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Provide a theoretical introduction to the ‘BSM frontier’ of nuclear science

Search for new phenomena beyond the Standard Model through
precision tests or the study of rare processes at low energy

Through a variety of probes: leptons, mesons, nucleons, nuclei, atoms, molecules, ...
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* The quest for new physics at the low-energy frontier: overview of questions and probes

* How does the precision / intensity frontier work!?
* Basics & example from history: the making of the Standard Model

* The Standard Model and its symmetries
e BSM effective field theory (EFT) framework



* The quest for new physics at the low-energy frontier: overview of questions and probes

* How does the precision / intensity frontier work!?
* Basics & example from history: the making of the Standard Model

* The Standard Model and its symmetries
e BSM effective field theory (EFT) framework

e “Zoom in” on selected low-energy probes: illustrate methods and impact
* Search for symmetry violation
* Neutrinos mass and symmetries: Lepton Number and Lepton Flavor Violation
 (CP-violation and permanent Electric Dipole Moments

e Precision tests

* Weak charged current ([3 decays), neutral current (parity-violating e-scattering), muon g-2



The quest for new physics at the low-energy frontier: overview of questions and probes \

How does the precision / intensity frontier work!?
* Basics & example from history: the making of the Standard Model

* The Standard Model and its symmetries

e BSM effective field theory (EFT) framework

REE

“Zoom in” on selected low-energy probes: illustrate methods and impact

* Search for symmetry violation

* Neutrinos mass and symmetries: Lepton Number and Lepton Flavor Violation

C N

AN N

 (CP-violation and permanent Electric Dipole Moments

e Precision tests

* Weak charged current ([3 decays), neutral current (parity-violating e-scattering), muon g-ZJ

3

| 94n3097

7 94n1097

€ 94N3097



The quest for new physics at
the low energy frontier



The Standard Model encodes our knowledge of nature’s building blocks and interactions (up to gravity)

but it’s at best incomplete ...
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No Neutrino Mass, no Baryon Asymmetry, no Dark Matter, no Dark Energy
Origin of families, Strong CP problem, Unification,...

Addressing these shortcomings & puzzles requires new physics



* Where is the new physics? Is it Heavy? Is it Light & weakly coupled?

~ 250 GeV

(mproton ~ I GeV)
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* Two complementary paths to search for new physics

SM particles

BSM particles

Energy Frontier

(direct access to UV new physics)
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* Two complementary paths to search for new physics

Imprints of heavy BSM physics:
new local interactions suppressed
by inverse powers of mass

Precision Frontier

(indirect access to UV d.o.f)
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* Two complementary paths to search for new physics

Precision Frontier
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(direct access to light d.o.f.)
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* Two complementary paths to search for new physics

Precision Frontier

(indirect access to UV d.o.f)
(direct access to light d.o.f.)

| /Coupling

e Both frontiers needed to probe the particle content & symmetries of Lgsy and address the open questions

The Precision Frontier cuts across AMO, HEP & NP
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e Exploring new physics at high mass or weak coupling in qualitatively different ways
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e Exploring new physics at high mass or weak coupling in qualitatively different ways

|. Searches for rare or SM-forbidden processes that probe approximate or exact symmetries of the SM a
(L, B, CP, Lq): OVv[3p decay, proton decay, n-nbar, EDMs, LFV (L—e conversion,ep—TX,...),
. High scale physics, neutrino mass mechanism, Sakharov conditions for baryogengesis y
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e Exploring new physics at high mass or weak coupling in qualitatively different ways

|. Searches for rare or SM-forbidden processes that probe approximate or exact symmetries of the SM a
(L, B, CP, Lq): OVv[3p decay, proton decay, n-nbar, EDMs, LFV (L—e conversion,ep—TX,...),
. High scale physics, neutrino mass mechanism, Sakharov conditions for baryogengesis y
/ ~

Maur 2. Precision tests of SM-allowed processes: A

000 TV B-decays (mesons, neutron, nuclei), PV electron scattering, muon g-2,

4 c ’ e

20 TeV o’ o Footprints of multi-TeV force mediators & light mediators »

Increasing Mass

. 3. Searches / characterization of light and weakly coupled particles: A
active V’s, sterile V’s, dark sector particles and mediators, axions,

_ Neutrino properties, dark matter & dark sectors )

>

Decreasing Coupling Strength
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* Discovery potential

* Explore physics that is otherwise difficult / impossible to access:
high mass scale; symmetry breaking; ultralight particles

* A single deviation from SM expectation — new physics!

