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The Standard Model

(Special) Relativistic Quantum Theory

v

v

Point-like particles as excitations of fields

Three Forces are transmitted
by carrier particles Elementary
Particles

v

Internal Gauge symmetry

v

SU(3) x SU(2) x U(1)y ¢ u ¢ t "
E up charm top E
» Spontaneously broken sBdls b} g t
via Higgs Mechanism R e S
2 WYe| V| Ve 2
E ey ﬁgutrﬁg ng-llJLilriRn neutring E
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| electron§ muon tau boson

| Il il
Three Families of Matter
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The Standard Model
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Lagrangian

1
L = iy;G4DHy; — 2 BOFO + Y, Wi HE + hoc.+ |D,H|? — V(H)

Re-normalizable gauge theory based on

SUB)xSUR2), xUQ)y

One scalar Higgs field H = (1,2,-1/2)
Fermion content

(e]

in terms of chiral Wey/
SU3 SU(2 u(1

the fact that left/right- 3 +1/6
handed parts couple uC 3 1 -2/3
differently dc 3 1 +1/3
(times 3 for generations) I 1 5 _1/2
e’ 1 1 +1
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The Standard Model

Lagrangian

v

_ 1
L = i;ot D — 7 Fip, FOM + Y, Wi HE + hoc.+ |DyH|? — V(H)

v

Gauge Sector
Gauge Symmetry: SU(3), X SU(2);, X U(1)y
Three gauge couplings

v

v

v

Global symmetry U(3)> (rotation in generations space
per fermion species)
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The Standard Model

» Lagrangian

1
L = iy;G4DHy; — 2 BOFOR + Y i, W;H + h.c.+ |D,H|> = V(H)

» Yukawa Sector explicitly

L 3 YYQ:H U +Y5Q;HdS + YSL;Hef + h.c.

» Freedom to rotate in flavour space

L3 yl'QiHuf +yf U™ Q;Hdf + YSL;Hef + h.c.

> Diagonal terms y lead to fermion masses after EWSB, m = y(H)

- Mismatch of rotations of Q, u¢, d¢ source of
quark flavour and CP violation
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The Standard Model

» Lagrangian

1
L = ipiG* DMy — 2 EEFOM + YijhpsH'O + h.c.+ |D,H|* — V(H)

» Higgs Potential

A
V(H) = —u?H*H + 7 (H*H)?

> From Higgs observation and other measurements:
u=90GeV, 1= 0.13
- Higgs acquires vacuum expectation value leading to EWSB

SU(3), X SU(2), X U(1)y = SU3). x U(1),
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The Standard Model

» CKM mixing matrix only source of flavour and CP violation
> No tree level ‘FCNC’ (Flavour Changing Neutral Currents)
- Z couples diagonally to all fermions
> Suppressed FCNC at loop level

> Suppression of CP violation b
(CPV requires three generations of >
non-degenerate quarks)

» Higgs sector invariant under S0(4)

> Breaks to a global ‘custodial’ SU(2) symmetry
> Strong constraint on BSM models that do not have this symmetry

» Accidental Symmetries

> Baryon number symmetry U(1)p
° Lepton flavour/number symmetry U(1), x U(1), x U(1); 3 U(1),
> Proton is stable
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Outstanding Issues in
the Standard Model

» Experimental/Observational

> No neutrino masses (Oscillations)
No candidate for Dark Matter (Astrophysics and Cosmology)
Origin of Matter-Antimatter asymmetry unexplained (Cosmology)
Inflation is unexplained (Cosmology?)
It explains almost all observations to well!!!

(0]

[e)

o

[e)

» Theoretical

> Naturalness of large hierarchies
- Electroweak scale ~ 10?2 GeV and Planck scale ~ 10'® GeV
- Electroweak scale =~ 10%? GeV and scale of new BSM physics = 7??
- Electroweak scale ~ 10?2 GeV and neutrino scale =~ 1072 eV (or =~ 10'* GeV)
- Electroweak scale ~ (10 GeV)* and cosmological constant = (1073 eV)*
> No explanation for Dark Energy

> Gravity is not included
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Outstanding Issues in
the Standard Model

» Metaphysical / Fine-tuning?
> Origin of structure

- Why are there 3 generations (hierarchically ordered)?
3 gauge couplings? 3+1 dimensions?

