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I. Motivation

The Standard Model:
Local Gauge Symmetry: SU@B)XSUR)XU(1)
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Multiplet structure —'chiral’
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Spontaneously broken ( 1:10 }

Higgs scalar

L, = (DMH)T (D"H)-V(H)

SU(2) : adjoint rep 3 dimensional

= 3 Goldstone modes, 6. (in absence of gauge interactions)



=3 with M, measurement
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The Standard Model - unanswered questions

® Complicated choice of multiplets

® Fractional and integral charges?

® Neutrino masses?

® Many parameters 16 (25)

® Only partial unification Al =sin6, W, +cos6,, B,
® The hierarchy problem

® Strong CP problem

® Dark matter, baryogenesis, inflation.....



IT. Grand Unification
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IT. Grand Unification

SU3)® SUR2)QU(1) LG

X
(3,2)+2.3,D)+(1,2)+(1,)c R

G >Rank 4 (# diagonal generators)

SU(S)... unique viable rank 4 possibility

Georgi Glashow



SU(S) . Group of 5 X5 complex unitary matrices with determinant 1



SU(S) . Group of 5 X5 complex unitary matrices with determinant 1

50 —-25—-1=24 independent matrices - adjoint representation

24
U= exp(—iz ﬁiLij, UU=1 = L Hermitian generators
i=l1



SU(S) . Group of 5 X5 complex unitary matrices with determinant 1

50 —-25—-1=24 independent matrices - adjoint representation

24
U= exp(—iz ﬁiLij, UU=1 = L Hermitian generators
i=1

SUB)XSUR)xU)c SU(S)

0O 0 0 0O
=9.10 0O 0 0 0O
2 8 8 L’ = 00000
a=1.8 __ 00 0
L _ 00 SU(3) 00 0 61,2 SU(2)
0O 0 0 0 O
0O 0 0 0 O

['! = Diagonal (0,0,0,1,-1)

['2 = Diagonal (-2,-2.-2.3.3) U(l)




Fermions

Convenient to use Weyl notation for fermions

Weyl spinors

SO(3,1)~SU2)xSU((2)

Rotations and Boosts

Weyl basis
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Fermions

Convenient to use Weyl notation for fermions

Weyl spinors

SO(3,1)~SU2)xSU((2)

Rotations and Boosts

Vi — SL(R) Vi

(5,00 (0,3)

Yr

2-component spinors of SU(2)
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e

¥
e
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o
i%.0
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. Rotations

- Boosts

Can construct LH spinors out of RH antispinors and vice-versa
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SU(S) . Group of 5 X5 complex unitary matrices with determinant 1

50 —-25—-1=24 independent matrices - adjoint representation
24 . . .
U = exp(—iz ﬁ’Llj, UU=1 = L Hermitian generators
i=1
K

FermionS: Lfermion = I//ITQG,UDMWR

n
n
Fundamental representation Vs =| n
n
n




SU(S) . Group of 5 X5 complex unitary matrices with determinant 1

50 —-25—-1=24 independent matrices - adjoint representation
24 . . .

U= exp(—iz ﬁ’Llj, U'U=1 = L Hermitian generators
i=1

a

In terms of fundamental representation, (1/15) =n"

K — i H
Lfermion _ l//R(j/ytl) l//R

5%5=1+24 X []=[]+[T] Young Tableau

B _ a _b_c_d B _ 5x4x3x2X6
Ta — gaabcdn nnn Xn = I xaxs




SU(S) . Group of 5 X5 complex unitary matrices with determinant 1

50 —-25—-1=24 independent matrices - adjoint representation

24
U= exp(—iz ﬁ’L’), UU=1 = L Hermitian generators
i=1

Covariant derivative:  Gauge bosons V;
L (BD+(1.2)
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Grand Unification SUGB)>SUB)®SUR)®U(1)
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Grand Unification SUB) D SUB)®SUR)®U(1)
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Grand Unification SUGB)>SUB)®SUR)®U(1)

(@)

_ } SU(3)

(S)La: (@ 30 + Qe_ =0
% } SU(2)

0.=1/3

[o,B] ”(”_l)zlo
T 1x2

Remaining 10 states?




Grand Unification SUB)D SUB)®SUR)®U(])

() :} SU(3)
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LH states SU(2) doublets
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Gauge Couplings SUGB)DSUB)®SUR)®U(])
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Either: No Grand Unification
or: more particles...

9 11 13 15
Log ,, [Energy Scale (GeV)]




Grand Unification SUGB)>SUB)®SUR)®U(1)

:} SU(3)
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Generations ?



Grand Unification SO(10)D SUB)>SUB)®SUR)®U(1)

Anomaly free
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S 0(10) . Group of matrices RT’rha’r leave invariant length of 10-dim vector

R'"R=RR" =1 TAdjoin’r representation SO(n): n*—(n*+n)/2=n(n-1)/2

SO(10) 45gauge bosons



SO (10) . Group of matrices Ij’rha’r leave invariant length of 10-dim vector

R'R=RR' =1

Rank 5

TAdjoin’r representation SO(n): n*—(n’+n)/2=n(n-1)/2

SO(10) 45gauge bosons

SUB)xU() 45=24+1+10+10

7
Ny

SUA)xSU2), xSU(2),

SO(10)



S 0(10) . Group of matrices J’rha’r leave invariant length of 10-dim vector

R'R=RR" =1 TAdjoin’r representation O(n): n’—(n"+n)/2=n(n-1)/2

SO(10) 45gauge bosons

Spinorial (16 dim) representation:

cf. SOB)~SUQR)  Woin» R="", o,=1e,0 =%[0,0,]