 Diagnosing power when combining multiple probes

* OV decay, absolute vV mass measurements, Vv oscillations, LFV (L—e, e —T,...)
— origin of neutrino mass

* Multiple EDM searches — underlying sources of CP violation

* Low-E precision tests (+ collider) — identify possible new force mediators

 Connection to open questions



Low-energy probes of BSM physics cluster around four inter-connected questions
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Low-energy probes of BSM physics cluster around four inter-connected questions

The Standard Model

. No neutrino

Mass

Majorana
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Low-energy probes of BSM physics cluster around four inter-connected questions

Baryogenesis requires (Sakharov)
e B (L) violation

e (C and CP violation

Departure from equilibrium

Baryogenesis does not work in
the Standard Model
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Low-energy probes of BSM physics cluster around four inter-connected questions

rotation curves gravitational lensing + X-ray obs
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Low-energy probes of BSM physics cluster around four inter-connected questions




Low-energy probes of BSM physics cluster around four inter-connected questions

|. Rare / forbidden processes

O
p-decay Ov[3[3

Charged LFV
(MPe,e o T)

QuarI;.I.:CNC
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n-n oscillations

N




Low-energy probes of BSM physics cluster around four inter-connected questions

|. Rare / forbidden processes
2. Precision tests

O
p-decay Ov[3[3

Charged LFV
(Me,e = T)

Quark FCNC

N
EDMs, ..., PV electron scattering,
n-n osci||21{i>ns Muon g-2, B-decays, ...
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Low-energy probes of BSM physics cluster around four inter-connected questions

|. Rare / forbidden processes
2. Precision tests

3. Light & weakly coupled

/ T \ Absolute V mass,

p-decay OvBf Vv oscillations, v scattering,,

\sterile V,...

Charged LFV
(L—e,e & T)

uark FCNC
X Q
EDMs, ..., PV electron scattering, /
n-n oscillations Muon g-2, [B-decays, ...
\u / Searches for dark

bosons, axions, ALPs,
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More on the baryon asymmetry of the universe
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The concept for the above figure originated in a 1986 paper by Michael Turner.
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More on the baryon asymmetry of the universe
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More

Equal number of particles and
antiparticles right after the big bang

Today

To obtain O(l) protons per
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More on the baryon asymmetry of the universe

Equal number of particles and
antiparticles right after the big bang

Today

To obtain O(l) protons per
cubic meter today, early on need
a tiny imbalance of @ over @
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Andrei Sakharov, 1967

#1. Processes that “create matter’” [B violation]
1,000,000,001 1,000,000,000

g A # of baryons — # of anti-baryons
A — B is different in A and B
- J

#2. “Asymmetrically” (faster than corresponding antimatter-creating process) [€, GP]

A — B 2 A - B

\_ J

Matter  Antimatter #3. “Irreversibly” (faster than matter annihilating inverse process)

Credit: H. Murayama a )

A — B -
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Andri Sal<k - 57

#1. Processes that “create matter’” [B violation]
1,000,000,001 1,000,000,000
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A — B
N /
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How does the precision
frontier work!?
(Theory perspective)



e Key point: particles of mass M affect physics at E << M by inducing
* a shift in coupling constants of known interactions

* new local interactions suppressed by powers of E/M, consistent with the underlying symmetries

.... Appelquist-Carazzone 1975 ....
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e Key point: particles of mass M affect physics at E << M by inducing

* a shift in coupling constants of known interactions

* new local interactions suppressed by powers of E/M, consistent with the underlying symmetries

.... Appelquist-Carazzone 1975 ....

