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Standard Model of Particle Physics




SM Lagrangian
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Based on local gauge principle




EWPT & CKM

Measurement Fit  10™2-Q"/o™e?
o 1 2 3
Aot (m,)  0.02758 = 0.00035 0.02766 = i UTﬁ r
m,[GeV] 91.18750.0021 91.1874 1= -
Ty [GeV] 24952 +0.0023  2.4957 i SM fit
ol [nb]  41.540+0.037  41.477 A
R, 20.767 = 0.025  20.744 .
A 0.01714 = 0.00095 0.01640 0.5—
A(P.) 0.1465 + 0.0032  0.1479 i
R, 0.21629 = 0.00066 0.21585 ]
R, 0.1721 £0.0030  0.1722 -
AP 0.0992 + 0.0016  0.1037 or
A2° 0.0707 + 0.0035  0.0741 -
A, 0.923 = 0.020 0.935 -
A, 0.670 = 0.027 0.668 05—
A(SLD) 0.1513=0.0021  0.1479
sin’6°?(Q,) 0.2324 =0.0012  0.2314 i -
m, [GeV] 80.392:0.029  80.371 [ *
r,[GeV]  2.147 = 0.060 2.091 RISV = N
m, [GeV] 171.4 2 2.1 171.7 i
o 1 2 3 -1 -0.5 0 0.5 1

Almost Perfect !




Only Higgs (~SM) and Nothing
Else So Far at the LHC

All the interactions except for
gravity are described by
Quantum Gauge Theories !



Still Many Why's !

* Neutrino masses and mixings !

* Nonbaryonic DM ! DE?

* Why is top much heavier than other fermions ?

* Why Q(e) =-Q(p) ?

* Do all forces unify at high energy scale ?

* |s our spacetime 4-dim !

* Why 3 generations ? Occam’s razor principle ?

There are many more,
including your own Q’s




Building Blocks of SM

Lorentz/Poincare Symmetry

Local Gauge Symmetry : Gauge Group +
Matter Representations from Experiments

Higgs mechanism for masses of weak
gauge bosons and SM chiral fermions

These principles lead to unsurpassed
success of the SM in particle physics



Lessons from SM

Specify local gauge sym, matter contents and
their representations under local gauge group

Write down all the operators upto dim-4
Check anomaly cancellation
Consider accidental global symmetries

Look for nonrenormalizable operators that
break/conserve the accidental symmetries of
the model



If there are spin-| particles, extra care
should be paid : need an agency which
provides mass to the spin-1 object

Check if you can write Yukawa couplings to
the observed fermion

One may have to introduce additional Higgs
doublets with new gauge interaction if you
consider new chiral gauge symmetry (Ko,
Omura,Yu on chiral U(l) model for top FB
asymmetry)

Impose various constraints and study
phenomenology



(3,2,1) or SU(3)cXU(Il)em ?

® Well below the EWV sym breaking scale, it may
be fine to impose SU(3)c X U(l)em

® At EW scale, better to impose (3,2,1) which
gives better description in general after all

® Majorana neutrino mass is a good example

® For example, in the Higgs + dilaton (radion)
system, and you get different results

® Singlet mixing with SM Higgs



Occam’s Razor

® A principle of parsimony, economy, or
succinctness

® |t states that among competing hypotheses,
the one that makes the fewest assumptions
should be selected

® SM with one Higgs doublet satisfies this
principle, as we will see

See wikipedia for more details



Totalitarian Principle

® |n quantum mechanics, everything not forbidden
is compulsory (Gell-Mann)

® Any interaction which is not forbidden by a
small number of simple conservation laws is not
only allowed, but must be included in the sum
over all "paths” which contribute to the
outcome of the interaction

® What can happen will happen



Why 77/

1JP¢Yy = 0,11~ )

Mass m < 1 x 10718 eV
Charge g < 1x 1073 ¢
Mean life 7 = Stable

Mass m < 7 x 10732 eV



]

Mass m = (548.57990946 + 0.00000022) x 10~° v
Mass m = 0.510998928 + 0.000000011 MeV
Im . —m__|/m< 8x1077, CL = 90%
}qe+ + qe_]/e < 4x10°°
Magnetic moment anomaly
(g—2)/2 = (1159.65218076 + 0.00000027) x 10~°

(ge+ - ge—) / Saverage — (=0.5 £ 2.1) X 10~12
Electric dipole moment d < 10.5 x 10728 ecm, CL = 90%
Mean life 7 > 4.6 x 102 yr, CL = 90% ]

» |Is electron absolutely stable ?

» |s photon exactly massless !

» Are CPT and Lorentz symmetry exact !



Mass m = 0.1134289267 + 0.0000000029 u
Mass m = 105.6583715 + 0.0000035 MeV
Mean life 7 = (2.1969811 + 0.0000022) x 107° s
7,4+/7,~ = 1.00002 £ 0.00008
cr = 658.6384 m
Magnetic moment anomaly (g—2)/2 = (11659209 + 6) x 1010

(&,+ — &,-) / Baverage = (—0.11 £ 0.12) x 107°
Electric dipole moment d = (—0.1 4 0.9) x 1071? ecm

—_— r.i

Why are they so small ?7?

p
p— DECAY MODES Fraction (I';/I) Confide% (MeV/c)
e Vely ~ 100% 53
e Vely? [d] (1.44+0.4) % 53
e Tev et e” [e] (3.440.4) x40~ 53

Lepton Family number (LF) violating modes

e VoD, LF  [f] < 1.2 % 90% 5
e LF < 2.4 x 1012 90% 53
e ete” LF < 1.0 x 1012 90% 53

e 2y LF <72 x 10— 11 90% 53




Is proton stable or not ?

