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The Plan of BSM Lectures
* Lecture I: Beauty and Problems of the

Standard Model
* Lecture II: Effective Field Theory and

‘ Supersymmetry |
* Lecture IITI: Eme—’dimensions and

Technicolor/Composite Higgs models
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About these BSM lectures ’

Inspired by many different collaborators and lecturers

[Dmitri Kazakov, Ben Gripaios, Veronica Sasnz, Hitoshi Murayama...]

These lectures are more kind of review - time limit

Do not hesitate to ask questions during the lectures

There are exercises for you

Alexander Belyaev
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Lecture I:
Beauty and Problems of the
Standard Model
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Notations

* natural units h=c=1

.

* metric 77“,'/ — di@g(la =10l —1) |

* assuming you are familiar with Dirac (4-component)
spinors and Dirac gamma-matrices

yH = ( O 0M> where g
0 ol — (1.8

are usual 2x2 Pauli matrices:

R o
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Notations
* Properties: {¥*,7'} = v*v" + 4'+* = 2p*¥

* T o
- Definition: 7° = 2707172’73 = ( : 1)

* Representation: | |
~ Dirac fermion carries 4-dim reducible represen’ra’rlon

(1/2; 0) x (0; 1/2)
which is the product of two irreducible ones for
2-component Weyl spinors

Beyond The Standard Model
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Summary of the Standard Model

L= -;RF
+i P+ c
+ Y, K P+\n.c
+DA-V()
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Summary of the Standard Model
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Summary of the Standard Model

Gauge bosons

i: - -;- EUFHU = Forces
+ LF}B 7‘-/ -+ \'\ C — fi:crlr’\ri’roen:and its

- interactions with
gauge bosons -




Summary of the Standard Model

f : " Gauge bosons
— -&- EWF i Forces
Fermions

+ LF}B 7‘-/ + \'\ C —l -fna’r’roer' and its

- interactions with
gauge bosons

+ K o+ . R
+R#[-V(®)
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Summary of the Standard Model

f : " Gauge bosons
= -&- EWF e Forces
Fermions

+- LF}B Y-/ -+ \'\ _ c —l -fna’r’roer' and its

- interactions with
gauge bosons

Rk B+ o= T
Z . e
+\D$b\ —\/(QS) —> ;%:%Ta?'olfi(:\gﬁc

term and potential

Alexander Belyaev m Beyond The Standard Model , 11



Summary of the Standard Model

Leptons

e, U T
Ves Vo Vi

Photon

Higgs Boson
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Building blocks & symmetries of the SM

* Gauge quantum field theory with gauge symmetry
SU(3) x SU(2) x U(1)
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Building blocks & symmetries of the SM

*  Gauge quantum field theory with gauge symmetry

SU(3) x SU(2) x U(1)
together with matter fields - 15 Weyl fermions |

and one c.omplex scalar, Figld® SUI(3), SU®2: U(ly
carrying irreps of the - - 3 2 41
- gauge groups above v 3 1 .5
d° 3 1 +%3
L 1 2 =5
e 1 1 +1
H 1 2 —3
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Building blocks & symmetries of the SM

*  Gauge quantum field theory with gauge symmetry

SU(3) x SU(2) x U(1)
together with matter fields - 15 Weyl fermions |

and one c.omplex scalar, =y e 0 U0
carrying irreps of the - : 3 aE =
gauge groups above . 3 ) 2
‘ 3
: C 9 1
* The fermions consist of d 3 1 +§1
3 families of 5 fields L 1 2 =
| e 1 1 1]
H 1 2 —%
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Building blocks & symmetries of the SM

~ Gauge quantum field theory with gauge symmetry

SU(3) x SU(2) x U(1)
together with matter fields - 15 Weyl fermions |

and one c.omplex scalar, =y e 0 U0
carrying irreps of the - : 3 aE =
gauge groups above . 3 ) o
3
| C Q 1
* The fermions consist of a 3 ! +§1
3 families of 5 fields g L 2 ~3
| e 1 1 1]
H 1 2 e

* The lagrangian should contain all ferms up to dimension four,
such that it is renormalizable.

Beyond The Standard Model | 16

Alexander Belyaev



Gauge-Matter sector of the SM

* Lagrangian 8 — sl a0, iFZVFa’”V
* 12 gauge fields:

8 in an adjoint of SU(3)

3 in an adjoint of SU(2)

1 for U(1)

* The covariant derivative Du contains the three gauge couplings
with the gauge group generators in the appropriate reps

Beyond The Standard Model | 3
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The Flavour sector of the SM
§ L=2"qHw = ild - )lHe 1 h e
* The As are three 3x3 complex matrices (in flavour space) - quite a few free

parameters and the possibility of CP-violation (since a CP transformation is
equivalent to interchanging the As with their complex conjugates).
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The Flavour sector of the SM
§ L=2"qHw = ild - )lHe 1 h e

* The As are three 3x3-complex matrices (in flavour space) - quite a few free
parameters and the possibility of CP-violation (since a CP transformation is
equivalent to interchanging the As with their complex conjugates).

* But not all of these parameters are physical. We are free to do unitary
rotations of the different fields without changing other terms in the
Lagrangian. There is a basis in which we can write (exercise):

NgH Ul F X W qHd LA L hic
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The Flavour sector of the SM
o L=2"qH%ws T SR L N IHc L h g

* The As are three 3x3-complex matrices (in flavour space) - quite a few free
parameters and the possibility of CP-violation (since a CP transformation is
equivalent to interchanging the As with their complex conjugates).

* But not all of these parameters are physical. We are free to do unitary
rotations of the different fields without changing other terms in the
~ Lagrangian. There is a basis in which we can write (exercise):

NgH Ul F X W qHd LA L hic

* where now all As the are diagonal, and V is a 3x3 CKM matrix.
This is the only off-diagonal object in the Lagrangian, so it must contain all the
information about mixing of flavours in the SM.