- What is the origin of all the different constants
> Why is CP violation so small?

»+ Strong CP problem
- Why are electric charges quantized?

- Charges of U(1) symmetries are a priori arbitrary
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Avenues to BSM Physics

» First Goal: Falsification of Standard Model
» But so far it works nicely! (apart from above short-comings)
» Two approaches to look for signs of new physics

E = mc* AE - At > h/2
Provide enough energy to create Try often enough to see effect of
real heavy particles virtual heavy particles

Frank Deppisch | BSM | HEP Grad Course | 2016/17



iy

University College London

Avenues to BSM Physics

» Experimental

> Accelerator based
High-energy such as LHC
Discovery of Higgs and determination of properties
Discovery/Exclusion of new heavy states
Searches for missing energy processes (Dark Matter)
Lower energy / high luminosity
Precision measurements
Observation/Limits on rare processes
> Non-accelerator based
E.g. direct Dark Matter searches, neutrino oscillations, proton decay
> Astrophysics
+ Cosmic microwave background
Cosmic rays
Large scale structure
- Supernovae
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Avenues to BSM Physics
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» Theoretical / Phenomenological

(e]

Discovery of new structures in Quantum Field Theories
and Effective Field Theories

- Symmetries

Extensions of Quantum Field Theory

- String theory

Better understanding of the Standard Model
Construction of improved BSM models

More precise and general predictions in BSM models

Improved analysis of experimental results
- Simplified Models
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Summary - Part |

» The Standard Model is an outstanding success

» Established as a renormalizable gauge Quantum Field
Theory that is spontaneously broken
> Prototype for many BSM models

» Fully self-consistent, apart from potential fine-tuning,
albeit not very beautiful

» Neutrino masses only immediate hint for new physics
- As we will see can be accommodated pretty easily

» Dark Matter strongest hint that there is another state
out there

» Naturalness has been the strongest theoretical argument
for new physics and motivation to search the “Terascale”
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Part Il - BSM Landscape

» Gauge Unification

» Naturalness Problem

» Supersymmetry

» Extra Dimensions

» Other models

» Mapping the Landscape: Effective Field Theories

» What about
> Neutrino Masses?
> Dark Matter?
> the Matter-Antimatter Asymmetry?
> Dark Energy?

» Summary
» Further Reading
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Gauge Unification

» Apply success of spontaneously Magnetism
broken gauge theory to other 280 Elects
gauge symmetries / larger Elocioweak -
part|C|e Conte nt stanil & S Weak Theory Wezl:oForce

Unification } 3 model o

4 Thl"ee fOrCES II’I SM are . QuGa{at\x?; » QCD Strong Nucle::Force

different but very similar N e e
Unification . [%

» Do they have a common omest]
origin at high energies? Frton oo (e

» Ultimate Goal:

Unlflfcatlon to > : A - - r'Region of SUSY particles
one force S Naf &
= Grand Unified BV I 60 [ =~ -
Theories e SR L L
° :Shielding” due LA o 1o TSR T
to quantum AT > T ===
fluctuations at @ ' =20 e =t T
different energies - e
photon : - Vpholon 0 1103 1610 1616
electron / po;itton “‘ (GeV)
(b)
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Gauge Unification

» Same principle as in SM

> Choose a gauge group (that contains the SM gauge group)
> Assign particle fields (SM + exotics) to
irreducible representations of gauge group

> Choose Higgs representation(s) and scalar potential such that
the gauge symmetry breaks spontaneously

» Example SU(5) -» SU(3) x SU(2) x U(1)
> Fermion representations

[ d5 [0 wg —us w dp
ds —us 0 u{  uy dy
5 | d 10 | wSs —uy 0wy ds
e —uy —uy —usz 0 e°
\ -/, \ —di —d» —dy —e 0 ),

breaking to SM representations

5—{3.1, s} & {1.2", -1},
Wi 10— {3,2, :}& {3, 1.-2} & {1,1, 1}.
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Gauge Unification

> Gauge (adjoint) representations

24 — {87 170} S2 {13 370} ©® {17 170} 85 {37 27 %} s> {ga 27“%}'

° Higgs representations
* One 24-plet %, breaking SU(5)—SU3)xSU(2)xU(1)
- One 5-plet, containing the SM Higgs