Partial mean life p
p DECAY MODES (1030 years) Confidence level (MeV/c)
Antilepton + meson
N — etr > 2000 (n), > 8200 (p) 90% 459
N — ptm > 1000 (n), > 6600 (p) 90% 453
N — vr > 112 (n), > 16 (p) 90% 459
p— e > 4200 90% 309
p— utn > 1300 90% 297
n— vn > 158 90% 310
N— eTp > 217 (n), > 710 (p) 90% 149
N — uTp > 228 (n), > 160 (p) 90% 113

Why doesn’t it decay fast ??



1(JF) =33

Mass m = 1.0086649160 4+ 0.0000000004 u
Mass m = 939.565379 4 0.000021 MeV (2
(m, — mp)/ m,=(9+6)x107>
m, — m, = 1.2933322 + 0.0000004 MeV
= 0.00138844919(45) u
Mean life 7 =880.0 £ 0.9s (S =1.4)
cr = 2.6381 x 108 km
Magnetic moment 1 = —1.9130427 £ 0.0000005 1 pn
Electric dipole moment d < 0.29 x 1020 ecm, CL = 90%
Mean-square charge radius </%> = —0.1161 4 0.0022
fm? (S = 1.3)

Magnetic radius \/<r%w> = O.862J_r8:883 fm

Electric polarizability & = (11.6 £ 1.5) x 10~ fm?3

Magnetic polarizability 8 = (3.7 & 2.0) x 10~% fm?3

Charge g = (—0.2 £ 0.8) x 107%L e

Mean nn-oscillation time > 8.6 x 10" s, CL = 90% (free n)
Mean nTi-oscillation time > 1.3x 108 s, CL = 90% fl (bound n)
Mean nn’-oscillation time > 414 s CL = 90% l&!



New Quantum Numbers

- Baryon # : we don’t know if it’s exact or broken
- Lepton # : we don’t know if it’s exact or broken
 Quark Flavors : broken by weak interaction

* Lepton Flavors : broken by weak interaction

B, L : Accidental Symmetries of the SM
i.e., Broken by nonrenormalizable interactions




So far, we know (assume) that
Energy & (angular) momentum conservation
Electric and color charge conservations

CLFV or BV and LV processes do not violate, but we
have not observed them yet

LFV observed in the neutrino sector (neutrino mixings
and oscillations)



Classification of Symmetry

Continuous or discrete

spacetime internal
spacetime . . .
iobal | translation isospin, quark flavor, | conservation
S otation ' | baryon (?), lepton (?) | (E. Noether)
local ij:j::te EM U(l), color SU(3), dynamfiCTd
weak SUQ)XU(I) | (8auge fie
transform and gravity)




Symmetry Breaking

Not really a
symmetry, useful if isospin
the breaking is small

explicit
breaking

spontaneous | sym of Lagrangian, | chiral sym in QCD
breaking but not of solution | EWVSB by Higgs

anomalous | classical symmetry
breaking is broken by
(explicit) quantum effects

aXial current in

QED, QCD




Towards BSM

Bottom-Up

* Precision Calculations
* Experimental Anomalies

 Construct phenomenological

model and try to explain the
anomaly

» If successful, try to construct

more complete theories

» Otherwise one gives up

Top-Down

- Hierarchy problem (SUSY,X-Dim,

etc.)

- GUT, String Theory etc.

- Start from (beautiful) high energy

theory, then RG run down to low
energy scale and do
phenomenology

- If fails, modify the high energy

theory and repeat the whole
procedure



We are living in a data-driven
era, and so | will follow the
bottom-up approach !



We are living in a data-driven
era, and so | will follow the
bottom-up approach !

We have to rely on effective field theory (EFT)




How to construct EFT ?

* Top-Down :If a high energy scale theory is given, you
integrate out the heavy d.o.f.and RG run down to the
next heaviest mass scale, and repeat (Match and Run)
until you reach the energy scale you are interested in

- Bottom-Up : At energy scale E you are interested in,
identify dynamical fields and symmetries (local or global),

and write down all possible interactions with Lorentz/
Poincare symmetry



How to construct EFT ?

* Top-Down :If a high energy scale theory is given, you
integrate out the heavy d.o.f.and RG run down to the
next heaviest mass scale, and repeat (Match and Run)
until you reach the energy scale you are interested in

- Bottom-Up : At energy scale E you are interested in,
identify dynamical fields and symmetries (local or global),

and write down all possible interactions with Lorentz/
Poincare symmetry

This is the most difficult part !
Only ext’s can help us !




Contents

® |ecture | : Effective Field Theory (EFT)
» Naive Dimensional Analysis (NDA)
s SMasanEFT
s EFT for Dark Matter Physics

® Lecture ll : EFT vs. UV completions
s DM EFT for DM direct detection

s Complementarity and its breakdown within DM EFT
or Simplified DM models

o Lecture lll : Simplified Models vs. UV completions
(top-philic resonances)

» From Data to Phenomenology to Theories for top FB
Asym
s Chiral U(1) models with multi-Higgs doublet models J
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Effetive Field Theory (EFT)

o Why EFT ?
® SM (Ren + Nonren) as an EFT
o EFT for Dark Matter Physics

|
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Why EFT ? (weak coupling case)

We don’t know what happens at energy higher than it isT
affordable

High Energy physics can leave footprints in low energy
regime, which can be adequately described by effective
lagrangian with an infinite tower of local operators