Very roughly 4 :
el € € :
5 with € =~ 0.2
Vosigoeind ¢
et o
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The Flavour sector of the SM

* Lets count the number of physical parameters
In the quark sector, the Yukawa terms in break the U(3)’ symmetry down to
the U(1), corresponding to baryon number conservation.
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The Flavour sector of the SM

* Lets count the number of physical parameters
In the quark sector, the Yukawa terms in break the U(3)’ symmetry down to
the U(1), corresponding to baryon number conservation.
In the lepton sector, U(3)? is broken down o U(1)r,, x U(1)r, x U(1)r,
corresponding to conservation of individual lepton family numbers
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The Flavour sector of the SM

* Lets count the number of physical parameters
In the quark sector, the Yukawa terms in break the U(3)’ symmetry down to
the U(1), corresponding to baryon number conservation.
In the lepton sector, U(3)? is broken down o U(1)r,, x U(1)r, x U(1)r,
corresponding to conservation of individual lepton family numbers.
There is also the overall U(1), symmetry which is conserved

Alexander Belyaev
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The Flavour sector of the SM

* Lets count the number of physical parameters
In the quark sector, the Yukawa terms in break the U(3)’ symmetry down to
the U(1), corresponding to baryon number conservation.
In the lepton sector, U(3)? is broken down o U(1)r,, x U(1)r, x U(1)r,
corresponding to conservation of individual lepton famlly numbers.
There is also the overall U(1), symmetry which is conserved

* From the pattern of symmetry breaking, we can count the number of physical

parameters

there are two complex 3x3 matrices in the quark sector, with a total of 18
real and 18 imaginary parameters (equivalently, there are 18 complex phases)

Alexander Belyaev
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The Flavour sector of the SM

* Lets count the number of physical parameters
In the quark sector, the Yukawa terms in break the U(3)’ symmetry down to
the U(1), corresponding to baryon number conservation.

In the lepton sector, U(3)? is broken down o U(1)r,, x U(1)r, x U(1)r,
corresponding to conservation of individual lepton famlly numbers.
There is also the overall U(1), symmetry which is conserved

* From the pattern of symmetry breaking, we can count the number of physical
parameters

there are two complex 3x3 matrices in the quark sector, with a total of 18
real and 18 imaginary parameters (equivalently, there are 18 complex phases)
many of these parameters are unphysical, in the sense that they can be
removed using the unbroken " symmetries’. An N x N unitary matrix -> N
parameters, of which N(N-1)/2 are real and N(N+1)/2 are lmagmar'y
(exercise: prove this)

Alexander Belyaev

Beyond The Standard Model | 25



The Flavour sector of the SM

* Lets count the number of physical parameters
In the quark sector, the Yukawa terms in break the U(3)’ symmetry down to
the U(1), corresponding to baryon number conservation.

In the lepton sector, U(3)? is broken down o U(1)r,, x U(1)r, x U(1)r,
corresponding to conservation of individual lepton famlly numbers.
There is also the overall U(1), symmetry which is conserved

* From the pattern of symmetry breaking, we can count the number of physical
parameters

there are two complex 3x3 matrices in the quark sector, with a total of 18
real and 18 imaginary parameters (equivalently, there are 18 complex phases)
many of these parameters are unphysical, in the sense that they can be
removed using the unbroken " symmetries’. An N x N unitary matrix -> N
parameters, of which N(N-1)/2 are real and N(N+1)/2 are imaginary
(exercise: prove this)
So in the quark sector, with with U(3)? broken to U(l), we have 9 unbr'oken

real parameters and 17 phases, meaning that there are 18-9=9=6+3
physical real parameters and 18-17=1 physical phase.
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The Flavour sector of the SM

* Lets count the number of physical parameters
In the quark sector, the Yukawa terms in break the U(3)’ symmetry down to
the U(1), corresponding to baryon number conservation.

In the lepton sector, U(3)? is broken down o U(1)r,, x U(1)r, x U(1)r,
corresponding to conservation of individual lepton famlly numbers.
There is also the overall U(1), symmetry which is conserved

* From the pattern of symmetry breaking, we can count the number of physical
parameters

there are two complex 3x3 matrices in the quark sector, with a total of 18
real and 18 imaginary parameters (equivalently, there are 18 complex phases)
many of these parameters are unphysical, in the sense that they can be
removed using the unbroken " symmetries’. An N x N unitary matrix -> N
parameters, of which N(N-1)/2 are real and N(N+1)/2 are imaginary
(exercise: prove this)
So in the quark sector, with with U(3)? broken to U(l), we have 9 unbr'oken
real parameters and 17 phases, meaning that there are 18-9=9=6+3
physical real parameters and 18-17=1 physical phase.
If we look back for the Lagrangian, we see that 6 of the real parameters are
the quark masses, so there must be 3 physical angles in the CKM matrix,
and a single phase. This phase is a source of CP-violation.
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The Higgs sector of the SM
L7 e ) (EE T

* Discussed in all details by Michael Spannowsky in his lectures

Alexander Belyaev N/ Beyond The Standard Model
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The Higgs sector of the SM
L = —MQHTH — )\(IT—ITI-I)2
* Discussed in all details by Michael Spannowsky in his lectures

* Until recently, this sector was hardly tested at all. But now,
with the discovery of the Higgs boson, it is being probed
directly at the about ten per cent level.
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The Higgs sector of the SM
L7 e ) (EE T

* Discussed in all details by Michael Spannowsky in his lectures

* Until recently, this sector was hardly tested at all. But now,
with the discovery of the Higgs boson, it is being probed
directly at the about ten per cent level.