5
SO(10)  Jrie =W, XY, XY Xy, Xy, with Y o} =+l
\ i=1
24



S 0(10) . Group of matrices J’rha’r leave invariant length of 10-dim vector

R'"R=RR" =1 TAdjoin’r representation SO(n): n* —(n*+n)/2=n(n—-1)/2

Det R=1 SO(10) 45 gauge bosons

Spinorial (16 dim) representation:

cf. SOB)~SUQR)  Woin» R="", o,=1e,0 =%[0,0,]

5
SO(10)  Jie =W, XY, XY Xy, Xy, with Y 0} =4I
i=1
Standard Model embedding:

SO(10) D S0O(6)xSO4)~SU4)xSUR)*xSU(2)

SSUB)xU(), , XxSU(2), xSU(2),



S 0(10) . Group of matrices J’rha’r leave invariant length of 10-dim vector

R'"R=RR" =1 TAdjoin’r representation SO(n): n* —(n*+n)/2=n(n—-1)/2

Det R=1 SO(10) 45 gauge bosons

Spinorial (16 dim) representation:

cf. SOB)~SUQR)  Woin» R="", o,=1e,0 =%[0,0,]

5
SO(10)  Jie =W, XY, XY Xy, Xy, with Y 0} =4I
i=1
Standard Model embedding:

SO(10) D S0O(6)xSO4)~SU4)xSUR)*xSU(2)

th,=-0,x1+1x0,

DSUB)XU1), , xSU2), xSUQR2), {TL ~20_x0o
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Alternative structures

SU(5)
SO(10)—L 5 SU(5)—2 5 SUB)x SU(2)x U(1)—2 5 SU3)x SU(2)x U(1)

105500, =(5+5)

SU(5)



Alternative structures

Y
=T, +=
Q32

SU(S) /
SO10)—2x 5 SU(5)—¥2 5 SU(3)x SUQ2)x U(1)—2 5 SU3) x U(1)

Flipped SU(5) 0-T,~<Y,+57,
Vi

SO(lO)%SU(S)X u, — M sSUB)XSU(2) X Uuad),xU)y

6):® (o), (1, {e}

OO@



Alternative structures

Y
Q:T3+_

SU(S) / ’
SO10)—2x 5 SU(5)—¥2 5 SU(3)x SUQ2)x U(1)—2 5 SU3) x U(1)

Flipped SU(5) 0-T,-2Y,+37,

v

SO(lO)%SU(S)XU(I)% — M SSUB)YXSUR)xU1), xU(l)y

10,.10,.5, — <V§,>d§,D - simple doublet -triplet splitting

10f.EH H— <V%>vc¢ - right handed heutrino masses



Alternative structures

SU(5)
SO10)—2x 5 SU(5)—¥2 5 SU(3)x SUQ2)x U(1)—2 5 SU3) x U(1)

Pati-Salam

u, U, Uy V
leptons - 4% colour [ }

/ d d, d, e

SO(10)—YL—5 SU(4)x SU(2), X SU(2), —— SUB)x U(1),_, X SU(2), X SU(2),

™~

Parity restored

—Me 5 SU3)x SUQR)xU(1)—2e— SUB)x U(1)



The Standard Model - unanswered questions

® Complicated choice of multiplets

® Fractional and integral charges?

® Neutrino masses?

® Only partial unification  A! =sin6,, W, +cos6,, B,
e® Many parameters 16 (25)

® The hierarchy problem

® Strong CP problem

® Dark matter, baryogenesis, inflation.....



Hierarchy problem? —  (rw,\
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Hierarchy problem?

3G A Y
om. = E(4m’ —2m., —m, —m; Azz( )
" 42n? (4 =2 == 500GeV

Field theory:  0m” not measureable

..only m’ = mg +O6m’ “physical”

Only m” =0 special (classical scale invariance)

dm?  3m? 395 3¢%
H _ H [9) + Z/i? _ 29 291
dlnpy 872

4 20



Hierarchy problem? —  (rw,\
h h

3(;F 2 2 2 2 2 ( A )2
4m® —2m> —m? —m2)A? =
4ﬁn2( 2y —m; = m;) 500GeV

Field theory:  0m” not measureable

2 _
om, =

.only m*>=m_+d0m’ “physical”

c.f. BUTS:

i £ i i

- "real hierarchy problem”




Hierarchy problem? —  (rw,\
h h

3G A Y
Sm? = F_(am?®—2m2 —m? — 2A2=( )
h 4J§n2( m} =2, =i = m; 500GeV
Field theory:  0m” not measureable

.only m*>=m_+d0m’ “physical”

GUTS.:

i £ TS

- "real hierarchy problem”

GUTS —> SUSYGUTS Sm; o< (M2 - M)



Hierarchy problem

SUSYGUTS

"Just” the Standard Model



Hierarchy problem

SUSYGUTS

"Just” the Standard Model

- no heavy GUT-like states
-any m> =m, +8m’ possible
-m* =0 .. classical scale invariance

- Emergent symmetry?

Y
ot = 2| A { b>4
"L AL Non-renormalisable ints



ITI .JSM

No heavy thresholds?

Neutrino masses?
Baryogenesis?
Strong CP problem?
Gravity?



ITI .JSM

No heavy thresholds?

® Neutrino masses?

® Baryogenesis?
® Strong CP problem?
® Gravity?

