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Goal of these lectures

e Introduce the field of nuclear physics dubbed “Fundamental Symmetries”

Precision measurements and symmetry tests that aim to
challenge the Standard Model (SM) of electroweak interactions
and probe/discover its possible extensions (BSM)




Fundamental Symmetries:
why bother?

ELEMENTARY
PARTICLES

tau
senerations of Matter

Three G

+ Higgs boson No Matter, no Dark Matter, no Dark Energy

While remarkably successful in explaining phenomena over a wide range
of energies, the SM has major shortcomings



Nuclear physics and “The new SM”

Nuclear physics plays an important role in searching for the new SM
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Nuclear physics and “The new SM”

* High impact “fundamental symmetry” experiments come with
their set of challenges (high precision, low backgrounds, ... )

vaerarching theme:\

multi-scale problem

e Challenge for theory: want to extract
information on new physics by using BSM scale (TeV?)

hadrons and nuclei as “laboratory” l

. . Nucleon scale
* [nterpretation of experimental results , ,
Wy , . (chiral EFT, Lattice QCD)
(positive or null!) requires interface

with nucleon and nuclear structure l

Nuclear scale

Unuclear structure))




Flow of the lectures

Review symmetry and symmetry breaking
Introduce the Standard Model and its symmetries
Beyond the SM: an effective theory perspective and overview

Discuss a number of “worked examples”

* Precision measurements: charged current (beta decays);
neutral current (PVES); muon g-2, ..

* Symmetry tests: CP (T) violation and EDMs;
Lepton Flavor and Lepton Number violation



Flow of the lectures

e Review symmetry and symmetry breaking U
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* |ntroduce the Standard Model and its symmetries @
* Beyond the SM: an effective theory perspective and overview

e Discuss a number of “worked examples” ek

®

* Precision measurements: charged current (beta decays); «:-:’r

neutral current (PVES); muon g-2, .. o

* Symmetry tests: CP (T) violation and EDMs;
Lepton Flavor and Lepton Number violation




Symmetry
and
symmetry breaking



What is symmetry?

e “A thing™" is symmetrical if there is something we can do to it so
that after we have done it, it looks the same as it did before”
(Feynman paraphrasing Weyl)

**An object or a physical law

Images from
H.Weyl,
“Symmetry”.
Princeton

University Press,
1952

Translational symmetry Rotational symmetry



What is symmetry?

e “A thing™" is symmetrical if there is something we can do to it so
that after we have done it, it looks the same as it did before”
(Feynman paraphrasing Weyl)

**An object or a physical law

Images from
H.Weyl,
“Symmetry”.
Princeton

University Press,
1952

Translational symmetry Rotational symmetry

 “A symmetry transformation is a change in our point of view that does
not change the results of possible experiments” (VWeinberg)



What is symmetry?

* A transformation of the dynamical variables that leaves the action
unchanged (equations of motion invariant)

q(t) = ¢'(t) = Rlg(t)]

[ declawio) = [ dcid@).q
D

D

doL oL
dt 5(11 B 6(]'1'.



What is symmetry?

* A transformation of the dynamical variables that leaves the action
unchanged (equations of motion invariant)

r —T ( )—)C)( ) Ro( )

/D(141 Llo(x), 0u0(z)] :/, r' L[¢' ("), 0,0 (a")]

, 0L oL
O~ = — ,
“5(0,0i(z))  Oi(x)




What is symmetry?

* A transformation of the dynamical variables that leaves the action
unchanged (equations of motion invariant)

r—T d(x) = &' (2') = Ro(x)

/ (14;17£[gb(;1?). Ouo(x)| = / (14;17’,6[@5'(;17'_). O, (x)]
D /

0L 0L
Y=
0(0uoi(z))  O0i(x)

e Symmetry transformations have mathematical “group” structure:
composition rule, existence of identity and inverse transformation



Examples of symmetries

* Space-time

e Continuous (translations, rotations, boosts: Poincare’)

/ /
€Pr — L = A;l.? — *\ : tQ — X2 — t’Q — X/2

* Discrete (Parity, Time-reversal)

=t x' = —x = —t x' =x

iT‘_fT

¢

* local (general coordinate transformations)

)
i— f
@ / T mirror

parity



Examples of symmetries

e “|Internal”

Dirac

° . Yo 7Y — 2 #
COntanOUS { IH ”/} Ypw matrices

/

b(x) — e oh(x) L= (i 0" —m)y | U




Examples of symmetries

e “|Internal”

e Continuous Vs Wk = 29 m?lii?cces
W ( T ) — e 1€ W (;Lr ) L = L_’ (Z Vi oM —m ) W U( |)

( T ) s Giea O'G’/Q ( T ) SU(Z) B ISOSPIn
P P (lf Mnp = mp)



Examples of symmetries

e “|Internal”

e Continuous

O(x) = e (x) L = (iy, 0 —m) U(I)
e Discrete: charge conjugation, ...
o(r) = —o(x) L = 0,0 P — V(%)

* |ocal (gauge)

h(x) = @ () L =9 (170" =m)¥ | U(l)

|
N~




Examples of symmetries

e “|Internal”

e Continuous

O(x) = e (x) L = (iy, 0 —m) U(I)
e Discrete: charge conjugation, ...
o(r) = —o(x) L = 0,0 P — V(%)

* |ocal (gauge)

b(z) = d@pr)  L=D@ —m)d | u(l)

Leftover piece:  —y,10 0%



Examples of symmetries

e “|Internal”

e Continuous

V(x) = e (a) L = (iy,0" —m) U(l)

e Discrete: charge conjugation, ...