If new physics scale is much higher than experimental
energy scale, the lowest dim nonrenormalizable
operators will give the dominant corrections to the SM
prdictions

Fermi's theory of weak interaction is a good example

One can do meaningful phenomenology with a few
number of unknown parameters

Existing proof : the very most successful SM down to
r <1071 m

In any case, we are living with EFT any way in real life

Bevond Standard Model — p. 5/80



Why EFT ? (strong coupling case)

In a strongly coupled theory such as QCD where T
nonperturbative aspects are very important, it is
ususally very difficult to solve a problem

Very often physical dof is different from fields in the
lagrangian

(quarks and gluon vs. hadrons in QCD)

Useful (often critical) to construct EFT based on the

symmetries of the underlying strongly interacting theory,
using the relevant dof only

Most important to identify the relevant dof and relevant
symmetries

Many examples in QCD: chiral lagrangian [+ (axial)
vector mesons, heavy hadrons], NRQCD for heavy
quarkonium, HQET for heavy hadrons, SCET etc. J

Bevond Standard Model — p. 6/80



Naive Dimensional Analysis
# Natural Units in HEP: T

c—helo[L=Fxf =0

L] =[T] ="

E= VP + (m@? — E=\p+m?

QM Amp N/

S ction| =0 = g
- [Action] = 0 [/d L]
o [E]=[p]=[M]=[L]" =T

® Everything will be in mass dimensions:

L] =4, [o(=Area)] = -2, [r(=T"1)]=-1

|
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® Both the decay rate (I' = r—1!) and the cross section (o) T
are given by

Fermi’'s Golden Rule
with suitable flux facors

d>p;
| M|?x phase space (E I1;—q» o )) X (277)45(2 pi—z Pf)
U f

(27)32F;

® Note that [I') = +1 and [o] = -2

# |t is often enough to do the dimensional analysis for I'
and o, when there is only one important mass scale
from the phase space integration

® A number of easy examples will be given in this lecture

|
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°

Scalar fields

Lagrangian for a real scalar field: T
_ v 3 7 C4-|-Z 4—|—z
——ma ¢__¢ — o ¢+Z

Ol =+1, L] =4—=[¢] =1

m] = [u] = +1and [\] = [Ci] =

C; terms are nonrenormalizable interaction terms ( ¢¢>4
. Irrelevant operators — Will discuss shortly)

Field op ¢ create or annihilate a particle of mass m:
d ~ a(p)e " + al (p)et P

Complex scalar ¢ ~ a + b' with « and b relevant to J
particle and antiparticle

Bevond Standard Model — p. 9/80



°

Fermion fields

Lagrangian for fermion fields : T
_ O _
L = @0 -v—my)yY + F(?W)Q 4o
(W] =3/2, [m]=1,[C]=0

C' term: nonrenormalizable (irrelevant at low energy)
Dirac field operator:

W~ bu+dv

v o~ bu+do

Fermi’s theory of weak interaction is the classic
example

|
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® Dimensional analysis for 1) scattering T

MW(Z?L 31)@(]?2, 82) —> w(p:g, 33)@(]94’ 54)) ~ F

17 1)
o~ (F) X (phasespace) ~ (F) X S

® Mandelstam variables for 2 — 2 scattering:

s = (p1 +p2)27t = (p3 — pl)Qau = (p4 — p1)2

4
S—Ft—Fu:ZmZ2
1=1

® Cross section becomes zero as s — 0 : lrrelevant J

Bevond Standard Model — . 11/80



Unitarity Violation
What happen at high energy ? T
g — 00 —

Violation of perturbative Unitarity near /s ~ A/v/C

— New dof’s will come into play for cure (e.g., W= or
Z9)

This is the wonder of Nature with special relativity and
quantum mechanics

In the SM, the pointlike interaction is replaced by the

W=, Z9 propagator, which cuts off the bad high energy
behavior

o ~ 1/s at very high energy scale /s > my

|
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Vector fields

Lagrangian for abelian gauge field with a charged T
particle (QED):

1 B
L = _Z ,uVF'u +¢(ZDV_m¢)¢
Fo = 0.4 — 0,A,
Dy = (0,+1eA,)y

Aul =1, [Fu] =2,]e] =0

Dimensionless coupling e — Renormalizable interaction
(marginal operator, meaning that it is important at all
energy scales)

RG equation for e may run into a Landau pole, above
which the coupling diverge — Either new theory
before/around Landau pole, or low energy theory is freeJ
field theory

Bevond Standard Model — . 13/80



Heavy Particle EFT

If the energy scale is so low that the particle cannot be T
created or destroyed, the particle number will be
conserved

Heavy particle EFT
P =mot + k) k] <<m

Remove e~ factor from the field : ¢ = e~V %), ()
Lagrangian (with Lorentz sym restore by v#) :

L1y, M) = @DZU - Dby, + ...

