H NIVERSITY OF

 Southampton

W Schoolof Physics
and %stlonum\

At the Frontier of our Knowledge
17t June - 19t June 2013




i.ins’ﬁtu’tt | -
A P/, | IR i g

NEXT PhD Workshop at QMU

..-l—--u""'ﬂ- '




Following
Dark Matter DT 26.8% PLa y\,ch L‘t LS Ll/\,

good shape...
but Lt Leaves
some puzzLes

Dark Energy Dark Energy

Before Planck After Planck




Cosmological Puzzles

1. The origin of dark matter and dark energy: the embarrassing fact that
95% of the mass-energy of the Universe is in a form that is presently
unknown, including 27% dark matter and 68% dark energy

2. The problem of matter-antimatter asymmetry: the problem of why

there is a tiny excess of matter over antimatter in the Universe, at a
level of one part in a billion, without which there would be no stars,
planets or life

3. The question of the size, age, flatness and smoothness of the Universe:
the question of why the Universe is much larger and older than the
Planck size and time, and why it has a globally flat geometry with a
very smooth cosmic microwave background radiation containing just
enough fluctuations to seed the observed galaxy structures
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Standard Model Puzzles

The origin of mass - the origin of the weak scale, its stability under
radiative corrections, and the solution to the hierarchy problem

The quest for unification - the question of whether the three known

forces of the standard model may be related into a grand unified theory,
and whether such a theory could also include a unification with gravity.

The problem of flavour - the problem of the undetermined fermion masses
and mixing angles (including neutrino masses and mixing angles) together
with the CP violating phases, in conjunction with the observed smallness of
flavour changing neutral currents and very small strong CP violation.
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Neutrino Mass and Mixing
Lectures by Michele Maltoni
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Implications for PP and cosmology

O origin of tiny neutrino mass
Extra dimensions, See-saw mechanism, RPV SUSY

O wnification of matter, forces and flavour
SUSY, GUTS, FamiLa Symmetry, ...

D DLld neutrinos play a role L our existence?
Leptogenesis
O bid neutrinos play a role in forming galaxies?

Hot/Warm Dark maatter component

v
RGajomsed

O pud neutrinos play a role tn birth of the universe?

Swneutrino inflation

[J can neutrinos shed Light on dark energ Y? A~ S




How can SUSY help with any of this?

Standard particles SUSY particles

- “’0

Higgsino

0 Leptons 0 Force particles Squarks .. Sleptons Q SUr?Ylforce
particles




SUSY facilitates GUTs

Forces Merge at High Energies
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GUTs and Flavour I\/Iodels are
typically Supersymmetric




Many inflation models are
metric

supersy
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Why is the Universe so big
and flat?

What seeds the density
perturbations?

-- Inflation!
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» ’Why does electroweak symmetry break?” or "Why is ;2 < 0 in the SM?”
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» What is the nature of dark matter ? WIMP-type Candidates 0,~1
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R.A. Knopp et al., Astrophys. J. 598 (2003) 102 L. Roszkowski, astro-ph/0404052




Once upon a tlme there was a
naturalness problem...

Mumgama

® At the end of |9th century: a “crisis” about electron

® Like charges repel: hard to keep electric charge in a
small pack

® Electron is point-like

® At least smaller than 10 7cm

® Need a lot of energy to keep it small!

Lottt sl (et v
Am.c® ~ — ~ GeV
s re

e Correction Amec2 > mec2 forr, < 10-13¢cm

® Breakdown of theory of electromagnetism
= Can’t discuss physics below 10-'*cm



Electron creates a force
to repel itself

Vacuum bubble of
matter anti-matter
creation/annihilation

Electron annihilates the
positron in the bubble

= only 10% of mass even

for Planck-size re~10-33cm

o
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Higgs also repels itself

Double #particles again
=> superpartners

“Vacuum bubbles” of
superpartners cancel the
energy required to contain
Higgs boson in itself

Standard Model made
consistent with whatever
physics at shorter
distances
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Re()

Tree-level min cond m}z{ = -\ = -\ (246 GeV)2

Including rad corr m12{ +0 mé = -\ (246 GeV)2
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Fine-tuning is required if the cut-off A >1T7el
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http://arXiv.org/abs/arXiv:0704.2232
http://arXiv.org/abs/arXiv:0704.2232

In SUSY, stop loops dominate Higgs
mass parameter correction
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“History of SUSY ~ ®orod

Coleman and Mandula, Phys. Rev. 159 (1967) 1251
Possible symmetries of the S-matrix

® Poincaré invariance, the semi-direct product of translations and Lorentz rotations, with
generators P,,, M. .

