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I. Introduction

LHC 8: No evidence (yet) for BSM
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LHC 8

Forces

No evidence (yet) for BSM

Higgs discovery

Power law best fit (1/ =244.0510, €= —0.0222;8?0 1)
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LHC 8

No evidence (yet) for BSM

“Just” the SM (JSM)?
Higgs discovery
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0.08 M, = 125 GeV | Planck—scale | -
) 3¢ bands in ] 05 H dominated \g -
) M, = 1731 £0.7 GeV ~ 7H = |
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Why go beyond the Standard Model?



The Standard Model - unanswered questions

® Complicated choice of multiplets

® Fractional and integral charges?

® Neutrino masses?

® Many parameters 19 (28)

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

® Strong CP problem

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



IT. Grand Unification

® Unification incomplete:

SUB3)xSUR)xU()

SU(3)
L SU@

Ug ~d,

R R
R by

]( J@} i j@l wot
__ [d ), ) Uug ~d, (Si LCR Sp [b]{ ) t, by (VeJ [vu] [ T
‘ Cp RSR K ; L

19 (28) parameters:

Gravity?

8i-M, ’91"51' : MW,H ’HQCD



IT. Grand Unification sus)-> sU@)®SUR2)®U()

Georgi Glashow



IT. Grand Unification sus)-> sU@)®SUR2)®U()

Group of 5 X35 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 G+ (1.2)
' 1 AN i : i ~ i /
Define =V, EEZ;VML . (Dws) :|:6jau_5;Vu (L )J]t//é
G;—% G, G, X Y
G? G;—% G? X, 2
Vu = G; G, Gg—% X; Y;
w3 +
X X, X f+% 114
Y, Y Y, W- —W”3+3—B
VoA




IT. Grand Unification sus)-> sU@)®SUR2)®U()

(@)
I (g |
(5)La; (3,1)+(1,2)
% } SU(2)



IT. Grand Unification sus)-> sU@)®SUR2)®U()

(@)

s

(S)La: (9 30 + Qe_ =0
% } SU(2)

0. =1/3




IT. Grand Unification sus)-> sU@)®SUR2)®U()

(@)

- wo

(S)La: @ 3Q o T Qe_ =
% } SU(2)

0. =1/3

[o,B] n(n—1) 10
r Ix2

Remaining 10 states?




IT. Grand Unification su)> SUB)®SUQR)®U(1)

(), 0}

} SU(2)

(10), 00:0\

SU(3)

LH states SU(2) doublets

T[Oé,ﬁ]



II. Grand Unification su) > su@)®su@)®u(l)

Q} SU(3)
()

} SU(2)

(10), :

Generations ?



IT. Grand Unification so0)ssu) - suG)® su@)@u)

Anomaly free

SO(IO) . Group of matrices R that leave invariant length of 10-dim vector

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

SO(10) 45gauge bosons

Rank 5
SUB)xU() 45=24+1+10+10

J
N\

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



IT. Grand Unification so0)>su)> sUG)® SUR2)@U)

(16), =(10), +(5), +(1),



Gauge Couplings SUGB)DSUB)®SUR)®U(])

(@ "
. } SU(3)
(S)L: 8 2 & &2 81
2} sue
P00 g (M )=g,(M,)=g,(M,)=g.
@(u)d)
(10) : @@



Gauge Couplings

SM evolution of gauge couplings

4

3
p"=| -2 |+N,| ¢ |+H

4

3




Either: No Grand Unification
or: more particles...

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




Fermion masses

5%10=5+45
10x10=5+45+50
5%5=10+15

LSYukawa = (l//;;z ) %Z’BHT 1€ 05[37/58 (%T )Lﬁ G mz] %}/61—18 +hc.



Fermion masses

5%10=5+45
10x10=5+45+50
5%5=10+15

5 ofryt T\? 2 U e
LYukawa (l//Rzoc)sz%L H 1 05[33/53(% )LiG mij%LjH +hC

After diagonalising down quark mass matrix:

— X
md_me

—m X
m,=m,

— v?
mb - mT




Fermion masses

5%10=5+45
10x10=5+45+50
5%5=10+15
o/ of O ITE
l‘sYukczwa_(l//Rzoc);/nzj)CL]'BI{Jr vy 05[33/53(XT)L1, szl(]]%Z]H +h.c.

