Grand Unification

(Beyond the Standard Model
after LHC 13TeV)

G. Ross, Corfu, September 2016




Experimentally the Standard Model reigns supreme :
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But leaves many questions unanswered....

Outstanding Questions in Particle Physics circa 2016

... there has never been a better time to be a particle physicist!

Higgs boson and EWSB

O my natural or fine-tuned ?

-2 if natural: what new physics/symmetry?

U does it regularize the divergent V,V, cross-section
at high M(V,V,) ? Or is there a new dynamics ?

elementary or composite Higgs ?

is it alone or are there other Higgs bosons ?

origin of couplings to fermions

coupling to dark matter ?

does it violate CP ?

cosmological EW phase transition

Quarks and leptons:

Q why 3 families ?

L masses and mixing

O CP violation in the lepton sector

L matter and antimatter asymmetry

O baryon and charged lepton
number violation

Co0000

Physics at the highest E-scales:
O how is gravity connected with the other forces ?
O do forces unify at high energy ?

Dark matter:

O composition: WIMP, sterile neutrinos,
axions, other hidden sector particles, ..

O one type or more ?

O only gravitational or other interactions ?

Neutrinos:

0 vmasses and and their origin
O what is the role of H(125) ?

O Majorana or Dirac ?

O CPviolation

O additional species > sterile v ?

The two epochs of Universe’s accelerated expansion:
Q primordial: is inflation correct ?
which (scalar) fields? role of quantum gravity?
O today: dark energy (why is A so small?) or
gravity modification ?



Most promising..new symmetries....
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Quarks and leptons:

(4 why 3 families ?

(2 masses and mixing
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(2 matter and antimatter asymmetry
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cosmological EW phase transition Physics at the highest E-scales:
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Mystery: Why are there so many types of particles?
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range of masses?
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Charm quark
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Why does the pattern
of particles repeat
5| Bown quark three times?

Up quark
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Characteristic multiplet structure
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Grand Unification SUG)>SUR)®SUR)®U(1)

Georgi Glashow

Group of 5 X 5 complex unitary matrices with determinant 1



Grand Unification SUG)>SUR)®SUR)®U(1)
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Grand Unification SUG)>SUR)®SUR)®U(1)
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Grand Unification SUG)>SUB)®SUR)®U(1)
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Generations ?

Compactified string theory



Gauge boson structure SU(5)

Group of 5 X35 complex unitary matrices with determinant 1

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

24
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Spontaneous symmetry breaking
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Grand Unification S0(10)>SU(5) > SUB)®SU2)®U(1)

Anomaly free

SO (10) . 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
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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



Grand Unification SO(10)> SUS)x U(1)

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



Outstanding Questions in Particle Physics circa 2016
... there has never been a better time to be a particle physicist!

Higgs boson and EWSB

O my natural or fine-tuned ?

- if natural: what new physics/symmetry?

(2 does it regularize the divergent V,V, cross-section
at high M(V,V,) ? Or is there a new dynamics ?

(2 elementary or composite Higgs ?

L isit alone or are there other Higgs bosons ?

(.Y origin of couplings to fermions

(Z coupling to dark matter ?

(J does it violate CP ?

O cosmological EW phase transition

Dark matter:

2" composition: WIMP, sterile neutrinos,
axions, other hidden sector particles, ..

2" one type or more ?

()’ only gravitational or other interactions ?

The two epochs of Universe’s accelerated expansion:

Q primordial: is inflation correct ?
which (scalar) fields? role of quantum gravity?
O today: dark energy (why is A so small?) or
gravity modification ?

Quarks and leptons:

(Z why 3 families ?

(2 masses and mixing

(X CPviolation in the lepton sector

(2 matter and antimatter asymmetry

& baryon and charged lepton
number violation

Physics at the highest E-scales:
{2 how is gravity connected with the other forces ?
(.2 do forces unify at high energy ?

Neutrinos:
[? vmasses and and their origin
(2 what is the role of H(125) ?

(% Majorana or Dirac ?
(& CPviolation
Q additional species = sterile v ?




Gauge Couplings SUGB)DSUB)®SUR)®U(])
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Gauge Couplings

SM evolution of gauge couplings
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3
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Either: No Grand Unification
or: more particles...