C)(l) — —Q5(;l-7) L = O#C)é)'uc) — V(C)Q)

* |ocal (gauge)

V(x) = W a)(x) L =1 (17,0" —m) U(I)

1

Al Al A _

A — A -+ (/(_) € (/ _sz N, 1 __F F'Lw
FI“/ — 8uAl/_dl/A[lv




Implications of symmetry

e If a state is realized in nature, its “transformed” is also possible

e Time evolution and transformation commute: for a given initial
state, transformed of the evolved = evolved of the transformed



Implications of symmetry

e If a state is realized in nature, its “transformed” is also possible

e Time evolution and transformation commute: for a given initial
state, transformed of the evolved = evolved of the transformed

* |In Quantum Mechanics

* Symmetries represented by (anti)-unitary operators Us (Wigner)
e Uscommutes with Hamiltonian [Us, H] =0

e (Classification of the states of the system, selection rules, ...



Implications of symmetry

e [f a state is realized in nature, its “transformed” is also possible

e Time evolution and transformation commute: for a given initial
state, transformed of the evolved = evolved of the transformed

e Continuous symmetries imply conservation laws

V(z) = e Y(x)

Symmetry Conservation law
Time translation Energy
Space translation Momentum

Rotation

Angular momentum

U(1) phase

Electric charge

Emmy Noether



Implications of symmetry

e [f a state is realized in nature, its “transformed” is also possible

e Time evolution and transformation commute: for a given initial
state, transformed of the evolved = evolved of the transformed

e Continuous symmetries imply conservation laws

V(z) = e Y(x)

Symmetry Conservation law
Time translation Energy
Space translation Momentum

Rotation

Angular momentum

U(1) phase

#particles - #anti-particles

Emmy Noether



Implications of symmetry

e [f a state is realized in nature, its “transformed” is also possible

e Time evolution and transformation commute: for a given initial
state, transformed of the evolved = evolved of the transformed

e Continuous symmetries imply conservation laws

ot — ot + ot dorH 2 /—15'
o(z) — o(x)+ 0o(x) dp(x) = €(Myp— A*9,0)

9,8 = 0 R

-

V’
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Implications of symmetry

If a state is realized in nature, its ““transformed” is also possible

Time evolution and transformation commute: for a given initial
state, transformed of the evolved = evolved of the transformed

Continuous symmetries imply conservation laws

Symmetry principles strongly constrain or even dictate the form
of the laws of physics

e General relativity

e Gauge theories



Symmetry breaking

e [Three known mechanisms

e Explicit symmetry breaking

e Symmetry is approximate; still very useful (e.g. isospin)

e Spontaneous symmetry breaking

e Equations of motion invariant, but ground state is not

e Anomalous (quantum mechanical) symmetry breaking

e Classical invariance but no symmetry at QM level



Spontaneous symmetry breaking

e Action is invariant, but ground state is not!

e Continuous symmetry: degenerate physically equivalent minima

* Excitations along the valley of minima — massless states in the
spectrum (Goldstone Bosons)

1

]
=
|

Re(4)

Vi($)

Im{4)

* Many examples of Goldstone bosons in physics: phonons
(sound waves) in solids; spin waves in magnets; pions in QCD



Anomalous symmetry breaking

e Action is invariant, but path-integral measure is not!

S[, ] = S, ]

[ldvilaid = [lasads 741



Anomalous symmetry breaking

Action is invariant, but path-integral measure is not!

S[, ] = S, ]

v — Y D — Y

[ldvilaid = [lasads 741

Important examples: trace (scale invariance) and chiral anomalies

Baryon (B) and Lepton (L) number are anomalous in the SM

N
_. . . i'\TF 2 En 2 puv ¢ JB
()#]g — ()#]f — (—g Fa/'“ F;}V + glfm f;u/) Y

3272

Only B-L is conserved; B+L is violated; negligible at zero temperature



Symmetry breaking and the
origin of matter

® The dynamical generation of net baryon number during cosmic
evolution requires the concurrence of three conditions:

|. B (baryon number) violation

® TJo depart from initial (post inflation) B=0
Sakharov ‘67

— 2. Cand CP violation |I'(i — f) # I'(i — f)J

fa
\

» ® TJo distinguish baryon and

anti-baryon production

3. Departure from thermal equilibrium

o <B(t)>=<B(0)>=0 in equilibrium



Symmetry breaking and the
origin of matter

® The dynamical generation of net baryon number during cosmic
evolution requires the concurrence of three conditions:

|. B (baryon number) violation

® TJo depart from initial (post inflation) B=0

2. C and CP violation |['(i — f) # I'(i — f) }

Sakharov ‘67

® TJo distinguish baryon and
anti-baryon production

3. Departure from thermal equilibrium

o <B(t)>=<B(0)>=0 in equilibrium




Symmetry breaking and the
origin of matter

® The dynamical generation of net baryon number during cosmic
evolution requires the concurrence of three conditions:

® |n weak-scale baryogenesis scenarios (T~100 GeV), the ingredients
are tied to all known mechanisms of symmetry breaking:

Sakharov ‘67

|. B (baryon number) violation — anomalous

2. Cand CP violation — explicit

3. Departure from thermal equilibrium — spontaneous

(symmetry restoration at hight T: | st order phase
transition?)