Neutrino masses:

Add singlet neutrinos Vv, Ultra-weak:

Natural due to

- M .
Lmass — halavRaH t 2ab V;ac VR/ chiral Symme”‘y

eg. h,=510" h;=510",M =20GeV

m, =0.1eV, my;=001eV



Baryogenesis

~ M
Lmass — halavRaH + Zab VIZaCVRb

® VvV, produced via Yukawa interactions



Baryogenesis

- M
Lmass — halavRaH + Zab vgaCVRb

® V., produced via Yukawa interactions L =L,=L.=0

® Vv, oscillate CP, L,,.#0, L,+L,+L.=0



Baryogenesis

~ M
Lmass — halavRaH + Zab vgaCVRb

® V., produced via Yukawa interactions L =L,=L.=0

® Vv, oscillate CP, L,,.#0, L,+L,+L.=0

Only

./\ Vrap in thermal equilibrium by t¢,, when sphalerons inoperative

v
A =L +L, s AB=A,,,/2

Sphalerons

Akhmedov, Rubakov, Smirnov

see also Shaposhnikov et al
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Strong CP problem:




329 ~G4.G", 010772
T

Strong CP problem:

Make 6 a dynamical variable the axion, a...8=0 at minimum of its potential

.. complex scalar field, S

. a

S=(ISI1+f)e ", 10°GeV < £, <10”GeV



329 -G4,G", <1077
T

Strong CP problem:

a

S=(ISI+f,)e’, 10°GeV < f, <10"GeV
DFSZ axion: 2 Higgs doublets H; ,, complex singlet, S

V(Hla HQ)

A A
71|H1|4 + 72|H2|4 + A\3|Hy|?|Hy|?

Na|HYHo|? + Gi|SPP|Hi|? + G| S| | Ho|?
(382H Hy + h.c. + (4 | S|

+



Strong CP problem:

329 -G4,G", <1077
T

a

S=(ISI+f,)e’, 10°GeV < f, <10 GeV

DFSZ axion: 2 Higgs doublets H; ,, complex singlet, S
_ AMyga, A2 s 201712
V(Hy,Hy) = 7|H1| + 7|H2| + A3|H1|"|Ho
+ MalH{Ha* + ISP HL[* + ol S| | Ho
+ (38°H Hy + h.c. + 4 |S|*
. io i —i(a+p)/2
PQ symmetry: H —He", H,—>H,e", §—Se
Axion, a: Pseudo Goldstone boson od spontaneously broken PQ




Strong CP problem:

6 ~ auv

. GZVG . 0<1077?
327

a

S=(ISI+f,)e’, 10°GeV < f, <10 GeV

DFSZ axion: 2 Higgs doublets H; ,, complex singlet, S
A a A2 207712
V(Hy,Hy) = 7|H1| + 7|H2| + As|Hq|"|Ho
+ MalH{Ho* + ISP H1[* + ol S| | Ha
+ (3S%H Hy + hoc. + ¢4 |S)?
. io i —i(a+p)/2
PQ symmetry: H —He", H,—>H,e", §—Se
Axion, a: Pseudo Goldstone boson od spontaneously broken PQ

Ultra weak sector: £,,5<107% (

102 GeV T

a




Ultra weak sector:

é/l- multiplicatively renormalised

(Underlying shift symmetry S — S+0 )

Origin of large vev?

Start with m=m, + Om =0 (Classical scale invariance)

Dimensional transmutation (Coleman Weinberg)



Coleman Weinberg in DFSZ model

»  Cer 1 el 1. ISP
VDFSZ(HI,HZ,S)~7 |H, | +;Ll|S| 64ﬂz(;zm) ~—+In r

+% \H, 1" +{,S°H H, + h.c.



Coleman Weinberg in DFSZ model

»  Cer 1 el 1. ISP
VDFSZ(JLII,JLIZ,S)~7 |H, | +;Ll|S| 64n2(§2|5|) ~—+In r

+% \H, 1" +{,S°H H, + h.c.

V(S) /

S~  —

N



Coleman Weinberg in DFSZ model

4 1 o 1 ISP
VDFSZ(HI,HZ,S)~7(IHI2+);ISI2 64n2(<§2|5|2) —+In=

-I-% | H2 N +Z_:3SZH1H2 +hc. (§,>8 >, assumed)

Gy _ S
ve=f, vp==f, Vv
2 _ .2 2 Cz 2




Coleman Weinberg in DFSZ model

»  Cer 1 el 1. ISP
VDFSZ(JLII,JLIZ,S)~7 |H, | +;Ll|S| 64n2(§2|5|) ~—+In r

-I-% | H2 N +Z_:3SZH1H2 +hc. (§,>8 >, assumed)

Gy _ S
ve=f, vp==f, Vv
2 _ .2 2 Cz 2

2 2 12 2 4
2 ) 2 10 GeV m[—[2 2
My = — o0t m, =13 y - eV
1 S h

|S| Pseudo-dilaton K. Allison, C.Hill, GGR



Phenomenology

Collider signals

Ultra weak couplings ... just 2HD model with nearly degenerate heavy Higgs

Direct (axion-like) searches for pseudo-dilaton?