9 11 13 15
Log ,, [Energy Scale (GeV)]
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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)
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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 Xp MA ’ mf < MX ’ MPlanck
Fermions chiral v
Vector gauge bosons v

(Massless - vectorlike couplings; massive - chiral couplings)

o Light Higgs X The Hierarchy problem

; 2 A? 2 m
H—@—H SM;:—S”?L dk2=8%A2+O(mfln(X’))



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*>=m_+d0m’ “physical”



Hierarchy problem? —  (rw,\
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Perhaps a huge hint?

~ of something “BSM”?
no shortage of ideas

M ~ 125 GeV/c? ] A/Igz)hysical 5
LI M;

‘ ree
9 B
M?gep ~ 1 TeV

2
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Categories of BSM “!@i

Supersymmetric theories - a Bose-like top

Little Higgs-like theories -.a Vector-like top

Composite Higgs - a Cooper Pair-like H

Extra dimensions




Categories of BSM “!@E

Supersymmetric theories - a Bose-like top SUSY GUTS

Little Higgs-like theories -.a Vector-like top

Composite Higgs - a Cooper Pair-like H

Extra dimensions




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
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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 ¢
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sin®6,, =0.23116(12)  (Expt)
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Gauge unification - Heterotic String
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Mystery: Why are there so many types of particles?
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DATA :

Masses
e ® e Zl.
7 ® @
0—0—0—0—0—0—0—0—0—0—0—0—0—0—0—0—;0
10772 10 107 107 1 10°
GeV
Mixing Quarks Leptons
1 0.218-0.224 0.002-0.005 0.79—-0.88 048—0.61 <02
Ve =1 0.218—-0.224 1 0.032-0.048 | V,,s=| 027-0.49 0.45-0.71 0.52-0.82

0.004-0.015 0.03-0.048 1 0.28—-0.5 0.51-0.65 0.57-0.81



Masses - IR fixed points in the SM

16#% =gl5g2-8g2 -],  k()=7g%)+zg*()

161726%‘[11'1( gt/gc)] — g—gtz - (8 — bo)gcz, gtz - %'(8 - bo)gczl IRFP

= m, = 110GelV



Masses - IR fixed points in the SM

16#% =gl5g2-8g2 -],  k()=7g%)+zg*()

161726%‘[11'1( gt/gc)] — g—gtz - (8 — bo)gcz, gtz - %'(8 - bo)gczl IRFP

= m =110Gel) -but



Masses - IR fixed points in the SM

16#% =gl -8g2 -1, (0], k(D=3 + Hg (1)

161726%[1n( g/2)]=382-(8-b)g?, & =%(8=00)8% ¢

= m =110Gel) -but




Masses - IR fixed points in the SM

DA =4N+12\gl —36g; — 3N(3g” +£'%)
+7— [28% +(g2+£'2)?],

my = (G ASTTu2)1/2 =72 GeV




Mass matrix structure:

YU i CJ d ~i jc.j 11
LYukawa_Yij Ql/l H+Yzj Qd H
\ 0 d\d P
M =Y'"<H > M.=Y'<H >
ij if i ij
M'=VIM" V e
) l:r 5zag R VCKM _VL UL
M :ULMDiag UR

The data for quarks is consistent with a very symmetric structure :

4 3 3 d
Ve <& € € e =0.15
~ 3 2 2
b £ g €
m 3 2 u __
£ £ 1 e =0.05

O(1) coefficients suppressed



Texture zero

M -
3 2 2
— = £ E E
/
m,
. _—— 9 9 1 GATTO, SARTORI, TONIN
symmetr/c \ . . )
CVSI\/I phase?
—_ Fritzsch,
Vus o Weinberg
Roberts,
Romanino,
GGR,Velasco

0.217-0.222 c.f. [(0.216—0.214)—(0.07 — 0.076)e? |
=0.213—-0.223, 8 = 90°



g <> [ symmetry?

Charged leptons are consistent with a similar form

Md,l,u ( < 84 83 83 ) Ed — 015, ad =1
et e ag® ag’ £'=0.15 a'=-3

m ; ) ) .
\ & ag 1 ) €' =0.05 a" =1



SU(5): Charged fermion masses

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

LSYukawa = (I//;;i ) %ZﬁHT 7€ € oByse (XT) i

Y ryé€
LGmU)( H" +hc.