<¢p>+ 0 = SUQR)xU(l)y = U(l)em




More on gauge symmetry

e Classical electrodynamics: Ay— Ay +du@ does not change E and B

This gauge invariance is, of course, an artificial one, similar to that which we could obtain by
introducing into our equations the location of a ghost. The equations must then be invariant with

respect to changes of coordinates of that ghost. One does not see, in fact, what good the introduction
of the coordinate of the ghost does.

E.Wigner



More on gauge symmetry

e Classical electrodynamics: Ay— Ay +du@ does not change E and B

This gauge invariance is, of course, an artificial one, similar to that which we could obtain by
introducing into our equations the location of a ghost. The equations must then be invariant with

respect to changes of coordinates of that ghost. One does not see, in fact, what good the introduction
of the coordinate of the ghost does.

E.Wigner

e Dramatic paradigm shift in the 60’s and 70’s: gauge invariance
requires the existence of massless spin-| particles (the gauge bosons)

e Successful description of strong and electroweak interactions

“Symmetry dictates dynamics” C. N.Yang

“We now suspect that all fundamental symmetries are gauge symmetries”

D. Gross




Non abelian gauge symmetry

e Recall U(l) (abelian) example

O(z) = Dp(x) | L= (i Y, 0" —m)

1
A — AR L+ _Fe + g Wy, - :
g | |

e Form of the interaction:

‘Cint — g *’4# J#

JH = (1 ’}-"'“ W

conserved current associated with global U(I)



Non abelian gauge symmetry

* Generalize to non-abelian group G (e.g. SU(2),SU(3),...). ¢= (i;

b(x) = Ulx)p(x)  Ux) = [T T =i f*"T¢

* Invariant dynamics if introduce new vector fields A, = A7 T*
transforming as

Ar - UArT - Lot
g

_ - ‘ ‘l
L=1Y(7,0" —m)y + giy" TA b — §Tr (£ EM)

F,LLV — ()#*41/ _ ()z/flﬂ + g[:l# fly] F#V _/\, Lr F/.LI/ LTT



Non abelian gauge symmetry

* Generalize to non-abelian group G (e.g. SU(2),SU(3),...). ¢= (i;

b(x) = Ulx)p(x)  Ux) = [T T =i f*"T¢

* Invariant dynamics if introduce new vector fields A, = A7 T*
transforming as

Ar - UArT - Lot
g

- _ | 1
£ = D@ m) v + g0 T4 — ST (B P
N /
N <
i YD, D, = aﬁt —ig1” AZ

covariant derivative




Non abelian gauge symmetry

* Generalize to non-abelian group G (e.g. SU(2),SU(3),...). ¢= (ca)

V() — Ulx)(x) U(zx) = e (@)1* e, Tb] — 4 fabere

* Invariant dynamics if introduce new vector fields A, = A7 T*
transforming as

AR s [T AR T — L(:(:),u[_*-)(vf
g

e Form of the interaction:

‘Cint. — g 4‘12 JHA JH4 = Wy pa (5 M

conserved currents associated with global G symmetry



Spontaneously broken
gauge symmetry

e Abelian Higgs model: complex scalar field coupled to EM field

o) = €Oow) | L= (Fun)+1Dudl - V(9)
A Aot | V)= K000+ (60
Dy = 0 + A,
u* <0 (o) = O QED of charged scalar boson

u>>0 (o) =|do| = (—-> U(l) spontaneously broken



* Expand around minimum of the potential (in polar representation)

. [L
D0 — —=
VA

V(6) = —25 4 1282(2) + O(F*(a)

1  B((2))’ L
|D'u(,)|2 2( d) ((QO |- - \(/:;) (A, —(‘_’)ﬂl(_fl)")

e [(x) describes massive scalar field '77'2.,[23 = 2/\(,1'5(2)

* (x) can be removed from the theory by a gauge transformation



* Expand around minimum of the potential (in polar representation)

V(6) = 2 4 128 (w) + 05 (x)

| 1 .32 7
|Du9"")|2 = 2(0;#3) (00 + V200 B(z) - éq)> A AH

e [(x) describes massive scalar field 7’72% = 2\t
* (X(x) can be removed from the theory by a gauge transformation

* Photon has acquired mass m? A= — 2¢? (,)O



* Expand around minimum of the potential (in polar representation)

V(6) = —25 4 1282(2) + O(F*(a)

| 1 .32 7
|Du9"")|2 = 2(0;#3) (00 + V200 B(z) - éq)> A AH

 Count degrees of freedom:

* Massless vector (2) + complex scalar (2) =4

* Massive vector (3) + real scalar (1) = 4



* Expand around minimum of the potential (in polar representation)

B 1#4 202 3
V(9) = —55 + 1B (@) + O(B(@))

1
2

2
Dol = 0+ € (4 + VB + 20 a0

 Higgs phenomenon holds beyond U(1)
model: in a gauge theory with SSB,
Goldstone modes appear as longitudinal
polarization of massive spin-1 gauge bosons




The Standard Model
and its symmetries



The making of the Standard Model

(theory-centric and simplified perspective)

Fermi, 1934
~EPWE Lee and Yang, 1956 Marshak & Sudarshan,

S 7, el
M il
g , . I
i Ly
-

Feynman & Gell-Mann 1958

Glashow,
Salam,
Weinberg

»

<

Current-current,

n

parity conserving s (V-A)5(V-A) !
Parity conserving: s (V-AF(V-A) VL
WV, AA, SS, TT ...
Fermi scale: Parity violating: VA, SP,...