(lea)mU%ﬁyHm aﬁypf(%T )LﬂG szI/IY(SHpT +he.

—3m, =m/*
3 ¥ (H)=v,s(80-46816).ab=1.4
’ K SU(2)XU(1) invariant component
_ — X
3m, =m_




Fermion masses

. 5 45
Georgi-Jarlskog (L )33+12+21 "'(L )22
m
i d m, 073
Det(M')= Det(M") |, &
m
— (M )
m
M 0 e'=0.15, a, =1
= 0 812015, 355:_3
m3 1
mb = 3mT ‘/
1 v
m, = 35 .mu
m, =33.m,







The Higgs Era




ITI. The Hierarchy Problem



The Standard model as an effective field theory...

A renormalisable, spontaneously broken, local gauge quantum field theory

® Renormalisable p <4 + O(1/ M) v
ijj\ﬁ{ectlve M,XA“ +m M MA ’ mf < MX ’ MPlanck
Fermions chiral v
Vector gauge bosons v

(Massless - vectorlike couplings; massive - chiral couplings)

2
® Light Higgs ? LY oM’ H‘

effective I




The Standard model as an effective field theory...

A renormalisable, spontaneously broken, local gauge quantum field theory

® Renormalisable p <4 + O(1/ M) v
ijj\ﬁ{ectlve M,XA“ +m M MA ’ mf < MX ’ MPlanck
Fermions chiral v
Vector gauge bosons v

(Massless - vectorlike couplings; massive - chiral couplings)

® Light Higgs X The Hierarchy problem A <L1TeV 7?

2
H—@—H o'M;,

_ 2 21,
=5 A +0(m In(=1)



Hierarchy problem? —  (rw,\
h h

3G A Y
n 4\/571.2( t w Z h) 500GeV




Hierarchy problem? % ______
h h

3G A Y
om’ =———(4m’ -2m;, —m. — 2A2=( j
h 4J§n2( = 2 = = m ) 500GeV
Field theory:  0m” not measureable

..only m’ = mg +O6m’ “physical”



Hierarchy problem?

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

Field theory:  0m” not measureable

..only m’ = mg +0m’ “physical”

2 N . o
Only m~ =0 special (“classical”" scale invariance)

dm?%  3m? 395 393
iy _ 3mi (9) 2 393 361
dlnp 872 4 20




Hierarchy problem?

3G A Y
dm? = F_(4m?* =2m? —m?z —m? Azz( )
" a2n? (4 y = m) 500GeV

Field theory:  0m” not measureable

..only m’ = mé +0m’ “physical”

2 N . o
Only m~ =0 special (“classical”" scale invariance)

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

12

.. but is the SM all there is?



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”

GUTS.:

i £ i i

- "real hierarchy problem”




Solutions to the hierarchy problem A< 1TeV 22

® Just the (scale invariant) Standard Model....no heavy states
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® Scanning....Higgs mass minimised when minimising scalar potential



Solutions to the hierarchy problem A< 1TeV 22

® Just the (scale invariant) Standard Model....no heavy states

® Scanning...Higgs mass minimised when minimising scalar potential

V(o)

i Wi . .
WA,
Slow roll - inflation
w‘l‘\‘ul\,\/."m,
LT
m

Wil
B 1 rTm.
\\\\\\\\\\\\\\

(M +g9)|H +(gM*9+g¢" +..)+ A’h cos(¢/ f)
N\ N\

hierarchy problem term QCD axion

2
m, ~ gf 8 small controlled by shift symmetry: ¢ — @+ c




Solutions to the hierarchy problem A< 1TeV 22

® Just the (scale invariant) Standard Model....no heavy states

® Scanning....Higgs mass minimised when minimising scalar potential

® Composite models: e.g. fechnicolour (no light Higgs)



Solutions to the hierarchy problem A< 1TeV 22

® Just the (scale invariant) Standard Model....no heavy states

® Scanning....Higgs mass minimised when minimising scalar potential

® Composite models: e.g. technicolour (no light Higgs)

®  Arndamenta ~ 1TeV! Xtra dimensions
1 mm 5 5 d X
V(r)= VT 1r 2 D=4+d, r<R M =M: (M.R)

