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Quantum field theory works great!

Perturbation theory (Feynman
diagrams) allow us to describe a huge
range of phenomena.




JUANIUN

Quantum field theory works great!

Perturbation theory (Feynman
diagrams) allow us to describe a huge

range of phenomena.

What about theories with o ~ 4x7?
Cannot use perturbation theory.

QCD is such a theory.
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Strong coupling is quite generic In
gauge theories.

Asymptotic freedom

Jstrong

Dimensional

Depends on sign of f, .

o |- T——

For QCD we have data. ~

QCD y Ayvy
General case is an important open Millennium Problems
F)r()t)leerT]- Yazg:z;iifr;;iﬁgi;;j?ap

P vs NP Problem
Navier-Stokes Equation
Hodge Conjecture
Poineare—Conteeture-

Birch and Swinnerton-Dyer Conjecture
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What are the low energy dynamics of the

following theory?

« SU(5) gauge theory
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3 fermions in the 10 representation
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Fermion content of this theory

| am working with has same

fermion content as original
SU(5) GUT.

Theory has rich global symmetry.

Low energy theory of GUT if all
scalars stabilized at the origin.
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Fermion content of this theory

| am working with has same

fermion content as original
SU(5) GUT.

Theory has rich global symmetry.

Low energy theory of GUT if all
scalars stabilized at the origin.
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Same global symmetry group as QCD!




This i1s a chiral theory.

Very difficult to solve on the lattice.

No renormalizable operators
consistent with gauge symmetry.

Only interaction is gauge interaction.

Gauge coupling is only parameter of
the theory.
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Most robust tool to analyze strong interactions is

't Hooft anomaly matching. Weakly coupled
UV theory
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Weakly coupled
IR theory with
massless states



1UUF1 ANUMALY MA

. o Energy
Most robust tool to analyze strong interactions is
't Hooft anomaly matching. Weakly coupled
UV theory
Theories with 't Hooft anomalies in the UV must G. A(G)

have massless states.

«Option 1:there are massless fermions to satisty

't Hooft anomalies in the IR.

| Weakly coupled
«Option 2:there are massless Goldstone bosons IR theory with

as a result of spontaneous symmetry breaking. massless states
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One generation theory: UV’t Hooft anomaly for U(1) X grav?:

10-1+5-(=3)=-5

SUGB) | U(l)p

A 10 1 UV ’t Hooft anomaly for U(1)>:
5 3 10-1°+5-(=3)°=-125

Bl
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One generation theory: UV’t Hooft anomaly for U(1) X grav?:

10-1+5-(=3)=-5

SUGB) | U(l)p

A 10 1 UV ’t Hooft anomaly for U(1)>:
5 3 10-1°+5-(=3)°=-125

Bl

Low energy theory contains:
AFF bound state with B=-5.



ARV NERALUN

One generation theory: UV’t Hooft anomaly for U(1) X grav?:

10-14+5-(=3)=—5

SUB)| | U)s
A 10 1 UV ’t Hooft anomaly for U(1)>:
5 -3 10-1°+5-(=3)°=-125

Bl

IRt Hooft anomaly for U(1) X grav?:

-3
Low energy theory contains:

AFF bound state with B=-5. IR’t Hooft anomaly for U(1)°:
(=5)° = =125



JN FRUN 1EUL

Find gauge invariant fermionic composite that satisfies 't Hooft anomalies.

Example of “s-confinement”: theory confines but does not break any global
symmetries.

Not a proof that this is the low energy theory:
e Could be other solutions to 't Hooft anomaly matching.

e Could be spontaneous symmetry breaking.



ANUMALY MA

Six non-trivial 't Hooft anomalies:

SUB) | SUB)a | SUB)F | U(l)s

A 10 3 1 1
A |SU3);| = 10 F| 3 ! : 3
A|SUGR| =5
A |grav: x U(1)g| = — 15 A |SU@B); x U(l)g| = 10

AUzl = =375 A |SUB)zx U(l)g| = — 15
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Need to build gauge invariant

fermionic bound states:
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Need to build gauge invariant

fermionic bound states:

AFF AAF!
F ASF T
A4F

A NB: No SUSY (yet).
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Need to build gauge invariant

fermionic bound states:

AFF AAF!
F ASF T
A4F

A NB: No SUSY (yet).
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y ANUMA

Need to build gauge invariant

SUB) | SUB)a | SUS3)
A 10 3 1 1
F

|
=
=
¥

fermionic bound states:

AFF  AAF'
— Need to solve 6 linear equations

F A 3FT4 over integers.

A4F3 There are infinitely many solutions.

&
—
o
e

A NB: No SUSY (yet).
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Solutions are quite

complicated.

