
Physics 129 — Nuclear and Particle Astrophysics
Winter 2014 - TuTh 2:00-3:45 - ISB 231

Instructor: Joel R. Primack, Physics.
Office hours: Wednesdays 2-3:30 or by appointment, Office: ISB 318, Phone: 459-2580 Email: joel@ucsc.edu

The standard model of particle physics, general relativistic cosmology, the early universe and Big Bang nucleosynthesis, 
dark matter and structure formation, formation of heavy elements in stars and supernovae, neutrino oscillations, high 
energy astrophysics: cosmic rays and gamma ray astronomy.  Note: This course is an upper division astrophysics 
course, and thus can be one of the three such courses that UCSC Astrophysics majors must take.

T e n t a t i v e syllabus:

week       topic
  1     Standard Model of particle physics
  2     Special and general relativity in the universe
  3     Conservtion rules and symmetries
  4     The early universe and Big Bang nucleosynthesis
  5     Dark matter and structure formation
  6     Nuclear astrophysics, formation of elements in stars and supernovae
  7     Neutrinos: production, detection, mass, oscillations
  8     Nature and sources of high energy particles in the universe
  9     Gamma ray astronomy
10     Future prospects and summary

Textbook: Particle Astrophysics, 2nd Edition, by D. H. Perkins (Oxford University Press, 2009) [ordered at Bay Tree 
Bookstore, available cheaper from Amazon, online at the UCSC Science Library].  I have put a number of relevant books 
on reserve at the Science Library.

There will be additional material presented in lectures and posted online, at http://physics.ucsc.edu/~joel/Phys129/

There will be regular problem sets, an in-class midterm, and a final exam. Students will be expected to be familiar with 
special relativity and quantum mechanics. Physics 101A or 102 is a prerequisite, and Physics 101B or more advanced 
courses will be helpful.
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“Natural Units” = High Energy Physics Units

These are especially appropriate for the hot early universe.

 ℏ = c = kB = 1

There is one fundamental dimension, which we can take to be mass 
or energy = mc2 = m.  

[Energy] = [Mass] = [Temperature] = [Length]-1 = [Time]-1 

1 eV = 1.60x10-19 J = 1.16x104 K        (kB = 1.38x10-16 erg K-1)

1 GeV = 1.78x10-24 g = 1.16x1013 K = 1.97x10-14 cm-1 = 6.58x10-25 s-1

= 1.602x10-3 erg = 1.602x10-10 J

1 pc = 3.26 lyr = 3.09x1018 cm

To add gravity to this scheme, we usually express it in terms of the 
Planck mass MPl = (ℏc/G)1/2  = 1.2 × 1019 GeV/c2 

For more conversion factors, see Appendix A of Kolb & Turner, The 
Early Universe, and Table 1.1 of Perkins, Particle Astrophysics.

= 1.78x10-27 kg
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The Planck Mass is

The Planck Length

The Compton (i.e. quantum) 
wavelength 

equals the Schwarzschild 
radius 

when m = mPl

is the smallest possible length.  
Here h is Planck’s constant
h = 6.626068 × 10-34 m2 kg / s 

= 1.6 × 10-33 cm

= 2.2 × 10-5 g

The Wedge of 
Material Reality

From The View from the Center of the Universe © 2006 

= 1.2 × 1019

GeV/c2
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The 
Cosmic 

Uroboros

Planck Length 10-33 cm

Cosmic Horizon 1029 cm
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Different 
Forces Are 
Important 

on 
Different 

Size Scales

Dark Matter?

Weak &
Strong

Electromagnetic

G
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v
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SIZE MATTERS!

Superstrings?
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SIZE MATTERS!
No animal could be 3 times its normal height and stay the same 
shape, simply scaled up.  

If height increases 3 times,  
strength of bones increases 3x3 = 9 times.  
But weight increases 3x3x3 = 27 times.  
Its weight would crush its bones! 

That is why an elephant does not look like a large gazelle.  

From Galileo’s last book, 
Discourses On Two New 
Sciences (1638).