* So, the SM does an implausibly good job
of describing the data, reaching the per
mille level in individual measurements

* overall fit (fo hundreds of
measurements) that cannot be denied:
the SM is undoubtedly correct, at least
in the regime in which we are currently
probing it |
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The Higgs sector of the SM
L7 e ) (EE T

* Discussed in all details by Michael Spannowsky in his lectures

* Until recently, this sector was hardly tested at all. But now,
with the discovery of the Higgs boson, it is being probed
directly at the about ten per cent level.

* So, the SM does an implausibly good job
of describing the data, reaching the per
mille level in individual measurements

* overall fit (to hundreds of
measurements) that cannot be denied:
the SM is undoubtedly correct, at least
in the regime in which we are currently
probing it

Alexander Belyaev
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Miracles of the Standard Modél

There certain features of the SM that are very special, and
are vital clues in our quest for the form of physics BSM
No Flavour Changing Neutral Currents (FCNC) at tree-level

gAY HuS + g AV Hd® + INHe® + . c.
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Miracles of the Standard Modél

There certain features of the SM that are very special, and
are vital clues in our quest for the form of physics BSM
No Flavour Changing Neutral Currents (FCNC) at tree-level

gAY HuS + g AV Hd® + INHe® + . c.

d%deA/\VXT—l

g@z-WrvidLdve - Wu) —9dVo - WVid = —gdo - W?d
* no FCNC for the Higgs boson - the couplings of the Higgs to fermion are
diagonal in the mass basis. This is because (in unitary gauge), H = {O, v +h}

and so we are diagonalizing the same matrix for the fermion masses as for
the couplings of the fermions to the Higgs
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Miracles of the Standard Modél

There certain features of the SM that are very special, and
are vital clues in our quest for the form of physics BSM
No Flavour Changing Neutral Currents (FCNC) at tree-level

JACHCUE + gAV HAC + INHeS + h. c.

d%deA/\VXT—l

g@E - WHVid+dve - Wu) -—9dvVo-W?Vid= —gdo-W°d

* no FCNC for the Higgs boson - the couplings of the Higgs to fermion are
diagonal in the mass basis. This is because (in unitary gauge), H = {O, v +h}
and so we are diagonalizing the same matrix for the fermion masses as for

the couplings of the fermions to the Higgs

* Not necessarily true in a theory with more than one Higgs doublet, where
there are extra Yukawa coupling matrices in general, and the VEV is shared
between the doublets (exercise: show explicitly that tree-level FCNC
exists in a 2 Higgs doublet model. How is this avoided in the MSSM?).
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Miracles of the Standard Modél

There certain features of the SM that are very special, and
are vital clues in our quest for the form of physics BSM
No Flavour Changing Neutral Currents (FCNC) at tree-level

gAY HuS + g AV Hd® + INHe® + . c.

d%deA/\VXT—l

g@E - WHVid+dve - Wu) -—9dvVo-W?Vid= —gdo-W°d

* Absence of tree-level FCNC mediated by Z is also a special SM feature: all
fields carrying the same irrep of the unbroken SU(B)CxU(l)Q (which mix with

each other) also carry the same irrep of the broken SU(3) xSU(2) xU(1),
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Miracles of the Standard Modél

There certain features of the SM that are very special, and
are vital clues in our quest for the form of physics BSM
No Flavour Changing Neutral Currents (FCNC) at tree-level

gAY HuS + g AV Hd® + INHe® + . c.

d%deA/\VXT—l

g@E - WHVid+dve - Wu) -—9dvVo-W?Vid= —gdo-W°d

* Absence of tree-level FCNC mediated by Z is also a special SM feature: all
fields carrying the same irrep of the unbroken SU(3)CxU(1)Q (which mix with

‘each other) also carry the same irrep of the broken SU(3) xSU(2) xU(1),
* If not the case -> the different irreps would have different couplings to
the Z -> the matrix of couplings to the Z would then be diagonal in the

interaction basis, but not proportional to the identity matrix -> The matrix
would then acquire off-diagonal entries when we rotate to the mass basis.
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Miracles of the Standard Modél

There certain features of the SM that are very special, and
are vital clues in our quest for the form of physics BSM
No Flavour Changing Neutral Currents (FCNC) at tree-level

gAY HuS + g AV Hd® + INHe® + . c.

d%deA/\VXT—l i

gas WHVid+dve - W-u) —9dVe-WVid= —gdz-W*d

* For example, the d and s are both colour anti-triplets with charge -1/3 and
can mix, but they also all come from SU(2) doublets with hypercharge +1/6,

'so there are no FCNC.
(exercise: before the charm quark was invented, it was thought that

the s- quark lived in an SU(2) singlet. Show that this leads to tree-
level FCNC.)
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Miracles of the Standard Modél

There is remarkable suppression of FCNC at loop level
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Miracles of the Standard Modél

There is remarkable suppression of FCNC at loop level
* Consider, for example the diagram contributingto b -> sy

* for internal quarks u,c,t the amplitude
is proportional to
m2
E3 {
Z ‘/zbv;sf( 2 )

m
1€{u,c,t} Y
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Miracles of the Standard Modél

There is remarkable suppression of FCNC at loop level
* Consider, for example the diagram contributingto b -> sy

* for internal quarks u,c,t the amplitude
is proportional to
m?2
Z Vsz:;f( mzz )
i€{u,c,t} Ky
* For Taylor expansion of the amplitude,
the first term in the sum then vanishes,
by unitarity of the CKM matrix!
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Miracles of the Standard Modél

There is remarkable suppression of FCNC at loop level
* Consider, for example the diagram contributingto b -> sy