You are familiar with this concept from perturbation theory in QM

H=Hy+\V H|n®) = EQ[n)

A

(nOVIED) (KO Vn
ES)) B EliO)

E,(\) = EO 1 A(n(o)\wn(o))

n
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e Key point: particles of mass M affect physics at E << M by inducing
* a shift in coupling constants of known interactions

* new local interactions suppressed by powers of E/M, consistent with the underlying symmetries

.... Appelquist-Carazzone 1975 ....

You are familiar with this concept from perturbation theory in QM

H=Hy+\V H|n®) = EQ[n)

Sensitivity to high-energy states through ‘energy denominators’
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e Key point: particles of mass M affect physics at E << M by inducing

* a shift in coupling constants of known interactions

* new local interactions suppressed by powers of E/M, consistent with the underlying symmetries
“Top-down’: heavy particle exchange generates new local interaction
u
9 G u
3 Ferm

+ O(q/Mw?)

€

U, Ve

\ Q2 =(petpy)? << Mw? Grermi ~ % J

Tree level example
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e Key point: particles of mass M affect physics at E << M by inducing

* a shift in coupling constants of known interactions

* new local interactions suppressed by powers of E/M, consistent with the underlying symmetries

“Top-down’: heavy particle exchange generates new local interaction

-
e N
] S ) dg ¥ O(v4/ Msusy?)

a;, U

X x 107* ec
\ A M3y sy per Sq-E J

Loop level example




e Key point: particles of mass M affect physics at E << M by inducing

* a shift in coupling constants of known interactions

* new local interactions suppressed by powers of E/M, consistent with the underlying symmetries

“Top-down’: heavy particle exchange generates new local interaction

-
. N
] S ) dy x O(v4/ Msusy?)

a;, U

X x 107 ec
\ A M, sy for Sd'E J

But one can take a “bottom-up” approach, too, in order to infer properties of underlying new physics.
(This is the SMEFT approach)




Fermi, 1934

Fermi’s theory of beta decays (n = p e Ve):

Postulate new local interaction (that respects Lorentz invariance and

P V
(> < charge conservation) in terms of “light” degrees of freedom (n,p,e,Ve):
n € H~ Geplnelve
Current-current (VxV),

parity conserving (Fermi assumed Vector currents, in analogy with EM)

Coupling constant Gr = |/Af2 determined by fitting the “slow” beta

Fermi scale: decay rates = point to mass scale Af>> mpy~ GeV
A= G112~ 250 GeV

22



Fermi, 1934 Understand dimensions of Fermi constant:

e Work out mass dimension of fields:
e Spin 1/2: [W]=3/2
e Spin0Oand |: [}]=[V.] =

Postulate new local interaction (that respects Lorentz invariance and
charge conservation) in terms of “light” degrees of freedom (n,p,e,Ve):

Current-current (VxV),
parity conserving (Fermi assumed Vector currents, in analogy with EM)

Coupling constant Gr = |/Af2 determined by fitting the “slow” beta

Fermi scale: decay rates = point to mass scale Af>> mpy~ GeV
A= G112~ 250 GeV

22



Fermi, 1934 : : : :
Most general Lorentz-invariant interaction

Lee and Yang, 1956

Dimensionless coefficients

\
4 C\ ~
Log D A122 ]5 [''n er v,
\_ J

Operators of mass dimension 6

/
. Scale of weak interactions (recall [W] = m372)
Current-current (VxV), " e that conserve electric charge

parity conserving Dirac structures:

Parity conserving:

| WV, AA, SS, TT ... r. — ,
Fermi scale: Parity violating: VA, SP, ... ‘ » 5 s p

[ 75,
Nr= Gf 12~ 250 GeV I I \
S P V A

o

py — 7’/2[7#3 ’71/]
\
T
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Fermi, 1934 : : : :
Most general Lorentz-invariant interaction

Lee and Yang, 1956

Log = Lyva+Lsp+ Ly

?

Ci ~ (1/Aw)?