® So-called “internal” global symmetries, related to conserved quantum numbers such
as electric charge and isospin. The symmetry generators are Lorentz scalars and
generate a Lie algebra,
[Be, Bx] = iCy,, B

where the Cgk are structure constants.
® Discrete symmetries: C, P, and T
However:

® above theorem assumes commutator only

® allowing anticommuting generators as well as commuting generators leads to the
possibility of supersymmetry (SUSY)




introduce anticommuting symmetry generators which transform in the (%, 0) and (0, %)

(i.e. spinor) representations of the Lorentz group. Qa Qa

Fundamental SUSY anti-commutator (with P,, the four-momentum):

{Qaaad} QUZOQPH
{QCMQB} 0:{6047@5}

Pauli-matrices:




SUSY is an internal symmetry
[Pu, Qal = [Py, Qs] =0
It is useful to keep track of 'SUSY-ness’ by the R-symmetry generator R:
s ¥l — W @ 5 = =@
In short: Q. decreases the R-quantum number by 1, while @, increases

The SUSY generator is a spacetime spinor so due to the spin-statistics theorem its action
turns fermions into bosons, and vice versa:

‘Fermion/Boson symmetry
Q | fermion > =|boson >

Q | boson > =| fermion >

——




SUSY Multiplets

Consequences
® members of a SUSY-multiplet have the same masses as [P, Qo] = 0 = [P?, Q4]

® #fermions = # bosons in a multiplet

The massive ‘chiral’ multiplet (s = 0):

state
Q2 squa rR

Q1|925),Q52s) quark
Q3 Q3/9s) squark

contains: complex scalar and 2-component fermion (Majorana fermion)




SUSY Multiplets cont’d

Massless vector multiplet

starts wie \ = %

] : state helicity state helicity
9 Luu,wo 21) 4 Q1) -1 gluwon
gluow Qi|Q%> 1 QilQ-1) -3 QLM.LV\ID

consits of a vector particle and a Weyl fermion




Superfields for SUSY multiplets

chiral (y,0) = é(y)+ V200(y) + 62 F(y)

left-ha
( eft h Wded) squarh alu,arlz auxLLiarg 'ﬁCLd

y* = z# — i0c*0

e E

sPace—time super-space
coordinates

vector Vivz(2,0,0) = 000V, (z) — i000)(z) + i000X(x) + 0000 D(x)

(Wess-Z umiino) '\ \ / /

gluon gluino  auxiliary field
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“Minimal Supersymmetric Standard
Model (MSSM)

Superfield Bosons Fermions SU(3)¢ SU(2)r, UQ1)y
Gauge Multiplets R—‘Pa Vita
g ! Y SM Particle = +
0 ,
SUSY particle = -
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Superpotential: Yukawa couplings anod SUSY masses

W = eap|—Hy Q7 Yo, U + H3Q Yo, D5 + HF LY., B — pHG HY).

Potential: F-terms |F|2 D-terms (D)2

3 “W %) V(9) D 13 (9. 61T50; + k)°

0p;

‘Soft Lagrangian: SUSY breaking mass terms

e Soft trilinear scalar interactions: %Aijkqbiqu or + h.c.. *soft means does ot spoil the
' cancellation of quadratic divergences

e Soft bilinear scalar interactions: lbijqbi(ﬁj + h.c.. Posstble origin of

soft Lagranolan
e Soft scalar mass-squares: ms; ngng ft Lag 9

, ey SUSY breaking | gravity MSSM
e Soft gaugino masses: 3 M A*A* +h.c.. (hidden sector) (visible sector)
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Gauge Eigenstates

Higgs bosons
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Constrained MSSM .

2
my = K+ myg
/

my: common scalar mass at GUT

my,,: the common gaugino mass at GUT
tanp: <Hu>/<HD>

A, common (scalar)3 coupling

Sign(u): Higgs mass term
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CMSSM Dark Matter
Neutralino mass matrix R Nlé ¢ Nzl/f/ + N3[—~[d + N4[—~Iu
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Higgsino LSP : m. =m,




BayesFITS (2013)

BayesFITS (2013)
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L. Roszkowski, PLANCK-13, Bonn 24/5/2013




Constrained SUSY - still alive?