Can be applied to baryon ChPT, heavy meson ChPT,
etc..

|
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® o o ©

°

Renormalizable Opertors

dim O : ,, (cosmological constant) T
dim 1 : S (scalar tadpole)
dim2: 5%, A, A" (mass terms for bosons)

dim 3 : ¢ (Fermion mass term) , S? (self interaction of
singlet scalar)

dim 4 : Sy (Yukawa interaction) , S* (Scalar self
coupling) , Ay, 9,A,AFA" (self interactions of gauge
fields)

NB: S, S3 etc possible only for gauge singlet S

|
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1abelian Gauge Symmetry and Renormalizability

® Renormalizable Interactions are only 3 types: T
B3, B* FFB

® Power counting renormalizable interactions for spin-1:
1 1
L= —Z(6NA§—0VAZ)2+m?45AWA““+8uA§A“bA”C++AZA’;A“CA”

(all possible contraction over group indices)
® Although this is power counting renormalizable, it is not

® Only special type of lagrangian consistent with local
Nonabelian gauge symmetry is renormalizable

® |ocal gauge symmetry is really a powerful principle for
a spin-1 object

|
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Some remarks on QFT

QFT is the basic framework for particle physics, and is aT
marriage of QM and Special Relativity

Spin-Statistics theorem

» Bosons : totally symmetric wavefunction

» Fermions : totally antisymmetric wavefunction

s Intrinsic P(B,F) = (+B,—F)

CPT is a symmetry of any local QFT

— C'P violation implies T' (time-reversal) violation

CPT theorem: m,, = mjz and 7,, = 7, n = Un

However, a partial width of n and »n can be different —
Direct CP Violation :

D(n — f) # T(A — f)

|
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Heavy Quarknia Quantum Numbers
Bound State of spin-1/2 Q and @ with 2°+1L: T
P — (_1)[J—|—17 O — (_1)L+S N O_—l_, 17, 1—1——1—7 1—1——7

Bound State of spin-0 @ and Q with 2°+1L;
(with S =0and L = J):

P=(-Dt c=(-DF =0t 177,27 etc.

No place for = (with 0~ )

Observed J¢ clearly says that quarks are spin-1/2
fermions, not scalars

Exotic mesons don’t follow the above assigment

|
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Effective Lagrangian Approach

If new physics scale is high enough, it is legitimate to T
integrate out the heavy d.o.f.

The low energy physics can be described in terms of
effective lagrangian :

>, O
£eff — [fren + Z Ad_4
d=5""d

where all the operators in L. are made of light d.o.f.
with their local gauge symmetries

Effects of the nonrenormalizable operators ~ (E/Ag)%*
relative to the amplitude from L,ey,

EFT is useful, as long as £ <« A4, since we can keep
only a few of the NR operators J

Bevond Standard Model — . 19/80



SM as an EFT: Below e*e~ Threshold

Only relevant quantum dof is photon A, T

If £ increases, we need to include more and more NR
operators

Eventually, unitarity will be broken — We have to
include new d.o.f’s in the EFT, and redefine the EFT
with more d.o.f.

QED at F < 2m. : 4, local U(1) and P,C

4

1 v € 4
£EET — _Z /,LI/FILL + (47T)2A4F + ...

where A ~ m,

This effective lagrangian describes ~+ scattering, the
cross section of which will break unitarity when E J
reaches 2m,

Bevond Standard Model — . 20/80



SM as an EFT: Below e*e~ Threshold

® The cross section grows like ~ s3: T

683

o(77 = 77) ~ 358
and see at which energy scale unitarity is violated

® Unitarity will be restored due to a new process that
opens up. vy — ete”

® One has to redefine the effective lagrangian near ete™
threshold, by including the electron/positron fields
explicitly

|
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Digress on Unitarity

Unitarity is the most profound thing in QM
Scattering Operator S is unitary:

(FIS|iy = Sp; = 64 +i(2m)* 6  (pi — pp) T

Unitarity: STS = SST =1

Ty — T = i(2m)* Y 6% (ps — fu)TyaTi
n

If interaction is weak, we can ignore the RH —
T becomes Hermitian T'y; = 17,

Optical theorem for f = i:

2ImTy; = (2m)" Y | Tin 64 (P — Po)
n

|
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Rayleigh Scattering: Why is Sky Blue ?
Photon scattering with neutral atom A where T
E, < AE, = E, — F

— Elastic scattering of light on neutral atoms

Atom is described by nonrelativistic Schrodinger wave
function 4 with dim 3/2:

0 e? 5
£:¢:f4 (ZE—H) ¢A+FwL¢AFMVFM + ...

A~ AEQl, T0 ?7?
Note that photon couples to a neutral atom. How ?7?

|
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No coupling of photon to neutral objects only at T
renormalizable level

Photon couples to neutral particle at nonrenormalizable
level due to quantum fluctuation can involve charged
particles in the loop

Likewise, gluons can couple to photons
+vA scattering cross section :

(YA — v A) !
o(YA = yA) ~ —E5 ~ -
NS

for E,y <K AEQ’l

Blue light scatters more than red light — Sky is blue,
and we can enjoy the beautiful sunrise/sunset in red J

Bevond Standard Model — n. 25/80



Van der Waals Force

Potential between neutral atoms are described by T
two-photon exchange diagrams from the previous

lagrangian ', 4 F2
Additional contact interaction has to be considered:

L (o)

Calculate the two contributions and discuss what is the
form of the force between two neutral atoms (Van der
Waals interaction) ?

What is a in the exponent in V(r) ~ r® ?