Cosmology

102Gev ) (m
If inflation scale below PQ phase transition A, < 105( j = |GeV

m,

a

... ho cosmological constraints

If inflation scale above PQ phase transition

... potential Polonyi problem:

Coughlan et al

71_2 2

a

2
V(S,) ~ : (Cz 1S, P )2 [—l+ln 15, | ] (stored energy after inflation)
6 2




1 o 1 1S, I . .
V(SI) ~+ o (§2 1S, |2) (_54_111 L j (stored energy after inflation)

a

S rolls when 9H® =m; ... coherent state (zero momentum)



2
V(SI)~+ I (CZ 1S, |2) (_14_111'5 | j (stored energy after inflation)
2

647’ ;
Srollswhen 9H>=m; .. coherent state (zero momentum)
. . . e
Resonant enhancement of annihilation: S
W

5 7\ 1/2 / c \
FSN \/_’ﬂlc (_) e—mc/T ) ' s

73/2021°, \ m,



2
V(SI)~+ I (CZ 1S, |2) (_14_111'5 | j (stored energy after inflation)
2

647’ ;
Srollswhen 9H>=m; .. coherent state (zero momentum)
. . . e
Resonant enhancement of annihilation: S A
\\ VV// Y
4 1/2 c
.~ \/57710 i e—fm,C/T / \
ST w3221, \m, c d.s

Inverse processes hoh resonant /?\

Q,—0 Q 7




Summary - 111
@ "JSM" requires ultra-weak sectors - chiral and shift symmetries

® DFSZ axion + dimensional trasmutation —> fa

..consistent with classical scale invariance (not KSVZ model)

@ Requires two Higgs doublets (type IT couplings), light pseudo-dilaton
10" GeV

2 .2 2 p2. 2 _

j R*eV

h & SM Higgs

..stable vacuum but loses simplicity of SM



Energy dependence of couplings

SM:

‘l'op Yukawa coupling y;(Mp;)

2 o1 o 1 2
Buttaaze etal’is Higgs coupling A(Mp)

DFSZ.

Capling

s R kB B B B

In(E/GeV) ln(E/GeV)



Summary - 111

@ "JSM" requires ultra-weak sectors - chiral and shift symmetries

® DFSZ axion + dimensional trasmutation —> fa

..consistent with classical scale invariance (not KSVZ model)

@ Requires two Higgs doublets (type IT couplings), light pseudo-dilaton

@® But.. no unification of forces and matter

speculative cutoff of quadratic divergence






IV. SUSY GUTS

Standard particles SUSY particles

0 SUSY force
particles

Gouvr X G o X (N =1SUSY)



IV. SUSY GUTS

Standard particles SUSY particles

Gouvr X G o X (N =1SUSY)

Supermultiplets
S0O(10): V,5 Vector +3 @y chiral + Hy, chiral +...




bMSSM



c.f 0.2312%£0.0002 Expt

TeV scale supersymmetry

5 7 9 11 13 15
Log ,, [Energy Scale (GeV)]




model: MSSM

0.6 a T, =250 GeV  _
b: T,,=1000 GeV

_
é’ E a
| b sin’ 8, = 0.231140.0007
0.2 -
- =2x10" GeV
I M,=3x10° GeV]
0.0 A A D o < A
0.20 0.25 0.30 0.35 0.40

S0, (M)

sin® 6, =0.2334£0.0025—0.25(c, —0.119) =0.2311£0.0007  (Expr)
o, =0.134+0.01-4(sin’ g, —0.2334) =0.119£0.01  (Expi)




Unification with gravity?
SUSY gauge coupling unification ¢

08 ¥am,=6x10® gev ]
model: MSSM '/l:fﬁ0
0.6 a: T,,,=250 GeV
: 0 GeV
'-\'\
Ny
2 0.4 .
o
&
0.2+ -
I M, =3x10" GeV]
0-0 1 1 1 1 | 1 L 1 ! | ! 11\1\L :k ! 1 1
0.20 0.25 0.30 0.35 040 _ 16

sin®6,, =0.23116(12)  (Expt)

o =0.134+0.01-4(sin* 0, —0.23116) c.f. 0.1184(7) (Expt)




Gauge unification - Heterotic String

jdloxfe

\

4 _
J d'xV 05101 =1/ Msmng only scale
14
a a 7in a
GN =— > O‘,Smng ‘ G — St .
64rxl 167rV
. M .
- L f —— +b In| —5 |+ A,
gi (M Z) gstring Z

= Ztring-M py

string string a

o =3.6xX107GeV ¢ f .M = (2.642).10°GeV




Gauge unification - Heterotic String

Jdloxfe

\
4 _
J dxV 05101 =1/M;,,,, only scale
14 '
(VAN 04
G — 10 : o G Strmg
VT eagy t e 167rV ‘

1 Mstring
5 =——+bIn + A,
gi (MZ ) gstring MZ
= Zoring M p,

17
string string anck — 3.6x10" GeV ....close...but not close enough!

.string threshold corrections, Al. ?



Spontaneous symmetry breaking

SUB)—L 5 SURB)XSUR)xU()—2e 5 SUB)xU()




Spontaneous symmetry breaking

SUB)—L 5SURB)XSUR)xUD)—2e 5 SUB)xU()

p= &M Tr(22 ) n &Tr(Zg’) superpotential
2 3



Spontaneous symmetry breaking

SUB)—L 5SURB)XSUR)xUD)—2e 5 SUB)xU()

p= &M Tr(22 ) n &Tr(Zg’) superpotential
2 3

2

=Tr|B, 2% + B,M - I%Tr(zz)

oP |
V(Z)=Z‘a§

[ap , 9P 15iTr(a—Pj, i,j=1.5, a=1..24]

aZa . azlj N N J aZ
(Z)=0 SUGRA
(X)=v,Diagonal(1,1,1,1,—4) } Degenerate

. Radiative

<Z> = V3Diagonal(2,2,2,—3,—3) corrections



Spontaneous symmetry breaking

SUB)—L 5 SURB)XSUR)xU)—2 5 SUB)xU()

224 HS




Spontaneous symmetry breaking

SUB)— 5 SUB)XSUR)XxU(1)—2 5 SUB)xU(1)