The constrained MSSM (CMSSM) paradigm is
“hardly tenable”

At Open Symposium of the European Strategy
Preparatory Group, Krakow, Poland, 10-12 Sept. 2012

Constrained SUSY is in coma

A. Masiero, PLANCK-13

Really?

L. Roszkowski, PLANCK-13, Bonn 24/5/2013




SUSY cannot be experimentally ruled out.

It can only be discovered.

Or else abandoned.

Lesgek Roszkowski




After LHC(7/8TeV):

We know better now where
SUSY is not.

Hints where SUSY may actually
be.

© Ron Leishman * www.ClipartOf.com/1047187

L. Roszkowski, PLANCK-13, Bonn 24/5/2013




discover
SUSY @ LHC?




Gluinos are produced in pairs via the
strong interaction

Then decay weakly into:

Quarks, Leptons / | | | SP

and Dark Matter dark Matter

P




—LHC14 Q=m;, |
LHC14 Q=Vs }

600

800

1000 1200 1400
my (GeV)

Nevents = 0 X Ldt

=0 x 20fb~1

Vs = 8TeV

Need to constder branching
ratlos tnto observable final
states, e{-ﬁciewog,
backgrounds...not so easy...




E.g. 4jet+oleptons+missing
energy final state
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‘Seamkes with ¥ T@.\f do&a
S&Of&' and Shottom :

t squark searches

@ Di

Smaller cross section E

Final state similar to tt in the bulk b ; ‘ t
of the parameter space X
Reduced bkg discrimination power
Only handle if gluino heavy Maurizio Pierini

@ Gluino-mediated searches
Larger cross section

4b quarks in the final state, with or w/o bl

leptons

More handles for bkg discrimination
Gluinos might be too heavy for these b
searches fo be effective







Top production background

m

" V. Coplous source
of Leptons + jets

proton

b+ wmissing
b CV\ICYQg

antiproton




CMS Preliminary Vs =8 TeV, [Ldt = 19.5 fb™
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Stops at 700 GeV not excluded

1f, production
600 LI I LI

Status: LHCP 2013

ATLAS Preliminary
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OL ATLAS-CONF-2013-024
1L ATLAS-CONF-2013-037

2L ATLAS-CONF-2013-048
OL ATLAS-CONF-2013-053
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2L ATLAS-CONF-2013-048
1L CONF-2013-037, 2L CONF-2013-048
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sbottom production

4b-jet+missing energy
final state

Gluino mediated stop
‘produotlow obtained
ba repLachg ot




Gluinos at 1250 GeV not excluded

g-g production, g— tBZ?, Vs =8 TeV Status: LHCP 2013

000

95% CL limits. oﬁ]‘éfr\;, not included.

0-lepton, 7 - = 10 jets L =203f7 Expected
ATLAS-CONF-2013-054 — (E)bser;/eg
O-lepton, = 3 b-jets L =128 7 Xpecte
ATLAS-CONF-2012-145 — gbserved
. _ _——— t
3-leptons, = 4 jets [L =128fb bl xpected
ATLAS-CONF-2012-151 = Observed

. - Expected
2-SS-leptons, 0 - = 3 b-jets[L_ =20.7 fb™]
ATLAS-COpNF-2013-OO7 J int Observed

e ——

—————— -
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ATLAS SUSY Searches*
Status: LHCP 2013
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LHC has discovered a new particle

CMS |

il N | Gugratillnbions 0 ot
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" ... The decay to two photons indicates that the new particle is a boson with spin different from one. The results presented
here are consistent, ... with expectations for a standard model Higgs boson."

- CMS Collaboration




Not only does the discovery yield the missing link to the present Standard Model theory of elementary particles, but a
detailed analysis of the decays, in particular of the decay of the Scalar to two photons which is sensitive to loops of
intermediated charged particles, will possibly yield information about the spectrum beyond the Standard Model.

Prof. Francois Englert

It is great to know that the famous boson almost certainly exists, and we are eagerly waiting for detailed measurement
of its properties.