5—(3.1.-:}@ (1.2, 1}

o Properties
- Unification to one gauge group / coupling
- Does not exactly work with observed SM gauge couplings (requires SUSY)
- Partial unification around A =~ 10%° GeV
Partial Yukawa coupling unification
- Does not really work for SM masses
- Neutrino masses are not incorporated
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Gauge Unification

Lack of ‘Doublet-Triplet’ splitting of the 5-Higgs
Fine-tuning required to make SM triplet heavy and SM doublet light

Proton decay
Mediated by heavy GUT scale gauge bosons

Experimental limit T2 > 1034y (Super-Kamiokande)
Requires Agyr > 1016 GeV (rules out minimal SU(5) model)
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Gauge Unification

» Example: SO(10)

- All fermions (of one generation) including right-handed neutrino
unified in one 16-plet

16 = {u. dS. dyuy. vo. €. do. ua, us. ds. ds. us. us. ds. e v b,
1: 4 2, o 3, 3

> Large number of possible gauge breaking chains

SO(10)
(f)

SU(B)® U(1) SUA)e ® SU(2), @ SU(2)g

/]

SUM4)E® SU2)L @ U(L)r

[/

SUB)"®@ SU2), @ SUR)p @ U(1)p_1

/565(37 SU(?)L ® U(l)R & U(l)B,L

SUB)e @ SU2), @ U(1)y P Grad Course | 2016/17
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Naturalness

» Generic BSM approach

- View SM as an effective theory, valid up to a certain scale Ayp
> At this scale, it is replaced by a new underlying theory

» General Naturalness principle
> The SM should not be too sensitive to physics at Ayp
> |In other words: Different scales should decouple
> In some sense necessary to do any science
- E. g. physics at LHC should not depend on the weather on Saturn
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Naturalness
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» Connection to symmetries: t’"Hooft Principle

- “A parameter in a theory should only be small if the theory
becomes more symmetric as the parameter goes to zero"

- Example: Lepton and quark Yukawa couplings; if zero, the SM
Lagrangian would have a global SU(3)°> symmetry

» Does not apply to Higgs mass
- would be “naturally” of the order my =~ Ayp

» Quantum corrections to Higgs mass

t

H yz
6mH ~ __87'[2ANP
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Supersymmetry

Particles

» Most popular extension
of Standard Model

» Predicts symmetry between bosons
and fermions

» Unifies force with matter particles Supersymmetic *shadow” paricies
» May explain why Higgs mass
is 125 GeV
r| Region of SUSY particles
» Deep theoretical advantages o ]

- Maximal symmetry of a Quantum §<:::\\\W‘“‘ e =
Field Theory is 40 sgz),,//\'*ng":\\
Poincare x Gauge x Supersymmetry| 5 |7 ==

> Supersymmetry is needed for a 5% AT | winsuer ]m
quantum theory of gravity o — o e

n (GeV)
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Supersymmetry

» Solution to naturalness problem
> Cancellation of quantum corrections to Higgs mass

P
H H
Sm2 ~ — Vi p2 2% A2
. mpy ~ — g 2 Anp T e S ANp
2
VSN Ay =Yt
i.‘ )’i
H H
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Supersymmetry

» The MSSM
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> Minimal supersymmetric version of the Standard Model

Superfield | s =0 | s = % s=1|8SUB)cxSU2),xUQ1)y
Qi (Qi)r | @ - {3.2, 1}
u; (ui)e | uj - {3.1,-3}
nf (ﬂf?]L df - {3.1, 3}
L; (L | L - {1,2,-1}
€ (€ | € - (1.1, 1}
I_:ru Hu i?u - {1121 %}
Hy Hy; | Hy - {1,2,-1}
) (8,1, 0}

{1,3, 0}
{1,1, 0}
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Supersymmetry

» SUSY can not be exactly realized in nature as we do not see
partners of the SM particles

> SUSY must be broken but not too much to spoil the nice parts

» SUSY breaking in a hidden sector

- mediated to the visible sector (MSSM) via gravitational or gauge
interactions

Hidden MSSM
Sector

mediator

- Effective description: “Soft SUSY breaking Lagrangian”

Lot = — % (_.-1-13 33+ MWW + MyBB + C.c.)