Charged 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 aﬂyég(% )LiG mij%LjH +hC

After diagonalising down quark mass matrix:

— X
md_me

_ X
m,=m,

_ v?
mb T mr




Charged fermion masses

5%10=5+45
10x10=5+45+50
5%x5=10+15

5 oyt 1 T\ Y0 7€
LYukawa (l//Rzoc)sz %L H aﬂy&;(% )Ll o) ml]%LJH +hC

(lea)mlJ%ﬁyHm aﬁypf(%T )LﬂG mzjl//ngpT +he.

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




GUT relations

c.f. SU(4)c SO(10)

d

Vo=

d
d
[

u

™M)=
m X7

3

Georgi Jarlskog

\

e’ =0.15, ad\;

1

€ =0.15 a'=-3




GUT relations

Det(M")= Det(M?) | . (Texture zero)

Georgi-Jarlskog ( L )33+12+21 + (L45 )22

Doom =1
\ v
IV 0 g &£ e'=0.15, a’=1
= e  ag® ag’ € =015 a'=-3
m, 3 2
£ aE 1
m,=3m_ vV
1 v
ms=3.§. u
m, =33.

b

(M )=1



Parameters Input SUSY Parameters

tan 3 1.3 10 38 50 38 38
b 0 0 0 0 —0.22 +0.22
Yd 0 0 0 0 -0.21 +0.21
Ve 0 0 0 0 0 —0.44
Parameters Corresponding GUT-Scale Parameters with Propagated Uncertainty
y'(Mx) 61 0.48(2) 0.49(2) 0.51(3) 0.51(2) 0.51(2)
y*(Mx) 0.01137009%% | 0.051(2) 0.23(1) 0.37(2) 0.34(3) 0.34(3)
Yy (Mx) 0.0114(3) 0.070(3) 0.32(2) 0.51(4) 0.34(2) 0.34(2)

(my/me)(Mx) | 0.0027(6) | 0.0027(6) | 0.0027(6) | 0.0027(6) || 0.0026(6) | 0.0026(6)
(mg/m,)(Mx) 0.051(7) 0.051(7) | 0.051(7) | 0.051(7) || 0.051(7) | 0.051(7)
(me/my)(Mx) | 0.0048(2) | 0.0048(2) | 0.0048(2) | 0.0048(2) | 0.0048(2) | 0.0048(2)
(me/my)(Mx) | 0000979901 1 0.0025(2) | 0.0024(2) | 0.0023(2) || 0.0023(2) | 0.0023(2)
(ms/ms)(Mx) 0.014(4) 0.019(2) | 0.017(2) | 0.016(2) | 0.018(2) | 0.010(2)
(my/m.)(Mx) 0.059(2) 0.059(2) | 0.054(2) | 0.050(2) [ 0.054(2) | 0.054(2)

A(Mx) 0.567 051 0.77(2) | 0.75(2) | 0.72(2) 0.73(3) | 0.46(3)
M Mx) 0.227(1) 0.227(1) | 0.227(1) | 0.227(1) | 0.227(1) | 0.227(1)
p(Mx) 0.22(6) 0.22(6) | 0.22(6) | 0.22(6) 0.22(6) | 0.22(6)
ii(Mx) 0.33(4) 0.33(4) | 0.33(4) | 0.33(4) 0.33(4) | 0.33(4)
J(Mx) x 10-5 1.4+22 2.6(4) 2.5(4) 2.3(4) 2.3(4) 1.0(2)
Parameters Comparison with GUT Mass Ratios

(my/m, ) (Mx) 1.00707 0.73(3) | 0.73(3) | 0.73(4 1.00(4) | 1.00(4)

)
(3m./m,)(Mx) | 070795, 0.69(8) | 0.69(8) | 0.69(8) | 0.9(1) 0.6(1)
(ma/3me)(Mx) 0.82(7) 0.83(7) | 083(7) | 0.83(7) | 1.05(8) | 0.68(6)
(detY2) (M) 0.57+0.08 0.42(7) | 0.42(7) | 0.42(7) | 0.92(14) | 0.39(7)

Table 2: The mass parameters continued to the GUT-scale Mx for various values of tan 3 and threshold
corrections 7; p 4. 1hese are calculated with the 2-loop gauge coupling and 2-loop Yukawa coupling RG
equations assuming an effective SUSY scale Mg = 500 GeV.