Prof. Tom Kibble Prof. Carl R. Hagen Prof. Gerald Guralnik

, T
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99 fusion dominates

\'s= 8 TeV

LHC HIGGS XS WG 2012

t t fusion

W.Z

200 300 400

WW, ZZ fusion
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S LHe search
channels

\s =8TeV

WW — Fvaq
WW — v

LHC.HIGGS XS WG 2010
o x BR [pb]
LHC HIGGS XS WG 2012
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quaevpotewtiat W = uﬁuf]d

Potential v= |F|2 + (D)2 +Venr

“+ (Jul® + mi,) [ Hgl* — (bHyHg +c.c.)

e =l

op e T
100 150 200
Hu [GeV]




MSSM Higgs decoupling limit

CP even Higgs
mass matrix

CP even Higgs =5
MAsSSES

Tree-level
mass bouwn

2
=

ol

m? sin® 8 + m2 cos? 3

—(m? + m%)sin 8 cos 3

—(m% + m2)sinScos S m? cos? B+ m%sin® B

5 (mi S \/(m?4 + m%)2 — dm4m? cos? 2[3 )

4 M < mz|cos2B| <myz

9 it

9 pbb

gevv

1

i

il

cos v/ sin 3
sin a/ sin (3

1/tan

—sina/ cos 3
cos o/ cos 3

tan 3

sin(f — «)
cos( — a)
0

o 1+ O0(MZ/M3),

Decoupling Limit
MA >> MZ

sina ~ 1+ O(M3/M3)

sin3 — _COSﬁ

sin(8 — a) ~ 14+ O(MZ/M3).




Higgs h Mass in MSSM W = uH.H,

m; ~ M3z cos®28 + Am;

MSSM Higgs Mass
Hall Pinner,Ruderman 1112.2703 o aximal
= 124-126 GeV —

Need Amyp ~ My

ZEvro stop

mixing ] Must have hea\/gj stops

Suspect , ,
- La Fine Tuning!
FeynHiggs 451 ¢ 9

300 500 700 1000 15002000 3000
m; [GeV]




Next-to- Mlnlmal SUSY SM (NMSSM)

Model gives dynamtieal origin of U term via complex singlet s:
SH,Ha where singlet <S> ~ u~ Tev
Danger from weak scale axion due to global U (1) symmetry

Need to avold axiton somehow
Extra tree-lLevel

I NMSSM we add S* to break U (1) to Z contribution to

e NG T k&3 _Higgs mass reduces
W = )\SHqu =+ 3 S . ﬁV\/e_tMV\/l’zV\lg

want \ as large as possibt oidiwg Landaw pole




mi ~ M2z cos® 28 + \v?sin® 28 + Am?

P N
NMSSM Higgs Mass W=MNSH,H; + 3 S5

1=06,07
, - = 1200, 500 GeV - ,
no mixing T ¥ —0 e Light stops w/zero

my, = 124—126 GeV =

N mIleGy o wixing allowed for

Large \

small K

degenerate stops




WNMSSM+  3(97) of B King, Hall 1209.4657

extra = Masip, Munoz-Tapia,
i €3(5+5) of SU(S) pomarol hep-ph/9801437

NMSSM
a3

Al

" lat Low energ

-30 -20 -10 0 -60 -50 -40 -30 -20 -10 0 2 20

tan 8
2log[p/Mx] 2 log[p/Mx]

O\ 3 3 i
sl RS s D R R
87T8t (A+k‘+2ht o
Sols Gy N

ot
1 8 3 13
= (5)\2 + 3h; — §9§ = 593 = 1—89%)}“’

Wwhy add extra stuff ?
31 at high energy

hy | at high energy

\ | at high energy

g1)A

Allows )\ ~0.g at low energy avoirding Landaw Pole




Flne Tunlg | “

194 100 -
17 Bastero-Gil, Hugonle For 125 eV

King, Roy, Vempati | .
hler;)g-ph/(()))(/)%egga | Higgs the
MSSM fine

tanfd =5 tuning s

R

mueh worse
thaw tn
NMSSM

20 |
Recent analyses:

10% ' - Ross et al;
: Ellwanger et al

0 = . i i i i i " i i i " J
80 S0 100 110 120 130 140
m,

LEP favours NMSSM over MSSM (13 years ago)
LHC with Higgs @ 125 qeV strengthens conclusion




NMSSM Higgs Mixing

Spectrum has an extra complex singlet S giving an
extra CP even H plus extra CP odd A compared to MSSM

Hl Sl,d Hd b Sl,u Hu s Sl,s ) )
Ho Sora il 5o ekl SRS/ Se
H3 S?),d Hd ol SB,u Hu a5 53,3 0

CP even mass
eLoenstates

H or H, have reduced couplings due to the stnglet component

h125GeV can be H,. Ho

CPodd mass gmss — p/ A4 pPlLS;, A = cos 8 Hy; + sin 8 Hy;
elgenstates AT — PLAL PLS;.