* for internal quarks u,c,t the amplitude
is proportional to =
1

szb 2)

ic{u,c,t} - Tw
* For Taylor expansion of the amplitude,
the first term in the sum then vanishes,
. by unitarity of the CKM matrix!
* At the next order, we have terms that go like m 2/m 2 (tiny), m ?2/m, 2 (small)
and m.2/m,2 (big, but also suppressed by V. V*_ ). Exercise: show that the

latter two contributions are about the same for s->dy. These loop
diagrams feature a GIM (Glashow-Iliopoulos-Maiani, 1970) suppression.
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Miracles of the Standard Modél

There is remarkable suppression of FCNC at loop level
* Consider, for example the diagram contributingto b -> sy

* for internal quarks u,c,t the amplitude
is proportional to =
1

szb 2)

ic{u,c,t} - Tw
* For Taylor expansion of the amplitude,
the first term in the sum then vanishes,
. by unitarity of the CKM matrix!
* At the next order, we have terms that go like m 2/m 2 (tiny), m ?2/m, 2 (small)
and m.2/m,2 (big, but also suppressed by V. V*_ ). Exercise: show that the

latter two contributions are about the same for s->dy. These loop
diagrams feature a GIM (Glashow-Iliopoulos-Maiani, 1970) suppression.

* Additional factor of (1/4r)? from the loop 1 mg 1 2
integral leads to the overall contribution of (4m)2 m2, m2, = O L)

Alexander Belyaev
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Miracles of the Standard Modél
CP-violation (CPV)

* The structure of the flavour sector and the fact that CPV resides in
the CKM matrix, imply suppressions of CPV processes.
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Miracles of the Standard Modél
CP-violation (CPV)

* The structure of the flavour sector and the fact that CPV resides in
the CKM matrix, imply suppressions of CPV processes.

* Note that in case of two generations of quarks in the SM, there would
be no physical CPV parameter in the flavour sector (exercise).

Alexander Belyaev
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Miracles of the Standard Modél
CP-violation (CPV)

* The structure of the flavour sector and the fact that CPV resides in
the CKM matrix, imply suppressions of CPV processes.
* Note that in case of two generations of quarks in the SM, there would
be no physical CPV parameter in the flavour sector (exercise).
* This means that any process which violates CP in the SM must involve
all three quark generations. For similar reasons, CPV cannot occur if
any of the masses are degenerate in either the up or down sector
if any of the 3 mixing angles is 0 or T2
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Miracles of the Standard Modél
CP-violation (CPV)

* The structure of the flavour sector and the fact that CPV resides in
the CKM matrix, imply suppressions of CPV processes.
* Note that in case of two generations of quarks in the SM, there would
be no physical CPV parameter in the flavour sector (exercise).
* This means that any process which violates CP in the SM must involve
all three quark generations. For similar reasons, CPV cannot occur if
any of the masses are degenerate in either the up or down sector
if any of the 3 mixing angles is 0 or T2
But many of the SM quark masses are roughly degenerate, and many
‘mixings in CKM are small, so again there is a huge suppression. For the

mixings, for example, we get a factor of €° ~ 103
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Miracles of the Standard Modél
CP-violation (CPV)

* The structure of the flavour sector and the fact that CPV resides in
the CKM matrix, imply suppressions of CPV processes.
* Note that in case of two generations of quarks in the SM, there would
be no physical CPV parameter in the flavour sector (exercise).
* This means that any process which violates CP in the SM must involve
all three quark generations. For similar reasons, CPV cannot occur if
any of the masses are degenerate in either the up or down sector
if any of the 3 mixing angles is 0 or T2
*  But many of the SM quark masses are roughly degenerate, and many
‘mixings in CKM are small, so again there is a huge suppression. For the

mixings, for example, we get a factor of €° ~ 103

Again, these properties do not hold for generic BSM physics, and so
the constraints thereon are strong.
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Miracles of the Standard Modél

Electroweak precision tests and custodial symmetry
* There is suppression in EW precision tests - not a generic feature for BSMs.
For the complex SU(2) there are four real fields and the respective O(4)
symmetry. V(H) has the same feature - the function of
IH|2 = h2+ h2+ h2+ h,? - manifestly invariant under O(4), with the Lie
algebra the same as that of SU(2)xSU(2) (exercise).
So the Higgs fields can be thought of as carrying 2 SU(2): SU(2) xSU(2),
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Miracles of the Standard Modél

Electroweak precision tests and custodial symmetry

* There is suppression in EW precision tests - not a generic feature for BSMs.
For the complex SU(2) there are four real fields and the respective O(4)
symmetry. V(H) has the same feature - the function of ,
|IH|2 = h2+ h2 + h .2+ h,2 - manifestly invariant under O(4), with the Lie

algebra the same as that of SU(2)xSU(2) (exercise).
So the Higgs fields can be ’rhough‘r of as carrying 2 SU(2): SU(2) xSU(2),

* When Higgs gets a VEV, SU(2) xSU(2), breaks to the diagonal SU(2),
Up (®) # (DRl (@) U, # (O)BM [ (D) RT|;—p = (D)

This (approximate, g'-> O‘, Af-> 0) symme‘rr'y»is called " custodial SU(2)’
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Miracles of the Standard Modél

Electroweak precision tests and custodial symmetry

* There is suppression in EW precision tests - not a generic feature for BSMs.
For the complex SU(2) there are four real fields and the respective O(4)
symmetry. V(H) has the same feature - the function of ,
|IH|2 = h2+ h2 + h .2+ h,2 - manifestly invariant under O(4), with the Lie

algebra the same as that of SU(2)xSU(2) (exercise).
So the Higgs fields can be ’rhough‘r of as carrying 2 SU(2): SU(2) xSU(2),

* When Higgs gets a VEV, SU(2) xSU(2), breaks to the diagonal SU(2),

Up (®) # (DRl (@) U, # (O)BM [ (D) RT|;—p = (D)

