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The Greatest Equations Ever?

Survery by Physics World (2004)

e+ 1 =0

(Euler's Equation)

“The most powerful mathematical statement ever written!”

“What could be more mystical than an imaginary number

interacting with real numbers to produce nothing?”



Tied for 18t place:

8, F* = Jv
8, “F" = 0

(Maxwell's Equations)
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VxB = 4nJ + —
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VXE = 0
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Quantum Mechanics & Relativity
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Schrodinger equation not Lorentz covariant

Dirac’s Equation (1927)
H=coa-P+mc*3

o, 3 anticommutning 4 X 4 matrices

Results in 4 states with energy {FE, E, —E, —FE}

B2 = p2c2 + m2c

(Nobel Prize 1933, Schrodinger & Dirac)



Antiparticles

Dirac identified negative energy solutions as antiparticle
Predicted the existence of positron

Positron discovered by C. Anderson in 1933

(Nobel Prize 1936)

[
Every particle has an antiparticle with same mass,
but with opposite charge

Clear mathematical understanding of antiparticles
given by Stueckelberg & Feynman



Quantum Electrodynamics

Relativistic quantum theory of electrons, positrons and

photons

1 — .
/CQED — —ZFW/FLW + ?,be(ZD;ﬂ” - m)we

Fo = 0,A, —8,A,, D, =0, —icA,

Lagrangian has the symmetry under space—time
dependent phase rotations:
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This gauge invariance keeps photon massless



Great Success of Quantum Electrodynamics
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Calculable theory of physical observables

Feynman, Schwinger, Tomonaga, Dyson — Nobel Prize 1965




Example

Anomalous magnetic moment of the electron:

a®P = 0.00115965218073 £ 0.00000000000028
aSP — g = —2.06(7.72) x 10712

€

Best measurement of fine structure constant o«

a~1 = 137.035999085(12)(37)(33) [0.37ppb]



Charge Screening in QED

Ve + N
/. \\
- +
l/+ \
|
< R
\ )
\ /-
-\ /
\\\ +///

+
Test charge

With low energy positively charged probe, electron-positron

cloud effectively reduces the measured charge
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With high energy test charge, screening effect is reduced
Agrees with experiments
a 1(p =91 GeV) = 127.916 + 0.015

(LEP experiments at CERN, SLD at SLAC)



Strong Interactions

Unlike electromagnetism, strong force is short range ~ Fermi
Yet, strong force has essentially the same structure as QED

LLagrangian for strong interactions:

— . 1 v
Lqco = q(eDyy"* —m)g — ZGZ,,GQL

D, =0, —igT*G% , G%Y = 0,G% — 0,G% — gfauncGLGS
Gf; are the gluon — analogs of photon in strong interactions

a=1-—8is the internal symmetry — called color

3 quarks and 8 gluons form SU(3) symmetry



QCD Lagrangian invariant under SU(3) gauge transformations:

1

q(az) N eiaa(:ﬁ)T“q(Cﬁ), Gfb — Gfb — E Qg — fabcabGz

Generators of SU(3) transformations:

[T, Tp] = i fapcT*
T,: Gell-Mann matrices, generalize Pauli matrices to 3D

Matrix structure of QCD interactions =

Gluons carry color — unlike photons, which are charge neutral

This feature makes QCD force short—range and asymptocially free



QCD Interactions
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Effective charge of electron in QED

Causes charge screening




Effective color charge of quark in QCD

Causes color charge anti-screening



Color charge anti—screening

®

Quarks cannnot be separated from a hadron

Confinemet of quarks & short range of strong force



Effective color charge in QCD decreases with energy

Coupling constant, oy (E)
0,4

0,3

0,2_: Asymptotic freedom
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Gross, Wilczek, Politzer
Nobel Prize, 2004




Weak Force

Similar structure as QCD, but based on SU(2) internal symmetry

(o 1 a v
Lweak = w(ZDu'Y“ — ’m)”éb - ZWW/WE:L

. . 1
7,0(3?) — GZQG(ZE)T 10(—55): WE — WS__auaa_Eabcalefa [Taa Tb] — ieabcTC

Juw

Weak force is short—range due to spontaneous symmetry breaking

Force carriers, W=, Z° become massive via Higgs mechanism

V(¢) = —p2|o|” + Ao|*

|
At the minimum of potential <¢0> %~ 0

; Q
|

Predicts a spin zero particle — the Higgs boson
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Englert, Higgs
Nobel Prize, 2013




Different phases of the same theory?

Electromagnetism, Strong and Weak forces described
by very similar mathematics

Electromagnetism: Coulomb phase: U(1)
Strong Force: Confining phase: SU(3)

Weak Force: Higgs phase: SU(2)

Possible to embed all three symmetry groups into a single symmetry

Grand Unified Symmetry: SU(5) and SO(10) , ..