What if we consider the neutral atom relativistically ?
(ltzykson and Zuber, QFT)

|
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QED as an EFT below ;" 11~ threshold
o QED at2m, < F < 2m, : Anu, e, e, local U(1) and P,C T
Lrg = _iF/wFW +e(iD — me)e

A

" (4m)2A5 (47)2 Ao

eateF),

where A1 ~ m,, and Az 3 ~ O(1) TeV or larger (see later
discussions on these points)

® NP scale in each NR operator is independent (different
from each other) in general, since the origin can be
different

® Scale for F* is now ~ m,,, unlike the previous case

|
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QED as an EFT below ;" 11~ threshold

® Additional 1/(47)? suppression for NR operators T
generated at one-loop level, compared with NR
operators generated at tree level, even if their operator
dim’s are the same

® If we impose SU(2);, x U(1)y instead of U(1)em, the Ay
term should be replaced by

e ev
e Hepk,, —
(47)2 A2 B V2(4m)2A2

and the effect becomes smaller for the same A, or the
bound on A, becomes stronger

@O-/“/eRFW

® Chiraliry flip operator

|

Bevond Standard Model — p. 28/80



QED as an EFT above 1,711~ threshold
® QEDat £ <« 2m,: A, e, 6 u, i, local U(1) and P, C T

1 .
Leg = —ZFWFW +e(tD —me)e + (D — my,)p

edteF ), +

& &
F* 4 ot ik,
+ (477)2/\‘1L (47)2 Ao 2A3'u HE

(4m)

where A; ~my, Aoz 2 XX TeV,and Ay5 2 XX TeV or
larger

® A, 3 terms contribute to (g — 2)
® A, 5 generate y — ey and p — 3e

|

Bevond Standard Model — n. 29/80



Muon Decay ;1 — er.v,

® Apply the Fermi’s theory of weak interaction with T
replacing (p, ) by (v, u)

Gp,__ _
LoCweak = —E(Vw“u)(emue) + H.c.

® Muon lifetime :

cf. Compare with the exact expression:

2
—1 GF

5}
R T

5
7 T

m

® T o m® is a generic behavior of a fermion decaying J
through 4-fermion (dim 6) operators (7, proton decays

o -\ Bevond Standard Model — p. 30/80



°

Tau lepton decays

m, = 1.777 GeV ~ (2m, — m,,) T
Similar behavior for = lepton decays

Ty oe/T e = (mr/my)° = (1.777/0.105)° ~ 1.4 x 10°

eV : vy, s (ud+us)=1:1:1—=1:1: N,
Data = 17% : 17% : 66%
Another evidence for N. = 3:
Including the QCD corrections to hadronic r decays,

1:1: N1+ ag/7m+...)

We have to correct the Dirac structure from V x V to
(V—A)x (V-A)

|
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EFT above 77~ threshold

® Assume isospin symmetry for N = (p,n) and T
7= (rt 0,77

1 1 .
Loew = =D, D7 — —m272 + A\ (7%)% +

® Here
D, = 0,7 — 1eQT
with@ = diag(1,0, —1)

® However, in experiments, 7 — 7w amplitude was

energy-dependent, and soft-pion interactions were
weak (??7?)

|
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™~ — u- v, e v decay
Naive guess does not work. WHY 7 T
L =ynly

This works better.

1 _
L = n Ly (1 — y5)v

This implies that the vector mediator between the
leptonic current and the hadronic current

Vector field ~ gauge field couples to the conserved
current and show the universality

Note that 7(7%) = 2.6 x 1078, vs. 7(p) = 2.2 x 1076
Universality ?

|
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™™ — v, e v decay (cont’d)

Eventually the correct answer is T
L= @W‘(l —5)dIy* (1 — y5)v
V2

with < O|luv*ysd|m(q) >=ifzq" (fr = 93 MeV)

Vector interaction : gauge interaction which has
Universality

But gauge fields can couple to conserved currents

Then K, n were discovered below proton mass
:SU(Q)f — SU(3)f

And p mesons were discovered in the I = J = 1 channel
in the = scattering
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Derivative couplings of 7’s

Lagrangian for ='s can be organized as T
2
L="7Tr 09,5703 + O(p*)

Derivative expansions

Mass terms given by
; T
5 Tr [pm(X+X7)]

In fact, pions are NG bosons for spontaneously broken
global chiral symmetry of QCD:
SU(Q)L X SU(Q)R — SU(Q)V

> (z) = LY(2)R! B

L and R : global chiral transformations
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Hidden local symmetry

Another useful way is to introduce £(z) defined as T
Y = £€ with

E(w) = LE(x)U (n(2)) = U(n(x))¢(2) R

U(n(z)) = U(x) belongs to SU(3)y
Two independent vector fields which transform as

10,6 — €0,67) = U(z)Au(2)UT (2)

19,6 + €0,¢7)
- U(x)Vyu(2)UT(2) + U(2)0,U" (z)

1
(

DO | — DN .

V,, behaves like a gauge field for local SU(3)
Covariant derivative D, =0, — V,, J
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Hidden local symmetry

® One can introduce matter fields such as baryon octet
B(z) that transform as B(z) — U(z)B(z)U'(z), etc., and

pu(x) = U(2)pu(2)U (z) + U(2)0,U" (z)
Then note that
(P — Vi) = Ulz)(pp — VN)UT(@

#® In particular one an write down the p-meson mass term
In a chiaral invariant way:

m?)Tr(pu — VM)2
® lLagrangian for the baryon octet B (< ... >: Trace ):

(B(iD —mp)B) — D(B{A,B}) — F(BIA,B)) |
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Coset space construction a la CCWZ

Consider spontaneously broken theory G — H T

Callan-Coleman-Wess-Zumino (CCW/Z) prescription
(1969)

This is a general procedure to construct lagrangian with
assumed symmetry, being manifest or hidden
(spontaneously broken)

This is also useful for describing strongly interacting
EWSB without fundamental Higgs boson, or Higgs
boson as a Nambu-Goldstone boson (Composite Higgs
boson scenario)

|
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® o o ©

Nucleons and neutron 5 decay

proton + neutron known to make a nucleus of an atom T
my, &= my, — approximate isospin symmetry
3 decay of n — per, is known
Effective lagrangian for protons and neutrons
L = p(iD-~v—my)p+ &EOW}?FMV + (p — n)
2my
Gr 1\ =
— L(A,) +—={D"n)(eyure) + H.c