- (Aufffyu@Hu — Aydy,QH; — Ay LHy + c.c.)

Y ¥ - T 27 i - Tow T - o
— m‘zQQ - I’ miL —u” miuC —d“ mgcfC —e“'mZe”

— mi,hH;Hu — mide*Hd — (BopH Hg + c.c.).
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Supersymmetry

» Large number of free parameters
- Look at simplified scenarios
- e.g. SUSY breaking parameters unify at GUT scale =~ 10'® GeV (mSUGRA)

» Lightest SUSY particle (LSP) made stable via introduction of
a "Z,"“ symmetry called R-parity

Assigns -1 to SUSY particles and +1 to SM particles

Ensures proton stability

Makes the LSP a potential Dark Matter candidate

Generic signature at colliders: Missing energy as LSP escapes

o

[e)

(0]

[e)
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Supersymmetry

q

» Production at the LHC

g ; .
i - Prospino2. 1 All searches so far rely on
' producing gluinos and/or |st,
GidBBJi pp —*SUSY =TTV - 2nd gen. squarks, different decay
1 channels
Stops have small cross
sections: q
_ 10
ag(tt’) =~ 30 th
at 500 GeV :
10
10
00 /200 300 400 500 600 700 800 900
mavcmsxc [Gev]
Chargino/neutralino (e.g. higgsino) cross
sections are even smaller
Plot credit: H. Bachacou talk at LP-1 |
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ATLAS SUSY Searches™ - 95% CL Lower Limits ATLAS Preliminary
Status: August 2016 \s=7,8,13TeV =
Model GULTY Jets ET™ [rdam™) Mass limit Vi=7,8TeV | {F=13TeV Reference
T T — T T T T T —TT
MSUGRACMSSM 0-3epf-2r 2-10jeis/3b Yes 203 1.85 TeV m{ahmm 1507 05525
g4, q—,q,ifg 0 2-6 jEtS Yes 133 mLh]-aznoeuv m(1% gen_ gl=m(2™ gen. g} ATLAS-CONF-2016-078
8 93.9—an D{Dnmpressed} mono-et  1-3pts Yes 3.2 m{q] mie})<5GaV 1604.07773
E Bb. 240k 0 26jpts  Yes 133 miE}}=0GaV ATLAS-CONF-2016-078
R, 2—+qqki —1qu*}<: 0 e6jets  Yes 133 miE} <400 GaV, m(*}=0.5(m{F] )+mi(z)) ATLAS-CONF-2016-078
,g B ﬁ,‘—rqq[f‘ff »IFy Jep 4jets - 132 m(i} }<400 GaV ATLAS-CONF-2016-037
WZE| 2ep(S8S) 0O3fEts  Yes 132 miy) <500 GaV ATLAS-CONF-2016-037
2 GMSE { NLSP} 1-27+0-1¢ 02jfls  Yes 32 1607.05979
% GGM (bino NLSP) 2y - Yes 32 er{NLSP}<0.1 mm 1606.09150
g  GGM (higgsino-bino NLSP} ¥ 1h Yes 203 m{E})<850 GaV, cr{NLSP}<0.1 mm, <0 1507 05403
=  GGM (higgsino-bino NLSP} ¥ 2pts  Yes 133 ML )> 5680 GaV, er{NLSP)<0.1mm, g0 ATLAS-CONF-2016-066
GGM (higgsino NLSP) 2epulZ) 2 jets Yas 20.3 miNLSP)= 430 GaV 1503.03200
Gravitino LSP 0 mono-jet  Yes 203 m(&)>1.8x 10-* @V, m(g)=m(g}=1.5 TV 1502.01518
a'g ¥k, 4—bB| 0 3b Yes 148 miiti=0 GaV ATLAS-CONF-2016-052
E D 2ty 0-1ep 3h Yes  14.8 miil =0 GaV ATLAS-CONF-2016-052
Emo g p—bit| 0-1ep 3b Yes 204 miEt <300 GaV 1407 0600
g bibi By—bij 0 2b  Yes a2 mit})<100 GaV 1606.08772
g = by, 5|—m’1 2, (SS) 1h Yes  13.2 mi¥} )= 150 Gav, m(E)= mE)+100 Gav ATLAS-CONF-2016-037