294 Hs
1

1

— d of u of .,y
PSM — _ﬁszl//iaxj Hdﬁ _ZMijgaBySp%i %3/ H5




Spontaneous symmetry breaking

SUB)— 5 SUB)XSUR)XxU(1)—2 5 SUB)xU(1)

24 H;
1 d of3 1 u off .,y
PSM — _ﬁszl//iaxj Hdﬁ _ZszgaﬁySp%i %3/ H5

After diagonalising down quark mass matrix:

— X

( md_me
— X

ms—m‘u

_ v?
mb T m’c




Spontaneous symmetry breaking

SUB)—L 5 SURB)XSUR)xU)—2 5 SUB)xU()
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PHiggs — ‘L[Hqu AHMZHCZ
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V=(|uH, + AH,3 +|uH, + 2ZH ")+ H H, - _(H,H,)




Spontaneous symmetry breaking

SU(5) ;4; >SUB)x SUR2)xU(1) f‘;j >SU3)xU(1)
| |

— d of u of .,y
PSM — _ﬁszl//iaxj Hdﬁ _ZMijSaB}ép%i %3/ Hf

PHiggs — ‘L[Hqu AHMZHCZ X

1
Hqu _E(Hqu)

2

V=(|uH, + AH,3 +|uH, + 2ZH | )+

Must forbid these terms by symmetry



Spontaneous symmetry breaking

SUB)—L 5 SURB)XSUR)xU)—2 5 SUB)xU()

24 Hs
1 d of3 1 u off .,y
PSM = _ﬁMijWian Hdﬁ _ZMijgaBySp%i %3/ Hf
PHiggs — ‘LLHqu AHMZHCZ X

2

1

V=(|uH, + AH,3 +|uH, + 2ZH ")+ H H, - _(H,H,)

Must forbid these terms by symmetry :
+ doublet- triplet splitting qm

D=5 proton decay amplitude




Doublet -triplet splitting

Missing doublet mechanism No (1,2) component

«
0,,=(8.2)+(6.,3)+(6,1)+(3,2)+(3.1)+(L1)




Doublet -triplet splitting

Missing doublet mechanism No (1,2) component

«
0,5, =(8.2)+(6.3)+(6.1)+(3.2)+(3.1)+(1.1)

P, =bOZ. H +b'OL. . H,+MOO

(2,5) o< M breaks SU(5) to SM



Doublet -triplet splitting

Missing doublet mechanism No (1,2) component

«
0,5, =(8.2)+(6.3)+(6.1)+(3.2)+(3.1)+(1.1)

P, =bO> H +b'OX H,+MOO
<Z75> o< M breaks SU(5) to SM
P, O>bMO.H +b'MO:H, + MO0,

2

Triplets get mass Mﬁ (Still need to drive SSB - later)



Doublet -triplet splitting

Higher dimensions (String unification)

Compactification: K=K,/H

AN

freely acting discrete group

Wilson line breaking: W : H c G v
\
embedding of H into gauge group 6 W =P exp —iJATaA,f1 dx"
Y

Massless states: H®H singlets



Doublet -triplet splitting

Higher dimensions (String unification)

Compactification: K=K,/H

AN

freely acting discrete group

Wilson line breaking: W : H c G v
\
embedding of H into gauge group 6 W =P exp —iJATaA,f1 dx"
Y

Massless states: H®H singlets

Breit, Ovrut, Segre

e-g. SU(S) H = Z3, E — Diag(a,a,a,l,l), o = 62i7z'/3

_ d*
(R®R): (1®§)+£ - ] (3,5)+(Ve ]@ d¢ | . Matter — (3,5+10)
H ) | a ]

(04




SUSY GUTS - Nucleon decay




SUSY GUTS - Nucleon decay |
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\
(a) Dimension 6. (b) Dimension 5.
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T, >1x10%yrs, M, >10"°GeV T >33%x10%yrs
p—K'v

poern



SUSY GUTS - Nucleon decay |

(a) Dimension 6.

p—>7r0—|—eJr

T, >1x10%yrs, M, >10"°GeV

poern

u

p e
d

u

(b) Dimensign 5.
p— KT +70

T kv 33x10 yrs

D=5 proton decay amplitude



SUSY GUTS - Nucleon decay |

XQQQL| r
K 1 H
P R
‘ £kt
u N\
(a) Dimension 6. (b) Dimension 5.
p— 7' +et p— Kt 40
Tp%e%o >1X% 1034}’1'8, MX > 1016G€V Tp%KJr\_/ >33% 1033yrs
1
IQQQM .
H
A(B—L)=0 “ / S’
~ O B N -
q \\ Hu Hd /

D=5 proton decay amplitude



SUSY GUTS - Nucleon decay |

XQQQL| r
emm=——— v
u - q =
p e :
1 ;S
( ¢ K™
Y
(a) Dimension 6. (b) Dimension 5.
0 _
p— 7w +et p— Kt + 0
34 16 33
Tp%e%o >1x10 YIS, MX >10"GelV Tp%KJr\_/ >33%10 VIS

A>10"GeV,10°M,, . 777

A(B—L)=0 “ S’

D=5 proton decay amplitude



SUSY extensions of the Standard Model

W =h"LH ,E+h"QH ,D+h"QH U+ 1H H,

+ALLE+A'LOD+xLH,+A"UDD

1 _
+ M(QQQL +QQQ0H ,+QUEH ,+ .. 1))



