complex m, X 3 makrix
and MN Ls a svmm&rm makrix crf dimension M X M
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DIRAC NEUTRINOS

@ rForcing My = 0 leads to a Dirac mass term
which is generated from Yulkawa interactions

similarly to charged fermion masses

@ Such a mass term conserves total lepton number
but it breaks the lepton flavor number symmetries

© For m = 3 we can identify the hypercharge singlets
with right-handed component of 4-spinor heutrine field

@ Since matrix Y is (i general) a complex g o 3 matrix
flavor neutrino fields Ve,V and Vr do not have a definite mass

@ Massive neubtrino fields are obtained via diagonalization of N
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ANAJORANA NEUTRINOS
¥ My # 0 = neutrino masses
receive inmportant contribution from Majorana mass term

Furthermore w since it tvolves btwo neubrine fields
it breaks lepton number by two units

More generally m such a term is allowed

only ¥ neutrinos carry no additive conserved charge

This is reason that such terms are not allowed
for any charged fermions which (by definition) carry U(1)em
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ANAJORANA NEUTRINOS (CONT'D)

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

Dirac mass terms are protected by symmetries of SM
(neutrine masses X EW symmetry-breaking scale)

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

Ma jorana mass term is SM singlet
elements of My are not pro&ea&ea& bv SM symmetries

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

It is plausible that Majorana mass term
is generated by new physics beyond @
and right-handed chiral neutrino fields VR ,
belong to nontrivial mulkiplets of symmetries of high energy theory

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo
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e showin

because

or Planclk mwass

kjss'x:s Ehat dAictakes
of order 100 eV
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THE Do6LY...

|

107% 1073 1072 1071 10° 10' 10% 10° 10* 10° 109 10" 10® 10 10%° 101l 1012
m eV]

ORDER OF AMAGNITUDE OF AMASSES OF QUARK'S & LEPTONS
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THE G0OD...
Airea\dj th 1934 Fermi provicieci an answer

with a theory that prescribed a quantitative relation
between fine structure constant and wealk coupling Gp~a/ m%/v

Although Fermi ad justed My
to accommodate strength and range of nuclear radicactive decays
one can readily obtain a value of My of 40 GeV

from observed [ decay rate for which proportionality factor is m/ V2
Answer is off by a factor of 2

o 1

_
‘ V2mi, | L1 —myy/mE

—_— - — - - = =— _—

Fermi could ter%&Lv\Lv nobt have am&i&ipaﬁed
that we now have a renormalizable gauqge theory
that allows us to calculate radiative correction AT to his formula
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HIGGS AMASS RADIATIVE CORRECTIONS
One of most acute problems connected with ultraviolet divergences
conceris radiative corrections to mass appearing i Higgs potential
V =200 + \(®Td)?

I, W, and H set{-—-coupung radiative corrections to Higgs mass are

N - g == _____ P — — ————— — —— ,

m%v = 2921}2, v = 246 GeV, mZZ - 2(92 +g'2)f02, m? = -Yiv
Yr is Yukawa coupling
m%] = 2w, e g are SU2); xU(1)y gauge couplings
A is quartic Higgs coupling and A is a cutoff
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VELTAMAN CONDITION

‘D:.ﬂ:@.rewte between bare and renormalized masses is

— S — _

Apt = 5 (997 4397+ 2408 ) Ny Y
| f

3

167202

2

(2m3y, +my + m3 — 4m3) A°

SM works amazingly well bv fnxms A at etea&roweawscate
generally assumed m this indicates existence of new physics beyond sm
Following Weinberq

| ]- 77 U_ e 7 e 1
- L(mw) = |p? HYH + i NHTH)? + L& LYukawa + 5 L2+ Fﬁ + .. ]

wHere operators of hpgh@.\“ Ainehsion parame&ruze Fkvsws be.:jowi SM

Some have resorted ko rabther exbtreme lengths bfj praposung Ehak
factor mu&iptviv\g umrutv qu&&ra&c correction (Qm%/v B mQZ s m%[ £ 4m?)
mustk vanish EXACTLY!

Bj most conservative eskimates Ehis new pkysms L8 wikthin ocur reach
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NEw PHYSICS AT THE TEV SCALE?
Avoiding fine tuning requires A S 2 — Jto be revealed by CERN LHC
£ for myg = 115 — 200 GeV,

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

| Ap?] 603 E

2 = <102 A=2-3TeV

A s
we have imytiai&v used UQ Sl ,u2 / A

[valid in approxima&iom
disregarding terms beyond O(H 4) in Higgs potential]

Let's contemplate possibilities
© Velbmoan condition happens to be satisfied
and this would leave particle physics with an ugly fine tuning problem

This is very unlikely w LHC must reveal Higgs physics
atreadj observed via radiakive correction
or ak least discover ijsws Ehak mei&me%s Velbwain condition

© 1t must appear ot 2 — 3TeV
even though higher scales can be rationalized
when accommodating selected experiments
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SUSY

Supersymmelry predicts that interactions exist
that would change fermions into bosons and vice versa
and thot all known fermions (bosons) have SUSY boson (fermion) partner

SUSY offers solubtion of bad behavior of radiative corrections in SM

As for every boson there is a companion fermion
bad divergence associated with Higgs loop
cancelled bj a fermion loop with opposite sign

even though it elegantly controls quadratic divergence

bj cancellation of boson and fermion contributions
b is alr&adv fine-tuned at a scale of 2 — 3TeV
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