A relatively simple example:

[SUB) | SUB)a | SUB)F | U)s
A 10 3 1 1
F 5 1 3 —3
SUB)] | SUB)a | SUB)F | U)s
(AT F)f I 3 3 5
AF F 1 3 6 -5
A5 1 6 1 5
i 1 1 5 15
A3 1 1 6 15
A3 1 1 5 15
2 x (ASF 1 1 3 15




Another example;:

[SUB) | SUB)a | SUB)F | U(l)s
A 10 3 1 1
7 5 I 3 3
[SUB) | SUB)a | SUB)F | U(l)s
(F)f 1 1 3 15
A5 or (AYF) 1 6 1 5
F(A2)f 1 3 3 5
(A3TF 1 1 3 15




Another example;:

Looks simpler, but (FS)

Is problematic.

.}.

state

[SUB) | SUB)a | SUB)F | U(l)s
A 10 3 1 1
7 5 I 3 3
[SUB) | SUB)a | SUB)F | U(l)s
(F)f 1 1 3 15
A5 or (AYF) 1 6 1 5
F(A2)f 1 3 3 5
(A3TF 1 1 3 15




Another example;:

Looks simpler, but (FS)T state

Is problematic.

Color = anti-symmetric
Flavour = anti-symmetric
Spin =7

Not enough states to satisty
Fermi statistics.

[SUB) | SUB)a | SUB)F | U(l)s
A 10 3 1 1
7 5 I 3 3
[SUB) | SUB)a | SUB)F | U(l)s
(F)1 1 1 3 15
A5 or (AYF) 1 6 1 5
F(A2)f 1 3 3 5
(A3TF 1 1 3 15




Another example;

Looks simpler, but (FS)T state

Is problematic.

Color = anti-symmetric
Flavour = anti-symmetric
Spin =7

Not enough states to satisty
Fermi statistics.

[SUB) | SUB)a | SUB)F | U(l)s
A 10 3 1 1
7 5 I 3 3
[SUB) | SUB)a | SUB)F | U(l)s
(F)f 1 1 3 15
A5 or (AYF) 1 6 1 5
F(A2)f 1 3 3 5
(A3TF 1 1 3 15

Can work with orbital angular
momentum, but weird.
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Is one of these the IR spectrum of the theory?

Probably not, but | cannot rule it out.



JN\ INS?

Is one of these the IR spectrum of the theory?

Probably not, but | cannot rule it out.

Other alternative is to consider spontaneous symmetry breaking...
so many options.



SUPERSYMMETRY
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Supersymmetric theories are
the spherical cows of quantum
field theory.

SUSY version of our model can
be solved.

Deform away from SUSY.



dildi JV
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the spherical cows of quantum
field theory.
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be solved.

Deform away from SUSY.



Additional gaugino and
additional global symmetry.

SUG) | SUB)a | SUB)p | Ul)p | U(l)r
A 10 3 1 1 0
F 5 1 3 —3 <
we 24 1 1 0 1




Additional gaugino and
additional global symmetry.

Holomorphy + extra symmetry
means solution Is unique.
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Additional gaugino and
additional global symmetry.

Holomorphy + extra symmetry
means solution Is unique.

Symmetry preservation Is
possible.
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additional global symmetry. A 10 3 1 1 0

F 5 1 3 -3 -

Holomorphy + extra symmetry we 24 1 1 0 1

means solution is unique. M=AF 3 3 0 3

Bi=AFF 3 3 —5 :

Symmetry preservation is B = A 6 ! 5 0
possible. ;

Dynamical superpotential is
generated at low energy.




ANUMA

First question: why didn’t we find

this solution to the anomaly
equations before?

M = A°F so it is a boson, does
not contribute to anomalies.

Mesino with at least one squark
needed to satisfy anomalies.

SUB)a | SUB)r | U(l)p | ULk
M 8 3 0 :
B, 3 3 —5 -
Bs 6 1 § 0

Cannot get fermionic state with
B=0 in non-SUSY theory.




VA

Assume vacuum doesn’t break B: SUGA | SUB), | UMs | UM

(B;) =(B,) =0. M 3 3 0 2
B, 3 3 —5 -

Assume SUSY breaking is soft. B, 6 1 5 0

V~m?|M|”+ (M + h.c) + [A]7 | M]*

| m?|, \K\z < A?:Iyn ensures “small” SUSY breaking.




VL

Rewrite the potential
V=m?IMP?+ (kM*>+h.c.) + 2| M|* p

as the sum of
squares.