~N

—Lya = pyun ey (Cy+Cyys)ve + pyuvsn ey (Cat+Cy v5) Ve

|
0
"
av

|

P : V p = pn e(Cs+Cy7vs5)ve + pysn @y (Cp+Cpys)re + huc.
1
Current-current (VxV), " >< o ~Lp = = poun & (Cr+ Cpys)ve + hec.

parity conserving _ 2

Parity conserving:
VV, AA, S§S, TT ...

Fermi scale: Parity violating: VA, SP, ...

Ar= G2~ 250 GeV
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Fermi, 1934

Most general Lorentz-invariant interaction
Lee and Yang, 1956

Log=Lya+Lsp+Lr

Ci ~ (1/Aw)>
| r
P V _EV’A — ﬁ/#n € (CV"l_C{/ ’\/5)Ve = ]3’7”#’}"5'n é";# V5 (CA‘FCA ’\/-"5)[/6
n e P, V —Lsp = pn e(Cs+Ci75)ve + Pysn @5 (Cp+Cps)ve + hic.
1
Currept-current (VXV), o > < e —Lr = - PO n 5otV (CT I C{,ﬂ%)ye L he
parity conserving _ 2 )

Parity conserving:
VV, AA, SS, TT ... ® P-invariance & C’'=0or C=0

Fermi scale: Parity violating: VA, SP, ...

Ar= Gr!2~ 250 GeV e C-invariance & Cjreal, C/ imaginary (up to overall phase)

e T-invariance & C;, Ci real (up to overall phase)

24




Fermi, 1934 Experiment: parity is violated!

B ® Magnetic
field

Lee and Yang, 1956

Beta emission is
prefe'rentn'ally in Nuclear
the direction 80
opposite the Co
nuclear spin, in

dr ~A j'Pe violation of

conservation
of parity.

A~ — 1 Wu, 1957

60 - . -
Co 6q\li+e+ve

C-SWu

P,V
Current-current (VxV), n > < e

parity conserving

Parity conserving:
VV, AA, SS, TT ..

Fermi scale: Parity violating: VA, SP, ...
Ar= G2~ 250 GeV

25



Fermi, 1934

Current-current (VxV),
parity conserving

Fermi scale:
Nr= Gf!2~ 250 GeV

Lee and Yang, 1956

Parity conserving:
VYV, AA, SS, TT ...
Parity violating: VA, SP, ...

25

Experiment: parity is violated!

B ® Magnetic
field

-

l

Nuclear
spin

Beta emission is
preferentially in
the direction
opposite the Co
nuclear spin, in

dr ~ A j.pe violation of

conservation
of parity.

A —~ — 1 Wu, 1957

60 —=- S
Co Gq\li+e+ve

C-SWu

Information on lepton helicity | he = Je * De |

® Alwda=1 & Liept=0 = e (and V) spin aligned with Jnua (B)

'y —1'_
® Therefore (he> — _ T - A’Ue/C — —'Ue/c
e+ L
N/

Decay rate with electron spin parallel or
antiparallel to the momentum



Fermi, 1934

Current-current (VxV),
parity conserving

Fermi scale:
Nr= Gf!2~ 250 GeV

Lee and Yang, 1956

Vv
S
N S
Parity conserving:

WV, AA, SS, TT ...
Parity violating: VA, SP, ...

26

Experiment: parity is violated!

B ® Magnetic
field

-

l

Nuclear
spin

Beta emission is
preferentially in
the direction

opposite the Co
n}lclegr spin, in
dl' ~A J'Pe  Coneeraion
of parity.
A ~ — 1 Wu, 1957
6000-> 6q\li+e'-|- Vo
C-SWu
) l ‘e
2
” i v
From e-capture measurements, hy = — 1, so

h(e™) = —v/c  h(rv)= -1

h(et)=4v/c  h(v)=+1

P (and C) are maximally violated!



Fermi, 1934
e Lee and Yang, 1956

» Vv
>
n S

Current-current (VxV),
parity conserving n

Parity conserving:

VV, AA, SS, TT ...
Fermi scale:

Ar= G2~ 250 GeV

Parity violating: VA, SP, ...