Bone of small animal

Bone of animal 
3 times longer
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King Kong
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1. Physical constants 1

1. PHYSICAL CONSTANTS

Table 1.1. Reviewed 2013 by P.J. Mohr (NIST). Mainly from the “CODATA Recommended Values of the Fundamental Physical Constants:
2010” by P.J. Mohr, B.N. Taylor, and D.B. Newell in Rev. Mod. Phys. 84, 1527 (2012). The last group of constants (beginning with the Fermi
coupling constant) comes from the Particle Data Group. The figures in parentheses after the values give the 1-standard-deviation uncertainties
in the last digits; the corresponding fractional uncertainties in parts per 109 (ppb) are given in the last column. This set of constants (aside
from the last group) is recommended for international use by CODATA (the Committee on Data for Science and Technology). The full 2010
CODATA set of constants may be found at http://physics.nist.gov/constants. See also P.J. Mohr and D.B. Newell, “Resource Letter
FC-1: The Physics of Fundamental Constants,” Am. J. Phys. 78, 338 (2010).

Quantity Symbol, equation Value Uncertainty (ppb)

speed of light in vacuum c 299 792 458 m s−1 exact∗

Planck constant h 6.626 069 57(29)×10−34 J s 44
Planck constant, reduced ! ≡ h/2π 1.054 571 726(47)×10−34 J s 44

= 6.582 119 28(15)×10−22 MeV s 22
electron charge magnitude e 1.602 176 565(35)×10−19 C = 4.803 204 50(11)×10−10 esu 22, 22
conversion constant !c 197.326 9718(44) MeV fm 22
conversion constant (!c)2 0.389 379 338(17) GeV2 mbarn 44

electron mass me 0.510 998 928(11) MeV/c2 = 9.109 382 91(40)×10−31 kg 22, 44
proton mass mp 938.272 046(21) MeV/c2 = 1.672 621 777(74)×10−27 kg 22, 44

= 1.007 276 466 812(90) u = 1836.152 672 45(75) me 0.089, 0.41
deuteron mass md 1875.612 859(41) MeV/c2 22
unified atomic mass unit (u) (mass 12C atom)/12 = (1 g)/(NA mol) 931.494 061(21) MeV/c2 = 1.660 538 921(73)×10−27 kg 22, 44

permittivity of free space ε0 = 1/µ0c2 8.854 187 817 . . . ×10−12 F m−1 exact
permeability of free space µ0 4π × 10−7 N A−2 = 12.566 370 614 . . . ×10−7 N A−2 exact

fine-structure constant α = e2/4πε0!c 7.297 352 5698(24)×10−3 = 1/137.035 999 074(44)† 0.32, 0.32

classical electron radius re = e2/4πε0mec2 2.817 940 3267(27)×10−15 m 0.97
(e− Compton wavelength)/2π −λe = !/mec = reα−1 3.861 592 6800(25)×10−13 m 0.65
Bohr radius (mnucleus = ∞) a∞ = 4πε0!2/mee2 = reα−2 0.529 177 210 92(17)×10−10 m 0.32
wavelength of 1 eV/c particle hc/(1 eV) 1.239 841 930(27)×10−6 m 22
Rydberg energy hcR∞ = mee4/2(4πε0)2!2 = mec2α2/2 13.605 692 53(30) eV 22
Thomson cross section σT = 8πr2

e/3 0.665 245 8734(13) barn 1.9

Bohr magneton µB = e!/2me 5.788 381 8066(38)×10−11 MeV T−1 0.65
nuclear magneton µN = e!/2mp 3.152 451 2605(22)×10−14 MeV T−1 0.71

electron cyclotron freq./field ωe
cycl/B = e/me 1.758 820 088(39)×1011 rad s−1 T−1 22

proton cyclotron freq./field ωp
cycl/B = e/mp 9.578 833 58(21)×107 rad s−1 T−1 22

gravitational constant‡ GN 6.673 84(80)×10−11 m3 kg−1 s−2 1.2 × 105

= 6.708 37(80)×10−39 !c (GeV/c2)−2 1.2 × 105

standard gravitational accel. g
N

9.806 65 m s−2 exact

Avogadro constant NA 6.022 141 29(27)×1023 mol−1 44
Boltzmann constant k 1.380 6488(13)×10−23 J K−1 910

= 8.617 3324(78)×10−5 eV K−1 910
molar volume, ideal gas at STP NAk(273.15 K)/(101 325 Pa) 22.413 968(20)×10−3 m3 mol−1 910
Wien displacement law constant b = λmaxT 2.897 7721(26)×10−3 m K 910
Stefan-Boltzmann constant σ = π2k4/60!3c2 5.670 373(21)×10−8 W m−2 K−4 3600