Gr!?2~ 200 GeV WA ey €L
-A was the ke . )
S.Weinberg ’ Embed in non-abelian

chiral gauge theory,
predict neutral currents



From Fermi theory to the
V-A theory of B decay

Ve

—

N
e "

Lee and Yang

1934 1956

An example of effective field theory “ante litteram”



EFT approach to B decay

® Simplified picture

“SM”

(‘BSM”

-

> >,

p S

P

* “Standard Model” (E~GeV):
QED + strong interactions

* Neutron (n — p e Ve), pion, and
muon decay are rare processes

n '\ /‘ e
/ \__ J
\ 7

vV, AA, SS, TT ...
VA SP, ...

*  “New physics” mediating
weak processes originates at
Aw >> | GeV

* Describe the new physics
through Leg



EFT approach to B decay

e Simplified picture

“SM” “BSM”
4 ) 4 )
e PN N p v
>Y < >ﬂ< >
e P N N n <
- / - J
® |dentify ingredients for EFT description: e b el siates

* Degrees of freedom: n, p, e, (Ve)ur= (Ii@@/e

*  Symmetries: Lorentz, U(l)em gauge invariance, PC, T (?)

* Power counting in E/Aw: non-derivative 4-fermion interactions



® Most general interaction involves product of fermion bilinears

Dimensionless coefficients

4 N B

Log O 5 plin el

[

N / oW / \/ Y

Scale of weak interactions \ Operators of mass dimension 6
(recall [¥] = m?37?)
that conserve electric charge

Dirac structures:

Fi — [ Y5y Vs V5, Opw — 2 / 2 [A)'",u.s A)‘"I/]

VoA

S P V A T




® Most general interaction involves product of fermion bilinears

® Impose Lorentz invariance: Leg = Ly a+ Lsp+ L7

-

N
— = / , —_ o = , / ,
—Lyva = pyun ey (Cv+Cyys)ve + DY ey s (Ca+Cy vs)ve

~Lsp = pn e(Cs+Cqy5)ve + pysn €75 (Cp+Chps)ve + huc.

1
— L7 = 5 pogn et (Cpr + Cpys)ve + hc.
N

Ci ~ (1/Aw)?



® Most general interaction involves product of fermion bilinears

® Impose Lorentz invariance: Leg = Ly a4+ Lsp+ L7

-

N
_ _ / _ _ /
—Lyva = pyun ey (Cv+Cyys)ve + DY ey s (Ca+Cy vs)ve
—Lsp = pn e(Cs+C g Y5)Ve + PYsn €75 (C p%—C}D V5 ) Ve + h.c.
]' — — _JLV Y /
— L7 = 5 POwn €0 (Cr + Crvs)Ve + h.c.
N

Ci ~ (1/Aw)?

® What about discrete symmetries P, C, T ?



Interlude on discrete symmetries

e Parity X — —X pP— —p S — S

* Implemented by unitary operator P)(X) = ¢(—X)

e If[H,P] =0, Pcannot change in a reaction; expectation values of P-odd operators vanish

e [ime reversal t — —t X —+ X p— —p S — —S

* Implemented by anti-unitary operator 7'1)(x) = U 1)*(x) :U flips the spin

 If His real in coordinate representation, T is a good symmetry ( [T,H]=0)

e Charge conjugation p) < |D)

7) = -7

* Particles that coincide with antiparticles are eigenstates of C,e.g. ('

e C-invariance ([C,H]=0) = C cannot change in a reaction:
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* Implemented by unitary operator P)(X) = ¢(—X)

e If[H,P] =0, Pcannot change in a reaction; expectation values of P-odd operators vanish

e [ime reversal t — —t1 X —+X pP— —Pp S — —S

* Implemented by anti-unitary operator 7'1)(x) = U 1)*(x) :U flips the spin

 If His real in coordinate representation, T is a good symmetry ( [T,H]=0)
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e C-invariance ([C,H]=0) = C cannot change in a reaction:



Interlude on discrete symmetries

e Parity X — —X P — —p S — S

e Implemented by unitary operator P1)(X) = 1)(—X)

a I'F I'I_I D1 -_— n D ~AANNAfF rlﬁﬂnng IN A ranAtriAN® AvARA~taAftiAN \lﬂllloe A-F D nr'lr'l ARNArAfAPre \lﬂl’\i(‘l"\

CPT theorem: hermitian & Lorentz invariant Lagrangian transforms as

®
[.:('I) — AC(‘—;IT_)
CPT invariance! CP violation is equivalent to T violation
e Charge conjugation p) <> |P)
* Particles that coincide with antiparticles are eigenstates of C, e.g. C’|f~,~.~'> = —|v)

e C-invariance ([C,H]=0) = C cannot change in a reaction:



Back to Lef for B decays
Leg =Lyva+Lsp+ Lr

® |mpose Lorentz invariance:

-

\_

— — / — — /
—Lyva = pyun ey (Cv+Cyys)ve + DY ey s (Ca+Cy vs)ve

~Lsp = pn e(Cs+Cqy5)ve + pysn €75 (Cp+Chps)ve + huc.

1
—Lr

5 ]30“,,72. eot” (CT T Cé“ '“,""'5)1/6 + h.c.