GGR, M. Serna, 0704.1248



Neutrinos 777 e -,

v o i, i ~J my |
Leﬁ = m, ¢23vi¢23vj + m, ¢123Vz¢123v j

atmospheric
S ")
~2x10~°eV~

< &23 >'= (0,1,-1), < 5123 >'= (1,L,1)

)
my ——

. solar~7x10eV?2
my -

Can one have a unified description of quark, charged lepton and neutrinos?

— v dlwe 0. >'= 299
C°f° Lcl])imc B mt,b,l ¢3l//i ¢3Jl//j T = ¢)3 - (0’0’1) e



Neutrinos 7?77

v i, i o,
Leﬂ = m, 23vi¢23vj + m, ¢123Vi¢123v j

<9, >=(0,1,-1), <@,,>=(LI)

See-Saw

p.
7"3 —

)
my ——

p)
7"1-—_

atmospheric
S ")
~2x10~°eV-

solar~7x10—"eV?2

Quarks, charged leptons, neutrinos can have similar Dirac mass :

v L ! c_j WY ! c ~J N c ~J , ! c ~J
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® “See-saw” with sequential dominaton M, = M, M, M}’ ol o,

Ramond,
Slansky;
Yanagida,
\ (H) (H) King
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M, = M, M <<M,<<M,
vR
M3
\ J v, v,

1% N c_j N c o N c ~J
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. B B (B
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® "See-Saw" with sequential domination M, = M, M, M)’ GollMann,
Ramond,
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Origin of fermion mass structure?



Family symmetry

Non-Abelian family symmetry —_
Promote ¢, to fields transforming under SU(3);, ., s
M
0 0 1
0, 0,5 % = 1 |€°
— =10 —=| 1 |€ M
M | M

1 ,\1
Messenger mass

...can differ for u,d,l,v



Family symmetry

Non-Abelian family symmetry

Promote ¢, to fields transforming under SU(3);, .,
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Vacuum alignment 7?77
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Family symmetry

m?

<

Non-Abelian family symmetry

Promote ¢, to fields transforming under SU(3);, .,

0
0,5 _ (pl—j\;: 1 1€

—_ O O
I
U
90]

[
M

Vacuum alignment ?2?? = Discrete non Abelian symmetry



Non Abelian discrete symmetries




Non Abelian discrete symmetries

6 Z9 Z9,

eg. Z. =X Z, 6, —0, — ag o =1

¢3 — ¢1 —> o ¢3

Choice of discrete symmetry

Z,, <¢> =(1,1,1) A>0
® Vacuum structure : Z3 X Zn %{
Z , <§b> =(0,0,1) A<0

V(@) =—m’ ¢"9, + ..+ Am’000"0,



A simple example
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Texture zero

y 0 —\3/28 =
o 5
Vv , my=—-
B 3 / Zﬁ a atmospl}eric
~2x10-3eV2
2 :::;:: solar~7x10~7eV?
m _3p 0 |
= 20 ViV = Vi ot
m 20 m,
. m
sinf,, | = 2 —-0.24
o £.0.15]
C.]. U.
exp
: sinf
osinf | = ¢ —0.075
epton 3

in’@ =1 2 _ +0.013
sin“ 6, =3, c.f. sin"0,| =0308"




Texture zero
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Long Baseline Experiments

—

1.5

Long baseline oscillation experiments: -1 -
an international campaign to test the " _' gz
3-flavor paradigm, measure CP violation and S 1.0 =
go beyond. '

05 Normal Hierarchy ]

Generation 2 expts
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By combining with SK in a global fit

Marrone @ Neutrino 2016
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CP conservation excluded at >2 o
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For the first time robust indication of CP violation | erted Hierarchy
in the leptonic sector :
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SUSY GUTS - Nucleon decay




Coloured Higgs mediation

SUB)—L 5 SURB)XSUR)xU()—2e 5 SUB)xU()

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




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, =bO> H +b'OX H,+MOO
<Z75> o< M breaks SU(5) to SM

P, O>bMO.H +b'MO:H, + MO0,

2

Only Higgs colour triplets get mass m, v



Doublet -triplet splitting

Higher dimensions (String unification)

Compactification: K=K,/H

Y\

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



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¢
(H®H): (1®§)+£ EO ] (3,§)a£ve ]@ d¢ | . Matter — (3,5+10)
H ) | a ]
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SUSY GUTS - Nucleon decay




Gauge boson and Higgsino mediation

P

(a) Dimension 6. (b) Dimension 5.
0 _
p—m +et p— KT +71
34 16 33
T em > 2X107yrs, M >107GelV T s >Tx107yrs Super-K



Gauge boson and Higgsino mediation

P

(a) Dimension 6. (b) Dimension 5.
p—7 +et p— Kt +7
L 1x10™yrs, M, >10"°GeV T s> 33X 103 yrs
1
IQQQM .