SUSY extensions of the Standard Model

W =h"LH ,E+h"QH ,D+h"QH U+ 1H H,

+ALLE+A'LOD+xLH,+A"UDD

e.g.(LHu )2

1 _
+-—(Q0QL+QQQH  +QUEH, +..(£ il



SUSY extensions of the Standard Model

W =h"LH ,E+h"QH ,D+h"QH U+ 1H H,

+— (0001 bl L)

R-parity: Z, H, H,+1 SUSY states odd
L,E,Q,B,ﬁ, 9 _1 Weinberg, Sakai




SUSY extensions of the Standard Model

W =h"LH ,E+h°QH ,D+h"QH U+ uH H,
+ALLE+A'LOD+xLH,

1 _—
+M( +QUEHd+...([))
R-parity: Z, SUSY states odd
Weinberg, Sakai
Baryon "parity": z, 0! LSP unstable
D,H, & «
LLEUH, o

Discrete gauge symmetry
-anomaly free

Ibanez, GGR



SUSY extensions of the Standard Model

W =h"LH ,E+h°QH ,D+h"QH U+ uH H,

1
o + ...
m (L))
R-parity: Z, SUSY states odd
Baryon "parity”: Z, LSP unstable
Proton hexality: Z, =Z"x 27" LSP stable

1
—LLH H,
M

Dreiner, Luhn, Thormeier



SUSY extensions of the Standard Model

W =h"LH ,E+h°QH ,D+h"QH U+ uH H,

H term,
| GUTs?
o + ...
m (L))
R-parity: Z, SUSY states odd
Baryon "parity”: Z, LSP unstable
Proton hexality: Z, =Z"x 27" LSP stable

1
—LLH H,
M

Dreiner, Luhn, Thormeier



SUSY extensions of the Standard Model

W =h"LH ,E+h°QH ,D+h"QH U +

1
+ _ oo
m L)
R-parity: Z, SUSY states odd
Baryon "parity”: Z, LSP unstable
Proton hexality: Z, =Z"x 27" LSP stable

Z, R-symmetry N=4 6 8 12 24 LSP stable

Lee, Raby, Ratz, Ross, Schieren, Schmidt-Hoberg, Vaudrevange
Babu, Gogoladze,Wang



A unique solution: Z; discrete R symmetry

MSSM spectrum
No perturbative p term

Commutes with SO(10)
Anomaly cancellation

90

4,

qu,

dn




A unique solution: Z; discrete R symmetry

MSSM spectrum

No perturbative p term
Commutes with SO(10)
Anomaly cancellation

Green Schwarz term

{N

N/2

v

Ag_g—zxy = p modn

90

qu,

dn

. . |
Asu3)-su@)-zy = 5D [3- a0, + g5, —4R] +3R

Asu(2)-su(2)-zy =

AU(1)Y-U(1)Y-7/,§.. —

— N =3(1)6,8,12,24

=

1 .
3 (qw, +qu,) — 11

1
Z [3- qr0, + q5, — 4R] + 2R + 5 (a1 + ag — 2R)

(R=1)




A unique solution: Z; discrete R symmetry

MSSM spectrum
No perturbative p term N0 a | an |an |ay
Commutes with SO(10) T 1o o
Anomaly cancellation

- 1 1
D=5 operators —ODOL - LLH,H,

Weinberg operator

SUSY breaking

(W),(AL) R=2 non=perturbative breaking Z,p ™ Zf R — parity

ms,,
2
M

Domain walls safe u~my,, O QQOQOL)

Mhiggs ~ MSUSY

Y4



Nucleon decay outlook

® Nucleon decay D=6 oper'a‘ror's Operator renormalisation

i

M 471/35\2 (0.015 GeV3\? / 5 \?2
r(p — 1%*) = ( GUT ) ( /3) ( 5 Ge ) (i) 4.4 % 10% yr,

1016 GeV dagutT N AL

N

Hadronic matrix element

K 4
TSupef_ 0 > 1>< 103 yrs Giudice, Romanino

p—e'n

1/2 1/2 1/2

| aGUT aN Ar

M, > ( ) (—) 6 x 105 GeV
cut (1 /35) 0.015 GeV? 5 8 y

c.f .M, =(25+2).10°GeV



V. Phenomenology of SUGRA




Higgs discovery! .. completes the “Standard Model”

Power law best fit (M =244.03510, e=-0.022"02 )

R T
—— Combined observed ATLAS Preliminary
—— vy observed

I ohreheed \s = 7TeV, [Ldt = 4.6-4.8 fb"

- Qg cheened s —gTov, fLat = 1316

Coupling A

L e PR T ST TR ST SR ST S S N S S S —
115 120 125 130 135
my, [GeV] m [GeV]



Higgs discovery! .. completes the “Standard Model”

L e e e e e e e S s s e e s e e Power law best fit (M =244.03510, €=-0.022(% ;)
— Combined observed  ATLAS Preliminary 3 10°
—— vy observed B

W opsepved \s = 7TeV, |Ldt = 4.6-4.8 fb'S

\s = 8TeV, |Ldt = 13 fb!