Strong,

Unifcation of Forces?

Gravity Force

Electromagnetic force

Hydrogen atom

Water molecule;

Protons and

Neutrons Efectron
Oxygen atom
A Atoms
Photon Light
Chemistry
Electronics

. Up
(u) quark
e
Up [ ull d) down
Quark ST quark
proton

Gluons (8) %
vy

e
Quarks

Nuciel

RAUITON Strong force
Weak force
Bosons (W.2)
( v D
anti- o |
neutnng e y
. |electron \‘} -
. //I_;/j_‘/' A ’:g'-‘a -
@ u 4 Neutron decay
' W force = Beta decay
@ carrier proton Neutrino interactions
neutron  partie Bumning of the sun

weak and elctromagnetic forces may be unified!




Strong Force
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Evolution of couplings with energy
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Stability of Higgs mass

Am%{ = —8)\—7:22/\2
_ |:| _ _|__| _
t With SUSY, Quadratic Divergence Cancels
4
l///> \\\ Am% = —I—EB)\%/\2
|
\\ //

H H m% —m? < (TeV)?



Supersymmetric standard model

SM Particles SUSY Partners
Q Q
u® u®
Spin=1/2 d°¢ Jgc  Spin=0
L L
e’ e’
. H )
Spin=0 “ Hy Spin = 1/2
Hg Hy
) g
spin=1 W W spin=1/2
B B

R = (—1)3B+L+25 SUSY Dark Matter



Supersymmetry Under Siege?

CMS SUSY overview: a broad program

Summary of CMS SUSY Results® in SMS framework SUSY 2013

‘Gluino production &=

Squark production
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Limits on SUSY Particle Searches Richman (CMS) , SUSY 2013



Making SUSY Natural

A symmetry makes first two families of SUSY particles
degenerate. Eg: Sz Permutation Symmetry

Third family squarks have different masses
Impose unification constraints
Phenomenology consistent with LHC data

Testable at LHC at the next run

Ad hoc assumption of universality is given up

Gogoladze, Raza, Shafi, KSB (2014)
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SUSY Spectrum
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mg(TeV)
Gluino mass versus squark mass




Color Codes

Grey: REWSB & Neutralino LSP

Aqua: Mass bounds for squarks and gluino: (1-3.5) TeV,
Stop > 0.7 TeV, Higgs mass = 124-126 GeV, B physics OK

Magenta: Also obeys Qh? < 1 for dark matter abundance

Green: Qh? =0.1088 — 0.1277 (WMAP 3 sigma range)

Gogoladze, Raza, Shafi, KSB (2014)



More Detailed SUSY Spectrum
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Recent BICEP2 Data and SUSY Unification
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BICEP2 E- and B-mode Maps
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The Bicep2 Collaboration



Constraint on Tensor-to-scalar Ratior

0.03 Uncertainties here include Substantial excess power in the region where the
sample variance at r=0.2 inflationary gravitational wave signal is expected to peak
— = = pest fit
N&.’ I Find the most likely value of the tensor-to-scalar ratio r
=
'E' -~ Apply “direct likelihood” method, uses:
o “A - lensed-ACDM + noise simulations
G — weighted version of the 5 bandpowers
= — B-mode sims scaled to various levels of r {n=I
+
+0.07
r=0.2
0 0-(}_05

0 100 200
Multipole

Within this simplistic model we find:

r = 0.2 with uncertainties dominated by
sample variance

Likelihood

— model is perfectly acceptable fit to the data

|

| |

| |

PTE of fit to data: 0.9 | |
| |

l |

r=0ruled out at 7.0 :
0 010203040506

Tensor-to-scalar ratio r
The Bicep2 Collaboration

Vacuum energy during inflation obeys V1/4 =2 x 1016 GeV
Tantalizingly close to the SUSY unification scale

Higgs that breaks GUT symmetry may be the inflaton!



More Hints Iin favor of GUTs

Electric charge quantization

o @, = —Q. to better than 1 part in 102!

Miraculous cancellation of anomalies

Quantum numbers of quarks and leptons

Existence of v and thus neutrino mass

Unification of gauge couplings with low energy SUSY
b — 7 unification

Baryon asymmetry of the universe



Unifying Forces and Matter

First successful attempt by Pati and Salam (1973)

Based on SU(4). x SU(2); x SU(2)r gauge symmetry
vy = uip U2 U3 € bR = uiy U2 U3 €
L di dp dz v) B " di dy dz v/,

Lepton number identified as fourth color



Unification in SU(5)

Almost complete unification of forces and matter dis-
covered in SU(5) by Georgi and Glashow (1974)

0 dq
—ug d> _
10 ; ’UJ% dlc’) o ! (di, 57 %767 _Ve)
— U1 e

—d1 —do —dz —e O

Particles unify with antiparticles
Quarks and leptons are unified



Structure of Matter Multiplets
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Stability of Matter

Electron is believed to be absolutely stable

e — vy

Forbidden by charge conservation

T >2.1x10%* yrs.  Aharonov et. al. (1995)

1.1 kg of Ge source, looks for 255 keV ~ ray

e —> T

Forbidden by energy conservation

€ — 7Y
Forbidden by angular momentum conservation




Stability of Matter (cont.)