= |17 tr || M? + < M ) | D+ 2= mT
2]° [2]°

, Ikl " A1Pm? > k| is a
+ | m” — I/HZ tr [MM] sufficient condition
for (M) = 0.




mw/A

PHASE DIAGRAM

no symmetry breaking
[SU(S)A X SU(S)F X U(l)[}]

SUB) | SUB)a | SUB)r | UL)s | UQ)g
A 10 3 1 1 0
F 5 1 3 -3 2
we 24 1 1 0 1
M=AF 8 3 0 2
Bi=AFF 3 3 -5 S
By = A 6 1 5 0

mg/A

If condition Is satisfied, no symmetry
breaking in SUSY model.




mw/A

no symmetry breaking
[SU(S)A X SU(S)F X U(l)[}]

mg/A

SUB) | SUB)a | SUB)r | UL)s | UQ)g
A 10 3 1 1 0
F 5 1 3 -3 2
we 24 1 1 0 1
M=AF 8 3 0 2
Bi=AFF 3 3 -5 S
By = A 6 1 5 0

It | take the gaugino mass to be large,

anomalies can still match, no phase
transition is expected.




mﬁ;/A

nQ/PT

no symmetry breaking
(SU(3)4 x SU(3)# x U(1)p]

mg/A

SUB) | SUB)a | SUB)r | Ud)p | Ulr
A 10 3 1 1 0
F 5 1 3 -3 2
we 24 1 1 0 1
M=AF 8 3 0 :
B, =AFF 3 3 -5 :
By = A° 6 1 5 0

It | keep the gaugino mass small but
take squark masses to be large:

Replace mesino with (AW)3F, satisfy
anomalies.



mw/A

no symmetry breaking
[SU(S)A X SU(S)F X U(l)[}]

\ symmetry breaking
[SO(3)y x U(1)5]7

mg/A

SUB)] | SUB)a | SUB)r | UL)s | U)r
A 10 3 1 1 0
F 5 1 3 -3 2
we 24 1 1 0 1
M=A*F 8 3 0 2
B =AFF 3 3 -5 2
By = A° 6 1 5 0

It | take both SUSY breaking parameters
to be large, cannot satisty anomalies in
same way.

Must have a phase transition.



M I\ A

Let’s now assume that condition is not

satisfied, symmetry breaking will happen
even for small SUSY breaking.

Which direction Is symmetry broken?

Not enough symmetries to diagonalize M.

Let’s guess.



One option:

SUB3), X SUB)z X U(1)y — SO3),, x U(1),

Mai — _ :
M) Can compute fermion spectrum from superpotentials:

Massless fermion: (3)_<« C B =AFF

0
f
0
0
0
0
0
0

S OO OO OO
S H O OO O OO

Massless bosons: (3)g+ (9)g+(3)g C M



JEN

We think SUSY | the minimum for small SUSY breaking. The evidence:

eSpectrum satisties 't Hooft anomaly constraints.
«3 generation analogue of 1 generation answer.

«Appears to be global minimum of potential as long as there is any
symmetry breaking. Tried many other possibilities, did not find lower
one.

More In the paper.



mw/A

ngyPT

N\
symmetry breaking
¥ ,V

(SO(3)y X\U(1)3B]

mgj/A

SUB) | SUB)a | SUB)r | Ud)p | Ulr
A 10 3 1 1 0
F 5 1 3 -3 2
we 24 1 1 0 1
M=AF 8 3 0 :
B, =AFF 3 3 -5 :
By = A° 6 1 5 0

With SUSY |, only B, states are
massless.

Can be anywhere in the plane.




ANOMALY MEDIATION



ANUMALY MEDIAIEL REANII

Simplest method of breaking SUSY is anomaly mediation (AMSB).

All soft parameters dictated by one parameter: ms, .

oW
Viree = Msp 451675 - 3W

Soft parameters are RG invariant and UV insensitive.



AMSB + STRUNG COUPLIN

a I'X]_V > hep-th > arXiv:2104.01179

High Energy Physics - Theory

[Submitted on 2 Apr 2021 (v1), last revised 19 Jun 2021 (this version, v3)]

Some Exact Results in QCD-like Theories

Hitoshi Murayama

| propose a controlled approximation to QCD-like theories with massless quarks by
employing supersymmetric QCD perturbed by anomaly-mediated supersymmetry
breaking. They have identical massless particle contents. Thanks to the ultraviolet-
insensitivity of anomaly mediation, dynamics can be worked out exactly when m << A,
where m is the size of supersymmetry breaking and A the dynamical scale of the gauge

theory. | demonstrate that chiral symmetry is dynamically broken for Ny < %Nc while

the theories lead to non-trivial infrared fixed points for larger number of flavors. While
there may be a phase transition as m is increased beyond A, qualitative agreements with
expectations in QCD are encouraging and suggest that two limits m < A and m > A

may be in the same universality class.
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[Submitted on 20 Apr 2021 (v1), last revised 13 May 2021 (this version, v2)]

Some Exact Results in Chiral Gauge Theories

Csaba Csaki, Hitoshi Murayama, Ofri Telem
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Search.