—— yy+lllol
Yy+llll+lvlv observed
- - Combined expected

R [ )7 A,

,_.
i

-———

Coupling A

107} o2 2
.

m [GeV]

® ‘'Light", weakly interacting  SUSY v



Higgs discovery! . completes the "Standard Model”

Power law best fit (M =244.03310, e =—0.022°02

......................
IIIII

"""" >U4:X)
—— Combined cbserved  ATLAS Preliminary 3 A
:5” Iﬁrl[,‘l’edﬂéed . s = 7TeV, JLdt = 4.6-4.8 '3
Ve -1 =
L Lpliiadviv observed s — gTeV, [Ldt = 13 fb T
___________________ 9
= =S WA Wl A |- ~<
_______________________________________ %30 _g’l
P et 1 D /R H4c 2
E S
____________________________________ =50
' =
______________________________________ _1560
----- E
________________________________________ 7o
.............................. E
115 120 125 130 135
My [GeV] m [GeV]

“Light", weakly interacting

"Heavy", no evidence for sparticles

sUsy v
SUSY X

212 2
m2=M2+3mh In M, +0 |+..=126GeV
h VA 471_2 m2 t
2 3y?
6mHu - 47};2 ( stop + glumo log( Mg iuino ))log( Miop ) 7

SUSY under pressure

“Little hierarchy problem”



breaking
Little hierarchy problem = definite SUSY structure

MSSM. 105 +(19) Parameters

m
m. > 0.6-17TeV = A>a ~100 (Unless light stop m. . . >250 GeV)

2
Z

—> Correlations between SUSY breaking parameters
and/or additional low-scale states



breaking

Little hierarchy problem = definite SUSY structure

MSSM:

m(}>0.6—1TeV = A>a m

~100

105 +(19) Parameters

(Unless light stop m o> 250 GeV)

—> Correlations between SUSY breaking parameters
and/or additional low-scale states

Fine Tuning measure:

4 oM,

Ala; )= —
() M, da,

b

A, =Max,A(q,), A, =(DA

2

Yi

)1/2

Ellis, Enquist, Nanopoulos, Zwirner

Barbieri, Giudice



Fine tuning from a likelihood fit:

“Nuisance” variable

L(data | }/l.) oc Jdvé(mz —mg)5(v-£—m—2]l/2]L(data | }/i;V)

A

— A%I&(nq(lnyi —ln}/f))L(data| Yi:V)

~

Fine tuning not optionall

Probabilistic interpretation:

Xow = Xog +21INA, A, <100



® The CMSSM yi:‘uo»m()’mm’Ao’Bo

J

assume correlation between SUSY breaking parameters



SUSY spectrum : CMSSM
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® The CMSSM - before LHC

A, i=U,m,m

Ay

1 .
500 -
200
100

50

20

10

80 90 100 110 120
Higgs Mass /GeV

A, B,

/272
1000 ——m7m#m8™M™M™———mM————————————
500 P
Aud) JK H
100 S
o°* K [}
10 > e —
5 4 R
A(m%/z) II A(m(z,) : “
/ B
1 L L L L 1 L N S R | N I

80 90 100 110 120
Higgs Mass /GeV

A increase with m,

Constraints

SUSY particle masses
3.20 < 10* Br(b — s7) < 3.84
Br(b — pup) < 1.8 x 1078
da,, < 292 x 10~
—0.0007 < dp < 0.0012
Radiative EW breaking

Relic density unrestricted

Guuge coupling unification

_~ Limit of focus point
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[ (a) tang=10 2T (b) tang=50

Focus Point

3
2
7 2 2 2 2 %
21y, " (my, +m, +m°)+2]a, | e 2
o
d 6 "
167" = -m}, =3, ~ 6] | M, [ g} | M, By
d 32 2
167:25%3:)(, + X, —?gf | M, [P —6g; | M, |’ —ng | M, |’ 0
d 32 32 | | | | | | | | | | 7
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“Focus point”: m? (0)=m? (0)=m*(0)=m* | my, (t,)=a, m*+.,a,<0.1

u

ie.m) ,m> > M possible Natural choice
0 U3 V4




e The CMSSM - after Higgs discovery

1000 ————
500+

200
100

A
50

20

10

80 | 90 100 ‘I 10 | 120 126GeV
Higgs Mass [GeV

2 _
Mg =m, m,

1l -

N2 : )—F(St)—l—--- ~126GeV

MPo = M} cos® 23 + E

A, >350, m, =125.6+3GeV




Reduced fine tuning (c.f. CMSSM)

* New focus points?

Gauginosz Méﬁ’g Non-universal gaugino correlations

* New degrees of freedom



Reduced fine tuning : nonuniversal gaugino masses

d 6
1671'2577112%:3(2 |y, B (milu + mé} +m§3)+2 |a, |2)—6g§ | M, k _gglz | M, g

\ 7

. . . . . 2 2
New focus point: cancellation between M, and M, contributions if |M,| = |M,| at My,

Abe, Kobayashi, Omura
Horton, GGR

(Also improves precision of gauge coupling unification)



Reduced fine tuning : nonuniversal gaugino masses

d 6
1671'2577112%:3(2 |y, B (milu + mé} +m§3)+2 |a, |2)—6g§ | M, k _gglz | M, g

\ 7

. . . . . 2 2
New focus point: cancellation between M, and M, contributions if |M,| = |M,| at My,

Natural ratios?

1 X
szefab TrWeW!+he.  f, = 561{ + Jx + }

Nonuniversal masses if X non-singlet - classify by representation of X



Reduced fine tuning : nonuniversal gaugino masses

d 6
1671'2577112%:3(2 |y, B (milu + m; +m§3)+2 |a, |2)—6g§ | M, k _gglz | M, g

\ 7

New focus point: cancellation between M, and M, contributions if | M 2|2 = |M 3|2 at M ¢,

Natural ratios? e.g.:

GUT: SUS): @Y c(24x24) =1+24+75+200; SO(10): (45x45) —~=1+54+210+770
n,:L:n, 2.7m,:1:0.5n,
Representation | M3 : My : M, at Mayr M;s: M, : M, at Mpwsg
1 1:1:1 6:2:1
24 2:(-3):(-1) 12:(-6):(-1)
75 1:3:(-5) 6:6:(-5)
200 1:2:10 6:4:10