~

® T[ransformation properties of fermion bilinears

Bilinear

P

C

T

CP

CPT

(PR
11752
31 Yuth2
(R mells
V10,02

;1 8

-1 Y592
Uy
V1Y st
Y101

Yot
VaY5Y1
;z;'} 9V (o
VoY V5U1
- L' 20 v L' 1

12
-175Y2
P17 s
Vi7H st
—'z‘j,'.rl ot )y

et
~PaVs¥1
-PayH
Yo yH s
~o0t 1y

o1
bavstn

- L_ 9V 1
-_h' 2 Y Y5 U
Vo0, U1




Back to Lef for B decays

® Impose Lorentz invariance: Leg = Ly a4+ Lsp+ L7

4 )
_ _ 1 ! U= S I A,
_EV,A — Puh € )'# ((Y‘"I_CY\ | )"5)1/ e T D /51 € ,"#' /5 <(Y4+(Y4 | ,'"5)1/ e
—Lsp = pn e (Cs +C‘Y§ V5)Ve + DYs5N €75 (CYP‘FCY;) 5 )Ve + h.c.
1 — — _JLV ¥ v/
— L7 = 5 Down €0 (Cr + Crs)ve + hec.
_ Z

® P-invariance & C'=0orC=0

® C-invariance < C;real, C/ imaginary (up to overall phase)

® TJ-invariance & C;, Ci real (up to overall phase)



Back to Lef for B decays

® Impose Lorentz invariance: Leg = Ly a4+ Lsp+ L7

-

\
—Lyva = pyun ey (Cv+Cy v5)ve + Pyuvsn ey s (Ca+Cly s)ve

/ IS ]

—Lsp = pn e(Cs+Csv5)ve + pysn €75 (Cp+Chps)ve + huc.

1 |
— L7 = 5 pon e (Cr + Cohvs)Ve + h.c.
8 2

® P-invariance & C'=0orC=0

® C-invariance < C;real, C/ imaginary (up to overall phase)

® TJ-invariance & C;, Ci real (up to overall phase)



Phenomenology with L

® Various structures imply different pattern of decay correlations

Jackson-Treiman-Wyld 1957

_ Me De * Dy J Y [ Pl ) |
II' x F(E. | - ¢ F-— . | A=+ B =+ ...
Ao '>{ EEE TR TE T }




Phenomenology with L

® Various structures imply different pattern of decay correlations

Jackson-Treiman-Wyld 1957

dI'x F(E.) 1 +0b Me | pe Pv <]> {IJe +Bl)u

E. E E, J| L E. E, _
B 2 Magnetic
® Discovery of parity violation! &
S . e 1
Non-zero A implies P-violation: preforentelly in o
the direction 80 spin
opposite the

nuclear spin, in

_ N rostenst,
'] — ] e = of parity.

Pe — —DPe 77 Wu, 1957
60
Co Ve o™ Ni+esv,
L] L
A~ -1 o\ °
b {'
)




Phenomenology with L

® Various structures imply different pattern of decay correlations

Jackson-Treiman-Wyld 1957

M pe By () Pe py
T F(E,) {1+ A g e gy
AL’ o< F(Ee) "B "EE, T J E.CE T

B ® Magnetic

A field
® |Information on electron helicity| he = Je-pe | .. . :
preferentially in Nuclear
the direction 60 spin
® AJwd=1 — e (and V) spin aligned with Jnu 252&5;':9522 .
violation qf
® Therefore dI' o |1+ (ve/c)A he] conservation
Wu, 1957
F+ - F_ SOCO-.' 6ONi+e'+Y-'
he) = = Av./c = —ve/c y
< e> F+ + F— e/ e/ 3 & L
A~-1 J°|4\"
e




Phenomenology with L

® Various structures imply different pattern of decay correlations

Jackson-Treiman-Wyld 1957

T o F(E) 414+ p™e 4o PP () 1y Pe g |

E.'""EE,  1j | BB
B ® Magnetic
field
® |nformation on neutrino helicity Cete emission is 1
from electron-capture reactions Soecion. w iAo
opposite the ’ g
Ny = UN', —
conservation
of parity.
| | . Wu, 1957
® Exploit correlation between neutrino 20 = 8
helicity and nuclear polarization o™ i+ 645
® °
e Find hy=-I A~ -1 5\ °
® {' !




Phenomenology with L

® Various structures imply different pattern of decay correlations

Jackson-Treiman-Wyld 1957

_ Me De * Dy J Y | D ) |
IN'ox F(Ee) ¢ 1+1 - ¢ F— | A=—+0B—+---
ot '>{ ETEE T\ TETUER T }
® |n summary, only left-handed leptons h(e™) = —v/e  h(v) = —1
(right-handed antilepton) participate o |
in weak interactions h(e?) =4v/c  h(v) = +1
® Described by (Ve)L= (I - Y5)/2 Ve P (and C) are

and eL= (| -ys)/2 e maximally violated



Phenomenology with L

® Various structures imply different pattern of decay correlations

Jackson-Treiman-Wyld 1957

me  pe-py  (J) [, P py '
IT o F(E,) {1 +b—%+ RAGTAN [y F < ANT
ot >{ EUEE 5 LTETUR " }

® Another example: e-V correlation in Fermi B* decay (a(V)=+1, a(S)=—1)

e &

/ Vector Scalar N
A%
c
V:\

Figure from Nathal Severijns




Phenomenology with L

® Experimental information on B-decays (rates, correlations) =

/ 1
Cv =5 Aw~350GeV
A2
C Ve C v
. v/ Y v/
Cspr/Cly, ,*‘55’ PT /Cy < few %
\_

~

J

* Weak decays probe scales
of O(100 GeV) >> mp, !

e P (and C) maximally violated;
chiral nature of the weak
couplings™*

* Information on nature of
underlying force mediators

(AsT = TeV)

o ** CP still conserved in this framework



The V-A theory

® By |958 it became clear that a “universal” theory of weak interaction
accounting for Y and B decays and Y capture had the V-A structure

Log = 2V2GF T, I Gp? = 250 GeV

!
-

+ _ 5 l“" ' Tial : + —\!