High Energy Physics - Theory

[Submitted on 7 May 2021]

More Exact Results on Chiral Gauge Theories: the
Case of the Symmetric Tensor

Csaba Csaki, Hitoshi Murayama, Ofri Telem
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AMSB + STRUNG COUPLIN

= I'le > hep-th > arXiv:2104.01179 - I'Xiv > hep-th > arXiv:2111.09690

a I'le > hep—th > arXiv:2104.10171 ngh Energy Physics - Theory

= I'Ylv > hep—th > arXiv:2105.03444 [Submitted on 18 Nov 2021]
= I'le > hep-th > arXiv:2106.10288 Broken Conformal Window

) Hitoshi Murayama, Bea Noether, Digvijay Roy Varier
= r>(1v > hep-th > arXiv:2107.02813 —

High Energy Physics - Theory

netry

[Submitted on 6 Jul 2021 (v1), last revised 9 Sep 2021 (this version, v2)]
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the SO(NV,) Case Study
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High Energy Physics - Theory Dynamics of Simplest Chiral Gauge Theories
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Can compute full potential analytically.

Can do same complete the square technique.

Véusy T vsu,éy — |

AW,  dW, 1

+mi Y |Bl[* + (m% -
Y1

dMe — dM* = 3

2 2
| AW, 1 .. AW,
- ATMY| 4 (AL — —ANBY| + .
592 2 E : ai |2
AQ — §A1 ) 555 ‘BQ ‘ + (m3 — §A1 ) - ‘M ‘
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Can compute full potential analytically.

Can do same complete the square technique.

dwy  dWe 1 1P daw IO L I 7

Véus vsu — - - A*MCLZ* | A* — —A* B .

Yy _|_ ;éy de de 3 1 _|_ deg(S ( 2 3 1) 2 _I_ dBflyz

1| 1| |
_|_m% Z‘Biyz‘Q_l_ (Wg AQ— §A1 ) 2‘3255‘2_'_ (mg §A1 ) Z‘MCLZ‘Q
Y1 1519} at
Sufficient condition for mi > 0
. 1
no symmetry breaking: m; — |4, — ;A > 0
1 2
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alld ALAR PL

Can compute full potential analytically.

Can do same complete the square technique.

dwy  dWe 1 1P daw IO L I 7
Véus vsu — - - A*MCLZ* | A* — —A* B :
Y_|_ /éy de de 3 1 _|_ deg(S ( 2 3 1) 2 _I_ dBfly@
1| 1|
0 a?
ot S (- ] ) S (i [fa] ) Spare
Y Bo at
. . .. o= ) > O
Sufficient condition for 1 m; > 69ICI* + 4[C2AZ > 0
no symmetry breaking: m; — |4, — ;A > 0 ' . 19C[* + 4 |CPIA2 > 0
2 1161[C|* + 216|C]2 A + 80|AF > 0
m? — %Al > 0 Iq qu >




alld

There is no symmetry breaking in

This conclusion 1s exact, in the
sense of the other AMSB papers.

Must be a phase transition as 5,
IS Increased.

mﬁ;/A

\ symmetry breaking
SO(3)y x U(1)5]?

no symmetry breaking
[SU(3)4 X SU(3)% x U(1)p]

mgj/A




Vi

Now understand SU(5) theory for
Np =1, 3. What about others?

2 flavour theory has different
anomaly matching.

In non-SUSY theory can match
anomalies with two states.

[SUB)] | SU2)a | SU2)r | U(1)B
A 10 2 1 1
F 5 1 2 -3

In SUSY case, anomaly

matching is Impossible.

Proves ySB!




SUSY QCD



SACD WITH n, = 2 AND w, = 3

This theory is qualitatively

different than with N, > 3. SUR)I | SU0) | Ulbe

) 6 1/3
e 3 1 1

K




SACD WITH n, = 2 AND w, = 3

This theory is qualitatively

different than with N, > 3. SUR)I | SU0) | Ulbe

q 2 6 1/3
B:B:Mqu. we 3 1 1

Enhanced symmetry relative to
usual QCD.
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Enhanced symmetry relative to
usual QCD.



SACD WITH n, = 2 AND w, = 3

This theory is qualitatively
different than with N. > 3. PURIL | SUEE) | Ol
q 2 6 1/3
B=B=M~ g*. we 3 ! 1
M = ¢ 15 2/3

Enhanced symmetry relative to
usual QCD. Wdyn — GabcdefMachdMef = PtM



AMOL

Wdyn =k PtM

Add anomaly meditated SUSY breaking to theory. Need one loop correction.