Fermi coupling constant∗∗ GF /(!c)3 1.166 378 7(6)×10−5 GeV−2 500

weak-mixing angle sin2 θ̂(MZ) (MS) 0.231 26(5)†† 2.2 × 105

W± boson mass mW 80.385(15) GeV/c2 1.9 × 105

Z0 boson mass mZ 91.1876(21) GeV/c2 2.3 × 104

strong coupling constant αs(mZ) 0.1185(6) 5.1 × 106

π = 3.141 592 653 589 793 238 e = 2.718 281 828 459 045 235 γ = 0.577 215 664 901 532 861

1 in ≡ 0.0254 m

1 Å ≡ 0.1 nm

1 barn ≡ 10−28 m2

1 G ≡ 10−4 T

1 dyne ≡ 10−5 N

1 erg ≡ 10−7 J

1 eV = 1.602 176 565(35)× 10−19 J

1 eV/c2 = 1.782 661 845(39)× 10−36 kg

2.997 924 58 × 109 esu = 1 C

kT at 300 K = [38.681 731(35)]−1 eV

0 ◦C ≡ 273.15 K

1 atmosphere ≡ 760 Torr ≡ 101 325 Pa

∗ The meter is the length of the path traveled by light in vacuum during a time interval of 1/299 792 458 of a second.
† At Q2 = 0. At Q2

≈ m2
W the value is ∼ 1/128.

‡ Absolute lab measurements of GN have been made only on scales of about 1 cm to 1 m.
∗∗ See the discussion in Sec. 10, “Electroweak model and constraints on new physics.”
†† The corresponding sin2 θ for the effective angle is 0.23155(5).
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2. Astrophysical constants 1

2. ASTROPHYSICAL CONSTANTS AND PARAMETERS

Table 2.1. Revised November 2013 by D.E. Groom (LBNL). The figures in parentheses after some values give the 1-σ uncertainties in the last
digit(s). Physical constants are from Ref. 1. While every effort has been made to obtain the most accurate current values of the listed quantities,
the table does not represent a critical review or adjustment of the constants, and is not intended as a primary reference.

The values and uncertainties for the cosmological parameters depend on the exact data sets, priors, and basis parameters used in the
fit. Many of the derived parameters reported in this table have non-Gaussian likelihoods. Parameters may be highly correlated, so care must
be taken in propagating errors. (But in multiplications by h−2 etc. in the table below, independent errors were assumed.) Unless otherwise
specified, cosmological parameters are from six-parameter fits to a flat ΛCDM cosmology using CMB data alone: Planck temperature + WMAP
polarization data + high-resolution data from ACT and SPT [2]. For more information see Ref. 3 and the original papers.

Quantity Symbol, equation Value Reference, footnote

speed of light c 299 792 458 m s−1 exact[4]
Newtonian gravitational constant GN 6.673 8(8)× 10−11 m3 kg−1 s−2 [1,5]
Planck mass

√

!c/GN 1.220 93(7)× 1019 GeV/c2 [1]
= 2.176 51(13)× 10−8 kg

Planck length
√

!GN/c3 1.616 20(10)× 10−35 m [1]
standard gravitational acceleration g

N
9.806 65 m s exact[1]

jansky (flux density) Jy 10−26 W m−2 Hz−1 definition

tropical year (equinox to equinox) (2011) yr 31 556 925.2 s ≈ π × 107 s [6]
sidereal year (fixed star to fixed star) (2011) 31 558 149.8 s ≈ π × 107 s [6]
mean sidereal day (2011) (time between vernal equinox transits) 23h 56m 04.s090 53 [6]

astronomical unit au 149 597 870 700 m exact [7]
parsec (1 au/1 arc sec) pc 3.085 677 581 49× 1016 m = 3.262 . . . ly exact [8]
light year (deprecated unit) ly 0.306 6 . . . pc = 0.946 053 . . .× 1016 m
Schwarzschild radius of the Sun 2GNM"/c2 2.953 250 077(2) km [9]
Solar mass M" 1.988 5(2)× 1030 kg [10]
Solar equatorial radius R" 6.9551(4)× 108 m [11]
Solar luminosity L" 3.828 × 1026 W [12]
Schwarzschild radius of the Earth 2GNM⊕/c2 8.870 055 94(2)mm [13]
Earth mass M⊕ 5.972 6(7)× 1024 kg [14]
Earth mean equatorial radius R⊕ 6.378 137× 106 m [6]

luminosity conversion (deprecated) L 3.02 × 1028 × 10−0.4 Mbol W [15]
(Mbol = absolute bolometric magnitude = bolometric magnitude at 10 pc)

flux conversion (deprecated) F 2.52 × 10−8 × 10−0.4 mbol W m−2 from above
(mbol = apparent bolometric magnitude)