(or warped extra dimensions)

.. covered in following lectures by Professor Antoniadis



Solutions to the hierarchy problem A< 1TeV 22

® Symmetry protection Nambu - Goldstone H 4®— H

eg. SUQB)—>SU2)

§—3 5 Goldstone bosons Symmetry broken by gauge interactions -
pseudo Goldstone bosons
H™ ..addresses little hierarchy problem only
0 ...little Higgs

H H°



Solutions to the hierarchy problem A< 1TeV 22

® Symmetry protection Nambu - Goldstone H 4®— H

eg. SUQB)—>SU2)

§—3 5 Goldstone bosons Symmetry broken by gauge interactions -
pseudo Goldstone bosons
H™ ..addresses little hierarchy problem only
0 ...little Higgs

H H°

(AdS/CFT: Composite <= X dimensions)



Solutions to the hierarchy problem

A<1TeV 7?

® Symmetry protection

eg. SUQB)—>SU2)

§—3

5 Goldstone bosons

H™
H

H H°

Nambu - Goldstone H 4®— H

® Symmetry protection - supersymmetry

Radiative corrections

tag2 A
5'M? =

81’

A2
A= In()

t

Symmetry broken by gauge interactions -
pseudo Goldstone bosons

..addresses little hierarchy problem only
...little Higgs

N chiral symmetry
H — ¥
l//H — { ) I//le_p

5t+;MI%I —

32 ;™ A2
87;2 I’I’lt2 IH(W)—WZ; ll’l(ﬁ)

! t




® Symmetry protection

Solutions to the hierarchy problem

A<1TeV 7?

eg. SUQB)—>SU2)

8§ —3 5 Goldstone bosons

H™
: . H?
H H°

Symmetry protection - supersymmetry

Radiative corrections

GUTs = SUSY —GUTs

Nambu - Goldstone H 4®— H

Symmetry broken by gauge interactions -
pseudo Goldstone bosons

..addresses little hierarchy problem only
...little Higgs

chiral symmetry

H — ¥
WH:£ 7 ) ViV,



Twin Higgs

* Tree-level Higgs scalar potential (fully SU(4)-symmetric):

8 vea| do§
Ny (I, = (:,) transforms 3as fundamental of global Su(4)

Viree(®) = —m*®TP + /\((I)T(I))2 —

= —m*([H|* + [H']") +Q(H|* + |H'|* + 2| H]*|H'|?

Su(4)-wwvariant quartic

2 2 /2_m2_ f ?
= (o) = Py + (P = 5 = ()

Su(4)—» Su(3) =P 7 Goldstone bosons!

( vather: o(8)—>»0(7) ) v: eaten by Su(z)
3 eaten by Su(2)’

: . - )
2 real scalars remain: | left: the Higgs we've seen!

- Goldstone: m2 =0

T2 __ 2 Slide courtesy of Isabel Garcia Garcia
M= = 2)\f c.f.talk by S. Pokorsky here

- ‘Normal’ nggs




Twin Higgs

But, Crucially:

uncoloured top partner

«
33./2 3y12 3y2
= OV ~ —167:2A2|H|2 — 16;2 A2 |H')? = —16;2A2(|H|2 + [H'|?)

[

No correction to the (Pseudo-Goldstone) Higgs!

Slide courtesy of Isabel Garcia Garcia



The Higgs Era




IV. "Just” the Standard Model

Implications of a 125 GeV Higgs

RG equations:

s 4l 3 sM_ 19 3 SM _ 7
I = 9gn281y P2 = Tggp282: 167:383
1 0 9 17
SM 3 > 5
— —Nh” —8 lz—— ah—— N
o 1 1,
BM = —— 2422+ 1244 — 94 (g3 + 581)

3, 3 5,
—6h* +§g‘z‘+§gi‘+185gi] -



Implications of a 125 GeV Higgs

_ 800|||||||||||||||
i _. 600 m, = 175 GeV —
& i > :
£ 061 9 o (M;) = 0.118
% B — —
g Al = 400 [~ Landau pole <Mpjgcx
@ I — not allowed _|
02[ _ B
IR minTeV ---oooo- 200 (— allowed —
00 e — _ —
. 1 1 | 1 1 1 not allowed _

8 10 12 14 16 18 1 h
108 10 102 10" 10 10 0_' oy |Vpcpurn fnsifqbqu‘ry |
RGE scale u in GeV 103 108 109 1012 1015 1pl8
A [GeV]

RGE - just the Standard Model Higgs coupling small

Hambye, Riesselmann

772
Vo = O\HO\Q + Xo|Ho|*



LHC 8

No evidence (yet) for BSM

“Just” the SM (JSM)?
Higgs discovery

RGE scale @ in GeV

DeGrassi et al,...