2
oPf M 27 | x|

V=|«x|° +
] oM; 102474

Can use complete the square trick and get sum of positive terms:

(M) =0 .



NUN- |

With only quarks, gauge invariant
bound states have even number
of fermions.

Gauge invariant bound states all

bosonic, no way to satisfy SU(6)
't Hooft anomaly.

Must be symmetry breaking.

SU(2) | SU®6) | U)r
q 2 6 1/3
we 3 | 1
M = ¢’ 15 2/3

This theory also has a phase

transition as you increase ;.




D D D
i I l'll A

Result is leading order in my,/ A.

Next term in perturbation
expansion appears in Kahler
potential:

(MM)
A

K

Can we see phase transition at
NLO?



> >
1OHER URL
Result is leading order in my,/ A.

Next term in perturbation
expansion appears in Kahler
potential:

(M™M)’
A2

K ~

Can we see phase transition at
NLO?

41 DANIEL STOLARSKI Feb 7,2025 U of Toronto

4872 |

1074

Kind of.



ALY WiHH MURE FLAVUUR

QCD with Ny = N, + | is also s-confining and described by dynamical

superpotential in terms of mesons and baryons.

A

o 3detM
-

Wdyn = K BMB —

Perturbative analysis points to QCD-like vacuum:
(M) ~ 1and (B) = (B) = 0.



YUIVIL ]

Explore potential numerically:

N.=3 NLO

s — confining

BWNO)(SB

471

27 ¢

"[xsB QCD-like

(4m) "] (47)° i (47)?
A

47+

37

(4m)"

* - m3/2/A — 01

N, =8 NLO |
s — confining
No ySB
XS5 QCD-like

- =
(471-')“l A (47})3 (47})5
A

Appears to be no dependence on A. No direct dependence on 1, !

A phase boundary In K.



YUIMILNIULH

Can extend analysis to higher loops:

N.=3 N°LO | N. =8 N°LO ,
47| s 47 ¢ =
s — confining s — confining
37TNO)(SB 3WNO)(SB
' L
27 | 27 b
"[xsB QCD-like "xsB  QCD-like
—— —t- % et
0 K1 0 | 2 0 ' ' ' l
(47) (47) dm (47) (4m)~" 47 (4m)? (4m)° (4m)"
& A

Does not change conclusions.



DID
A
\LJ

Can compare perturbative series order by order:

47

37t

Phase transition does not appear to be under control.

s — confining

NLO

non — perturbative

20

40

60 80 100
N,

47

RYid:

27}

s — confining

s

N°LO

non — perturbativ

20

40

60 80 100
N,



NLU KA

What about higher order terms in ms,,/ A?

2

A2Kg = CNA? (M) - i\fﬂf (MMM - ]C\i (B'B)? + (B'B)?)
~ . L
: Cﬁf (B'B)(B'B) - ]f‘\f]; T(Mtyr) (B'B + B1B)
; CB%yB (BMM'B' + BMM'BY),

Six new parameters @,

Let’s do a numerical scan varying parameters between 0 and 1.



Can see a modified vacuum structure.

-

Wi

No ySB

27

mge = 0.1A Kg ~ O(1) baryon

Spontaneous baryon

number violation

27

Hard to draw concrete conclusions without knowing k, A.

xSB




HOLOGRAPHY?

AdS/CFT correspondence says conformal
field theories are dual to gravitational
theories In 5 dimensions.

Very supersymmetric theories work great in
AdS/CFT.

What is gravitational dual of Anomaly
mediation?

time

anti-de Sitter space

-

conformal
boundary



FINITE BARYON DENSITY




What is the phase diagram of QCD?

- 1 S— Longstanding difficult
§ v— problem with only partial
5 g results.
Hadronic Phase Q:::tliz:nic _____________
Liquid- G((:i \'

. X CFL-K? Crystalline CSC
Nuclear Superfluid  Meson supercurrent Baryon Chemical Potential s
Gluonic phase, Mixed phase

Conjectured QCD phase diagram with boundaries that define various states of QCD matter based on S x B patterns.



What is the phase diagram of QCD?

A : .
. e — Longstanding difficult
N problem with only partial
? Critical
— Point reSu l.tS .
; ' Quarkyonic
Hadronic Phase ¢'\\ “. - .~
Matter Focuson T = 0.
Liquid-Gas \' .

. X CFL-K? Crystalline CSC
Nuclear Superfluid  Meson supercurrent Baryon Chemical Potential s
Gluonic phase, Mixed phase

Conjectured QCD phase diagram with boundaries that define various states of QCD matter based on S x B patterns.