E Fiiy, BT 0-2¢pu 1-2bh  Yes 4.7/133 miE; ) = zmiE?), miEt =55 Gav 1209.2102, ATLAS-CONF-2016-077
iy, r|—>w&k| or:xl 0-2ep 0-2)els/1-2h Yas 4.7/13.3 miE =1 GaV 1506.08616, ATLAS-CONF-2016-077
§ iy i 0 mono-jet  Yes 3.2 mii)-miE ] =5 GaV 1604.07773
‘g i1 {natural GMSB) 2eplZ)  1b  Yes 203 m{E] 1= 150 Galt 1403 522
T 5 Dinioi+Z de.pi(Z) 1b Yes 133 m{¥|)<300 GaV ATLAS-CONF-2016-038
lep Glets+2b Yes 203 miit=0GaV 1506.08616
2e.p i Yes 203 miE} =0 GaV 14035204
Zep 0 Yes 203 miE =0 GeV, miF. #=0.5im(Es 1em(E) 1402 5204
2r - Yes 203 miEy =0 GeV, mit. ¥l=0.5(miE] Jemit1 )} 1407.0350
= A’le—}?LvﬁLf(M £5dy Ev) Bep 0 Yes 203 |ApA 715 GeV miET emiEs), miES =0, m(E, #l=0.5imiF; }+miE))) 14027029
Ws vy 23ep  02fts  Yes 203 I'f,,?i 425 GeV miE; =miE3), miE] =0,  decoupled 14035294, 1402.7029
xbﬂ—; ,muﬁ h—bb|WW/rrfyy ©HY 02bh  Yes 203 x’xf 270 GeV miEF l=m(E3), mie} =0,  decoupled 1501.07110
¥ats, ¥a3 —igf dep 0 Yes 203 )2:5 635 GeV miES=mii5), miET)=0, m{f, #i=0.5(m(E5)+miEt)) 1405.5086
GGM (wino NLSP} weak prod. lTep+y - Yes 203 W 115-370 GeV er<1mm 150705403
GGM (bino NLSP) weak prod. 2y - Yes 203 |W 590 GeV cr<imm 1507.05403
Direct.iyiy prod., long-ived i Disapp. k. 1jet  Yes 203 miE; )-miE §)~160 MeV, Tk }=0.2 ns 1310.3675
Direct ¥1¥7 prod., long-ivedi7  dE/dx trk - Yes 184 mEEE)-mE )~ 160 MaV, (k1 )<15 ns 1506.05332
E Stable, stopped ¥ R-hadron 0 165pts  Yes 278 11=100 GV, 10 ys<1(F)<1000 s 1310.6584
. -g Stable g R-hadron trk. - - 32 1606.05129
&E Metastable 2 R-hadron dE/dx trk - - 32 mi¥T=100 GeV, r=10ns 1604.04520
5 g_ GMSB, stable i’,,f?—*i’(ﬂ.ﬁ)+r{f.p] 12p - - 191 10<tang=50 1411 6705
= GMSE, ¥1—G, long-lived & 2y - Yes 203 1<r(i})<3 ns, SPS2 modal 1400 5542
R, X i—veev/euy ppy displ. eefep/pp - - 203 1.0 TeV 7 <orlf i 740 mm, migl1.3 TV 1504.05162
GGM pp, ¥]—2ZG displ. vix + jets - - 20.3 B <crif| k 480 mm, mig=1.1TaV 1504.05162
LFV pp—¥; + X, ¥.—ep/er/pr ELETUT - - 32 Azg =011, dgayiay2ey=0.07 1607.08079
Bilinear RPV CMSSM 2 e, (85) 03k Yes 20.3 mig=mig), etpsp<1mm 1404 2500
FTHTL T SWELE seev eun vy 4ep - Yes 133 M) 400GV, Az (& = 1,2) ATLAS-CONF-2016-075
= Bk A oWE L orovery,  Sep+T - Yes 203 M= 0.2%miE ), Ayme0 14055086
& BB, 8999 0 4-5large-Rjets - 14.8 BR(1}=BR(b}=8R(c)=0% ATLAS-CONF-2016-057
22, 2—ggt1, &1 — ggq 0 4-5large-Rpts - 148 miE})=800 GaV ATLAS-CONF-2016-057
B B—iit, fi—bs 2 e,pu(35) 0-3h es 13.2 mify)=750 GaV ATLAS-CONFE-2016-037
iy, fj—bs 0 2jets+2h - 15.4 ATLAS-CONF-2016-022, ATLAS-CONF-2016-084
iyiy, iy —bt 2o 2b - 20.3 BR(7| —sbe/u)>20% ATLAS-CONF-2015-015
Other Scalar charm, é—ci 0 2¢ Yes 203 510 GeV mii? )< 200 Gav 1501.01325
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iImensions