VH)=-m> 1o + 1101

m* =(89GeV?),A=0.13




LHC 8

No evidence (yet) for BSM

“Just” the SM (JSM)?
Higgs discovery

RGE scale @ in GeV

DeGrassi et al,...

IR structure???
V(H)=—m*19P +11¢ I

m* =(89GeV?),A=0.13




Top mass M; in GeV

LHC 8

No evidence (yet) for BSM

Higgs discovery

180

ot
~J
W

Pole top mass M, in GeV

Higgs mass Mj in GeV

VH)=-m> 1o + 1101

m* =(89GeV?),A1=0.13

120

"Just” the SM (JSM)?

125 130 135




"Just" the Standard Model -5t -2k ni-min (g

2 2 2 0w . "
dm” not measureable .only m~=mgy+0om" “physical

Classical scale invariance, m, =0 .. origin of EW breaking?



"Just" the Standard Model

2 2 2 0w . "
dm” not measureable .only m~=mgy+0om" “physical

Classical scale invariance, m, =0 .. origin of EW breaking?
Coleman-Weinberg - dynamical symmetry breaking :

e.g. scalar elactrodynamics scale invariance broken by Trace anomaly

{4,¢ - ln}/ OO

j +7gg¢+j:b+

N

647r2 ( (¢)" 2

2
o 3e, ,
o g2 X X “real” hierarchy problem

..... many models with new Higgs interactions + no heavy states



No heavy states?

Neutrino masses?
Baryogenesis?
Strong CP problem?
Gravity?



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 VI];aC VR/ chiral SymmeTr'Y

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

m,=0.1eV, m,=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

./\ Viap inthermal equilibrium by tg,, when sphalerons inoperative

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

Sphalerons

Akhmedov, Rubakov, Smirnov

Strongly constrained if demand vy . is dark matter Shaposhrikov ef d



329 -G4,G", <1077
T

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
Vafa, Witten

.. complex scalar field, S

. a

S=(ISI1+f)e ", 10°GeV < £, <10”GeV



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
A e A2y 4 2 17 |2
V(Hi,Hy) = 7|H1| + 7|H2| + A3|Hq|"|Ho|
+ MlH{H? + GISPIHL + G| S| Hal
+ (382H Hy + h.c. + & | S|
. io i —i(a+p)/2
PQ symmetry: H —He", H,—>H,e", §—Se
Axion, a : Pseudo Goldstone boson of spontaneously broken PQ




6 ~ auv

Strong CP problem: ~G. G, 6<107°77
| 327 *

a

S=(ISI+f,)e’, 10°GeV < f, <10 GeV

DFSZ axion: 2 Higgs doublets H; ,, complex singlet, S

A1 A2
V(Hq, HQ) = 7|H1|4 + 7|Hz|4 -+ /\3|H1|2|H2|2
+ M|HTHs|? + G| S| H|? + Go| S| | Hal?
+ (382H Hy + h.c. + & | S|
p : H H o H H i S —i(o+pB)/2
Q symmetry: 1 — 1€ 2 — €, — Se
Axion, a : Pseudo Goldstone boson of spontaneously broken PQ

10" GeV ’ shift symmetry
S§—>S+0

Ultra weak sector: £,,5<107% (

a



2

Coleman Weinberg in DFSZ model / AN

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

+% \H, 1" +{,S°H H, + h.c.

v(S) /

S|

<H12> = —%<SZ> triggers EW breaking

1



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



Summary - IV

® "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

ng = mi{i =m, =R’m; Mg = 0.9(1012 GeV] R’eV
h & SM Higgs Direct (axion-like) searches?
@® Stable vacuum but loses simplicity of SM \gt o
.. and no unification E: 2 '

s 0 s » b -] 30 3 40






V. SUSY

Standard particles SUSY particles
AAY
A

o Sleptons 0 SUSY force
particles



V(i). SUSY GUTs

Standard particles SUSY particles

GGUT X GFlavour X (N — 1 SUSY)
Supermultiplets

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




SUSY gauge coupling unification

lution [m]