In contrast, proton stability is not guaranteed by any
fundamental symmetry

p — etnl

Hermann Weyl postulated Baryon Number symmetry

Intensely studied by many experiments

7(p—etn9) > 1.3 x 10°* yrs | SuperKamiokande




M. Goldhaber and W. Pauli

ou cannot be serlous|
You must be more

Mr. Radioactive,
| think protons decay.

+ i
0 w1

Goldhaber, Reines, Cowan (1954) initiated proton decay searches



Baryon asymmetry of the universe

np = £ = .11_8_'5’ x 10710

025 E

Poag E

Sakharov conditions (1967) “

Baryon number violation
C and CP violation
Out of equilibrium processes ., °

2 3 5
Baryon-to-photon ratio 1 % 1010

Initial condition unlikely
10,000,000,000 quarks and 10,000,000,001 antiquarks


http://www.google.com/imgres?imgurl=http://cloud.frontpagemag.com/wp-content/uploads/2010/10/sakharov1.jpg&imgrefurl=http://frontpagemag.com/2010/10/14/the-life-and-thought-of-andrei-sakharov/&usg=___CwZ_7cqdpZJwk3uMZWB9fTCejY=&h=385&w=300&sz=16&hl=en&start=7&zoom=1&tbnid=Ymvlb9DaYQ430M:&tbnh=123&tbnw=96&ei=5kqQT-XMAqaE0QHXiKW_BQ&prev=/search%3Fq%3Dandrei%2Bsakharov%26um%3D1%26hl%3Den%26sa%3DN%26gbv%3D2%26tbm%3Disch&um=1&itbs=1

Proton decay in Grand Unified Theories (GUT)

Superheavy gauge bosons mediate proton decay

> 12
=1~ [9—} mg ~ [1035E1 )1




Supersymmetric mode

=
H * f\i Sakai, Yanagida (1982)
Weinberg (1982)

2
f ](47T)2 5~ [1028-1032yr] 1




Proton Decay in Supersymmetric SO(10)

Babu, Pati, Wilczek (2000)
Babu, Pati, Tavartkiladze (2010)

Wp_r = A(10545 710, + M'10%,10/,

(a 0 0 0 0)
0 a 00O
(45) =1 0 0 a O O |®itp xB—L
0 00O00O
\0 0 0 0 O

Avoids fine-tuning to make Higgs of Standard
Model light

Dimopoulos, Wilczek (1981)
(Dimopoulos-Wilczek mechanism) Babu, Barr (1993)
Barr, Raby (2000)
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Gauge coupling evolution in explicit SO(10) model

K.S. Babu, J.C. Pati, and Z. Tavartkiladze, JHEP 1006: 084, 2010



Correlation between two modes of proton decay

1016Gev\? / 3 1/100 exp[2w(A§?3ﬂ - Aé?zu —dazh)]
2.54.102 '

m— r =1/300
e p = 1/250
= 1/200

mmmEmrm e e e ermr e e e - m i

| |
6-10"° 6.5-10"° 710" 7.5110"
M, (GeV)

p — et79 and p — KT within reach of next generation
experiments: 7, < 5 x 1034 yrs.
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Experiment

Proton lifetime expectations
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Neutrino Masses Probe the Scale of
Unification of all Forces

Small neutrino mass arises from

— LLHH
L= M

Using m, = v?/M ~ 0..05 eV =
M ~ 10%° GeV

Close to unification scale!



Global Fit to 3-Neutrino Oscilaltions
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Atmospheric
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Seesaw Mechanism for Neutrino Mass

) Minkowski (1977)

(v, v°) Mass Matrix: Yanagida (1979)

Gell-Mann, Ramond, Slansky (1979)
Mohapatra, Senjanovic (1980)

0 m
M= (p )
mp breaks SU(2)r x U(1)y symmetry = mp < 200 GeV

M gr not protected by any symmetry and can be large, Mgr ~ 10 GeVv

2

my (light) =~ TTD ~ 107 % eV
R

m, (heavy) ~ Mpg~ 10'* GeV




Neutrino mixing versus quark mixing

0.85 -0.52 0.15
eplons U= 033 0.62 -0.72
-0.40 -0.59 -0.70

0.976 0.22 0.003
Quarks Vq — -0.22 0.98 0.04
0.007 -0.04 1

Disparity a challenge for Quark-Lepton unified theories.