ARYUN LHEMIUVAL PUIEN

Look at s-confining SQCD + AMSB + finite baryon density.

Adding baryon chemical potential gives negative mass squared to
scalars containing baryon number.

Start in low energy (hadron) theory:
9
2

m p—
5 644

k| |msp | — 93, FixN,=3andN, = 4

QCD-like vacuum destabilized for sufficiently large up.



To find baryon vev, need quartic, comes from F-term:;

s 12
Vzmg(\B\2+\B\2)+ KBB| with  mg < 0




To find baryon vev, need quartic, comes from F-term:;

s 12
Vzmg(\B\2+\B\2)+ KBB| with  mg < 0

Problem: potential Is unstable in the Fdirection!



To find baryon vev, need quartic, comes from F-term:;

s 12
V=m§(\B\2+\B\2)+ z<BB| with — myg < 0

Problem: potential Is unstable in the fl?direction!

What now?



Theory runs to high energy quark phase. AMSB still predicts the potential:

2

= 5 a _tra =) 2
V=m§(\q\2+ \4\2) +?(QTT4—QTT q)
5g*
mq2: 7474 ‘m3/2\2—ﬂ§ SO

Same problem in the direction where (g) = (g).
Theory appears to run to infinity!



\lY

Maybe we were too quick going over the transition.

As we approach B ~ A, higher order Kahler terms become important.

A2 K = S (M) - %2 (MMM - ]C\i (B'B)? + (B'B)?)
j
, Cﬁf (B'B)(B'B) - C]f‘\f; Tr(MM) (B'B + B'B)
CBMMB

-, (BMMTBHBMMTBT),



Maybe we were too quick going over the transition.

As we approach B ~ A, higher order Kahler terms become important.

A2Kg = 3@? Tr(MW)2 : %2 Tr(Mr MM M)

BB ptp\(ptp) L CMB ] ] AT T
7 (BIB)(BB) - ¥ Tr(M'M) (B'B+ BB
| SBMMB (BMM‘LBT +BMMTBT),

N,

Only one term affects runaway direction.



Have 5 parameters: Have (at least) 4 field directions.

OK )

P x 000 b 2

' 0 v 00 ol ~ |o

. Cp 0 0 v 0 0 0
000 v 0 0

* M3/

o//tB

Intractable analytically,
annoying numerically.
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Vaccua we found: Y £0,0=0,b=b#£0_____ ____
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I ‘¢ 'l ﬁ.. . P Q
5 [ ] L
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0.8F I 4 ¢ ! ~~~ ’ {,;Qﬂ S
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ary

1.0
Vaccua we found: |

Prelimin

I
I
I
I
I
1

0.4

¢ QCD_like 0.8F "'4 ~~~~~~ . I‘,‘ bﬁFQ’) .
s 1§ So , ’
1% N ‘
- Y A X ¢ .
! :’:: 3 "M‘~‘~~®5’;0
~— 0.6F [ 4 - ’ So - -
< i _0 .
= | ou U PR
) - :':'I Q T 4“?‘9""
° ,
E 0.4 :' ) Ci?‘ . %‘Q‘?‘i" -
| Non-perturbative
0.2 SO -
At
0.0 z ] z z z z ]
0.0 0.2 0.3

MB.(A)



Vaccua we found: |
« QCD-like 0.8:-

« Baryon-number breaking

~—> 0.6
< 7
S

0.4

0.2F




Vaccua we found:
e« QCD-like
« Baryon-number breaking

. SU4)? = SU(3)?

<
3

Preliminary

1.0 ; {
s ! I me™ =™ = = oo mmom
I "‘g': ==== E - A O
] & ’l
I % ,1
! PR 4 I
¢ 1
0.8F ' 4 1!
I o ] I
B I J |
l': ! 1
My ! I
1y ! [
ll' ) |
oe6r o S |
5 ., " [ |
by ’ 1
'I,, I
Iy, !
N, I
by I
04 B | |
I‘ ]
L% !
§ 1
YxSB, .
§ | ‘I
‘ ’ S .
- 74 .
0.2 ': ,' "¢‘ ¢\’
"1l . L
n J""""’
] o0 .
[ | Q'/,"
O O "4“‘,/? L L L
0.0 0.1 0.2 0.3

pns(A)

0.4



Vaccua we found:
« QCD-like

« Baryon-number breaking
. SU4)? - SU(3)?

