‘ Phenomenological Issues in Beyond the Standard Model I

e The Structure of the Standard Model
e Testing the Standard Model

e Neutrino Physics

e Beyond the MSSM

(Second lecture available at dept.physics.upenn.edu/~pgl/tasi2.pdf)

TASI (June 5, 2003) Paul Langacker (Penn)



‘ The Structure of the Standard Model I

Remarkably successful gauge theory of the microscopic interactions.

1. The Standard Model Lagrangian
2. Spontaneous Symmetry Breaking

3. The Gauge Interactions

(a) The Charged Current
(b) QED

(c) The Neutral Current
(d) Gauge Self-interactions

4. Problems With the Standard Model

(See “Structure Of The Standard Model,” hep-ph/0304186)
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‘ Neutrino Preliminaries I

e Weyl fermion
— Minimal (two-component) fermionic degree of freedom
- YL — PG by CPT

e Active Neutrino (a.k.a. ordinary, doublet)

— in SU(2) doublet with charged lepton — normal weak
interactions
— v < vg by CPT

e Sterile Neutrino (a.k.a. singlet, right-handed)

— SU (2) singlet; no interactions except by mixing, Higgs, or BSM
— Almost always present: Are they light? Do they mix?
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e Dirac Mass

— Connects distinct Weyl spinors
(usually active to sterile):
(mDDLNR —|— hc)

— 4 components, AL =0 VL
- Al = % — Higgs doublet hop----- O
— Why small? LED? HDQ? [
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e Majorana Mass

— Connects Weyl spinor with itself:
%(mTD_LVIC% + h.c.) (active);
2(msN§Ng + h.c.) (sterile)

— 2 components, AL = +2

— Active: Al = 1 — triplet or vr vp
seesaw
— Sterile: AI = 0 — singlet or c
VR A VL !
bare mass

e Mixed Masses

— Majorana and Dirac mass terms

— Seesaw for mg > mp

— Ordinary-sterile mixing for mg and mp both small and
comparable (or mg < mg (pseudo-Dirac))
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— Mixings: let v = % (v, £ vr):

vy ~ Vg
vy ~ cosfp v_ —sinfg v,

vy ~ sinfg v_ 4 cosfg v,

3 2
1

2

1 3

— Hierarchical pattern — Inverted quasi-degenerate pattern
* Analogous to quarks, * (330, if Majorana
h d lept
charged feptons x* SN1987A energetics
* (330, rate very small (if Uesz # 0)7

* May be radiative unstable
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— Degenerate patterns
* Motivated by CHDM (no longer needed)

* Strong cancellations needed for 33,, if Majorana

* May be radiative unstable
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e 4 v Patterns

— LSND: Amigyp ~ 1 eV?
— Z lineshape: 2.986(7) active v’s lighter than Mz /2 — fourth
sterile vg

+ 2 patterns
+ 1 patterns

2

-3
24 2 3+1

® Pure (v, — vs) excluded for atmospheric by SuperK, MACRO

e Pure (v, — v;) excluded for solar by SNO, SuperK

e More general admixtures possible, but very poor global fits
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‘ Problems with the Standard Model I

Lagrangian after symmetry breaking:

— . mZH
L = Lgauge + LHiggs + Z "pz (Z @ — my; — ) ’l,bz

| 4

g
2 cos Oy

_ g (J“’ W+ J“TW+) —eJhA, —

JEZ
2\/_ Z =K

Standard model: SU(2)xU(1) (extended to include v masses) +
general relativity

Mathematically consistent, renormalizable theory

Correct to 10719 cm
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However, too much arbitrariness and fine-tuning (O(20) parameters,
not including v masses/mixings, which add at least 7 more, and
electric charges)

e Gauge Problem

— complicated gauge group with 3 couplings

— charge quantization (|qe| = |gp|) unexplained

— Possible solutions: strings; grand unification; magnetic
monopoles (partial); anomaly constraints (partial)

e Fermion problem

— Fermion masses, mixings, families unexplained

— Neutrino masses, nature?