The V-A theory

® By |958 it became clear that a “universal” theory of weak interaction
accounting for Y and B decays and Y capture had the V-A structure

Lot = 2V2Gr J, I Gp? = 250 GeV

1
—_—

— A ;“" ; Vit "I' + — —)!
']#' — ])'\,"p...—n’ + l/ ”LTC ']/J. — (v]#,)

(N
L

® Non-unitary behavior at high energy & non-renormalizable™:
what is the underlying theory!?

® By analogy with QED, it was conjectured that this interaction results
from the exchange of a massive spin-| vector boson

g

P ' v + 7+ |
>_ < Low = WIS +he | —> S L
n (S




From the V-A theory to a gauge theory

Marshak & Sudarshan,
Feynman & Gell-Mann 1958
Glashow,
Salam,
Weinberg

... ¥ 4
S Y, ¢
B S \
. .87
E Y/ A
1 i S /

Sheldon Lee Steven Weinberg
Glashow

An exercise in model building

Reference: R.Barbieri, lectures on ‘“The Standard Model of Electroweak Interactions”,
Proceedings of the 2nd European School in High Energy Physics, Sorrento, Italy, 1994.Vol. I,




From the V-A theory to a gauge theory

e Only known way to have a consistent (=UV finite) theory of massive
vector bosons: make them gauge bosons of SSB gauge symmetry

e To identify the gauge symmetry group, match interaction suggested by
phenomenology (V-A structures)...

Ling = =W ;'_ ]+ + hee. Iy = PVu ‘-—” + VY 5 € ];T — (']u._)?

\f h 9 9

e ... to the general form of (non-abelian) gauge interaction

Lo = g A0 = T




e First re-write the current in terms of L-handed fermion “doublets”

+ +

1 — 75 1 — 5 O i
+ = D — /D + _ AT A, AT ,,
.]# =P /1 5 n -+ I/ﬁ)ﬂ 5 € q -],_l = :\'L ;‘HT;\'L —+ LL”}'IJTLL
I — 5 P 1 — = y + .
N7 = 2 _ /9 I’ O = 01 T 10
L 5 " Ly : . 1 2

|—.

| |

I

-

o

Q
ol

|
N\
o O
O =
N—

VLR = ~1

o

YR : chiral fields. For m=0,
Y. : L-handed (h=-1) particles, R-handed anti-particles (h=+1)
W& : R-handed (h=+1) particles, L-handed anti-particles (h=-1)



e First re-write the current in terms of L-handed fermion “doublets”

T+ — By 1 — 5, = 1 =5 + AT - AT T -
Sy = p i 5 n —+ U /1 5 € # .],J — ;?\'L.’}",_LTJ\'L —+ L’L/}"u TLL
1 — s . 1 — ~= y 1+ .
N7 = 2 — /9 : O = 0110
L 5 " Ly : . 1 2

* |dentify 0*/2 with generators T= of a hon-abelian gauge group.
Commutation relation gives diagonal generator, closed algebra!

L
T+, T7] = [”9 | =0t =2r

st

v

* Group includes SU(2) and theory predicts interactions of the doublets
with a neutral gauge boson (associated with T3)




* |s the neutral gauge boson the photon? In other words, can we
identify the T3 generator with Q (electric charge)? No, because

* The eigenvalues of Q and T3 are different

* Q acts on both L- and R-handed charged fermions, while T3 +
act only on L-handed fermions (key from phenomenology)



* |s the neutral gauge boson the photon? In other words, can we
identify the T3 generator with Q (electric charge)? No, because

* The eigenvalues of Q and T3 are different

* Q acts on both L- and R-handed charged fermions, while T3 +
act only on L-handed fermions (key from phenomenology)

* However, Q can be represented as Q = T3 +Y, in terms of a new
diagonal generator Y (hypercharge) that commutes with T3 +

e Y acts on both L- and R-handed fields

(1 (p o l )
V=t (P) 0=Ts +> YN =N
I = (v Q_T _1 1
L = > <€> = E YLL =—5LL
Ypp=ppR , YnR=O ’ YBR-"-—ER ; YVR=0.




* So we end up with {T3+,Y} generators; minimal group is SU(2) x U(I):
* unifies weak and electromagnetic interactions

e predicts neutral current coupling to a new neutral gauge boson,
distinct from the photon

Starting from the effective Fermi interaction,
uncovered a candidate gauge symmetry of nature!