. SU4)* - SU(3)

0.8}
~—~ 0.6F
<
N—"
e
~
3

0.4

0.2F




— ey ——
Vaccua we found: D e e
. ! &7 ',"l "~..~~ "," 0:
e QCD-like 0.8} /’ ;o e R %“”WF -
i :‘4 'I I' ~~~ j ’ Q-)b ’,¢
. i 1% /] I *o R = ’¢'
» Baryon-number breaking A IR
1 [ i Q . S L
~~ 0.6F w, ‘ I L S, _-"
< | :', "' : ) “, L 't'—
. SU4)* — SU(3)* < | RS E
y, ] "l _ Q,)",‘
2 g 0.4f :.' ." %quj"‘ /oq‘.’f"
SU4)” - SU(3) A s 7w
- Y xSB/ S JEE .
I ST Non-perturbative
0.2} RS P
Last two are not in the QCD e |
'«1‘,/? . . . ! . . . . ! . . . . . . . . .
.. 0.1 0.2 0.3 0.4

literature (I think).
pnp(A)



JN\ JN\

Explored interesting chiral SU(5) theory: likely vacuum has
SO(3)xU(1) symmetry with 3 fermions and 13 bosons.

It SUSY theory is coupled to anomaly mediation, there must be a

phase transition as mi;/, iIncreases.

Explored dynamics of s-confining SQCD-like theories including
higher order Kahler terms and finite baryon density. Find some
Interesting phases.

Finite temperature likely also interesting; to do!






VI JW ENED 7

“Low energy” is where we do experiments.

Can ignore non-renormalizable “irrelevant” operators.
Ultimately this is our goal as field theorists.

Dynamics almost always become simpler at low energy.
*QED -> free Maxwell theory.

«QCD -> theory of pions -> trivial theory.



QCD is a vector-like theory.

e Mass terms are allowed

« Can make progress on the lattice.

SU(2)r




QCD is a vector-like theory.

Electroweak theory is chiral.
« Mass terms forbidden.

 Interesting dynamics if it confines.

SUB)] | SU@2)] | [UQ)y] | U)s-1
QL 3 2 1/6 1/3
Up 3 1 —2/3 ~1/3
dg 3 1 1/3 ~1/3
Ly | 2 —1/2 —1
en | | 1 +1




JN

D
Simplest “Grand Unified Theory”
(GUT) is Georgi Glashow SU(5). SU(5)
gauge
bosons

SU(5) breaks down to
SU(3)xSU(2)xU(1).

SU(3)

SU(2)




JN

D
Simplest “Grand Unified Theory”
(GUT) is Georgi Glashow SU(5). SU(5)
gauge
bosons

SU(5) breaks down to
SU(3)xSU(2)xU(1).




YCDEL
A A
All SM fermions fit into either 5 or d,
10 representation. |4
5 — d3
Ly
L,
Get exactly the SM fermions
and no others. 0 w, QO Op
—u; 0 u;  Ohy On
10=| —u, —u, 0 O3 O
Scalars are a bit more complicated. —COn —Qu Uy U e



AN ANUMA

Anomalies are a quantum breaking of a classical symmetry.

Can be represented in terms of triangle diagrams.

Computed by counting massless fermions
charged under a symmetry.



Energy

SUB) | SU@2) | SUR2)r | U(L)s

Qr = (ur dp) 3 2 ! ! Quarks + gluons
QR — (UR ClR) 3 1 2 —1

In massless limit, SU(2); X SU(2); is exact.

Both SU(2)’s have odd number of fermions so
both have 't Hooft anomalies.




SU(2)L

QL = (UL dL)

2

Qr = (UR dR)

1

In massless limit, SU(2); X SU(2); is exact.

Both SU(2)’s have odd number of fermions so

both have 't Hooft anomalies.

Break SU(2), X SU2)r — SU(2)y, pions

are massless Goldstone bosons.

Energy

Quarks + gluons




A

A
't Hooft anomalies are not SUB)] | [SU@)) | [UMy] | UM)s-r
gauge anomalies. Qe ’ 2 1/6 1/3
Ug 3 1 —2/3 ~1/3
dp 3 1 1/3 —1/3
L 1 ) —1/2 1
Gauge anomalies = bad. eR 1 1 1 +1
U(1) U(1) U(1) U(1) U(1)
/\ A /\ A
U(l 2 U(l SU sU(2) bU 3) o(l bU U(s)
SM gauge anomaly cancellation U) su (2 su U

appears miraculous. /\ /\ /\ /\ AN

bU(d) SU(S) SU SU(2 SU(2) SU(B) SU(B) SU grav. grav.



AS|UE
For general SU(N):
A(O) =-1
A =N-4

SU(S) with H +0 =10+ 35is (simplest?) anomaly

free chiral gauge theory.

SU(S) GUT can explain miraculous anomaly cancellation of SM.