— CP violation inadequate to explain baryon asymmetry

— Possible solutions: strings; brane worlds; family symmetries;
compositeness; radiative hierarchies. New sources of CP
violation.
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e Higgs/hierarchy problem TR Y R T TH

— Expect M3, = O(M3))
— higher order corrections: R e SRR _;OT
6M12{/M12/V ~ 10%* " * Possible
solutions: supersymmetry; dynamical symmetry breaking; large extra
dimensions; Little Higgs

e Strong CP problem
— Can add .2,¢g*FF to QCD (breaks, P, T, CP)

3272
—dny = 0 < 109

— but 59|weak ~ 1073

— Possible solutions: spontaneously broken global U (1) (Peccei-
Quinn) = axion; unbroken global U (1) (massless u quark);
spontaneously broken CP 4+ other symmetries
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e Graviton problem

— gravity not unified
— quantum gravity not renormalizable

— cosmological constant: Agsg = 8wGN (V) > 10°%A,, (10124

for GUTs, strings)
— Possible solutions:
x supergravity and Kaluza Klein unify
* strings yield finite gravity.
x A?
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‘ The Two Paths: Unification or Compositeness I

The Bang

unification of interactions
grand desert to unification (GUT) or Planck scale
elementary Higgs, supersymmetry (SUSY), GUTs, strings
possibility of probing to Mp and very early universe
hint from coupling constant unification
tests
light (< 130 — 150 GeV) Higgs (LEP 2, TeV, LHC)
absence of deviations in precision tests (usually)

%

*

x supersymmetry (LHC)

* possible: my, proton decay, v mass, rare decays

x SUSY-safe: Z’; seq/mirror/exotic fermions; singlets

variant versions: large dimensions, low fundamental scale, brane
worlds
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e The Whimper

— onion-like layers
— composite fermions, scalars (dynamical sym. breaking)
— not like to atom — nucleus +e~ — p + n — quark
— at most one more layer accessible (LHC)
— rare decays (e.g., K — ue)

* severe problem

* no realistic models

— effects (typically, few %) expected at LEP & other precision
observables (4-f ops; Zbb; po; S, T,U)

— anomalous VV'V, new particles, future WW — WW
— recent variant: Little Higgs
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‘ Beyond the MSSM I

(aka, what to look for in string constructions)

Even if supersymmetry holds, MSSM is unlikely to be the full story

Most of the problems of standard model remain (hierarchy of
electroweak and Planck scales is stabilized but not explained)

g problem introduced

Could be that all new physics is at GUT/Planck scale, but there
could be remnants surviving to TeV scale
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Extreme example: Fundamental scale Mp ~ 1 — 100 TeV <
Mp; = 1/4/87GN ~ 2.4 X 10'® GeV

Assume 9 extra dimensions with volume V35 > ]\4]_;(s
M?, = M2V > M2

(Introduces new hierarchy problem)

Black holes, graviton emission at colliders!
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Second extreme example: time varying couplings and parameters
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Fractional look—back time

(Murphy et al, astro-ph/0209488)
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Suggested by absorption by molecular clouds (Webb et al)

Expected at some level in string/brane models in which couplings
are related to moduli, which could be time varying

AP

PL

1
Lelm ~ — [1 +

However, natural scale
&/a ~ Mpy, ~ 107483571,
while Webb et al. results suggest
&/~ 107 Pyr~t ~ 107 Mpy,

May be analogous to dark energy: Type IA supernova and CMB
suggest
Pvac ~ 10724 MS. #£ 0
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«a variation likely correlated with variations in other dimensionless
couplings, mass ratios (PL, Segre, Strassler; Calmet, Fritzsch)

Will mainly consider less extreme examples of new interactions,
particles at TeV scale
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‘ Unification: from the Top Down I

Bottom up: usually motivated by SM problems

Top down:

e Ambitious/promising string/M theory paradigm. However:

— many realms of perturbative and non-perturbative M theory
— compactification

— dilaton/moduli
— SUSY breaking, Acosm
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e Detailed study of specific constructions:

— develop techniques
— suggest new TeV-scale physics

— suggest promising new directions

(M. Cveti¢, PL; G. Cleaver, L. Everett, J.R. Espinosa, J. Wang, G. Shiu)

e Unlikely to find fully realistic theory soon. Studies emphasize
specific features:

— fundamental scale Mjy,,q < M, (LED)
— SUSY breaking, Acosm
— dilaton/moduli stabilization

— semi-realistic 4D gauge theories containing MSSM (Mg ~
Mpl)
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‘ To GUT or not to GUT I

e String — GUT — MSSM (+ extended?) or String — MSSM (4
extended?)

— gauge unification
— quantum numbers for family (15-plet)
— seesaw  mass scale/leptogenesis

- mp/Mm,

— large lepton mixings

— other fermion mass relations

— additional GUT scale; no adjoints in simple heterotic
— hierarchies, e.g. doublet-triplet

— proton decay
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e Gauge unification: GUTs, string theories

- a+ 5% — a, =0.130 + 0.010
—~ Mg ~ 3 x 10'¢ GeV

— Perturbative string: ~ 5 x 107 GeV (10% in In M). Exotics:
O(1) corrections.