26

Experiment: parity is violated!

B ® Magnetic
field

-

l

Nuclear
spin

Beta emission is
preferentially in
the direction
opposite the Co
nuclear spin, in

dr ~ A j.pe violation of

conservation

of parity.
A ~ — 1 Wu, 1957
6000*6(}\1i+e'+v?e
C-SWu
] l ®
" L * v
From e-capture measurements, hy = — 1, so
h(e”) = —v/c h(r)=—1
h(et)=4v/c  h(v)=+1

Weak interactions involves only L-chiral fields
(Ve)L=(l -ys)/2 Ve and eL= (I -Y5)/2 e



Fermi, 1934

Lee and Yang, 1956 Differential decay distributions depend on structure of currents

Example; e-v correlation in Fermi 3* decay (a(V)=+1,a(S)=-1)

P,V .
i Scalar / / Vector
VC
Current-current (VxV), v:\
N S

parity conserving

Parity conserving:
VYV, AA, SS, TT ...

Fermi scale: Parit violating° VA, SP IVIOCIEI dag os° g'
° 9 9 oo n n [ J
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Fermi, 1934

Current-current (VxV),
parity conserving

Fermi scale:
Nr= Gf!2~ 250 GeV

Lee and Yang, 1956

Vv
S
N S
Parity conserving:

WV, AA, SS, TT ...
Parity violating: VA, SP, ...

Marshak & Sudarshan,
Feynman & Gell-Mann 1958

It's (V-A)E(V-A) !

28

1

CV — A2 AW ~ 350 GeV
W

Cy ~ Cy

Cy =Cl, Cy=C

CS,p,T/Cv, Cfg,p,T/CV S few %

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

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

* Information on nature of underlying
force mediators (Ast = TeV)



Fermi, 1934
Lee and Yang, 1956

§

» Vv
><
n c P ) v
Current-current (VxV), > <
N c

parity conserving

Parity conserving:
VYV, AA, SS, TT ...

Fermi scale: Parity violating: VA, SP, ...

Ar= G2~ 250 GeV

It's (V-A)H(V-A) !

Marshak & Sudarshan,
Feynman & Gell-Mann 1958

Glashow, Salam, Weinberg

“V-A was the key”

S.Weinberg gTaeslg\rLLee
UL Vi
\"A%
dL eL

Embed in non-abelian chiral
gauge theory, predict
neutral currents



® |n a model-independent way, describe effects of new physics originating at A >> vey through local operators

[ A & Mgsm ] Ci [gBsm, Mo/ M)

e “Standard Model EFT” (SMEFT):

* Build operators out of SM fields

* Impose Lorentz + SM gauge symmetry, but no other symmetry (B, L, CP, flavor)**

*  Organize operators according to mass dimension: power counting in E//A, Mw//\.
At a given order the EFT is renormalizable and predictive
30



® |n a model-independent way, describe effects of new physics originating at A >> vew through local operators

N You are seeing again the 3 tenets of any EFT:
Mgswm

* |dentify relevant degrees of freedom

I * |dentify the symmetries of the problem

* Power counting — expansion parameter

Eexp << MBswm ><

e “Standard Model EFT” (SMEFT):
* Build operators out of SM fields

* Impose Lorentz + SM gauge symmetry, but no other symmetry (B, L, CP, flavor)™*

*  Organize operators according to mass dimension: power counting in E//A, Mw//\.
At a given order the EFT is renormalizable and predictive
30



The Standard Model
and its symmetries




® By 1958 it became clear that a “universal”’ theory of weak interaction accounting for |1 and [3 decays and
e/|l capture had the V-A structure

Log = 2V2Gp J-JMT | G2 ~ 250 Gev

There is a similar term
involving muons

32



® By 1958 it became clear that a “universal”’ theory of weak interaction accounting for |1 and [3 decays and
e/|l capture had the V-A structure

Lz = 2V2Gp J, J*" | 67~ 250 Gev

_ 1—2’75n 1= g+t —

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

Grp g°

P + v Y w+ 1+
N c

® Theory developments in the 60’s: only consistent theory of massive vector bosons is gauge with Higgs mechanism

32



* To identify the gauge symmetry group, match interaction suggested by EFT analysis ...