V2
where D,p = (9, +iepA,)p

Dim 5 term generate the anomalous magnetic moments
of p and n, in addition to the g = 2 for the pointlike
g-factors for charged spin-1/2 fermions J

kpn ~ O(1) IS needed to fit the data:
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EM Polarizabilities of Nucleons

Higher Dim operators with nucleons and em fields: T

2 2
ClAgFMVF Hy NN+02A3FPMFP No* N + ..
Ch and (s related with the electric and magnetic

polarizabilities of nucleons

In particular, neutron couples to photons at
nonrenormalizable level again

There is no absolutely dark matter, namely which has
absolutely no interactions with light at all

Neutrinos and dark matters interact with photons, but
their interaction rates are suppressed by

(E/A)positive power and thus <1

Need higher energy to see these effects (or much J
shorter wavelength photon)
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Neutron [ decay

Fermi's 4-fermion interaction theory describes the T
neutron /5 decay

It is an irrelevant operator : Gpm; ~ 107"

Neutron life time for n — pe™7¢

G2
T,=71,1~ £

n 2(47‘()3 (Am)5 ~ (XX)_l

where Am = m, —m, ~ 1.3 MeV

exp

T, = = 881 secC
Fermi assumed parity conservation (V x V')

|
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Neutrino Oscillation v, < v,

Both v. and v, are electrically neutral T
— Both of them can have Majorana masses, including
the mass mixing between the two

Assume they are both LH particles (as observe in CC
weak interaction processes)

Mass terms for the two Majorana neutrinos:

1
Lymass — §ma5VaCLVBL —l_ HC

Two mass eigenvalues will be different in general:
Am? # 0, with a mixing angle ¢

|
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Neutrino Oscillation

Neutrino oscillation probability:
Am?L
. 9 . 9
e — 2
P(ve — v) sin“ 26 sin ( o )
1.27Am?(eV?)L(km)
w200 w2
= sin” 260 sin ( 1EGeV)

For 3 active neutrinos, two Am?’s and 3 x 3 mixing
matrix (MNS matrix)

Neutrino oscillations were in fact observed atmospheric
and solar neutrino oscillations

Write down the effective lagrangian for v, — v.7.
Estimate the coefficient of this operator from the 1-loop
diagram in the SM and the lifetime of v, in this mode. J
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Weinberg operator for neutrino mass

-

o If we impose SU(2);, x U(1)y local gauge symmetry
instead of U(1).m, the above neutrino mass terms will
be replaced by dim-5 Weinberg operator breaking with
AL = 2:

JoB (LoH)(JsH) + H.c.
Aus

with A,p ~ 101271% GeV ~ My (RH Majorana mass
scale in seesaw mechanism)

® This is the only dim-5 operator which is invariant under
the full SM gauge symmetry SU(3)¢c x SU(2)r, x U(1)y

® This nonrenormalizable terms can be made
renormalizable (UV complete) by introducing the RH
singlet neutrinos (Type-l seesaw), or by triplet Higgs
fields (Type-ll seesaw) J
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Proton Decay

® These decays are kinematically allowed, but never beenT
observed

(p—etn’) > 8.2 x10%yr
(p— KTv) > 6.7 x 10%yr

® Why proton is so stable ?

Tp > Tuniverse — 4 X 1017 sec

® Consider operators epr’ (dim 4), and ey#pd,,x’(dim 5),
both give dangerously short lifetime for proton

|
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Proton Decay

® One possible way out: p and = are composite of quarks,T
and B and L violation occurs at very high energy scale,
where proton is no longer a good description with the
following dim-6 operators:

2
g—uude

A2
(ignoring Dirac structure)

® SUch operators can be generated in (SUSY) GUT, or
MSSM with R—parity violation

o Calculate the lower bound on the scale A from the lower
bound on the proton lifetime.

|
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AB = 2 Process: n — n Oscillation

® This is possible since electric charge is conserved T
g4
L7~ punn, or Fuddudd

® Sensitive probe of new physics with AB = 2
e.g. Zs baryon parity in the MSSM

® Experimental bound:

7(free) > 8.6 x 107sec, 7(bound) > 8.6 x 107sec

|
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Massive Weak Gauge Bosons ?

Giving mass to spin-1 object has a problem in high T
energy

Breaks perturbative unitarity and the model becomes
nonrenormalizable

Higgs mechanism solves the problem

|
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CP violation in K; — 7w

o How to describe CP violation ? T
® Wolfenstien (1964) proposed a superweak model :

£superweak ~ CLG%’ (CZFS)Q

Can accommodate e =2 x 1073, if a ~ B
( Similar model was also proposed for B; — B; mixing )

® The story changed after Weinberg proposed the SM,
and the renormalizability was proved

s Two Higgs doublet model (2HDM) with spontaneous
CP violation

» Three or more families by Kobayashi-Maskawa (KM)
— Current paradigm (SM with 3 generations), and
has been very well verified in the B, K systems
(superweak model excluded) J
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°

Why not n or ¢e EDM’s ?

CPT conserved in QFT T
CP violated, P and C violated; so why not T violation ?

n or e EDM’s would break both P and T
cf. Usually said to be C'P violating (better not use)

Effective lagrangian for EDM

d
=niysot'n F, + H.c.