TASI (June 5, 2003) Paul Langacker (Penn)



. 2
a,(a, sin 6,)

VA unification

TASI (June 5, 2003) Paul Langacker (Penn)



‘ Discovery of Pluto I

1781: Uranus observed by Sir William Herschel

1846: Uranus orbit anomalies — Neptune predicted (John Adams,
Jean Leverrier)

1846: Neptune observed in predicted location (in Berlin)

1900’s: Further Uranus anomalies — Pluto predicted by “computers”
(several possible locations)

1930: Pluto discovered in one of predicted locations (Clyde
Tombaugh)

1978: Charon discovered — mpjyto too small to affect Uranus orbit
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‘ Direct compactification I

e String — MSSM (4 extended?) in 4D
e Constructions with SU(3) x SU(2) x U(1) and 3 families

e Usually additional surviving gauge groups

— quasi-hidden non-abelian

— U (1)’ (non-anomalous), often family non-universal
e Usually exotic chiral supermultiplets

— standard model singlets
— quarks/leptons w. non-standard SU (2) xU (1)
— extra Higgs doublets

— possibly Higgs/lepton mixing ( Rp)
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‘ Things to watch for I

Examples of new physics which could emerge in specific constructions
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‘ Gauge unification? I

e Gauge unification usually present in modified form (higher Ka¢-
Moody, exotics, moduli boundary conditions)

— no new exotics?
— complete GUT multiplets?

— cancellations (accidental or otherwise)?
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‘ A TeV scale Z'? I

e Motivations

— Strings, GUTs, DSB often involve extra U (1)’(GUTs require extra
fine tuning for M, < Mgur)

— String models: radiative breaking of electroweak (SUGRA or
gauge mediated) often yield EW/TeV scale Z’ (unless breaking
along flat direction — intermediate scale)

— Solution to p problem
W ~ hSH,H,,

S = standard model singlet, charged under U (1)’. (S) breaks
U1)’, pers = h(S) (like NMSSM, but no domain walls)
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e Experimental limits (precision and collider) model dependent, but
typically Mz > (500 — 800) GeV and Z — Z’ mixing |§| <
fewx10~3

e Models: M, & 10M by either modest tuning (Demir et al), or by
secluded sector (Erler, PL, Li)

e Implications

— Exotics

— FCNC (especially in string models)

— Non-standard Higgs masses, couplings (doublet-singlet mixing)
— Non-standard sparticle spectrum

— Enhanced possibility of EW baryogenesis (Kang, Liu, PL, Li)
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‘ Exotics I

® L-singlets

e R-doublets

e Standard model singlets

e Extra Higgs doublets

e Fractional charges (e.g., 1/2)
e Ordinary/hidden sector mixing

e Higgs/lepton mixing
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‘ Flat directions I

e Two SM singlets charged under U (1)’

/2 Ql2

V (81, 82) = m2| 82| + m3|S3| + (|53 — | S2)?

Break at EW scale for 'm1 -+ m2 > 0, at intermediate scale for
¢+ m3 < 0 (stabilized by loops or HDO)

e Small Dirac (or other fermion) masses from
~\ P
N A
~ Il LV Pl
LAm
e Possible cosmological implications

TASI (June 5, 2003) Paul Langacker (Penn)



‘ Family Structure/Fermions |

e Differences in embeddings for third family? (Family symmetries in 4d
effective field theory vs string dynamics)

— Hierarchy of masses
— Mixings?
— FCNC

e Sources/magnitudes of CP phases. Strong CP.
e Majorana neutrino masses? Diagonal terms?

e WYSINWYG

— Some particles may be composite (e.g., intersecting brane
construction)
— Family disappearance under vacuum restabilization
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‘ Asymptotic freedom in quasi-hidden sector I

e SUSY breaking/moduli stabilization
e Motivated parametrizations of SUSY breaking
e Compositeness

e Fractional charge confinement
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‘ Conclusions I

e Standard Model extremely successful, but is clearly incomplete

e Most aspects tested. Precision electroweak points towards
decoupling types of new physics (e.g., SUSY, unification)

e Superstring/M theory extremely promising theoretical direction

e Need vigorous bottom-up experimental and theoretical probes to
test SM/MSSM and search for alternatives

e Need vigorous top-down program to connect to experiment and
suggest new TeV scale physics

e May be much beyond MSSM at TeV scale
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