9

Lin:
G,

+ 7+
WE T + he

J*‘:p/ml_fy5

s 2

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

7 - 1
L= (70" —m)v + gy T Ay — STr (Fu ™)

1 — s + _
> ¢ T

n —+ vy

2

v

a TH.a
gA#J

T = T



* To identify the gauge symmetry group, match interaction suggested by EFT analysis ...

o9 + 7+ 1 —7~ 1 —7 _
Ling = %WN Ji the g =py, 5 ’n o+ iy, 5 e JH= ()
* ... to the general form of (non-abelian) gauge interaction
— - 1
L= (0" —m) Y + g0y T A — STr (Fu F™)
l
q AZ JHsa JH = ahy P T %),

U(x) € G
'

Gauge group

———
(zz»z) W) = U@)d(e) Ux) =@ 79 7% = ; fabere

A UARU - Z(oru) Ut Fw = 94A, — 9, Au + 9[An A Fo, —»UF,U'

\ g /



I A 1= — O —
>M Jf = p——Lon + iyy——Le —tp T =Ny Ne + Loy L

By re-writing the current in terms of L-handed fermion “doublets”, key features of gauge theory emerge

+ +

_1_’75 p 1 — 5 1% + + 5 o 0 1
AL =5 (n) be=—5 (e) R 7:(0 0)



* By re-writing the current in terms of L-handed fermion “doublets”, key features of gauge theory emerge

JHhe = ' T
v L - 1= 1= L o o7 . o"
>M J; = DV 5 " + Uy 5 —_— J, :NL7#7NL + LL7#7LL
(S
NL:I—’YE) P T _].—’)’5 I/ O_:::O_l:l:io_2 i_ O 1
2 n L= "% e 2 \00

|. It involves the non-abelian gauge group SU(2) under which (n,p) [or (u,d)] and (e,V) transform as doublets.
Prediction of neutral currents! Quantum numbers are such that 3rd gauge boson cannot be the photon.

Minimal group is SU(2)xU(I)



* By re-writing the current in terms of L-handed fermion “doublets”, key features of gauge theory emerge

JH8 = T
v L 1= 1= . o o7 . o"
>m J# = PV ; n + vy, : e e— J“ — NL%?NL + LL%?LL
(S
L= (p l—7 (v + ' o 01
N; = _ o- =01 X110 -
E ( n ) b= ( e ) L 2 ( 0 0 )

|. It involves the non-abelian gauge group SU(2) under which (n,p) [or (u,d)] and (e,V) transform as doublets.
Prediction of neutral currents! Quantum numbers are such that 3rd gauge boson cannot be the photon.

Minimal group is SU(2)xU(I)

2. It involves chiral fermions (V-A structure). L and R fermions have different ‘weak charges’

W, r :chiral fields. For m=0,
(0h W, : L-handed (h=-1) particles, R-handed anti-particles (h=+1)
2 Wr : R-handed (h=+1) particles, L-handed anti-particles (h=-1)

1 = Y
VLR = -




(No time to review the fascinating story of the ‘color’ group of strong interactions)

SU(3)C x SUR2)wx U(l)y

Yi(z) =
\ / _ [(,1gBa(x)5E
Fundamental d) (I) — ) (I)
(color triplets and™ .

weak doublets)



Gauge group: G= SU(3)c x SU(2)w x U( 1)y

Building blocks: fields and their “charges” (transformation properties under G)

SU(3)c x SU(2)w x U(l)y representation:
(dim[SU(3)], dim[SU(2)w], Y)

SU(2)w

transformation

(1,2,-1/2)

[ — VSU(Q)l

(I,1,-1)

(3,2,1/6)

q — Vsu) q

(3,1,2/3)

3,1,-1/3)

(1,2,1/2)

Q=T3+Y

36

SU(3)c x SU(2)wx U(I)y
representation

gluons: G, A=1---8,

G:, - O“G;‘ - O,G: + g,fABchGf .