NMSSM Higgs Phenomenology

Enhanced gluon fusion production

Stop and sbottom loop contributions in gg — H;
g 9
00" “00 ) _
~ N
Q‘ - Hz Q : >= - - HZ

g 00 g ooV’

[(R1256eV — ) Suppression of I'(A125¢¢V _; pbb) due to
_ 125 GeV
(Lop +Tww +Tzz +.. )[R | strong singlet-doublet mixing

BR(hl‘ZSGeV N ’\/’7) _

~y

Enhanced I'(R1256¢V — ~~) due to
chargino loop contributions

>
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Definitions

Seeanlrs
o Ragg (H;) Ragg( :) o(gg — HSM)

o Uincl(H')
Raind (HZ) = O'incl(HSM)

(R

H;
)= TE™ S xx)

/RFXX(

-: BR(H; » XX)  Rp..(H)
~ BR(HM - XX) Rmﬂmk\

F(Mh7 M@? dXX)

7

Mo =Ml <0 caussian weighting NMSSM Tools

function




LHC Data

\s=7TeV,L<5.1fb" \s=8TeV,L<19.6 b’

- I I I | I I I
CMS Preliminary m, =125.7 GeV ATLAS Preliminary { m, = 125.5 GeV

W,ZH — bb

: \s=7TeV: [Lat=4.71b"
H— bb : \s=8TeV: [Ldt = 13 10"
p=1.15i0.62 ; HHTT

P, = 0.65

\s=7TeV: |Ldt= 461"
\s=8TeV: |Ldl 13Ib

Ho 1t ; H-ww! = viv

u=1.10+0.41 ' \s=7TeV: [Ldt=4.61b"
: \s=8TeV: |Ldt=20.7 fb"
. H-— vy
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=077+ 027 \s=8TeV: Ldt 20.7 o
: H- zz" = 4l
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H—- WW \s=8TeV: |Ldt=20.7 fo"
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— I | |

HoZZ
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Natural NMSSM Higgs Bosons

O We perform a scan over parameter space Ln
the low fine-tuning region

3
b
:

100 GeV < peg < 200 GeV
055<A<08 and 1074 <k<04

—500 GeV < A, <0GeV and 200 GeV < Ay <800 GeV

500 GeV < MQ3 = M;_ < 800 GeV Ay =0GeV and 1TeV

400 — 820 GeV, myz, =530 — 890 GeV, tan 5 =2
= 200 — 500 GeV, M;ﬁ = 105 — 165 GeV , Mﬁ = 345 — 360 GeV
M@R = MgR = MDR = MQl,Q = MéR = MﬁR = Mle,2 = 2.5 TeV,
Mz, = M; =300GeV, Ap=Ag=1TeV. M3=1TeV




- K in NMSSM and NMSSM+
H"L993=H1 HLQQS:HQ King, Muhlleitner,

Nevzorov, Walz
1211.5074

Colour coding
Ls number of

Poiwts LW Scan




nggs spectrum in NMSSM

900 MA]_

Higgs=tt

At = O GGV
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160 180 200 220 240
My, in GeV

HL@ gs= Hy

At =1 TeV
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160 180 200 220 240
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2
120M A 1
I 400

Higgs =t

King, Muhlleitner,
Nevzorov, Walz
1211.5074
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Higgs =>diphotons in NMSSM .o

, , 1211.5074
Hggs=t+ Hggs =t

= i R

At =0 GeV

RGlncI(H2)

green/red is NMSSM
Higgs=tH /pink s NMSSM+

At =1 TeV
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Diph

oton vs. ZZ decays in NM

Higgs =t

]

2
King, Muhlleitner,
Nevzorov, Walz
1211.5074
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King, Muhlleitner,
Diphoton vs. WW decays ‘.o

Higgs= H Higgs= iy 1211.5074
24 24
2.2 T 2.2
2 - 2 L
1.8 1.8

1.6 1.6
1.4 1.4

l__________l_________l
I-————————-l—————————l

; L H2
-';‘:-" overlap

2

I-————————-l—————————l




- i = i C N C N C " N

oy C N C "

- e

Diphoton vs. bb decays

1211.5074

i = i
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PN B~
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Diphoton vs. tau decays e

1211.5074
2.4 2.4

22 T i 22 A =0 GeV

2 L 2
18 18 = , HLH2

1.6 1.6 ] overLap

—_

Higgs=H

=== ===
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HL,H2
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ng Muhlleltner