* So we end up with {T3+,Y} generators; minimal group is SU(2) x U(I):
* unifies weak and electromagnetic interactions

e predicts neutral current coupling to a new neutral gauge boson,
distinct from the photon

e Complete picture: replace nucleons with quarks

1= [ 1= [ u 1
N = QL = — Q1 = —(
W (1) — a5 (1) vole

e Assignments of Y are made empirically to match known charges

ur, | dr, | (ug) | (dgr) VL er, | (er)
Y [1/6[1/6] 2/3 |=1/3 |—1/2|-1/2] _1




* So we end up with {T3+,Y} generators; minimal group is SU(2) x U(I):
* unifies weak and electromagnetic interactions

e predicts neutral current coupling to a new neutral gauge boson,
distinct from the photon

* Gauge-Fermion Lagrangian

1 1 e
- \ 2
D, =9, —igWit' —ig'YB, Ly
U =1 up
dr




Towards a realistic model

Pure gauge Lagrangian is unrealistic = massless fermions and gauge

bosons (no gauge-invariant mass term can be written)

“Minimal Standard Model” solution: add a new scalar EVV doublet,
the Higgs

e Couples to gauge bosons
e Couples to fermion (Yukawa interaction)

e Has self-coupling potential, leading to spontaneous breaking of
the gauge symmetry

o After SSB fermions and 3 out of 4 gauge bosons acquire mass



The Standard Model

® (Gauge group: SU(3)c x SU(2)w x

\ Fundamental o — ( Ligf
representation ' (l) T
(color triplets and/

weak doublets)

® Notation for gauge group representations:

(dim[SU(3)], dim[SU(2)w], Y)



® Building blocks

The Periodic Table of Elementary Particles and Forces

mass—
charge-
spin—

name-

Quarks

Leptons

Three Generations
of Matter (Fermions)

2.4 MeV 1.27 GeV 171.2 GeV 0
2/ % o~ |25 t 0 Y
Y2 u Ya C EZ3 & 1
up charm (tEPgB'\) (electromagnetic)
4.8 MeV 104 MeV 4.2 GeV 0
Vs d Vs Vs b 0 g
b Vs S Yy 1
“down strange bottonr gluon
(beauty’ |(strong force)
<2.2eV <0.17 MeV ||<155MeV |||91.2 Gev 0
0 0 0 0
Vs Ve Y V}l Y V'[ 1 Z
electron muon tau weak
neutrino neutrino neutrino force
0.511 MeV 105.7 MeV 1.777 GeV 80.4 GeV "
-1 -1 -1 +1
s e V8! I-«l Y T 1 W
electron muon tau f%?gle(

Bosons (Forces)




® Building blocks details: gauge fields

SU(3)c x SU2)w x U(l)y
representation

gluons: G2, A=1:--8, (8,1,0)
Gﬁu = auGi‘ - 31;6;‘ + 8. fascG. Gy
Wbosons: W,, I=1--:3,
W, =0, Wh—0, W, + gey W, WE (1,3,0)
B boson: B,,

B, =4,B,-0,B,.

(1,1,0)

—— Gauge transformation:

g I I
—  pi9Ba(z)F
8 Viz) €




® Building blocks details: fermions and Higgs

SU(3)c x SU2)w x U(l)y
representation

SUQ2)w
transformation

_ (VL
= ( er (1,2,-1/2) [ = Vsu) !
€ = €R (I,1,-1)
| o
q = ( di (3,2,1/6) q — Vsu2)q
= -u% (3, | ,2/ 3)
d' = dp (3,1,-1/3)
AT i
P = < :,o (1,2,1/2) p = Vsu(e) ¢
. A0 N . R
poee= (F1) (12-12) p = Vsugy) ¢
/ ¥



® SM Lagrangian:




® SM Lagrangian:

-

\

1 | ) 1
L Gauge — — Z G :14-1/ G Apv _ 1 W l{ , WH _ 1 B,u.z/ BHV

+ Pl + iele + iglDq + iuldu + idIlpd

Lriges = (Dup) (D*0) = Ml — 0?)°

~

EWSB

Loviukawa = Y;f&,f + Yy (]d\p‘ + Y, (]U\;‘ + h.c.

® (Covariant derivative

)\A
()

d—

D,=10, — igs

a
1A K o 17a - !
CI# — lg?U 1 — l.g YB#

ACSA-*I — ACGauge + »CHiggs + EYuka.Wa

v =174 GeV



SU(Z)W X U(|)Y — U(|)EM

e Expand around the minimum of the potential

2

Litiges = (D,p) (D ) — AT — v?)

model discussed in detail earlier on & %

o~

. 0
TR

* Generalization of the abelian Higgs @ ‘

* Q =T3+Y annihilates the vacuum — unbroken U(1)em . Photon
remains massless, other gauge bosons (W%, Z) acquire mass



SU(Z)W X U(|)Y — U(|)EM

e Expand around the minimum of the potential

Lhiges = (Dup) (D) = Al = 0?)°

¥

Neutral scalar h
1, 1

22 W — oy 2 couples to W* Z
my W W —m, £, 24,1 h P
[ w W Wy 9 LR “]( | \/il ) proportionally to
their mass squared

,,f:f: — / ,’1 72 mMw = qU /- 2
W = 1/V3(W!+ W?) mw = gv/v/2
. (2 + (12
Z, = CoS 9113 —sin 6B, my = \/J 5 J v
/
A, = sn 9”5’ + cos 0B, 0 — arctan -

g



SU(Z)W X U(|)Y — U(|)EM

e Expand around the minimum of the potential

Lhiges = (Dup) (D) = A(plp — 0%)°

¥

Neutral scalar h
1, 1

A2 YA | 2 couples toW* Z
my W W —m, £, 24,1 h P
[ w W Wy 9 LR “]( | \/§l ) proportionally to
their mass squared

r Fo= 2 \/E V2
mw = my cosf

e = ¢ sinf



SU(Z)W X U(|)Y — U(|)EM

e Expand around the minimum of the potential

Lriges = (Dup) (D) = Mol — 0?)°

¥

1
. 2 / / —
my WIW, +5m 272, 7Z,](1

)2

S

1 1 A A
5 (3#11)2 — 577’2..,% h? — \/; mp, he — 1 h

mp = 2\/X'U Higgs mass cc?ntrolled by v~.—l74 G-l — 91/302
GeV and Higgs self-coupling F




Fermion-Higgs sector: Lyukawa

h _ h h
Lyukawa = €L Ye€R (v + \/2§> +dr Y dp (v + %) +urYup <v — %) +h.c.

e Fermion mass matrices (i=1,2,3) diagonalized by bi-unitary transf.