1.6" . 1.0-2| . 1.0-25 . 1.02! . 10—11

—

_

~
—
—

_

_

~ ~
A2 o O
N— _/
|_|
~ ™~
AN AN A
N _/
Ng
|_|
~ ™
O O
< T 7
N— _
I
>
S
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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

/1

k
Jd 1()x\/ e
[a'xv oy \
- o, =1/M_,,,, only scale
14
(9ANIA o'
G. = 10 . o G i Strmg
N edny e 167rV ‘
. M
_ 1 i fl +bl ln string +Al
gi (M Z) gstring /A

= Gtring "M p

string string a

o =3.6xX10"GeV ¢ f .M =(2.6+2).10°GeV




Spontaneous symmetry breaking

SUB)—L 5 SURB)XSUR)xU()—2e 5 SUB)xU()




Spontaneous symmetry breaking

SU(5) ;4; SSUB)XxSUR)YxU() f‘lf;sv >SUB)xU(1)
P= %M Tr(22)+%Tr(Z3) superpotential

oP |’ ) et
V(Z):;‘a? =Tr|B.Z +ﬁ2MZ—I%Tr(Z )
[aa; >§;—;5;Tr(g—;j, =la a=1..24]
(5)=0 SUGRA
(X)=v,Diagonal(1,1,1,1,—4) } Degenerate

™y Radiative

(X)=v,Diagonal(2,2,2,-3,-3)

corrections




Spontaneous symmetry breaking

SUB)—L 5 SURB)XSUR)xU)—2 5 SUB)xU()

2oy Hs

Prioos = MH H +AH 2H X

V=(|uH, +AH 2

2

1
Hqu _g(Hqu)

2+\,qu+7LZHd\2)+

Must forbid these terms by symmetry e .

+ doublet- triplet splitting ﬁ
q N

D=5 proton decay amplitude

1 1
AL B
p y MH M)2(Y




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
(X,5) 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)




Doublet -triplet splitting

Higher dimensions (String unification)

Compactification: K=K,/H

\

freely acting discrete group

Wilson line breaking: W : H c G 4
\
embedding of H into gauge group 6 W =P exp —iJATaA,f1 dx"
7

Massless states: H®H singlets

Breit, Ovrut, Segre

25 SUE): # =, B =Deenenell), a=E

i d
(R®R): (1®§)+( - ] (3,§)+(Ve ]@ g | ., Matter — (35+10)
H ) e |

o




SUSY GUTS - Nucleon decay




SUSY GUTS - Nucleon decay |

XQQQL|F
” S v
K 1 H
S S
I d Z‘ S I'+
A
\
(a) Dimension 6. (b) Dimension 5.
0 + _
p—m +e p— KT +70

T, >1x10%yrs, M, >10"°GeV T >33%x10%yrs
p—K'v

poern



SUSY GUTS - Nucleon decay |

XQQQL| r
u - q =
P R
‘ £kt
u N\
(a) Dimension 6. (b) Dimensign 5.
p— 7' +et p— Kt 40
T , >1x10™yrs, M, >10"°GeV T .->33x10"yrs
p—e’n p—K*ty
27 1
M >107"GeV, 10° Mplanck M—QQQL|F
H
A
¢ S F#
\4 Hu )( Hd “ q

y
\

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'LQD+xLH, +A"UDD (T

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




SUSY extensions of the Standard Model

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

+—(000L bl L)

R-parity: Z, SUSY states odd




SUSY extensions of the Standard Model

W =h"LH ,E+h°QH ,D+h"QH U +

+i( (E))

M
R-parity: Z, SUSY states odd
Oy =2
R —
Z, R-symmetry N=4 6 812 24 LSP stable
R . 1.
Z4 specual. N | gy |9 | 9u | 9u, | 9n
MSSM spectrum 41 1]J1]0]07]2
No perturbative py term
CommUTeS WlTh SO(].O) Lee, Raby, Ratz, Ross, Schieren, Schmidt-Hoberg, Vaudrevange

