Puzzles of the Standard Model
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Outline

® |ntroduction to the Standard Model.

® Qutstanding problems of the high-energy physics (signals of beyond the
SM physics)




The Standard Model: Theory

& Gauge symmetry: SU(3)c x SU(2);, x U(1)y
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& The Higgs sector:
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® The minimal choice H = ( (H+GG0)/\/§
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& Fermions
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Gauge transformations:

9(o) — exp {~igT',(0) i 3 Blo) | w(o
Gauge interactions:
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Yukawa interactions:
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UIT{MUUL = dlag(mua Me, mt) D}L-{MdDL = diag(md7 M, mb)
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Uckum:
® unitary complex Ny x Ny matrix,
g — e%g = %(Nf — 1)(Ny — 2) phases in Uck

" N;>3 = CP violation in charged currents
& Masses in the SM: my X gu my, X A2y my X gv
Leptons:

m, <2.2eV my, S22MeV m, <18 MeV
me =0.5MeV m, =105.5MeV m, =178 GeV




Very good agreement between the SM and the existing data

July 2015 CMS Preliminary

% 7 TeV CMS measurement (L < 5.0 fo™)
§ 8 TeV CMS measurement (L < 19.6 fb™)
— 7 TeV Theory prediction

— 8 TeV Theory prediction

Z CMS 95%CL limit
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Outstanding problems of the SM

& Gauge-Higgs sector:
B The hierarchyproblem - Radiative corrections to the Higgs mass




® Why is the scale of electroweak physics (10° GeV) so low compared to
the Planck mass (10" GeV) - the scale of gravity?

® The strong CP problem
» symmetries of the SM allow for

Tr (FWF’“’) = %e“”aﬂTr (FWFa ﬁ) A, (FWF’“’)

» odd under CP




® What is the 750 GeV state observed at the LHC as a di-photon
excess’

» ATLAS Collaboration, “Search for resonances decaying to photon pairs
in3.2fb ! of pp collisions at /s = 13 TeV with the ATLAS detector”,
Tech. Rep. ATLAS-CONF-2015-081,

» CMS Collaboration, “Search for new physics in high mass diphoton
events in proton-proton collisions at /s = 13 TeV", Tech. Rep.
CMS-PAS-EX0-15-004,

» CMS Collaboraticlm. “Search for new physics in high mass diphoton




Table: Summary of the LHC di-photon excess at the invariant mass of
~ 750 GeV from the ALTAS and CMS collaborations at energy
/s =13 TeV (o is the local statistical significance).

ATLAS @ /s =13 TeV | CMS @ /5 =8 & 13 TeV

Excess 3.90 3.40
o(pp — vY) (10 £ 3) fb (6 £3)fb
__ CMS Preliminary 3.31b" (13 TeV) + 19.7 fb” (8 TeV) . CMS Preliminary 3.3fb" (13 TeV) +19.7 fb” (8 TeV)
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& The flavour sector:
B parity violation:
e _ _
W ay,(1—vs)d; — Wtk Yy, (1+75)d;
Maximal parity violation, why?

= Charge quantization, why ¢, = 3, ¢4 = —% and ¢, = —17

®= Number of generations, why Nf =37




= Mixing angles and fermion masses - the flavour problem
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® B-meson anomalies




® B-meson anomalies

_ BR(B— XT10)
R(X) = BR(B — X (D)

for { =e, p, B(*)E|I_J...), D(*)E|c...>

: R(D) R(D")
SM 0.297 £ 0.017 0.252 £ 0.005




® B-meson anomalies

B =), K® =|s--)
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= Flavour-changing Higgs decays

H — T+,u_ H—7te”

| [ ATLAS | CMS |

BR(H — 1) | (0.53+0.51)% | (0.847059)9%




& Cosmology
Dark matter evidence:

® Galaxy rotation curves

Galaxy clusters and gravitational lensing
® Cosmic microwave background

Structure formation
SM has no candidate for dark matter
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m Galaxy rotation curves

Observations
cm hydmgm

o™

2 30
R (x 1000 ly)

from E. Corbelli; P. Salucci (2000), “The extended rotation curve and the dark matter halo of M33"”, Monthly

Notices of the Royal Astronomical Society 311 (2), 441



Dark matter direct detection

WIMP —nucleon cross section [cm?]
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® Dark matter publications

"dark" and "matter" in a title
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" Q) =207 = ~ 10203, = (1072 V)* while
typlcal mass scale of the SM is (9(100 GeV)! Explanation needed!