» Are there more than 3 space

Extra

Viewed from Far Away
1 apparent dimension

A--——------»

Viewed from Close Up

2 dimensions

Lo
f
V

dimensions?

Possibly wrapped up

(e]

We are stuck on a 3D subspace

(¢]

iy
=
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Hidden World
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Extra Dimensions

» Potential solutions to the hierarchy / naturalness problem

> There is no hierarchy - ADD / Large extra dimensions
- SM is on a 4D “brane” inside larger dimensional space
- Gravity is diluted as permeates all dimensions

IANILD) 1
V() ~ e o (P < 1)
Pl(4+n)

- The large Planck scale is only effective, true Planck scale is near EW scale

lTeV) 3

mew

Mfgl ~ 123}F(Z+n)Rn- R ~ 10" Yem x (

- Gauge symmetry is broken as part of the compactification of an
extra dimensions (near the EW scale)
- Kaluza-Klein modes cancel corrections to Higgs mass
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Other models out there

» Technicolor, Composite Higgs
> Higgs is composite bound state (analogous to mesons in QCD)
- New strong force around the TeV scale
- Non-perturbative, difficult to calculate

» Little Higgs

> Introduce global symmetry that forces Higgs mass = O,
and slightly break it

» AXions

> Strong CP problem: Explain absence/smallness of CP-violating
term in SM Lagrangian

GHYGPO

b0 = 3am e

> Light particles with small couplings

» Hidden Valley models
> Light particles with suppressed couplings to SM
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Effective Field Theories
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» The Standard Model is re-normalizable and contains only
operators in the Lagrangian of dimension 4 or less

» Physics at higher scales introduces effective

higher-dimensional operators
“Integrate out” heavy particles

(H)

Singlet
L Yv Yv

(H)

L

(H) (H)

—y

O~

» Parametrize in terms of effective operators 0} at with dimensions

n=>56,7..

suppressed by powers of New Physics scale A}"

Leff =

Anp

NP

2 CiOL(SM fields) + h. c.

Operators 0. are constructed out of SM fields and invariant under
Lorentz and SM gauge transformations
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Effective Field Theories m

» Examples

> Dimension-5 operator (only possibility)

Os = (L;- H)(H* - L))¢

- Dimension-6 operators mediati
- Two Lepton-Higgs-Photon
O¢(llyH) = Lic* efH"F,,

- Four Lepton

—> Neutrino Majorana masses

ng charged lepton flavour violation

—> u — ey etc., g — 2, EDMs

L L etc.,
O(Ulll) = Ciy"L; YTy Ly ), etc. [ ™ Nops in

- Two Lepton-Two Quark

NSIs in neutrino oscillations

= = u — e conversion in nuclei,
Oe(llqq) = (LiV“Lj )(Qky*Q, ), etc| —>

Meson decays
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Neutrino Oscillations

>

v

v

v

>
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Neutrino interaction eigenstates different from mass eigenstates
> Neutrino flavour can change through propagation - LFV

. normal hierarch inverted hierarch
vi = Ugivg,  vi(t) = e iEit=Pidy, () e ) '
P in? 20 sin? 127Am2 L/km
= g = SIn Sin . . — (1,)° m,)” e— —
a=p eV2 E/GeV e .
(m]):ﬁ =)
Solar Neutrino Oscillations
> Large Mixing (Am)
. . . e (Am),,,
Atmospheric Oscillations .
> ~ Maximal Mixing
. LI f—(m:)z
Reactor and Accelerator Neutrinos (amd), ,
—a— ()" (m,)’m —

> sin? 20,3 = 0.092 + 0.021

Experimental Unknowns and Anomalies
> CP Violation? Sign of Am,5? Sterile Neutrinos?
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Neutrinos