ABsolute monochromatic magnitude AB −2.5 log10 fν−56.10 (for fν in Wm−2 Hz−1) [16]
= −2.5 log10 fν + 8.90 (for fν in Jy)

Solar angular velocity around the Galactic center Θ
0
/R0 30.3 ± 0.9 km s−1 kpc−1 [17]

Solar distance from Galactic center R0 8.4(6) kpc [17,18]
circular velocity at R0 v

0
or Θ0 254(16) km s−1 [17]

local disk density ρ disk 3–12 ×10−24 g cm−3 ≈ 2–7 GeV/c2 cm−3 [19]
local dark matter density ρ χ canonical value 0.3 GeV/c2 cm−3 within factor 2–3 [20]
escape velocity from Galaxy v esc 498 km/s < v esc < 608 km/s [21]

present day CMB temperature T0 2.7255(6) K [22,23]
present day CMB dipole amplitude 3.355(8) mK [22,24]
Solar velocity with respect to CMB 369(1) km/s towards ($, b) = (263.99(14)◦, 48.26(3)◦) [22,24]
Local Group velocity with respect to CMB vLG 627(22) km/s towards ($, b) = (276(3)◦, 30(3)◦) [22,24]
entropy density/Boltzmann constant s/k 2 891.2 (T/2.7255)3 cm−3 [25]
number density of CMB photons nγ 410.7(T/2.7255)3 cm−3 [25]
baryon-to-photon ratio η = nb/nγ 6.05(7)× 10−10 (CMB) [26]

5.7 × 10−10 ≤ η ≤ 6.7 × 10−10 (95% CL) [26]
present day Hubble expansion rate H0 100 h km s−1 Mpc−1 = h×(9.777 752 Gyr)−1 [29]
scale factor for Hubble expansion rate h 0.673(12) [2,3]
Hubble length c/H0 0.925 0629× 1026 h−1 m = 1.37(2)× 1026 m
scale factor for cosmological constant c2/3H2

0 2.85247× 1051 h−2 m2 = 6.3(2) × 1051 m2

critical density of the Universe ρcrit = 3H2
0/8πGN 2.775 366 27× 1011 h2 M"Mpc−3

= 1.878 47(23)× 10−29 h2 g cm−3

= 1.053 75(13)× 10−5 h2 (GeV/c2) cm−3

number density of baryons nb 2.482(32)× 10−7 cm−3 [2,3,27,28]
(2.1 × 10−7 < nb < 2.7 × 10−7) cm−3 (95% CL) η × nγ

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
baryon density of the Universe Ωb = ρb/ρcrit

‡ 0.02207(27)h−2 = † 0.0499(22) [2,3]
cold dark matter density of the universe Ωcdm = ρcdm/ρcrit

‡ 0.1198(26)h−2 = † 0.265(11) [2,3]
100 × approx to r∗/DA 100 × θMC

‡ 1.0413(6) [2,3]
reionization optical depth τ ‡ 0.091+0.013

−0.014 [2,3]

scalar spectral index ns
‡ 0.958(7) [2,3]

ln pwr primordial curvature pert. (k0=0.05 Mpc−1) ln(1010∆2
R) ‡ 3.090(25) [2,3]
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2. ASTROPHYSICAL CONSTANTS AND PARAMETERS

Table 2.1. Revised November 2013 by D.E. Groom (LBNL). The figures in parentheses after some values give the 1-σ uncertainties in the last
digit(s). Physical constants are from Ref. 1. While every effort has been made to obtain the most accurate current values of the listed quantities,
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Quantity Symbol, equation Value Uncertainty (ppb)

speed of light in vacuum c 299 792 458 m s−1 exact∗

Planck constant h 6.626 069 57(29)×10−34 J s 44
Planck constant, reduced ! ≡ h/2π 1.054 571 726(47)×10−34 J s 44

= 6.582 119 28(15)×10−22 MeV s 22
electron charge magnitude e 1.602 176 565(35)×10−19 C = 4.803 204 50(11)×10−10 esu 22, 22
conversion constant !c 197.326 9718(44) MeV fm 22
conversion constant (!c)2 0.389 379 338(17) GeV2 mbarn 44

electron mass me 0.510 998 928(11) MeV/c2 = 9.109 382 91(40)×10−31 kg 22, 44
proton mass mp 938.272 046(21) MeV/c2 = 1.672 621 777(74)×10−27 kg 22, 44