Two Smoklng Barrels of NMSSM Nevzoroy, Welz

1211 5074

H2 %HlHl H2 %X?X(l)
— bbbb, bbTT, TTTT invisible Higgs decays

Higgs=H l—nggs Ho

T T T T .
BR=0 At =1 TeV BR= 0 At = 1 TeV
«  BR<0.1 - «  BR<0.1
0.1<BR<0.2 0.1<BR<0.2
0.2<BR<0.25 0.2<BR<0.25
« BR=>0.25 . « BR>0.25

fh.
1 1 1 1 1

60 80 100 120 - 70 80 90 100 110
My, in GeV M,0 in GeV

BRI CHH = 036 and B =Gy =043
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SUSY models

Focus own models which provide a dywnamtieal origin of u term:

SHhtHa where singlet <S>~ ~ Tev

Danger from weak scale axion due to global U (1) symwmetry

Need to avold axton somehow

O I NMSSM we add s to break U (1) to Z_ - but this results
ln cosmological domain walls (WsS? u2s retntroduces W problem)

O n E_SSMwe gauge the U (1) symmetry to eat the axion

resulting in a massive Z’ gauwge bosown - anomalies are cancelled
by three complete 27's of €, at the Tev scale with (L) € €,




King, Morettl, Nevzorov

Exceptional SUSY SM (EcSSM)

E, = SO(10)xU (1), SO(10)— SU(5)xU (1),

SU(B) XSU(R) XU(L)yXU(L),,

~H neutrinos
neutral under:

U, =40, +1UQ),

remaining matter content of 3 families of
27's of B, survives doww to the TeV scale

!

(1), broken, Z’ and exotics get mass, U term generated
Su(2) X uL), broken




ERNAT __________'__fE__
Matter Content of 27°s of E¢
All the SM matter fields are contained in one 27-plet of E4 per generation. Miller
r N

) c _C
Q’La u’i) €,L~

3 generations of

/ “Higgs”

) singlets

.

1,0 \_
PN

“SU(5) reps. U(1), charge x V40

1 right handed neutrino
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A M 1
m; ~ M} cos® 26 +—v ?sin? 28 +—2(1 + 7 08 28)7 +A

ass bounds in SSM’

M,
160
140 '

SFK,Moretti,Nevzorov hep ph/0510419
Extra terms tn
non-mintmal
wmodels allow

Amy, < My

2-loop Higgs mass bounds for light
stop spectrum

Hewnce allow
tan {3 Lighter stops
R and Lower

ﬁwe—tuwiwg

1 2 3 4 5 B 7
2 2

~ 2 1
MSSM

A& 7

NMSSM

N




E6SSM Couplings

SEs DIEH B
HCHZ'M9Hz'd FCQi’Li’UiC9DiC9EiC’NiC

W =SHH + SDD + + DFF

il

Singlet-Higgs-Higgs Singlet-D-D couplings decay but also proton
couplings includes includes effective D decay. Need to:
effective u term mass terms — either forbid one of
DQQ or DQL
- or allow both with
Yukawas ~ 10-12

DQQ, DQL allows D




LHC phenomenology of E¢<SSM |

O SUSY - typical spectruum has heavier
squarks and Lighter gluinos, with gluinos
having longer decay chatns than MSsSM,
due to extra neutralinos and charginos,
giving less missing energy and wmore soft
Leptons and jets

O Higgs - Richer Higgs spectrum than
MSSM or NMSSM (incl. Lnert Higgs)

O Exotics - Z/, D-leptoquarks/diguarks




Neutrallnos in E6$SM s king |

tnert families H LT e

O = fawilies of Singlets = 1 NMSSM singlet S\ 2 inert singlets S, s,

The full neutralino mass matrix TN

e 2
=(B W H} H)|S B, A, 5|8y By &)

ul

n
USSM 32 By

A22 A21

~

s (G G )
matrix!!




BeLgae\/, Huall,
King, Svantesson

Longer decay chains

MSSM:

[50%] XMl —> W

50 [96%] h
[27/]XM2[4/] Z

[Py A A s e O

[51%] Xiva
Re

=0
[21%] X M1 %Xm

BLAO can deca Y Lnto Lnert neutralinos




BeLgae\/, Huall,
King, Svantesson
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BeLgae\/, Hall,
King, Svantesson
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Hall, Kiw@

Maybe inert singlinos decoupled

(B W &Y A% & B| Ay )"

St 2 Blno dark wmatter
59Ud - —59%

correct relie abundance

Light tnert
Higgsinos
Ny, Ny

Low DD cross-sectlon
= ’ ’ —]_]_
massless S12 ™ dark radiation os1 ~ few x 10™ " "pb