This (approximate, g'-> O‘, Af-> 0) symme‘rr'y»is called " custodial SU(2)’

* Consider the Lagrangian for the gauge bosons after EWSB. The most general
Lagrangian consistent with U(1). At quadratic level, in momentum space

L=T4 WW~ +zsW3W? + H35W?B + BB
where 11, (pz) are functions of momentum generated by the
currents to which Wand B couple: Il ~ (J,Jp)

Alexander Belyaev Beyond The Standard Model ' o0




Miracles of the Standard Modél

Electroweak precision tests and custodial symmetry

* Consider combination IT_(0) —I1 ,(0), proportional to T-parameter
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Miracles of the Standard Modél

Electroweak precision tests and custodial symmetry
* Consider combination IT_(0) —I1 ,(0), proportional to T-parameter

* TIts parts are each generated from the product of two W currents, each of
which transforms as a (3,1) of SU(2) xSU(2), or a 3 of SU(2),

The product of two 3s decomposes as 3x3 =1+ 3 + 5 (exercise)
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Miracles of the Standard Modél

Electroweak precision tests and custodial symmetry
* Consider combination IT_(0) —I1 ,(0), proportional to T-parameter

* TIts parts are each generated from the product of two W currents, each of
which transforms as a (3,1) of SU(2) xSU(2), or a 3 of SU(2),

The product of two 3s decomposes as 3x3 =1+ 3 + 5 (exercise)

* The particular combination II__(0) —II,,(0) is symme‘rr'ic in the two
- indices and traceless, so transforms as the 5 of SU(2),

Alexander Belyaev
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Miracles of the Standard Modél

Electroweak precision tests and custodial symmetry
* Consider combination IT_(0) —I1 ,(0), proportional to T-parameter

* TIts parts are each generated from the product of two W currents, each of
which transforms as a (3,1) of SU(2) xSU(2), or a 3 of SU(2),

The product of two 3s decomposes as 3x3 =1+ 3 + 5 (exercise)

* The particular combination II__(0) —II,,(0) is symme‘rr'ic in the two
- indices and traceless, so transforms as the 5 of SU(2),

* But since SU(2), is a symmetry of the vacuum, only singlets of SU(2), can

have non-vanishing VEVs. This implies that T=0, which in turn implies a
definite relation for, say, m,/m,

Alexander Belyaev
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Miracles of the Standard Modél

Electroweak precision tests and custodial symmetry

* This derivation applies to any theory with SU(2) xSU(2), broken to the
diagonal SU(2), in the vacuum. Any such theory will naturally come out with
the right value for the measured T- parameter
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Miracles of the Standard Modél

Electroweak precision tests and custodial symmetry

* This derivation applies to any theory with SU(2) xSU(2), broken to the
diagonal SU(2), in the vacuum. Any such theory will naturally come out with
the right value for the measured T- parameter

* Conversely, BSM theories which do not feature this symmetry are likely to
be ruled out. Generic model with extra Higgs scalar states that get a VEV

- will have problems. For example, if we add a Higgs triplet, then there is no
approximate SU(2) xSU(2),
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Miracles of the Standard Modél

Electroweak precision tests and custodial symmetry

* This derivation applies to any theory with SU(2) xSU(2), broken to the
diagonal SU(2), in the vacuum. Any such theory will naturally come out with
the right value for the measured T- parameter

* Conversely, BSM theories which do not feature this symmetry are likely to
be ruled out. Generic model with extra Higgs scalar states that get a VEV

- will have problems. For example, if we add a Higgs triplet, then there is no
approximate SU(2) xSU(2),

*  Even if we add only an additional Higgs doublet, we will get in to trouble,
because the theory remains SU(2) xSU(2), symmetric, but SU(2), is now

broken in the vacuum: a second complex Higgs doublet will break this even
further to just electromagnetism. The vacuum is no
longer SU(2),symmetric
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Miracles of the Standard Modél

Accidental symmetries and proton decay

* There are symmetries in SM that are not put in by hand but arise accidentally
from the field content and other symmetry restrictions, and the insistence on
renormalizability. A simple example is parity in QED.
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Miracles of the Standard Modél

Accidental symmetries and proton decay

* There are symmetries in SM that are not put in by hand but arise accidentally
from the field content and other symmetry restrictions, and the insistence on
renormalizability. A simple example is parity in QED.

* The most general, Lorentz-invariant, renormalizable Lagr'anglan for the photon
coupled to a Dirac fermion may be written as

1 - = o
L= —2FuF* +iaF,, F* +UDV + U(m + iv°ms) W
where both the term involving [V = e'°PF, ,and the term involving \°

naively violate parity (exercise)
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Miracles of the Standard Modél

Accidental symmetries and proton decay

* There are symmetries in SM that are not put in by hand but arise accidentally
from the field content and other symmetry restrictions, and the insistence on
renormalizability. A simple example is parity in QED.

* The most general, Lorentz-invariant, renormalizable Lagr'anglan for the photon
coupled to a Dirac fermion may be written as

1 - = o
L= —2FuF* +iaF,, F* +UDV + U(m + iv°ms) W
where both the term involving [V = e'°PF, ,and the term involving \P

naively violate parity (exercise)
* However, the F, _Hv term is a total derivative (exercise) and so does not
contribute to physucs at any order in perturbation theory.
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SM extension to EFT

* D=0: the cosmological constant
adds an arbitrary constant, fo the Lagrangian; no dependence on any fields
& derivatives, can be ln‘rer'pr'e‘red as the energy density of the vacuum
the vacuum energy is measurable - is equivalent to including of Einstein's
“cosmological constant” p_. ~ (10-3ev)* into the gravitational field equations

good news, on one hand - Universe is observed to accelerate

bad news, on the other hand - the size of this operator coefficient

A* while the observed energy density is around But the cut-off of the SM
had better not be $107{-3}~