L =1
EDM = !5 -

and similarly fore, u, p .....
EDM constraints (d,, = e/A):

de = (0.7+£0.7) x 107%% - cm , d,, < 2.9 x 107%% - cm
Bounds on new physics: A > Few TeV for O(1) phase J
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SM predictions for EDM’s and the data

o Why are they so small ? T

® In QCD, there is P and T violating term with GG due to
the instanton effects that make the vacuum structure of
QCD rather nontrivial under topological consideration

|
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°

Implications on the new physics

How to describe CP violation ? T

Most new physics models at TeV scale are strongly
constrained by FCNC and EDM

New phase should be very small (essentially zero), or
new particles better be heavier than a few TeV (more
than 10’s of TeV) in order to evade these bounds from
EDM’s and FCNC'’s

Severe fine tuning needed in the flavor and CPV sector
Real fine tuning problem of generic BSM

-Hidden sector scenarios are less constrained by these
nowever

|
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FCNC and GIM

If there were only three familes with T

ur, d
: UR,QR, SR
dr cosOc + ssinfo |7 7 Y

there would be huge contribution to K° — pt ™
mediated by W' gauge boson of SU(2);,

Precition vs. Data:

DKy — ptp™)

= 0O(1 . ~3x 107" (Dat
DT = ) (1), ws X (Data)

In nature (in the kaon system), FCNC is highly
suppressed

What is wrong ? How to cure the theory ? J
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GIM

GIM introduced another quark called “charm” (= ¢) with T
the orthogonal coupling to the down type quarks

ur, CL
. : . , UR,dR, SR,
(dLCOS(90+SSIH(90 ) ( —dy, sinfc + scos ¢ )

Then WY coupling is flavor diagonal, and no tree level
contribution to K, — uu

FCNC processes can occur only at one-loop or higher
loops

me ~ 1.5 GeV will explain Amg (Gaillard, Lee, Rosner
1974)

Charm quark discovered in 1975
— “Triumph of Theoretical Physics” J
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Kobayashi-Maskawa Model for CP violation

<

KM considered n families of the Weinberg-Salam modeIT
(1974 ?)

Counted the number of CPV phases which cannot be
rotated away:

Nangle4-cpphase — 2n® —n? — (2n - 1) ( — 1)2
n(n—1 n—1)(n—2)
Necpphase = (above) _ ( 9 ) — ( 2(

n =3 — 1 CPV phase (KM phase)

The 5th quark (bottom or beauty) was discovered in
197x in the bb bound system: ¥ — ™™

And finally the 6th quark (top or truth) was discovered at
Tevatron in 1995 J
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Kobayashi-Maskawa Model for CP violation

® Now we have 3 generations of SM chiral fermions with T
GIM built in, and one CP violating phase, which can
explain all the data from the laboratory

® Except for the baryogenesis, for which the KM phase
gives too small effects because of the smallness of ligth
quark masses (Probably the most supporting argument
for an extra source of CPV phase beyond the KM
phase)

® Any new physics with new sources of flavor and CP
violation is strongly constrained

o Especially, the CP violation in the quark sector form
new physics should be subdominant to the effects from
the KM phase
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o Discovery of charmonium (J/v, , ...) and Upsilon o
(T (nS).....) : new EFT called NRQCD was developed

® Discovery of B meson and A, : new EFT called HQET
developed, and somtimes combined with Heavy Quark
Expansion (OPE)

® As energy was increased, new phenomena/particles
were discovered, and EFT modified

|
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EFT below W+ and Z"

SM with 3 families of chiral fermions with W+ and ZY T
Before the discovery of W+ and ZY, the EFT would be

2

g _ _
»Cren QED + Lren QCD + F (ere) (/LF/L) T

where I' = 1,72, v, v°y#, otV

The first evidence of asymmetry was found in angular
distribution of muons from e*e~ collisions at PETRA in
the 80’s (/s ~ 30 GeV , well below the Z° pole)

Source of Arp is a term linear in cos 6 from interference
between ~ or Z vector coupling and the axial vector Z
coupling.

|
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Vs =34.6 GeV

o' do/dcos
Apg
S

e
%

QED
- \|QED+Z (Intfr.) -

07 -

* '\ QED+Z (Total)

s N , ... QED+Z (Intfr.)

-~ QED > M
os L TN I QED+Z (Total)

: 02 ;
04 B
03 Lo Ll e b e e e 03 ‘ ! ‘ ! ‘ ! ‘ ! ‘

-0.8 -0.6 -04 -0.2 0 0.2 04 0.6 0.8 0 500 1000 1500 2000 22500

cos0 s[ GeV™]

® Since /s <« Mz, good approx. to assume 4 fermion
interactions by integrating out Z boson

® App ~ —3% (91, — gr)* = kGps

® Lk~ —T7from EFT, whereas k = —5.78 from the full
expression J
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Top FB Asym at the Tevatron

® (¢t production at the Tevatron dominated by ¢g channel T

® Enough to consider dimension-6 four-quark operators
to describe the new physics effects assuming new
physics scale is high enough:

L = /g\‘z [C{P (qarvpga) Ey"'te) + Cg (@aT " vuqa) EET v )
A,B

where

=\/2, {A,B}={L,R}, L,R=(1¥F7v)/2 (¢=u,d,s,c,b

® Other d=6 operators are all reducible to the above
operators after Fierzing (Hill and Parke 1994) J

r We ignore flavor changlng dim- 6 operators such as
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Our approach will be useful even if the Apg approachesT
the SM prediction

This contact term used to explore light quark
substructures

Similar analysis has been done for light quark and
lepton systems using gqqq, gqll, and llll, with various
Dirac and color structures

One can do exactly the same analysis for top
compositeness scale

The scale A in our effective lagrangian could be
interpreted as

Compositemess scale of a top quark seen by a light
quark, or vice versa

Bound on A can be derived from M;; or p. distributions J
at the Tevatron
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® The squared helicity amplitude is given by T