Anomaly CGnCe”GTiOH Babu, Gogoladze, Wang



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



The Higgs Era




V(ii): The Little hierarchy problem in SUSY

Low scale sUsY e £t )eeo--
h h

for
mmmmm

ml,, | m})+8,)+...=126 GeV

stop

Gauge coupling
unification

/ A~MGUT

T WE

u 4 71'2 stop gluino mgluino mstop

m. - <1TeV )




Little hierarchy problem

2.9. MSSM. 105 +(19) Parameters

m
m. > 0.6—-1TeV = A>a ~100 (Unless light stop m. . . >250 GeV')

2
Z

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



Little hierarchy problem

6.9, MSSM. 105 +(19) Parameters

m
m. > 0.6—-1TeV = A>a ~100 (Unless light stop m. . . >250 GeV)

2
Z

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

Fine Tuning measure:

~ o~

Y. oM, Yi=mi, M, ...

M, 9y,

A(Yi):

9

Ellis, Enquist, Nanopoulos, Zwirner

A = Max%A(j/i), A = (Z AZ )1/2 Barbieri, Giudice

q Yi




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

— Aiq(S(nq(lnyi —ln}/f))L(data| Yi:V)

Ghilencea, GGR

Fine tuning not optional! Casasetal

Probabilistic interpretation:

Xow = Xog +21INA, A, <100



CMSSM. Y. = Hymy, my,, A, By

600[ -

500

N
o
o

Mass [GeV]
W
o
o

200

100

] ] L ] ] ] ] ] L ]
2 4 6 8 10 12 14 16 18
Log,,(Q/1 GeV)



CMSSM. pre Higgs V= Hy,my, m, A09 Bo

Gauge unification required

Relic density restricted

1000 r— 0 el
S0l : I A" resonant annihilation
2 h t-channel exchange
200 3 T co-annihilation
A 100 4 't co-annihilation
50 o5 A°/H°resonant annihilation
20
10
80 90 100 110 120
Higgs Mass /GeV
2 3
m, o m2
. EZD J(b) t;nﬂ=é0 R ¢ ¢ 2 0 3y2
Focus point { - | 0 |
= ()= (M;)+5(mzu (M;)+m;3(M;)+m;(M;)) (V -1
P
el Lo
109 108 Ql?ze:{?lz 1015 103 108 Ql?ge‘lll;lz 1015 ~ __, Q2 ~ M;

3



CMSSM. pOS‘l’ Higgs V= Hy,my, m, A09 Bo

Gauge unification required

Relic density restricted

1000 s 0 Dl
500 8 I A" resonant annihilation
2 h t-channel exchange
200 3 T co-annihilation
A 100 4 't co-annihilation
- o5 A’/ H’resonant annihilation
20+
10
8 9 100 110 120
Higgs Mass /GeV
A, >350, m, =125.6+3GeV
. 4'I(a) talnﬁ=1‘0 "2y J(b) t;na=éo 3,2
Focus point | o -
2 2 _ 2 2\, 2 2 2 2 2 2 ¥ _
o o (0°) =, (2} Mo, (302) 1 (112} 2 012 (M,%] |
5 N
=—=,0" =M

3



Beyond the CMSSM

® New states and interactions

(additional contributions to Higgs mass)

Further

® Correlations between SUSY breaking parameters
A



® New (heavy) states- Singlet extensions

W = Wyatown + ANSH., H; + %S"’ NMSSM
SV = /12|Hqu|2

W = Wyukawa + (11 + \S)H, Hy + ”‘7552 n %'53 +£S  GNMSSM

5V=‘u—(|Hu

L, s =00m. 7,
S



Fine tuning in the CGNMSSM  (2<0.7)

LHC8 SUSY bounds

74
Ay =60(500), m, =125.613GeV DM relic abundance
DM searches v

i ——— 77— 1.0x 10-%0
70x10°%L
700 F e
; — 50x 107%
o™
[T} ] =1 .,
&) 5 .
= 600 l Sosox10m¥E e
3] - 'y
~— ~ .
3 b - by
£ 20x10-%L e
500 ¢ - "
1.5x 10°¥ |
lllllllllllllllllll 10 X 10-"‘- . ! ! ! !
100 150 200 300 500 700 1000