\mathrm{eV}$, because if it were then we could cer"ramly not use it to
make predictions at LHC energies of several TeV. So either dynamics or

a tuning makes the constant small. If we consider the Planck scale to

be to be a real physical cut-off, then we need to tune at the level of 1 part
in $107°{120}%$. It

is fair to say, that despite $0(10°{120})$ papers having been written

on the subject, no satisfactory

dynamical solution has been suggested hitherto. An alternative is to argue
that

we live in a multiverse in which the constant takes many different

values in different corners, and we happen to live in one which is
conducive to life. Indeed, it has been argued \cite{Weinberg:1988cp} that
if the constant

AlexandeWBE'l?amucwer' and-positivesdruebuwe could never form, while if it 61



Miracles of the Standard Modél

Accidental symmetries and proton decay

* There are symmetries in SM that are not put in by hand but arise accidentally

from the field content and other symmetry restrictions, and the insistence on
renormalizability. A simple example is parity in QED.

* The most general, Lorentz-invariant, renormalizable Lagr'anglan for the photon

coupled to a Dirac fermion may be written as

1 - = o
L= —2FuF* +iaF,, F* +UDV + U(m + iv°ms) W
where both the term involving [V = e'°PF, ,and the term involving \P

naively violate parity (exercise)

* However, the F, _Hv term is a total derivative (exercise) and so does not

contribute to physucs at any order in perturbation theory.

* The VP term can be removed by a chiral rotation WY — G Y to leave a
parity-invariant theory with fermion mass \/m2 + m2: the Lagrangian is
invariant under parity, though we did not require this in the first place.
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Miracles of the Standard Modél

Accidental symmetries and proton decay

* There are symmetries in SM that are not put in by hand but arise accidentally
from the field content and other symmetry restrictions, and the insistence on
renormalizability. A simple example is parity in QED.

* The most general, Lorentz-invariant, renormalizable Lagr'anglan for the photon
coupled to a Dirac fermion may be written as

1 - = o
L= —2FuF* +iaF,, F* +UDV + U(m + iv°ms) W
where both the term involving [V = e'°PF, ,and the term involving \P

naively violate parity (exercise)
* However, the F, _Hv term is a total derivative (exercise) and so does not
contribute to physucs at any order in perturbation theory.

* The VP term can be removed by a chiral rotation WY — G Y to leave a
parity-invariant theory with fermion mass \/m2 + m2: the Lagrangian is
invariant under parity, though we did not require this in the first place.

* Note that if we had not insisted on renormalizability, we could write dimension-
six terms e.g. @7“75\11\117'“\1! , which do violate parity (exercise)

Alexander Belyaev Beyond The Standard Model ' 63




Miracles of the Standard Modél

Accidental symmetries and proton decay

* As already discussed, the SM Lagrangian is accidentally invariant
under a U(1) baryon number symmetry (an overall rephasing of all quarks)
as well as under three U(1) lepton number symmetries, corresponding to
individual rephasings of the three different lepton families (which contains

an overall lepton number symmetry U(1), as the diagonal subgroup)
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Miracles of the Standard Modél

Accidental symmetries and proton decay

* As already discussed, the SM Lagrangian is accidentally invariant
under a U(1) baryon number symmetry (an overall rephasing of all quarks)
as well as under three U(1) lepton number symmetries, corresponding to
individual rephasings of the three different lepton families (which contains
an overall lepton number symmetry U(1), as the diagonal subgroup)

» Either U(1),0r U(1), symmetry, together with Lorentz invariance, prevents the

proton from decay: a putative final state must (by Lorentz invariance, which
implies the fermion number is conserved mod 2) contain an odd number of
fermions lighter than the proton. Such states carry lepton number but not
baryon number, while the proton carries baryon number but not lepton number.
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Miracles of the Standard Modél

Accidental symmetries and proton decay

* As already discussed, the SM Lagrangian is accidentally invariant
under a U(1) baryon number symmetry (an overall rephasing of all quarks)
as well as under three U(1) lepton number symmetries, corresponding to
individual rephasings of the three different lepton families (which contains
an overall lepton number symmetry U(1), as the diagonal subgroup)

= Either U(1), or U(1), symmetry, together with Lorentz invariance, prevents the

proton from decay: a putative final state must (by Lorentz invariance, which
implies the fermion number is conserved mod 2) contain an odd number of
fermions lighter than the proton. Such states carry lepton number but not
baryon number, while the proton carries baryon number but not lepton number.
* Again, once we allow higher dimension operators, we will find that lepton and
baryon number are violated (by operators of dimension five or six,
respectively), meaning that the proton can decay. Similarly, generic theories of
physics BSM will violate them and hence will be subject to strong constraints.
(exercise: consider just the Higgs sector coupled to the W-boson. Show
that SU(2) xSU(2), is an accidental symmetry, and find a dimension-six

operator that violates it)
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The the Standard Model is very successful |
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Standard Model Production Cross Section Measurements  siuws March 2015 JLdrt
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The the Standard Model is very successful |
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So, if SM works so good, why
we are looking beyond?!
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SM is empirically incomplete

SM does a wonderful job of explaihing a lot of data, and it does so by means of a
delicate structure that is not preserved by generic BSM theories. This means
that it is hard to write down BSM models that are consistent with all the data.
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SM is empirically incomplete

SM does a wonderful job of explaihing a lot of data, and it does so by means of a
delicate structure that is not preserved by generic BSM theories. This means
that it is hard to write down BSM models that are consistent with all the data.

But there are, by now, also plenty of data that the SM cannot describe:
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SM is empirically incomplete

SM does a wonderful job of explaining a lot of data, and it does so by means of a
delicate structure that is not preserved by generic BSM theories. This means
that it is hard to write down BSM models that are consistent with all the data.