Finding order in fermion mass spectrum

Fermion masses in units of my

m; = 1.0 m, = 1.67 x 1072

me = 3.6x107°3 ms = 3.1x107%

m, = 13x107° mg = 2.3x107°

m. = 1.0x 102 ms = 2.9x10°"

m, = 62x10* my = 5.2x107"

me = 3.0x10°° my = < mo

0.976 0.22 0.004 0.85 -0.54 < 0.2
Vy=1-0.22 098 0.04 U =] 033 062 -0.72

0.007 -0.04 1 -0.40 -0.59 -0.70

Im (V’“”VCS) —0.34
Vus‘/cb



Minimal SO(10) Model

EYukawa — fij16i16j10H —|— h?;j16?;16j126[_[

Two Yukawa matrices determine all fermion

masses and mixings, including the neutrinos
My,
Mg

A+ B, M,p=A-3B
aA+ B, My;=aA —338B
MVCICB

Model has only 11 real parameters plus 7 phases

Babu, Mohapatra (1993) Bertolini, Frigerio, Malinsky (2004)
Fukuyama, Okada (2002) Babu, Macesanu (2005)

Bajc, Melfo, Senjanovic, Vissani (2004) Bertolini, Malinsky, Schwetz (2006)
Fukuyama, llakovac, Kikuchi, Meljanac, Okada (2004) Dutta, Mimura, Mohapatra (2007)

Aulakh et al (2004) Bajc, Dorsner, Nemevsek (2009)



Specific Example for Quark & Lepton masses

Fit Input at GUT scale

tan 3 =55

m, = 0.85 MeV myg = 1.08 MeV
me. = 222.3 MeV ms = 34.3 MeV
my = 85.5 GeV mp = 1.549 GeV

oy = 1.508

Vus = 0.22 V,;, = 0.0027 V,; = 0.036

:> Output: Type Il Seesaw

sin? 20, = 0.635
sin? 20,3 = 0.08

sin® 204, = 0.892

Am?

Sl = 15.2
Am%

Babu, Macesanu (2005)

sin? 2013 prediction in nice agreement with Daya Bay results

sin? 2073 = 0.092 + 0.016 + 0.005

5.20 effect




Theta(13) in Minimal SO(10)

100 |
75 - 40 - ]
50 7 I
20 - 7
25 | Pttt ] 7 ...... i
P 5 s T R 0 L _
0.05 0.075 0.1 0.125 0.15 -1 0 0.5 1
sin’ 20,, Oy

sin2 26013 and CP violating phase &y
K.S. Babu and C. Macesanu (2005)

sin? 2073 = 0.092 + 0.016 + 0.005 5.20 effect




Summary and Conclusions

Grand Unification idea appears to be very promising

Supersymmetry an essential ingredient, which
should show up at LHC when it resumes

Proton decay may be within reach of next
generation experiments

Both p — e and p — KT may be observable
Light gauginos and heavy scalars preferred for LHC

Minimal SO(10) model predicts “correct”
neutrino Mixing angle
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Point 1 Point 2 Point 3
M /o 922 915 1419
mo(1,2) 621 551 771
mo(3) 1256 1437 896
tan 3 16.98 15.45 18.15
Ap -4255 -4246 -4189
1 3112 2656 2662
ma 804.8 798.6 545.8
sign(ye) + + +
mp 124.5 124 125
myg 809 803 549
Mg+ 814 808 555
mgo 400, 763 396,755 620, 1168
mso, 3087, 3087  2635,2636 2644.2645
M 766, 3087  758,2639 1172, 2649
mg 2058 2040 3041
Mir n 1946, 1912 1906, 1893 2853, 2796
mi , 1358, 1910 1141, 1872 1545, 2366
mi, g 1948, 1860 1908, 1817 2854, 2717
mi, 1863.2089 1843, 2179 2338, 2640
mp, 9184 889 1282
My 9184 889 1812
Msp p 925, 585 897,413 1288,718
M, 1122, 1388 1291, 1563 623, 1298
osr(pb) 4.54 x10712 6.76 10712 2.31 <10~ 11

osp(pb) 2.45 x10=? 1.25x1079 2.26x10~10

Qcpuh?

0.11

0.108

0.121




Daya Bay Reactor Neutrino Experiment

L3
®

o 14
AD3 Ling Ao-11 NPP

a Ei
° 12
Ling Ao NPP

EH2

EH3
AD6

AD4
Q% ADS5

AD1 AD2

e DI
200 m ®m

B Daya Bay NPP
Py ~ 1 — sin? 203 sin*(1.267TAm3, L/ E)

R = 0.940 & 0.011(stat) £ 0.004(syst)

sin? 2613 = 0.092 + 0.016(stat) £ 0.005(syst)