W s e s

e




The Constrained E6SSM

Athron, King, Miller, Moretti, Nevzorov

tan 8 = 10, A;z = 0.1, s = 10 TeV.,

4
I T
Gluino contours ¢
Squark contours

117.5 GeV
118 GeV
118.5 — 122.5 GeV
123 GeV

124 GeV

125 GeV

126 GeV

127 GeV

35+

2.6 TeV,

-

2.4 TeVgnia:
P
2.2 TeV i -

<

2 TeVadgmaprmseis + -

1.8 TeVymambgmes oot

1.6 TeV/ Sugyeemass

My,2(TeV)

e e e e UL WA
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400 GeV et

gluinos
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Fine-tuning in the cE65SSM
tan 8 = 10, A2 = 0.1, s = 10 TeV. Athron, Binjonaid, King

s = 10 TeV - Fine Tuning s=10TeV -

Higgs Mass

T
Arnax mp < 122.5 GeV .
300 » Benchmark point @ 5 | mp = 123 GeV
400 Mp = 124 GeV
500 B mp = 125 GeV
600 mp = 126 GeV
700 mp =127 G(—ZjV
800 -2 Benchmark point

900
1000
1100
1200
1300
1400
1500

| > 1500

mg TeV mgo TeV

Lower ﬁwe—tuwiwg than ceMSSM




D-particles are co our-d and may be pair produced at LHC

D-particles may be Leptoquarks D-LQ or Diquarks D-QQ

Dlguark

v, e LEPtOqUark

1950| Vs=14TeV oam_~

M, (GeV)

1950 +/s=14TeV

1700 1700

Ly 1450
1200 : 1200
950 950
700 700
150 450

Fermion
200 200

0 0.2 04




D-fermion decays

Leptogquark Leptoquark

Vr

pp — tl?T+7'_ —+ Eg_}iss + X pp — bE + Eg}’iss + X pp — tfbg + Ejﬂ}iss 1 X

| — S

 — S — T

spectacular signals!
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The S}andard Model of
Particle Interactions

phgsics

Force Carriers

Feynman rule
Z’

Spin-1 2’

Z’ coupling to SM fermions f L i g,‘QV“V5)f




“General 6(1_)’_ga_u§je_n;o_de_ls_: Eo;m_lir_\g_s

[Accomando, Belyaev, King, Fedeli, Shepherd-Themistocleous, 2011]

e

1)’ Parameter ¢ g% ¢V 94 9v 9% gV g4
g =0.462) 0

3
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—_ = = =

~—~
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Simple structure

/(]V[Z/—I-A)2 dO' (
0,5 = —_—
I Joay—ay dM?

Ol+1— ~

-
485

[Cutwy (s, M%) + cquq(s, ]\[Z,)]

Model dependent

Model independent

c, xO(uu — Z)xBr(Z'—=1"")
«G(dd — Z')x B{Z' = I'I")

w

u

uu o dd

w
dM?, T dM?

dL

1 dL
pp— Z' = ffX)dM* (g > (dMq;) (qq—>Z’)> x Br(Z' — ff)

qg=u.,d

Carena, Daleo,
Dobrescu, Tait

} depend on g’ and gy A

} depend on s and M.,




SSM Z' Drell-Yan production @ the LHC
Non-interferred model vs complete SSMMorett

[Accomando, Becciolini, Belyaev, SM, Shepherd-Themistocleous,
arXiv:1304.6700]

\II'E_ [GeWl \'I’_"r_ [GeWV]

Interference effects are sizeable and model-dependent:
up to O(200%) in the SSM




_At_ﬁron_, SF_K, K/Iillé_r, I\/I_oreﬁi, Nevzorov

J Latest CMS limit is
MZ’ Z 2.08 TeV
N but exotic decays

makes Z’ peak smaller
and harder to discover

AI_MZ. = 1889 GeV, up > M, /2

0.77

— ;) (all neutrinos) 1.64

N — [T17, v) (all leptons) 3.96
I'(Zy — qq) (all quarks) 10.08
I'Zy — D D ) (exofic ﬂ‘lllllOl]‘w) 0.00

|||||n||||||
1840 1860 1880 1900 1920 1Q40

o — 5,5,) (singlinos)
2. 1(Zy — D;D;) (exotic scalars)
- LHC@14 TeV | Yl Zy — ff) (sfermions)
. dotted: SM + sequential Z' QQI‘(Z" — HQ,HQ) (inort ngggos)
| dashed: SM + E¢SSM Z' ».T(Zk — %;%;) (gauginos)
solid: SM + EgSSM Z' 4+ heavy Ds Ceot (all)