® The term linear in COSH could generate the FB asym

_ _ 4 4 S
I M(trtr + thR)]2 — [2 -+ F (Ch + Cg)] 53

IMirtr +tgtp)]? =

2M\2
+ B <A2 (C1 — Cz)) cg)

[(1 pS (Cy +02)> (1+¢)

where

C1=Cgf + G, Cy = Gyt + Gt

A

/\2_ _ . N o
B =1—4m;/5, s;=sinl, c;=cosb

|
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Dim 6 operators with SM gauge sym

Buchmuller and Wyler [ Nucl.Phys. B268 (1986) 621 | T
made a catalogue of dim 6 operators that are invariant
under the SM gauge group

GSM = SU(S)C X SU(Q)L X U(l)y

We already studied some of them in ;. — ey, e/n EDM’s,
u — 3e, etc., assuming U (1) Symmetry, not the full

Gsm
Assuming Gsy Will introduce additional 1/A factor often,

because LH and RH fermions are now different
because of Ggyp

For example,

1 1
KGEOWGFW — FG@OWHGRFW J
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® o o o

Finally, EFT for CDM ?

About 25% of the universe is made of nonbaryonic DM T

1
p= §’0 (Rel), or p=0 (Nonrel)

The rest is the so-called Dark Energy p = —p
No informations on the mass and the spin of the CDM

o > 102677 sec and no electric charge

Many many possible models for the CDM

s Some CDM models solve the hierarchy problems
(neutralino, gravitino in SUSY models). strong CP
problem (axion) or both (axino)

s Simplest extension of the SM (real singlet scalar,
Mojorana fermion, etc.)

s Hidden sector CDM J
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EFT for CDM

A number of study done with all possble Lorentz T
structures:
1
2 (Xx) Osm

Ogn 1S the SM gauge singlet operator

s Thermal relic density from yxy — (SM particles)
» Direct detection from yN — yN

s Collider signatures from ¢g — xx + g(7)

Used for complementarity of light CDM scenarios vs.
collider constraints

However these three processes involve very different
Kinematic ranges, and very often the messengers are
not very heavy

Eventually EFT approach becomes not so useful o
qguantitatively [ See M. Drees’ talk at Lepton Photon
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EFT dictates that CDM decay

Instead, EFT for CDM says that y should decay into theT
SM particles by higher dim operators such as

% (2e) () . ete.

unless DM number is protected by some local gauge
symmetry
A ~ 10'% GeV can make 7() long enough ( > 10%% sec)

Could be used for positron excess observed by
PAMELA

What renormalizable interactions would generate such
nonrenormalizable interactions that make y decay ?

|
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Stability/Longevity of CDM

DM could be long lived if it is very light (axion, sterile T
neutrino, etc.)

DM could be stable due to global symmetry

Suppose global 7 : S — —S (Higgs-portal real scalar
DM model):

1 1 1
LocataDM = 50,805 - 5m§52 —A\ggSPHTH — Exss‘l

Any global symmetry is supposed to be broken by
(quantum) gravity effect:

1

Asog;ql—‘l, (lSHT H7?7?)

A

|
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Fermionic DM case

® S with EW scale mass will decay immediately even for T
A~ MPlanck

ms

0(S) ~ ( )3 10737 GeV
100GeV

® Similar conclusion for fermioin DM too
® We have to avoid dim-5 operators that make DM decay

|
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Any way out of this ?

® DM is stable due to unbroken local gauge symmetry T

® DM S is a composite scalar made of N fermions or Ng
bosons :
»

1 dim—4 1 dim—4
KSOSM > ASNF/QQQ”'QQ X Ogy » and

< 0QQ...QQ|S >~ AZr/2!
» Therefore the dangerous dim-5 operator is
transformed into dim-10 operator for Np = 4

s Of course this assumes there is a new confining
force (again dark gauge interaction, e.g. SU(4),)
which makes S composite

s Even the dim-3 SH'H operator becomes OK for S J
longevity
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Appraisal of dark gauge symmetry

® | argued that dark gauge symmetry could guarantee theﬁ
absolute stability for a pointlike CDM particle, or
longevity of composite CDM

# NB: Proton longevity is a consequence of baryon
number being an accidental sym of the SM, which is
broken only at dim-6 level because proton is composite

of qqq

® |f dark gauge symmetry is non confining and broken by
dark Higgs mechanism, there naturally appear new
force mediators such as dark gauge bosons (dark
photon) and dark Higgs, both of which can affect DM
phenomenology in many different and interesting ways
(GC ~-ray excess, Heavy fermion DM decays into
h+ ¢+ v, etc.)

|
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How about 750 GeV diphoton excess
® One oprtion : S(750) is a SM singlet ()scalar T

2

2
€ 174 g 174
Elrmers = Cgmeag ® Pt (g O &

s Pure singlet scalar with mass 750 GeV ?7?? Why not
very heavy ?

s Why is there light vector-like fermions ?

» A plausible answer :
There is a new chiral U(1) broken by new
U(1)-charged Higgs, and S is a remnant of new
Higgs mechanism, and vetor-lilke fermions are
necessary to cancel all the gauge anomalies

|
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How about 750 GeV diphoton excess

® Another option : Composite model
e’ p 95 p
— y 174 F a aur
Lirmef i) ~QUQF,, F t )QMBQ QGG

with < S|QI'Q|0 >~ A2, (associated with new strong
interactions)

® For the question of "why is there EW scale ) ?" can be
answered

|
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