.\ ViJJIY

AMSB Is extremely predictive. UV insensitivity means it is very
difficult to fix this problem.
9 d}/(¢l)
m? o« — ——— « — gfs
dt >

ﬁg > (0 for SU(2) and U(1).

Sleptons are tachnyonic, AMSB Is
excluded.



alld

Start with small AMSB.

oW
Viree = map ¢i?ﬁ —3W

Viree =0



Start with small AMSB. A = Scale anomaly, effect i1s due to

AW change of couplings with scale.
0p;

Viree = m3p | i —3W
Yukawa couplings are marginal, do

3 not change with scale at tree level.
Do change at loop level.

Viree =0



JUW |U DREAR

In UV, can have squark mass
and gaugino mass.

In IR, scalar (hadrino) mass
and A terms.

Symmetry breaking condition
depends on IR terms.

Relation between IR and UV Is
non-perturbative.

SUG)]

=
=
=y

N

10

Bl

5

24

M=A3F

Bl — AFF

BQEA5

O Wik | WwIN — | WIN -)




AMaD A JUF

VSOft — m12 | B, ‘2 4 m22 | B, ‘2 + m, ‘M‘2 All.loop.effects can be
; written in terms of
'I'Al/l M> + AZCBlMBZ anomalous dimensions.
A, == 3y(M)my), Straightforward to
calculate.
Ay = — {}’(M) +y(B)) + Y(Bz)} ms




Y - ||

f 00 Another option:

0 f O

00 f SUB), X SUB)sx U(l)y = SUR2)y X U(1), X U(l)g
M4y =10 0 0 |

00 0 Massless fermions: (4)1 5 C B1

0 0 O

0 0 0 (D_ys5 C B,

0 0 O

(3o CM

Massless bosons:  (3)g o+ (3)go + (2)3



Y - |||

00 0 Another option:
0 0 O
0 0 fsing| OSUB)XSUQG)rX U(l)p
(MY = 8 8 8 — U(1) s X U(1) s X SUR2)r X U(1)5
00 0O Massless fermions: 6 C B,
0 0 O
0 O fcosd 3 C BZ

12CM

Massless bosons: 12 (one too many?)



IAALVIF

Can estimate fermion condensate
by seeing which of these diagrams
is most negative (MAC).

JUUVUVUUVUUVUUVUUVUUVU

Fq 2
Can compute in terms of group
theory factors. max C,(r) + Cy(rp) — Cy(7,)

MAC = (AA) — 5.



VIH

Can parameterize symmetry

breaking by scalar with same
gquantum numbers.

H ~ (5,6,1)2 order parameter.

Not enough symmetries to
diagonalize.

SUS)]

SU(3) 4

N

10

Bl




Guess:

a\ — <Sad

Breaking:
[SU5)] x SUB)* x U(1) = [SU4)] x SOB), x SUB) X U(1)p

A =(6,3,1)g+43,)s,  [SU(4)] is vectorlike and confines.

F = (49193)—5/2 + (19193)—5
Breaks global symmetry down to SO(3), X U(1).

MAC | = SUSY I.



Guess:

( H{; ) = 5% 0j3 5]'3 /

Breaking:
[SU5)] x SUB)* x U(1) = [SU@A)] x SUQR), X SUB)- X U(1)p

A — (6,2,1)0 —+ (6,1,1)0 + (49291)5/2 + (49191)5/2
F — (21-,1,3)_5/2 T (19193)—5

[SU(4)] confinement further breaks to U(1),, X U(1)p.



Guess:

( H{; ) = 5% 0j3 5]'3 /

Breaking:
[SU5)]1 x SUB)* x U(1) = U(1)y, x U(1)p

Fermions: (=1, —35) + (0, —5)

Bosons: 15 GBs.



MAC Il

Guess:

<Hl:6;> — 5a51]f

Breaking:
[SU(5)] x SUB)* x U(1) = [SUR)] X SUQ3)x U(1)5 x U(1)p

[SU(2)] confines and could break SU(3), — SU(2);.

Fermions: 15

Bosons: 11 GBs.



-

Supersymmetric SU(N,) gauge theory with N, flavours of quarks and anti-

quarks understood by Seiberg long ago.

SQCD + AMSB analyzed for N. > 3 in first paper.

f N =N, + 1, theory is s-confining and described by dynamical

superpotential in terms of mesons and baryons.

Wgyn = BMB — det M



Wgyn = BMB — det M

(M): = g
] o q qaj In terms of the low energy fields, first
term is tri-linear and classically scale

Bi — det q Invariant.

2nd term: det M ~ M™Y. Only scale
invariant ifo =3 (and N.=2).