Reduced fine tuning : nonuniversal gaugino masses

d 6
1671'2577112%:3(2 |y, B (milu + mé} +m§3)+2 |a, |2)—6g§ | M, k _gglz | M, g

\ 7

. . . . . 2 2
New focus point: cancellation between M, and M, contributions if |M,| = |M,| at My,

Natural ratios? e.g.:

GUT: SUS): @Y c(24x24) =1+24+75+200; SO(10): (45x45) —~=1+54+210+770
n,:L:n, 2.7m,:1:0.5n,
Representation | M3 : My : M, at Mayr M;s: M, : M, at Mpwsg
1 1:1:1 6:2:1
24 2:(-3):(-1) 12:(-6):(-1)
75 1:3:(-5) 6:6:(-5)
200 1:2:10 6:4:10

String: (3+855) :(—1+64) :[—§+ 5(;5] (O1II, also mixed moduli anomaly)



Reduced fine tuning : nonuniversal gaugino masses

d

5 5 2, 2 2 2 2
1677 EmHu:3(2|yf| (my, +m, +m>)+2]a,| )

/'

New focus point: cancellation between M, and M, contributions if | M 2|2 = |M 3|2 at M ¢,

\

6

—6g | M, | —ggf | M, |’

Focus point scale

1:b:a

6 _I T T
,150M:..——————""‘_—
e
4-/ 1
| D — T ]
/30 10 \
O — Q -
-2 '\———/10"
%\50_&-——
—4f T 150——=100— :
_6 E ) . E
-20 ~10 0 10 20

Fine tuning measure

GGR, Kaminska, Schmidt-Hoberg



Reduced fine tuning : nonuniversal gaugino masses

d 6
1671'257%2”:3(2 |y, B (milu +m§3 +m§3)+2 |a, |2)—6g§ | M, k _gglz | M, P

\ 7

New focus point: cancellation between M, and M, contributions if | M 2|2 = |M 3|2 at M ¢,

4
LHC8 SUSY bounds y
AT =60 (500), m, =125.6+3GeV DM relic abundance

DM searches ¥




Reduced fine tuning : Beyond the MSSM




Reduced fine tuning : Beyond the MSSM

New heavy states - higher dimension operators

1
SL= szeﬁ(uo+coS)(Hqu)2, S =m,00 Dimension 5
oV =g, Il Y (h): g =t =

100 100
80 80
60 60
40 40

20 20

60 80 100 120 140 60 80

+ dim 5 operators
Even for M.=65 g a significant shift of m, for constant A

..effect mainly comes from G; term ... origin?



Reduced fine tuning : Beyond the MSSM

New heavy states - higher dimension operators
1

oL= JdZG M (:uo + COS)(Hqu )2 , §=m,00 Dimension 5
2 2 2 MU c,m

6V:gl(|hu| +|hd| )huhd+g2(huhd) ’ glz ]\40* ’ g2: ]OW*O

Singlet extensions

W = Wyakawa + ASH Hy + %SS NMSSM

W = Wyukawa + (11 + AS)H Hy+ £552 1 B3 1 ¢g GNMSSM

/ 2 3

, >
Hg >>my, o WM = (HH, ) +uH H,

_ K
V=i (2

CHH ) HH,



Reduced fine tuning : Beyond the MSSM

New heavy states - higher dimension operators
1

L= d*0— (1, +¢,S)(H,H,) . S=m,00 Dimension 5
oV =5, Il Y+ (n): g =t =

*

Z% R-symmetry

Slngle'l' extensions N\|ao |4 |9 |, | 95
p AL 1 0 0 2
W = Wyukawa + ASH Hy + §83 sld s @] 4 @

W = Wyukawa + (11 + \S)Hy Hy + %552 + %'53 + ¢S

R-symmetry ensures singlets light



Fine tuning in the CGNMSSM (<07

LHC8 SUSY bounds

v
AMin =60 (500), m, = 125.6 £3GeV DM relic abundance
v

DM searches
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Fine tuning in the ®©GNMSSM ~ (A<0.7)

X

Non-unversal gaugino masses

v/
LHC8 SUSY bounds

(V4
AMin =20, m, = 125.6 £3GeV DM relic abundance
v

DM searches
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Fine tuning in the CGNMSSM

..fine tuning v/s gaugino mass ratios
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Summary

GUTs — SUSY-GUTS (hierarchy problem)

Low fine tuning not optional

Fine tuning sensitive to SUSY spectrum

..scalar and gaugino focus points

ACMSSM > 350 X A(C)MSSM > 60 X

X 74
ACGMSSM > 60 A(C YGNMMS > 20

c.f. AT =(10-30), m- = (1-5)TeV



Summar'y a, b not fixed

1000

6UTs = SUSY-6UTS . . = o e J |
< 100} RN X . :
Low fine tuning not optional
Fine tuning sensitive to SUSY s |
..scalar and gaugino focus poin N : m, 1[22;ev1 h N
X MSSM X
ACMSSM > 350 A(C) SS > 60
X o/
ACGMSSM > 60 A(C)GNMMS > 20

Low scale

c.f. AP™M —=(10-30), m- = (1-5)TeV

Barger et al



Summary

O GUTs —> SUSY-GUTS (hierarchy problem)

® Low fine tuning not optional

O Fine tuning sensitive to SUSY spectrum

..scalar and gaugino focus points

® ACMSSM > 350 A(C)MSSM > 60

ACGMSSM > 60 A(C YGNMMS > 20

Well motivated SUSY models remain to be tested
LHC14?

Compressed spectra, TeV squarks and gluinos