(8,1,0)

Whbosons: W,, I=1---3,

w:", . B“Wf,-a,,w"‘ +g£U'K W:‘ Wf

(1,3,0)

B boson: B,,

B, =3,B,-3,B,.

(1,1,0)

— Gauge transformation: Vi — Vi) [ /e

V(z) = 9505




* Gauge group: G=SU(3)c x SU2)w x U(1)y

e Building blocks: fields and their “charges” (transformation properties under G)

SU(3)c x SU(2)w x U(1)y representation: SU2)w SUB)e x SU)wx U(l)y
(dim[SUQ3)c], dim[SU(2)w], Y) transformation bt
(VL : A A=1---8,
| = ( . ) (1,2,-1/2) | =5 Vi ! gluons: G, (8.1.0)
| G, =3,G—08,GL+8.fancGrGY .
e =ep (I,1,-1) Whbosons: W., I=1---3,
- ro_ I _ f J wk (1,3,0)
() (3.2,1/6) 1 Vsu) g D m o B T e B
L B boson: B, , 10
il = iy (3,1,2/3) B,.=4,8,-4.5,. (1.1.0)
& = di, (3,1,-1/3) —
- . w2 Vi) [
P ——— Gauge transformation: w5 w
<P=( 0) (1,2,1/2) p = Vsu(e) ¢
' V(z) = 9@

Q=Ts3+Y

* Recipe to build the SM Lagrangian: write down all Lorentz and gauge invariant operators of dimension < 4
e SMEFT: go beyond mass dimension 4

36



Backup



ALPs: Axion-Like Particles
BNV: Baryon Number Violation

CC: (weak) charged current

CP: Charge-Parity

CPV: CPViolation

EDM: Electric Dipole Moment

EFT: Effective Field Theory

FCNC: Flavor Changing Neutral Currents
IR: infrared

LEFT: Low Energy EFT (below the weak scale)
LFV: Lepton Flavor Violation

LNV: Lepton Number Violation

NC: (weak) neutral current

SM: Standard Model

SMEFT: Standard Model EFT

UV: ultraviolet

38



Non abelian gauge symmetry

e Recall U(Il) (abelian) example

D) — “Dah(x) | L= (in O —m)

! n 1
AF — AP 4+ —OFe + g1 Y A — —F,ul/Fﬁ”/

F}w =0 T A,—0,A T

e Form of the interaction:

Lint — g flu J"

conserved current associated with global U(1)



Non abelian gauge symmetry

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

L' (;l.f ) — U (;l.f) L’(tl ) [] (;l.f ) _ eie )l [.Ta’ Tb] — 3 fabC-TC

* Invariant dynamics if introduce new vector fields A4, = AZ T“
transforming as

Ar — U AU - Z (90U
9

—_ T ' § l
L= (i7" —m) i + gy T Ay — ST (F F™)

F,Lu/ — C)Hrly — C)Vflﬂ + g[fl#, fl,/] F#U — U FMV L,-T]L



Non abelian gauge symmetry

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

L' (;l.f ) — U (;l.f) L’(tl ) [] (;l.f ) _ eie )l [.Ta’ Tb] — 3 fabC-TC

* Invariant dynamics if introduce new vector fields A4, = AZ T“
transforming as

Ar — U AU - Z (90U
9

i - 1
L= P(imud" —m) ) + g0y T Ay — ST (F F™)

N /
N S

) 27 DM 15 D g = ()# g1 A#

covariant derivative




Non abelian gauge symmetry

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

b(r) = Ux)d(z)  Ulx) =@ e 7 = 4 pobere

* Invariant dynamics if introduce new vector fields A, = A7 7"
transforming as

Ar - U AU - Lorr)Ut
g

e Form of the interaction:

£int — ( flz ] At ] Ha — L’ Y H -Ta. L’ >VM

Fermion part of the conserved currents associated with global G symmetry



