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Standard Model Puzzles
1. The origin of neutrino mass - and its relation tfo the weak scale, and the
solution to the hierarchy problem

2. 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.

3. The problem of flavour - the problem of the undetermined fermion
(including neutrino) masses and mixing angles and CP violation, but with
suppressed flavour changing neutral currents and strong CP violation.

we shall discuss all three gquestions
(apart from strong CP problem)
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The minimal seesaw model is:
“Litklest seesaw” 1512.075831
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"The Standard Model with
3 right-handed neutrinos

SU(S)C X SU(Q)L X U(l)y
Left-handed quarks and Right-handed gquarks and Leptons
Leptons (active neutrinos) (sterile meutrinos)




SUSY

Standard particles SUSY particles

Higgsino

0 Leptons ’ Force particles Squarks .’ Sleptons \) SUr;SY force
particies




SUSY facilitates GUTs

Forces Merge at High Energies
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" Grand Unified Theories (GUTS) :

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—>SUQ3).®SU22)rU(1)y
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Motivations
Continuation of process of unification of physics starting with Maxwell
Remarkable fit of SM multiplets into Pati-Salam, SU(5), SO(10), E...
Unification of gauge couplings at high energy scale Mg ¢

Charge quantization: equality of electron and proton charges

High energy fermion mass relations e.g. my=m_




SU3)c x SU3)r x SU(3)r

SU(5)

SU(3)c x SU(2)L, x SU(Q)R x U(1)p_

SU 3)0 X SU(2 I X U(]-)Y
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Right-hawnded
neutrino Ls a singlet
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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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Fermion Masses in SU(5)
The Yukawa superpotential for one family
izt K0y AL TSN ()
Ao Hy Qut + )\d(Hdec aF HdecL)

A = M. at the GUT scale

Assuming this relation holds for all 3 families
X=X, A=y, Aa=X at Moyr
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modify using Georgi-jarlskog mechanism

7\M
h=ho ==k k=3,

good
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Pati-Salam el by
SU( )CXSU( )LXSU( )R

[ SU(4)C{

“Lepton number as the
fourth colour”

SU(3
4.1 2 :
(41, e @@ mght hawded
@@ — neutrino Ls prealwteol
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Pati-Salam

SU4), xSU((2), xSU(2),

Ur WU N [ TSN,
(4,2,1)= 2 (4,1,2) = 3
7 e T die-d S dse
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-- Predicts RH neutrinos with lepton number as the “fourth colour”
-- Allows the possibility of restoring parity if LR symmetry is imposed
-- (Quark-lepton) unification of 16 family into two LR symmetric reps
-- B-L as a gauge symmetry
-- Quantization of electric charge > Q= -Q,

-- Pati-Salam can be unified into SO(10) (4,2,1)+(4,1,2)C 16
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The 16 of SO(10) contains a single quark and lepton family and also
predicts a single right-handed neutrino per family.

The SU(B) reps are unified into SO(10):

10+54+v C 16

—  ——

The two Hfggs doublets are contained in'a10 of SO(10)

OH, 5H C 10g

S — —

Fermion masses arise from the coupling

716.16.10,+= A (Ohyu‘ + Ohd® + Lhe + Lhy )
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16.16.10H—>(\/ e)L(H_)VR»mLRVLVR Dirac mass

\
16.16.126, — <126, >V v,

> Heavy Majorana mass

2
16.16.16,16, _, <16, >,
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SO(10) contains all the ingredients for the see-saw mechanism
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SFK, Morettl, Nevzorov

Exceptional SUSY SM (EcSSM)

A Mstriwg w Eg

Maer E, —-50(10)xU(), SO(0)—5sU(5)x=xU(1),
SURER) XSUR) XU(L)yXU(L),,

~H neutrinos
neutral under:

U, =4UW), +1U0),

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 L), broken
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3 generations of

/ “Higgs”

Ingredients for 750 GeV
Diphoton resonance
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; see later
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EsSSM Couplings
SCS, DCD,D,
HCHZ'M9Hz'd FCQi’Li’UiC9DiC9EiC’NiC

= SHH + SDD + + DFF

L

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




Fine-tuning in the cE6SSM
LU e Athron, Blnjonaid, SFK

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

Higgs Mass

T

Arnax my < 122.5 GeV
300 s Benchmark point @ g mp = 123 GeV
400 mMp = 124 GeV
500 B mp = 125 GeV
600 mp = 126 GeV
700 mp = 127 GeV
300 - -2 [ Benchmark point
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| > 1500

mgo TeV mgo TeV

Lower ﬁwe—tuwiwg than cMSSM




Higgs mass bounds in SSM’s

Extra terms Lin
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non-minitmal
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40 2-loop Higgs mass bounds for light o R
stop spectrum

°" tan Lighter stops
1 2 3 4 5 6 7 and Llower
)\2 M2 1 e ’
my, &= M7 cos® 23 +?v2 sin” 23 +TZ(1 + 7 cos 28)? +Am? fine-tuning
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SUSY - tgpicaL spectrum has heavier squarks
and lighter gluinos, with gluinos having longer
deca Y chaitns than MSSM, due to extra

neutralinos and charginos, giving less missing
energy and more soft Leptons and jets

Higgs - Richer Higgs spectrum than MSSM or
NMSSM, tncl. inert + singlet Higgs (Diphoton)

Exotics - Z/, D-leptoquarks/diguarks
(magbc long Lived)




M-theory
GUTs (gravity)