But there are, by now, also plenTy of data that the SM cannot describe:
* neutrino masses and mixings: no term in SM Lagrangian yields

these

Normal | ™=

atmospheric
~2x103eV?2

solar~7x10 3eV?2
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SM is empirically incomplete

* the presence of non-baryonic, cold dark matter: dark matter is
neutral, colourless, non-baryonic, and massive. The only such particles in the
SM are neutrinos, but these are too light, making instead hot dark matter
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SM is empirically incomplete

* the presence of non-baryonic, cold dark matter: dark matter is
neutral, colourless, non-baryonic, and massive. The only such particles in the
SM are neutrinos, but these are too light, making instead hot dark matter

Galactic rotation curves
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SM is empirically incomplete

* the presence of non-baryonic, cold dark matter: dark matter is
neutral, colourless, non-baryonic, and massive. The only such particles in the
SM are neutrinos, but these are too light, making instead hot dark matter
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SM is empirically incomplete

* the presence of non-baryonic, cold dark matter: dark matter is
neutral, colourless, non-baryonic, and massive. The only such particles in the
SM are neutrinos, but these are too light, making instead hot dark matter

Galactic rotation curves CMB WMAPqnd PLANCK Large Scale Structures
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SM is empirically incomplete

* the presence of non-baryonic, cold dark matter: dark matter is
neutral, colourless, non-baryonic, and massive. The only such particles in the
SM are neutrinos, but these are too light, making instead hot dark matter
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SM is empirically incomplete

* the presence of non-baryonic, cold dark matter: dark matter is
neutral, colourless, non-baryonic, and massive. The only such par"rlcles in the
SM are neutrinos, but these are too light, making instead hot dark matter
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SM is empirically incomplete
* the presence of non-baryonic, cold dark matter: dark matter is

neutral, colourless, non-baryonic, and massive. The only such par"rlcles in the
SM are neutrinos, but these are too light, making instead hot dark matter
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SM is emplr'lcally mcomple’re

* the presence of scale-mvar'lan'r Gaussian, and apparently acausal
density perturbations: consistent with a period of inflation at early times

tiny fraction ™
of a second

« B
13.7¢ rg 9
bllllnn : ‘l ‘
years -
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SM is empirically incomplete

* the presence of scale-invariant, Gaussian, and apparently acausal

density perturbations: consistent with a period of inflation at early times

the universe, on large scales, is
extremely homogeneous and isotropic

The CMB fluctuations are
at the 10 - 10°¢ % level

tiny fraction
of a second

years i TR
- '-_1 5 "' i L-' ;
13.7 Tl T ‘ Y
billion - ¥ w .
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SM is empirically incomplete

* the observed abundance of matter over anti-matter: note,
moreover, that inflation would destroy any asymmetry imposed as an initial
condition.
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SM is empirically incomplete

* the observed abundance of matter over anti-matter: note,
moreover, that inflation would destroy any asymmetry imposed as an initial
condition.

The amount of CP violation in the SM
which could lead to baryon-antibaryon
‘asymmetry is too small (would Iprovide
BAU ~10 orders of magnitude below the
observed one)

np
7
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SM is empirically incomplete

* the observed abundance of matter over anti-matter: note,
moreover, that inflation would destroy any asymmetry imposed as an initial
condition.

The amount of CP violation in the SM
which could lead to baryon-antibaryon
‘asymmetry is too small (would Iprovide
BAU ~10 orders of magnitude below the
observed one)

Empirical problems of the SM stated above have been
established beyond reasonable doubt.
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SM is aesthetically unacceptable

* inability to describe physics at planckian scales: General relativity makes
perfect sense as a theory of quantum gravity up to planckian scales (as an
effective field theory) but beyond that we need a theory of quantum gravity,

such as string theory
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SM is aesthetically unacceptable

* inability to describe physics at planckian scales: General relativity makes
perfect sense as a theory of quantum gravity up to planckian scales (as an
effective field theory) but beyond that we need a theory of quantum gravity,
such as string theory

* hierarchy between the observed cosmological constant and other scales:
the measured energy density associated with the accelerated expansion of
the Universe is (10-3 eV)?, but receives contributions of size 6eV*and TeV*
from QCD and weak scale physics respectively. How is it achieved?
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SM is aesthetically unacceptable

* inability to describe physics at planckian scales: General relativity makes
perfect sense as a theory of quantum gravity up to planckian scales (as an
effective field theory) but beyond that we need a theory of quantum gravity,
such as string theory

* hierarchy between the observed cosmological constant and other scales:
the measured energy density associated with the accelerated expansion of
the Universe is (10-3 eV)?, but receives contributions of size 6eV*and TeV*
from QCD and weak scale physics respectively. How is it achieved?

* the hierarchy between the weak and other presumed scales: as above, but

" now the question is how to get a TeV from the Planck scale.
dggl® [ Ak tr [(k+pt+my)(k+myg)]

MG, =2t | L L

4 (2) [(k +p)2 — mfc] [k’2 — mﬂ

2
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=
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SM is aesthetically unacceptable

* inability to describe physics at planckian scales: General relativity makes
perfect sense as a theory of quantum gravity up to planckian scales (as an
effective field theory) but beyond that we need a theory of quantum gravity,
such as string theory

* hierarchy between the observed cosmological constant and other scales:
the measured energy density associated with the accelerated expansion of
the Universe is (10-3 eV)?, but receives contributions of size 6eV*and TeV*
from QCD and weak scale physics respectively. How is it achieved?