Ve 7Ty -di 7 — ydi

* Higgs coupling to fermions is flavor diagonal and proportional to mass

N h
Lyvukawa = m 1+
Yuka Z 1 ( ﬂv)

f=e.d,u

f=1JfL+Ir



Fermion-gauge sector: Line = g Ap® JH2

e Neutral current

g | I, (f) (f) / f = arctan g_’
e 2cos S\Iv e T 9A s ) e = gsmndb. ’
Qx(/f) = Tgff) — 2sin? _F)Q(f) ng) — T?ff)

* Flavor diagonal !
e BothV and A: expect P-violation in NC z
processes  TTTTTooes
 Both L- and R-handed particles interact
fi

(as long as Q #0)



Fermion-gauge sector: Line = g Ap® JH2

e Charged current:

9 1+ - g
— W™ ary,dp — W a7 Vexn v, d;

V2 V2 "

I
Physically observable mismatch in the transformation
of uLand d. needed to diagonalize quark masses

Ui
W [ Vi Vis Vap )
o 7 V= Vcd Vcs Vcb
g Vi d \ Ve Vis Vi

Cabibbo-Kobayashi-Maksawa matrix



e CKM matrix is unitary:

* 9 real parameters, but redefinition of quark phases reduces
physical parameters to 4: 3 mixing angles and | phase

{ ‘/I] — ‘/;] ei(((rf)d)j_((:')-u.)'i) }

* |rreducible phase implies CP violation:

5 independent
parameters
(phase differences)

/

.

0 Vi

wr by d;

\4

g Vi: W, &~y s

CP transformation

g2 Vi; W, Al + g0 Vi Wi iy ‘i

J

e CKM matrix and mq govern the pattern of flavor and CPV in the SM



e CKM matrix is unitary:

* 9 real parameters, but redefinition of quark phases reduces
physical parameters to 4: 3 mixing angles and | phase

{ Vi o Vi, eil@n=(6. }

* |rreducible phase implies CP violation:

5 independent
parameters
(phase differences)

/

.

g2 Vi W, by d;

Vi Wy diu + 02V W

\4

g Vi: W, - Ayt

CP transformation

J

e CKM matrix and mq govern the pattern of flavor and CPV in the SM



Symmetries of the Standard Model

* Now pause and take stock of what is the fate of symmetries in the SM
(besides Poincare’, which is built in)

e Gauge symmetry is hidden (spontaneously broken)

e Global (flavor) symmetries: all explicitly broken™* except for U(1)
associated with B, L, and L« (individual lepton families)

e |Impact of anomalies: only B-L is conserved (but no worries at T=0)

P C maximally violated by Weak interactions

e CP (and T): violated by CKM (and QCD theta term)

** Approximate SU(2) and SU(3) vector and axial symmetries of QCD play key role in strong interactions



Symmetries of the Standard Model

e Most symmetries are broken

e However, SM displays approximate discrete (C,P, T) and
global symmetries (flavor, B, L) observed in nature

* Not an input in the model, rather an outcome that depends
on the assighed gauge quantum numbers (+ renormalizability
= keep only dim4 operators)



Status of the Standard Model

e Standard Model tested at the quantum (loop) level in both
electroweak and flavor sector

* Precision EVV tests are at the 0.1% level. Examples of global fits:

80.42
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80.40

80.39

M,, [GeV]

80.37

80.36
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Note the vertical scale in this plot

80.38F
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e A few “tensions” and “anomalies”: g-2, ... (will discuss it later on)



Status of the Stan

dard Model

e Flavor physics and CP violation: K, B, D meson physics well
described by CKM matrix, in terms of 3 mixing angles and a phase!

15
Vokm = ,
1 — \?/2 A AN (p —in)
—A 1 —\%/2 AN
AN (1—p—in) —AN? 1

* Some recent “anomalies” in B decays

L I | L
excluded area has CL> 095 .

Illlllllllllllllll

gl

T\
] #*

% Amg& Amg

1.0 Y &
: % sol. w/cos2f<0 :
- EPS 15 {excl. atCL> 0.95) -
5 L Lo v b v v b b By ]
-1.0 -0.5 0.0 0.5 1.0 15 2.0
Y



Status of the Standard Model

* Higgs boson: discovered in H =YY mode

1[|Il||lll|l||||||||l|]l
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Status of the Standard Model

* Higgs boson: discovered in H =YY mode

e So far Higgs properties are compatible with the Standard Model

m
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or \Ky
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E e SM Higgs boson
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Couplings toW, Z,Y,g and t, b,
T known at 20-30% level

But couplings to light flavors
much less constrained

Still room for deviations: is this
the SM Higgs? Key question at
LHC Run 2 & important target
for low energy experiments