0 500 1000

do/dM,,,— (fb/GeV)

M- (GeV)
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Belyaev, King,
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Mass Limtlt
may be
weakewned
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coupling
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Basic idea is to embed the SM gauge group into a simple gauge group G with a
single coupling constant, broken at a high energy scale

G— SU3).®@SU2), @ U1)y
uf = (3,1, —2), df=(3,1,%), e =(1,1,1),
QY = (u',d") = (3,2, 5), LY =(v,e)= (1,2, —5),

Motivations
Continuation of process of unification of physics starting with Maxwell
Remarkable fit of SM multiplets into Pati-Salam, SU(5), SO(10), E...

Charge quantization: equality of electron and proton charges

1
2
3. Unification of gauge couplings at high energy scale M ;
4
5

High energy fermion mass relations e.g. m,=m

T




Paths to Unification

SO(10)

SUG)xU(1) \

SU4),,xSU2), xSU(2), -

|
SUQ3). xSU(2), xSU(2), xU(1),_,




SU ( 5 ) GUT Georgi, Glashow

Each family fits nicely into the SU(5) multiplets

S 0 u§ —u§ ul  d!
(i (0 us —us \

0 ug u?  d?
“ 3 (l.’f

\:/// . ()/_

5=(3,1,+1/3)%(1,2,—-1/2) and 10 = (3,1,—-2/3)%(3,2,+1/6) B (1,1, +1)

N.B in minimal SU(5) neutrino masses are zero.

Right-handed neutrinos may be added to give neutrino masses but
they are not predicted.
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theory

Heckman and Vafa

“4d Flatlander”

ing

e
(0p)
©
AN
SR
(qV)

“6d spheres” with
“2d fibres

Unification

We live close
to Eg point

F-Theory GUTs

on the extra
dimensional
“6d sphere”
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GUT breaking is achieve
Higgs but with Hypercharge Flux

Think of
SU(5) D SU@3)¢ x SU(2), x U(1)y VI
5= (1,2)12 + (3, 1)—1/3. ‘// HYS2001
e

2-d Matter

curve X ‘

Index theorem gives number of chiral Doublet-triplet Higgs splitting
doublets and triplets (think of Gauss’s law): requires:

(L,2)1y2 im0 =g =3 / Fyy + ¢ / Fy), Higgs: / Fyqyy #0

by

% 3
Matter:/FU g
<37 1)—1/3 Sl el _Q/FU(l)y + q/FU(l)l | (1)

) T ) S Typically predicts exotics




callaghan, King

E6SSM from F-theory

Weight vector

SM particle content

1 +1s

4d° + 5L

5]

40+ Su‘ + 3e°

I —1

3v¢

=} =12

3D +2H,

1 +14

3D+ 4H,

Hh—1u

014

13+ 15

d°+2L

13

13— 15

—21

13+14

13—14

13 —11

I5—13

5 —14

4 —1s5

-tlneorg model preolwts LWOOWL‘PLC’CC WLM.L‘PLC’CS
with matter content of 2 copies of 27#s of E6




SUSY models from F-theory

Model Features F-MSSM F-E6SSM F-NMSSM+
(653), (631) ~ Mx ~ Mx ~ Mx
<934> ~ MX ~ 1 TeV ~ 1TeV
<914> 0 ~ 1 TeV ~ 1 TeV
U(1)y breaking Flux ~ My | (634) ~ 1TeV | Flux ~ My
Non perturbative i term uN-PH,H, - :
Effective u term - 0,4H,H, 014H,,H,
Non perturbative singlet masses - - m 9124, m? 014

1. If the additional Abelian gauge group is unbroken thew it can have weaker gauge coupling than in the E6SSM.

2. If Abelian gauge group is broken thew non-perturbative effects can violate scale invariance of NMSSM+ Leading to a
generalised model.

3. Unification is achieved not at the field theory Level but at the F-theory level since the gauge couplings are split by flux effects,
negating the need for any additional doublet states which are usually required.

4. Proton decay is suppressed by the geometric coupling suppression of a singlet state,which is possible in F-theory, which
effectively suppresses the coupling of the exotic charge —1/3 colour triplet state D to quarks and Leptons.

5. The D couples to Left-handed Leptogquarks providing characteristic and striking signatures at the LHC.