* the hierarchy between the weak and other presumed scales: as above, but

" now the question is how to get a TeV from the Planck scale.
dggl® [ Ak tr [(k+pt+my)(k+myg)]

oML =g f 2 - W A T T

4 (2) [(k +p)2 — mfc] [k’2 — mﬂ

2

gyl

ST [— 2A“‘—|—6mf In (A/my)]
o

My = M3y 00 + 0M%

there is a cancellation of over 30 orders of magnitude to have 125 GeV Higgs

Alexander Belyaev Beyond The Standard Model , 89



SM is aesthetically unacceptable

* comparable values of matter, radiation, and vacuum energy densities
today. These 3 scale in vastly different ways during the Universe's evolution,
so why are they roughly the same today?
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SM is aesthetically unacceptable

* comparable values of matter, radiation, and vacuum energy densities
today. These 3 scale in vastly different ways during the Universe's evolution,
so why are they roughly the same today?

* the hierarchical structure in fermion masses and mixings, but in the SM
they are just free parameters. So why do they exhibit structure?
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SM is aesthetically unacceptable

* comparable values of matter, radiation, and vacuum energy densities
today. These 3 scale in vastly different ways during the Universe's evolution,
so why are they roughly the same today?

* the hierarchical structure in fermion masses and mixings, but in the SM
they are just free parameters. So why do they exhibit structure?

* the smallness of measured electric dipole moments -these violate CP, and
are at least 10° smaller than a naive O(10) for the corresponding parameter -

~angle in the [0,211] range. Why?
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SM is aesthetically unacceptable

* comparable values of matter, radiation, and vacuum energy densities
today. These 3 scale in vastly different ways during the Universe's evolution,
so why are they roughly the same today?

* the hierarchical structure in fermion masses and mixings, but in the SM
they are just free parameters. So why do they exhibit structure?

* the smallness of measured electric dipole moments -these violate CP, and
are at least 10° smaller than a naive O(10) for the corresponding parameter -

~angle in the [0,211] range. Why?

* the comparable size of the 3 gauge couplings. These are all O(1) and
different, but not so different; why?
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SM is aesthetically unacceptable

* comparable values of matter, radiation, and vacuum energy densities

today. These 3 scale in vastly different ways during the Universe's evolution,
so why are they roughly the same today?

* the hierarchical structure in fermion masses and mixings, but in the SM

they are just free parameters. So why do they exhibit structure?

* the smallness of measured electric dipole moments -these violate CP, and

are at least 10° smaller than a naive O(10) for the corresponding parameter -
~angle in the [0,211] range. Why?

* the comparable size of the 3 gauge couplings. These are all O(1) and

different, but not so different; why?

» the quantization of electric charges: the SM contains the gauge group U(1),,

for which any charge is allowed. Why do we find integer multiples of 1/3 for
the electric charge, rather than, e.qg. V2 or m?
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SM is aesthetically unacceptable

* comparable values of matter, radiation, and vacuum energy densities

today. These 3 scale in vastly different ways during the Universe's evolution,
so why are they roughly the same today?

* the hierarchical structure in fermion masses and mixings, but in the SM

they are just free parameters. So why do they exhibit structure?

* the smallness of measured electric dipole moments -these violate CP, and

are at least 10° smaller than a naive O(10) for the corresponding parameter -
angle in the [0,21] range. Why?

* the comparable size of the 3 gauge couplings. These are all O(1) and

different, but not so different; why?

» the quantization of electric charges: the SM contains the gauge group U(1),,

for which any charge is allowed. Why do we find integer multiples of 1/3 for
the electric charge, rather than, e.qg. V2 or m?

* the number of fermion families: Why 3?
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SM is aesthetically unacceptable

* comparable values of matter, radiation, and vacuum energy densities

today. These 3 scale in vastly different ways during the Universe's evolution,
so why are they roughly the same today?

* the hierarchical structure in fermion masses and mixings, but in the SM

they are just free parameters. So why do they exhibit structure?

* the smallness of measured electric dipole moments -these violate CP, and

are at least 10° smaller than a naive O(10) for the corresponding parameter -
angle in the [0,21] range. Why?

* the comparable size of the 3 gauge couplings. These are all O(1) and

different, but not so different; why?

» the quantization of electric charges: the SM contains the gauge group U(1),,

for which any charge is allowed. Why do we find integer multiples of 1/3 for
the electric charge, rather than, e.qg. V2 or m?2

* the number of fermion families: Why 3?
* the number of spacetime dimensions. Why 4? Why 3+1 for that matter?
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SM is aesthetically unacceptable

* comparable values of matter, radiation, and vacuum energy densities
today. These 3 scale in vastly different ways during the Universe's evolution,
so why are they roughly the same today?

* the hierarchical structure in fermion masses and mixings, but in the SM
they are just free parameters. So why do they exhibit structure?

* the smallness of measured electric dipole moments -these violate CP, and
are at least 10° smaller than a naive O(10) for the corresponding parameter -
angle in the [0,21] range. Why?

* the comparable size of the 3 gauge couplings. These are all O(1) and
different, but not so different; why?

» the quantization of electric charges: the SM contains the gauge group U(1),,

for which any charge is allowed. Why do we find integer multiples of 1/3 for
the electric charge, rather than, e.g. V2 or m?2

* the number of fermion families: Why 3?

* the number of spacetime dimensions. Why 4? Why 3+1 for that matter?

Explanation & exp confirmation of any of these merit a Nobel prize!
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So, while Higgs Boson Discovery has completed the
puzzle of the Standard model ...
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But it has raised even more questions
than the number of answers it has given!

The Nature of
Higgs Boson?

matter/anti-ma
asymmet

Dark Matter
problem

Connection to
GUT & couplings
unification
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Higgs boson properties are consistent with main compélling

BSM theories, so the pattern we have is just a piece of a
much bigger puzzlel

The Nature of
Higgs Boson?

Connection to
GUT & couplings
unification
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