» Have tiny masses

neutrino
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Neutrino Masses

» Two possibilities to define neutrino masses

£ VR—ﬁQ?K 7R=VR—6%?§
+ +
lp i

Dirac mass analogous to other fermions Majorana mass, using only a left-handed
but with ™/, =~ 107'? couplings to Higgs heutrino — Lepton Number Violation
(H) (H)
Y A4
S/
vy e
— \/ .
17}
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Neutrino Masses

» Two possibilities to define neutrino masses

\) (\'b' 20,679 Physicians
9@5@91;—@?& “/“LUCKIES
l are less uitating’

6
“It’s toasted”
r Throat Protection against irritation against cough

Dirac mass analogous to other fermions Majorana mass, using only a left-handed
but with ™/, =~ 107'? couplings to Higgs heutrino — Lepton Number Violation
(H) (H)
Y A4
S/
vy e
— \/ .
17}
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Neutrinoless

Double Beta Decay
» Process (4,Z2) » (A,Z +2) + 2e~

» Uncontroversial detection of 0vgBp
of utmost importance

> Prove lepton number to be broken
> Prove neutrinos to be Majorana particles

University College London

| s L MeVE iy
(Schechter & Valle '82) m, = (167‘[2)4 Mﬁ, = e
»  Which mechanism triggers the decay?
Light Neutrino Exchange General Effective Operator
d u d u
W
e e uueedd
v 5
e e Mpny
W
d u d u
TOPP ~ 1025y > Myyy ~ 1 TeV
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Absolute Neutrino Mass

p = allowed Bp 5
» Energy Endpoint in Beta Decay @w/\ ML

2 __ 2...2 2 ~ (0.2 eV)?
mg = 2i|Ueil my, < (2.2 eV) (KATRIN, 2018)

» Neutrinoless Double Beta Decay

neutrinoless pp =~

Tritium B-decay spectrum near endpoint

mgp = L U5m,,| <0.2--1.0 eV

» Impact on Large Scale Structure ava
L =3m, <03-1.0eV

Eo=18590eV-Es

meV eV keV MeV GeV Tev RN T
- i , ‘ ‘ ‘ E-E (eV) m,=1eV
] A u c t
©
S | s A
g 3 ‘ A Planck +WP-+highl
[}
o +highl
v, ‘ d s | b w
2| 1 [ n rocoe
high!

v, e n T
1} , v \ 2 4 B
5 4, 3 2 4 2 3.4 65.6.7.8.9. 10 11 12
10 10 10 10 10 1 10 10 10 10 10 10 10 10 10 10 10 10 04 = Tt
.0 04 08 1.2 16 2.0
mass (eV) Tm,[eV]
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Lepton Flavour versus *yCl
Lepton Number Violation

Neutrinoless _ _ ut - e”
double beta decay S conversion in nuclei
N . .

n 3 23.’ P - e- H ®
e o L2 q  .q
WY € = /o \
- Y e — f=HEISoN=S
e —y NN
n.d: dip = p Nucleus o
AL, =2,AL,=0,AL=2  AL,=1,AL, =-1,AL=0 AL, = 1,AL, = 1,AL =2
Lepton Number Lepton Flavour Lepton Flavour
Violation Violation Violation +
Lepton Number
Violation
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» Effective operator for Majorana neutrino mass - -
> Only dimension-5 operator beyond the SM <-k> <,|_>

N\ /

N\ /

1 hij —c T 1 —c
LD Th (L - H)(HT - Lj) Iy E(mv)ijvi Vj L_>_U_<__Z

» Seesaw Mechanism
- Add right-handed neutrinos N; to SM, My ~ 10'* GeV

_ 1 1 ] _

ULM p
. . H H
» Light neutrino mass <-k> <,|.>
N\ /
Y,(H) \° /104 GeV N
— — —— —<—
100 GeV M L yv.yv L
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Heavy Sterile Neutrinos
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Experimental Searches