Talk by Miguel Romao

M-theory— 11d SUGRA —>4d N=1 SUGRA :
- Witten,

’ ’ - " Acharya,
conpactified 74— o manifid @ fcherse

Gqauge fields on dominant volume 3d submanifold

SU(B) gUT

SO (10) qUT

Acharya, Bozek, M C. Ronao,
S. F. K. and Pongki ti vani chkul

: L St s
mai n prediction: extra 16+16bar at TeV scal e WO G
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F t h e O ry Local F—theorg i el 1 [hep'th”:
B, ~ gravity
GUTs ;
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Yukawa
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dim. | internal dim. feature
10 6 = dim(B3) gravity
4 = dim(S) gauge fields
2 =dim(S NS matter
TB‘PB e StYLI/\/Q t éory : 0 = dim(S NS"'NS") | interactions




EaSSM from F theory

E¢ | SO(10) Weight vector SM particle content | Low energy spectrum
274 16 f+1s 4d° 4 5L 3d°+3L

274 16 1 40+ S5uf + 3¢ 304 3uc + 3e
27, 16 t—1ts 3ve -

1

274 10 —H—1 3D+2H, 3D+2H,
27;; 10 "+ 3D+4H, 3D+ 3H,
27;{ 1 H—1 014

16 13415 dc+2L
16 2] O+ 2u¢
16 13—15
10 —24
10 13414

13—14
13—
Is—13

15 —14

14— 15

W ~ N014HyH, + )\aﬁfyegingHg =i HajkegzLEjDk
Singlets couple to the extra vector-Like fermions (see later




Theorem: flux breaking of €. always
accompanied by bulke exotics

Eg D EgxSU(3) . E¢ — SO(10) X U(1)y

248 — (78,1) +(27,3) +(27,3) +(1,8) S SUS) xU(1)y xU(1)y

Bulk exotics —SUB)xSU2)xU(1)y xU(1), xU(1)y

78 — (1,1)0,0,0 + { (1, 1)0,0,0 + (1, 1)0,0,0 + (8, 1)0,00 + (1,3)0,00 + (3,2) 500+ (3,2)5.00
+(3,2)140+ (3,2)—1,—40+ (3, 1) 440+ (3, 1)a—s0+ (1, 1640+ (1,1) 6 —40}
+{(1,1)05-34 (3, 1)23-3+ (1,2)-33-3+ (1, 1)6-1-3+ (3,2) 1,13+ 3, 1) 413}
+{(1,1)o53+ (3,1)=2-33+ (1,2)3-33+ (1, 1) 613+ 3,2)-1,13+ (3, 1)a,13}

E¢ origin | SU(5) origin | TeV scale spectrum

27, 3d° +3L Minimal allowed set of bulk

—
)

27 30 +3uc + 3¢ exotics can restore gauge

L 32 gl covqsLiwg unification in
27, 3D +3H, T

27 / ’
27t1 Tev spectrum equivalent to
4 MSSM+4(5+5*)exoties

27,

78

N| DN —=| | = ] WD

9 callaghan, SFK, Leontaris




Gae ouplinunification in |
F-theory model with bulk exotics

(07
60

7 Tev scale vector-Like
5oi matter and bulk 8)(0{:{403

i (E.sSsSM)
40 -
I Spectrum equivalent to

30 - MSSM+4(5+5%)exoties
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Diphoton resonance at 125 GeV |
= | 4th July, 2012
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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




Dlphoton resonance at 750 GeV

ATLAS Prehmmary
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® Data

—— Background-only fit
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‘Rattazzi |

750 GeV ' ~ 45 GeV favored

~ 14 events 3.90 local 2.3 0 including LEE

CMS
M ~ 760 GeV narrow width favored

~ IO events 2.6 0 local 1.2 0 including LEE

* No significant Ernmis, leptons or jets in the events
* No 7 7Y resonance at 8§ TeV but small upward fluctuation

(05+06)fb CMS[2] +/5=8TeV,
ATLAS [3] /5 =8TeV,
CMS [1] +/s=13TeV.
ATLAS [1] /5= 13TeV.
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Diphoton resonance at 750 GeV
Over 100 theoretical papers with various interpretations
We propose that it s an E.SSM F-theory singlet X
coupling to vector-like Higgsino and D fermions
L~k XD;D; + N\oXHHS + M;D;D; + My H*HG + %MQXQ e

g ~
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A. Karozas, S.F.King, G K. Leontaris and A K. Meadowcroft,
“Di phot on excess fromE6 in F-theory GUTs,”

ar Xi v: 1601. 00640.

— (M;=400 GeV.)
solid = pseudoscalar — (M;=500 GeV.)
dashed = scalar

(M =600 GeV.)
(M=700 GeV.)

Mhiggsino (G€V)
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Why three
families?



What is the origin of Quark
and Lepton Masses?
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What IS the orlgln of Quark
and Lepton Mixing?
CKM PMNS
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Mass msertlon parameters

Closely resentble Minimal Flavour Violation \ =~ (.22 .
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Poster by Maria Dlmou
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Conclusion
The Standard Model is highly successful but Leaves
three questions: nu mass, unification, flavour

Nu mass motivates RH neuwtrinos
SUSY facilitates unification: SU(5), SO(10), €,

E.SSM allows seesaw, predicts singlet+extra matter

We discussed E.SSM from F-theory to the LHC

it has all the tngredients for 750 Gev Diphotons
Flavour problem necessitates flavour symmetry

we discussed SxSU(5)xU(L) with flavour predictions