400
0 200 400 600 800 1000
m, [GeV]

L SP~Bino DM searches insensitive

Stau co-annihilation GGR, Schmidt-Hoberg , Staub



® Correlation between SUSY breaking parameters

..non-universal gaugino masses

d

6
16%257%12{”:3(2 |3, P (e, +m

2 2 2 2 2 2 2
o, F )21, )= 6g7| M, P =gl M|
New focus point: cancellation between M, and M, contributions if ‘M ) ‘2 = ‘M 3‘2 at M ¢,

Horton, GGR

(Also improves precision of gauge coupling unification) Shifman, Roszkowski
Krippendorf, Nilles, Ratz, Winkler

Natural ratios? e.g.:

GUT: SUS): @"c(24x24) —~=1+24+75+200; SO(10): (45x45) — =1+54+210+770
sl 2 s U]
Representation | M3 : My : My at Mayr M : My : 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




Fine tuning in the (CQMSSM

Non-universal gaugino masses

LHC8 SUSY bounds

v
A, =60(500), m, =125.6+3GeV DM relic abundance
v

DM searches

Fine tuning in the (C)GNMSSM

v
LHC8 SUSY bounds L
A, =20, m,=125.6+3GeV DM relic abundance

DM searches

GGR, Kaminska, Schmidt-Hoberg
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Msquark [GeV]

Masses v/s fine tuning
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~ ~ . ~ ~0
g-g production, g — qq X
; B | I I | | | I I | | I | I | I | | I | I I I B I I I | |
() . . . " .
o 2500 — ATLAS Simulation Preliminary - ©=19% —
g B J L dt = 300, 3000 fb”, /s = 14 TeV ]
—  0-lepton combined —
2000 — Y —]
| ATLAS 20.3fb ', /s =8 TeV, 95% CL -]
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[GeV]

M_o

Heavy LSP reach

6-0 production, § — g X, (Herwig++), m_= 4.5 TeV
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2500 — ATLAS Simulation Preliminary Ong = 10%  —
] B I L dt = 300, 3000 fb'1, Is=14 TeV ]
- 0-lepton combined —
2000 (— ) _]
N ATLAS 20.3fb™', (s = 8 TeV, 95% CL _
L smmmms 95% CL limit, 3000 fbo™", (u) = 140 |
| mmmmas 95% CLlimit, 300 b7, () =60 .~ _
| — 5 disc., 3000 b, (1) = 140 -
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Dark matter
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Summary - V

O GUTs —> SUSY-GUTS (hierarchy problem)
Gauge coupling unification v
O Fine tuning sensitive to SUSY spectrum

..scalar and gaugino focus points

ACMSSM S 35y X ACOMSSM o ey v

ACGMSSM > 60 X A(C)GNMMS > 20‘/
c.f . ApSM =(10-30), m. =(1-5)TeV

Low scale



Summary - V

O GUTs —> SUSY-GUTS (hierarchy problem)

Gauge coupling unification v

O Fine tuning sensitive to SUSY spectrum

..scalar and gaugino focus points

ACMSSM S 35y X ACOMSSM o ey v

ACGMSSM > 60 X A(C)GNMMS > 20‘/
c.f . ApSM =(10-30), m. =(1-5)TeV

Low scale
Whither SUSY?
...well motivated SUSY models remain to be tested

Compressed spectra, TeV squarks and gluinos LHC14?
Natural SUSY






The Higgs Era
O




VI. Composite models

2742
—q / Acomposite

Form factor €



Technicolour - modeled on QCD

OCD: SU(2), xSU(2), xU(1),—& 5 sU(2), xU(1),

oCcD

Goldstone modes, T 7 () = exp(ic®n®(z)/fr  fe=92MeV

QCD breaks the SU(2)XU(1) symmetry giving W, Z mass

with EM (Q=T; +T5;+B/2) unbroken

w

m = 8 ~ 29 MeV SU(2)y acts as custodial symmetry
2

NO LIGHT SCALAR RESONANCE (unitarity enforced by tower of heavier
resonances, p...) "

\\ 4
“AaaAAnK
\
/’ \,
,

For a general review see: Contino 1005.4269



Technicolour models

Avoids (large) hierarchy problem
® Light Higgs?
® Precision tests?