M_>10"GeV,10°M ., 777 ﬁ
q [

D=5 proton decay amplitude



SUSY extensions of the Standard Model

W =h"LH ,E+h°QH ,D+h"QH U+ uH H,



SUSY extensions of the Standard Model

W =h"LH ,E+h°QH ,D+h"QH U+ uH H,

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




SUSY extensions of the Standard Model

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

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

+ %(QQQL +QQ0H ,+QUEH ,+..(LLHH))

M, >107GeV,10°M,,, ., 277




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
Tsupel_:_ 0 > 2 X 103 yrs Giudice, Romanino

p—oern

1/2 1/2 1/2

| aGUT aN Ar

M > ( ) (—) 6 x 10° GeV
cut (1 /35) 0.015 GeV? 5 8 y

c.f .M, =(25+2).10°GeV



GUTs need SUSY

.. but where is SUSY?



Run 2 SUSY Searches

ATLAS SUSY Searches” - 95% CL Lower Limits ATLAS Pretminary
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. .
» Searches now extended to more challenging scenarios

—1

* Electroweak production, compressed mass spectra, ...
* Can expect many more after end of 2016 data taking!
Mass limits (in simplified model spectra!)
pushed to about 1.9 TeV (gluinos) and 900 GeV (top squarks);
limits on EW production even for small mass differences




SUSY GUTs: low energy spec’rrum

1 500 ! | ! | ! | ! | ! | | | ! |

1000

Mass [GeV]

500

Radiative EW

breaking —— ! . . o . .

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




Little hierarchy problem:

gs
472 ( stop + 2 mglumo lOg(

GUTs A~ M,

«

glumo

)iog(z

stop

) ?



breaking
Little hierarchy problem = definite SUSY structure

MSSM. 105 +(19) Parameters

M: Za;z,z+2bM ¥

gWB

—~2

M
M.>1TeV = A>b— ~100
‘ M

Z

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



breaking
Little hierarchy problem = definite SUSY structure

MSSM. 105 +(19) Parameters

M
M.>1TeV = A>b— ~100
‘ M

Z

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

Fine Tuning measure:

4 oM,

Ala; )= —
() M, da,

b

Ellis, Enquist, Nanopoulos, Zwirner

A, = MaxaiA(ai)’ Aq - (ZAgz/i )1/2 Barbieri, Giudice




Fine tuning from a likelihood fit:

If vincluded as a “Nuisance” variable
/ ) 1/2
L(data | }/l.)ocjdVE(mZ—mg)5 V—(—mT] L(dataly,;v)

— Aiq(S(nq(lnyi —ln}/f))L(data| Yi:V)

Ghilencea, GGR

Fine Tur"ng Cabrera, Casas, de Austri



Fine tuning from a likelihood fit:

If vincluded as a “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

Probabilistic interpretation:

2 _

%new Zozld T 2111 Aq Aq < 100



® The CMSSM - before LHC
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A(myg)

Limit of focus point

iy " s A
1 1 1 1 N 1
80 90 100 110 120
Higgs Mass /GeV

A increases with my,

Y, = :uo’n;lO’ M, AO’ Bo
2 _meﬁ‘

VvV =

Relic density restricted

1 K’ resonant annihilation
2 h t-channel exchange
3 T co-annihilation

¢ co-annihilation

e5 A°/H° resonant annihilation

Within 3c WMAP:
AV =15, m, =114.7+£2GeV

<30 WMAP:
AP ~18, m, =1159+2GeV

g=my ,my Ag By

ALV =29, m, =117+2GeV

Cassel, Ghilencea, GGR



r—r——rr——rr- 1“7 n°r——1T 1T 7T 7]