® |nflation: period of fast expansion of the very early Universe,

a(t).z - <\/§ t)




® Baryogenesis and SM CP violation n = "” o=~ b~ - 1071

The Sakharov’s necessary conditions for baryogene5|s:
» B number violation

» C and CP violation
» Departure from thermal equilibrium

SM:

» B number violation: OK




& Parameters of the SM:

me My, Mg M, Mg My
my, muu my,_ Mg Mg Ty
/
g,9 v 9s > mp, A, Uoky 5 Upyns

(eqepsindw) (agep) (WA Or230cp g, ., 60,




& Summary of the SM puzzles
® |ack of DM candidate
® mechanism of baryogenesis unknown (more CPV needed)

= the strong CP problem




On the way beyond the SM

® The scalar sector weakly constrained

» Higgs-boson representation:




Higgs boson production
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Higgs boson decays

W,z U g
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& The simplest model of DM: Higgs portal interactions

O(N):3— O0¢g

1
[’scalm‘ = 58;1958#95\ + DuHTD“H - V(H7 ()5)




Vacuum stability:

[ALA my, | A
)\H, )\(p>0, )‘:t> 6 % 3

Tree-level unitarity constraints emerge from the SM condition for V; V},
scattering and from the requirement that all possible scalar-scalar scattering
amplitudes are consistent with unitarity of the .S matrix

8
my < —7T'v2, Ay <81 and [A\,| < 4n
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Pcrit \/ﬁmPl <UU> GeV
where z; = m,, /Ty, and T is the freeze-out temperature given in the first
approximation by
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& Extra Higgs bosons
® SM single Higgs doublets quite unnatural, why only one?
® extra sources of CPV from the scalar sector (for baryogenesis)
® explanation of weak mixing angles through horizontal symmetries
Ng 3 ) )
£o>-> % (r?ja,-RHaTQjL +T5d g HO Qi + H.c.)
a=1i,j=1

H“—>H§H5, ug = Ulujp, dig—Dldig, Qir— Q¢
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= Multi-doublet models favored by the p measurement

® An example of extra Higgs boson scenario: the 2 Higgs Doublet Model:

V(b ¢s) = milgal” +mildal +mi(e™ o]y + e ghoy)+
FA1(8161)” + Ao (0402)” + Ay (6] 61)(8hn)+
a0 0) (8hn) + X5 [¢(6]65)” + Huc.| +

+25(6161) |l 2 + Hee.] +Mr(0h2) [ 616, + He

2
where m; and ¢; real




Difficulties/Advantages of extra-Higgs-boson scenarios:
® many new parameters (m?,)\i,@-)
® tree-level FCNC to be or not to be suppressed

Ny Ny

o Vg d Uy
M@;=ZF§;E, Mz’j=zr%ﬁ

a=1 a=1

& Extra gauge symmetries




@& Extra dimensions (more special dimensions)

® Warped extra dimensions (Randall and Sundrum): solution to the
hierarchy problem

RSI,D=4+1
/d :c/ dp/—g(2M>R — A)+
/ d* 27/~ guis(Lois — Viis) + / d* 2/~ gnia(Lnia — Viia)
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+m _
Set D 2 / &'z { / d¢M3rce—2’”c'¢'] V=g R for G, (x) = nythy,
\
To reproduce GR
+7 M3
MPl M3 dd) 6_2kTC|¢| _ T(l _ e—zk’f‘cﬂ')

—T

The hierarchy problem within the RS |




& Simplest (simplistic) solutions - pragmatic approach

| problem | solution
lack of DM candidate many options e.g. extra scalar
:);:: source of CPV needed for baryoge- generic 2HDM, FCNC present
strong CP violations (why is F'F' small?) | Peccei-Quin axion model
lepton non-universality - B meson | extra U(1) gauge symmetry with non-
anomalies universal leptonic charges

Randall-Sundrum like 5-dim models: ra-

the 750 GeV state . .
dion or graviton

extra Higgs doublets, e.g. generic 2HDM
with FCNC

FCNC in h — T or e




Summary

= SM problems:

dark matter
baryogenesis
the strong CP problem
B-anomalies
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