® Fermion masses?
(FCNC %)

—> Make Higgs a Pseudo Goldstone boson

S ZE C d
d s

AS=2
AQ=0



Higgs (Standard) Model

o) ()= (p,5) () 1+2) = (p, 5 (pr) 1422 ).

vV V

Custodial symmetry

X°5h linear rep of SU(2), XSU(2),

HH=Yr SO4)~SU(2), xSU(2),—>S0(3)~ SU(2),

SM
Goldstone modes: 50(4)/50(3)

W= & Z,



The Higgs as a Pseudo Goldstone boson

SM
50(4)/50(3)

W & Z,

e.g.
SO(5)/SO3):W .,Z,h

SO(6)/SO(3):W ,Z,h,a



Fermion masses

® ETC X composite techni-fermion resonances, m,

/ \

Loix = f a2 (A\L)FOT + [tE(AR)FOR +hec

Partial compositeness:

— 2’L,RJC = A‘L,R

m, 8y

mass eigenstate __ €
tL,R - tL,R T SL,ROL,R LR

9i ~4i
h . < ELER



5D Analogue of partial compositeness

sp + A

0)eip-z — pip-z —85 + A

still appears, you may have to delete the image and then insert it again.

The image cannot be displayed. Your
computer may not have enpugh memory
to open the image, or the image may
have been corrupted. Restart your
computer, and then open the file again. If
the red x still appears, you|may have to
delete the image and then insert it again

I I The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been corrupted. Restart your computer, and then open the file again. If the red x

0




5D Analogue of partial compositeness

Elementary
sector

KK modes
2 (0

Techni-resonances

Heavier SM states - more composite

Strongly
Interacting
sector

Light quarks and leptons almost elementary - evade composite tests

H, W, Z, composite; W+, Z; partially composite



Exponential hierarchies of fermion masses

Strongly
Elementary interacting
sector sector

a
Y4D,ij N/ desD,ij(.y)e“(*MLi‘*‘*’”Rj Jy+Mp(y—a)
0

~ Yp.ij e~ Mua < ~ Ya.ij e~ (Mri+Mz;)a

/ N\

No flavour hierarchies inm, 6

- Dirac neutrinos? Charged fermion hierarchies



The hierarchy problem and light top quark partners

New states needed< 1TeV

3 om? A 2 /125 GeV )2
om? = G rm2A? A> - h
"M V22 F1ly = — "m,,% (400 GeV) ( mp, )




The hierarchy problem and light top quark partners

light vectorlike top quark < 1TeV

3 dm>2 A 2 1125GeV\?
6 ,2 — G ', 21)\2 A > h _
Tk V22 FITy = - 7’71,.,% (—100 GeV) ( mp, )

but m > 2.5TeV (S-parameter)

Hence low cut-off for low A must be due to top-quark form factor

—>  Technifermion top quark resonance < 1TeV



The hierarchy problem and light top quark partners

light vectorlike top quark < 1TeV

3 dm>2 A 2 1125GeV\?
6 ,2 — G ', 21)\2 A > h _
Tk V22 FITy = - 7’71,.,% (—100 GeV) ( mp, )

but m > 2.5TeV (S-parameter)

Hence low cut-off for low A must be due to top-quark form factor

—>  Technifermion top quark resonance < 1TeV

Fine tuning Sensitive to top resonance representations...minimum

A ~ 5—1 >10 for SO(4) 9-plet top quark (5 = ;—22]



Top techni-resonance phenomenology

QCD pair production: O, sy =910fb, O, 7,y =13/ (8TeV CM)

90~3,.@®3,.®3 ., (SUR), xU(),) D2x0.,+ Qg/i
W +b+...

BR(Qs 555 = I'1"..)=5(6)%, BR(Qsx55 — lll..) = 3(6.5)%

LHC, m, >770GeV (95%)

Panico et al 1201.7114
Pappadopulo et al 1303.3062



summary BSM after Higgs

® Need symmetry to keep Higgs light

Scale, SUSY, Nambu-Goldstone

@ Require new states

More Higgs and/or Higgs interactions,
SUSY partners,
Top quark partners

® Fine tuning limits = LHC 13/14 discovery!

® Grand Unification still viable - but must find SUSY