[ (a) tang=10 2T (b) tang=50

Focus Point

2 2 2 2 2
AR (mH” +my, + m;})+2 | a, | N:
« © 2
£
N -4
E

d 6
167"~ my, =3X, =62, | M, ' =2/ | M, [

1
d 32 2
167" —mg, =X, + X, = =gl | M, [ =62, | M, ' =g/ | } i
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o, (0°) = () 2o, () (35 om0 €| -
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S \ AN
2 2 _ 2 2 ag2
m, 3m, ==, 0 =M,

“Focus point”: m? (0)=m? (0)=m*(0)=m* | my, (t,)=a, m*+.,a,<0.1

u \
Feng, Matchev, Moroi

NGTUF‘GI Choice Chan, Chattopadhay, Nath

Barbieri, Giudice

Feng, Sanford

. 3 2 2 ;
ie.mg, ,m. > M; possible




e The CMSSM - after Higgs discovery
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M = M7 cos® 23 + 0E

= )_|_§t)_|_...
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Reduced fine tuning (c.f. CMSSM)

* New focus points?

Gauginos: M- Non-universal gaugino correlations

d 6
(67t =321, F o+ + 242100, ) -63 | M, P~ 27 | M, P

\ "

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

Horton, GGR
Choi et al...



Reduced fine tuning (c.f. CMSSM)

* New focus points?

Gauginos: M- Non-universal gaugino correlations

d 6
(67t =321, F o+ + 242100, ) -63 | M, P~ 27 | M, P

\ 7

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

* New degrees of freedom vt

eg. W= Wyukawa + (1 + AS)H, Hy+ 5757 + 55° + €5



Reduced fine tuning : New heavy states - higher dimension operators

1

SL=[d’6 (g + ¢,S)(H,H,), S=m,00 Dimension 5
c\m
5V - gl (|hu|2 +|hd|2)huhd +(;2 (huhd)z; gl = ]‘L\;_O*’ g2 = ]OW*O
* o Mo
RVE
Singlet extensions A porseeluerd
W = Wyulawa + ASH.Ha + 55 NMSSM
W = Wyukawa + (12 + \S)Hy Hy + %552 + %'53 + €S GNMSSM
: GNMSSM 2
Hg >>my, o WM = (HH, ) +uH H,
U 2 2 R
SV = —(|Hu +|H | )Hqu (Z, = u, u, naturally small)

Hs



Fine tuning in the (C)GNMSSM  (A1<0.7")

X

Non-universal gaugino masses

v/
LHC8 SUSY bounds

(V4
AMin =20, m, = 125.6 £3GeV DM relic abundance
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DM searches
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( ) GGR, Kaminska, Schmidt-Hoberg
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Reduced fine tuning (c.f. CMSSM)

* New focus points?

Gauginos: M- Non-universal gaugino correlations

d 6
(67t =321, F o+ + 242100, ) -63 | M, P~ 27 | M, P

\ 7

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

* New degrees of freedom vt

eg. W= Wyukawa + (1 + AS)H, Hy+ 5757 + 55° + €5

* New SUSY breaking soft terms

Lnu =T, ;;Hjuy q; +Tg,;Hudg ;35+

! ~ ~ o~
My, My, Ay, tan B, 1, By, T! . Hi&h .l + W HyH, +he.

e,ij 1




Higgsino mass origin

® (augino mediation
[d*6xx" D (@)D e @]

) » —t— ———t$
) = rﬁ, ¢ ¢ A ¢
1y () FrFy ]
OoC o : )
Vo Ve, M @ (o)

m

¢ link field coupled to hidden sector and visible sector via Higgs portal

® Sequestering

Hidden sector running drives Higgs mass to zero leaving Higgsino

mass unchanged
Perez, Roy, Schmaltz



* New SUSY breaking soft terms

A B : LnH =Tﬁ,in§ﬁ’;z,i~‘.7j +Tc,l~,ij{{:d’;i!,i‘jj+
m,,, A, tan B, p1, Bu, /1 T H:&p 1 + W HyH, +hee.

e,ij

100F737

P T Ly LHC 13 TeV
SO
3
§ 51
. ACMSSM+,u' 2 20
loo 200  s00 1000 2000

m; [GeV]



Summary

® SM leaves many questions unanswered

® GUT answers:

® Further symmetry:

Phenomena:

-Multiplet structure
-Gauge couplings
-quark -lepton symmertry

-neutrino masses (see saw)

-SUSY

-family symmetry
(non-Abelian discrete)

- discrete R- symmetry

-SUSY (compressed spectra)
-nucleon decay

-squark and slepton masses