» Constraints on coupling 1 ey
to leptons |Vy| T
: L
» Neutrinoless Double Beta 0.01 ‘:‘_ :
Decay o N
> GERDA e !
o stringent for pure 10 £ ; DELPHI
Majorana N - [ 00, Sy T~ = = = = =
» Peak Searches in Meson 2 107 -
Decays ~ :
T, K - ev -8 i i
Belle 10 ]
» Beam Dump Experiments 1010 |
> e.g.PS191, CHARM ;
LBNE —
10712 ' -
» LNV Meson Decays 0.1 1 10 100
K FFD, Dev, Pilaftsis
] SH_i)Peeﬂ NJP 17 (2015) 7, 075019 My (GeV)
» Z Decays
- LEP: L3, Delphi
FCC-ee
» Electroweak Precision Tests
- EWPD: Fit of electroweak precision observables,
lepton universality observables
?
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Dark Matter

» There must be more mass
than we can see T
- Galaxies rotate “too fast” >
- Motion of Galaxy clusters *§ exped:?‘\
> Universe Structure Formation ;_§ \\\
» What is it? .
G—B-FGWH—DW&F%—?—G&SJ—D-H-S{—?—B-L&GIGF@-ESQ Distance from center of galaxy —>
> Less than 20% is “normal” matter b iy
> Should be heavy, (quasi)-stable, e
non-baryonic, neutral _,
> Most popular:
WIMPs . ou
“Weakly Interacting Massive Particles” .»ho:njﬁ o
For example: Neutralinos in the MSSM 155
i
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Matter-Antimatter e

University College London
Asymmetry
» What happened with all the antimatter?

» If perfectly balanced, it
would have annihilated
to nothing

be a big

- - Q‘
= | hdifference §f
= = q K
L |
. A |

» Particles and
Anti-Particles need to
behave slightly
differently i P

\i\/ /
T

Y Spin—Up Spin—Down
D Electron Positron
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Matter-Antimatter QL
Asymmetry

» Models have to satisfy
Sakharov conditions:

ASYmmerry
> Baryon number violation Q
> C violation

o CP violation

> Departure from thermal
equilibrium

\i\/ /
Wi

e/ |

Y Spin—Up Spin—Down
D Electron Positron
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Matter-Antimatter
Asymmetry

» Example: Leptogenesis
> Generation via heavy neutrino decays
> Competition with LNV washout processes
- Solve Boltzmann equation(s) for number
density of (leptons - antileptons)
> Conversion to baryon asymmetry

- EW sphaleron processes at T = 100 GeV
* Observed asymmetry

i A

—
ng = ———2 = (6.20 + 0.15) x 1010

=
> {QN
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Dark Energy

Dark Energy
Accelerated Expansion

Inflation predicts a rapid
exponential expansion in
the early Universe

Universe seems to be currently
accelerating in its expansion

Not possible with only matter
and radiation present

QFT vacuum energy leads to
exponential expansion but
Observed cosmological constant

= (1073 eV)*

Naive estimate = A%; ~ (108 GeV)*
Lowest estimate = A%y, ~ (102 GeV)*
- Predictions are ‘slightly’ off
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Summary - Part Il

There are a
lot of models
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Summary - Part Il

» There are a lot of models

» Some are better than others (potentially solve more
problems of the SM)

» But there is no clear preference at the moment

» Searches for New Physics should probably best be driven by
experimental signatures

» Very different models can have very similar signatures

> Missing energy signatures in SUSY and Extra-Dimensional models
(production of gravitons escaping the detector)

» Description in terms of Effective Field Theories provides a
convenient way to do BSM physics “model-independently”

> Without clear sign of New Physics, stronger emphasis on model-
independent analyses (EFTs, simplified models)
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Further Reading

» | only list two books that cover a range of BSM physics
frameworks. More detailed treatments of specific BSM
models can be found in dedicated literature

“Unification and Supersymmetry: The Frontiers of Quark-Lepton
Physics”, Third Edition, Rabindra N. Mohapatra, Springer
- Very theoretical and requires good knowledge of group theory

- Provides a concise, insightful and detailed look into BSM gauge theories,
supersymmetry and connections to string theory

- “Beyond the Standard Model of Elementary Particle Physics”,
Yor|k|yo Nagashima, Wiley-VCH

- Quite recent and covers a wide range of frameworks
(GUTs, SUSY, EDs, Axions)

- Does not go very deep into theory but covers the phenomenology well,
with many plots from original research papers

» Includes cosmology and astrophysics (DM, Dark Energy)
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