= 1.007 276 466 812(90) u = 1836.152 672 45(75) me 0.089, 0.41
deuteron mass md 1875.612 859(41) MeV/c2 22
unified atomic mass unit (u) (mass 12C atom)/12 = (1 g)/(NA mol) 931.494 061(21) MeV/c2 = 1.660 538 921(73)×10−27 kg 22, 44

permittivity of free space ε0 = 1/µ0c2 8.854 187 817 . . . ×10−12 F m−1 exact
permeability of free space µ0 4π × 10−7 N A−2 = 12.566 370 614 . . . ×10−7 N A−2 exact

fine-structure constant α = e2/4πε0!c 7.297 352 5698(24)×10−3 = 1/137.035 999 074(44)† 0.32, 0.32

classical electron radius re = e2/4πε0mec2 2.817 940 3267(27)×10−15 m 0.97
(e− Compton wavelength)/2π −λe = !/mec = reα−1 3.861 592 6800(25)×10−13 m 0.65
Bohr radius (mnucleus = ∞) a∞ = 4πε0!2/mee2 = reα−2 0.529 177 210 92(17)×10−10 m 0.32
wavelength of 1 eV/c particle hc/(1 eV) 1.239 841 930(27)×10−6 m 22
Rydberg energy hcR∞ = mee4/2(4πε0)2!2 = mec2α2/2 13.605 692 53(30) eV 22
Thomson cross section σT = 8πr2

e/3 0.665 245 8734(13) barn 1.9

Bohr magneton µB = e!/2me 5.788 381 8066(38)×10−11 MeV T−1 0.65
nuclear magneton µN = e!/2mp 3.152 451 2605(22)×10−14 MeV T−1 0.71
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cycl/B = e/me 1.758 820 088(39)×1011 rad s−1 T−1 22

proton cyclotron freq./field ωp
cycl/B = e/mp 9.578 833 58(21)×107 rad s−1 T−1 22

gravitational constant‡ GN 6.673 84(80)×10−11 m3 kg−1 s−2 1.2 × 105

= 6.708 37(80)×10−39 !c (GeV/c2)−2 1.2 × 105

standard gravitational accel. g
N

9.806 65 m s−2 exact

Avogadro constant NA 6.022 141 29(27)×1023 mol−1 44
Boltzmann constant k 1.380 6488(13)×10−23 J K−1 910

= 8.617 3324(78)×10−5 eV K−1 910
molar volume, ideal gas at STP NAk(273.15 K)/(101 325 Pa) 22.413 968(20)×10−3 m3 mol−1 910
Wien displacement law constant b = λmaxT 2.897 7721(26)×10−3 m K 910
Stefan-Boltzmann constant σ = π2k4/60!3c2 5.670 373(21)×10−8 W m−2 K−4 3600

Fermi coupling constant∗∗ GF /(!c)3 1.166 378 7(6)×10−5 GeV−2 500

weak-mixing angle sin2 θ̂(MZ) (MS) 0.231 26(5)†† 2.2 × 105

W± boson mass mW 80.385(15) GeV/c2 1.9 × 105

Z0 boson mass mZ 91.1876(21) GeV/c2 2.3 × 104

strong coupling constant αs(mZ) 0.1185(6) 5.1 × 106

π = 3.141 592 653 589 793 238 e = 2.718 281 828 459 045 235 γ = 0.577 215 664 901 532 861

1 in ≡ 0.0254 m

1 Å ≡ 0.1 nm

1 barn ≡ 10−28 m2

1 G ≡ 10−4 T

1 dyne ≡ 10−5 N

1 erg ≡ 10−7 J

1 eV = 1.602 176 565(35)× 10−19 J

1 eV/c2 = 1.782 661 845(39)× 10−36 kg

2.997 924 58 × 109 esu = 1 C

kT at 300 K = [38.681 731(35)]−1 eV

0 ◦C ≡ 273.15 K

1 atmosphere ≡ 760 Torr ≡ 101 325 Pa

∗ The meter is the length of the path traveled by light in vacuum during a time interval of 1/299 792 458 of a second.
† At Q2 = 0. At Q2

≈ m2
W the value is ∼ 1/128.

‡ Absolute lab measurements of GN have been made only on scales of about 1 cm to 1 m.
∗∗ See the discussion in Sec. 10, “Electroweak model and constraints on new physics.”
†† The corresponding sin2 θ for the effective angle is 0.23155(5).

(Bottom of Table 2)
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1. PHYSICAL CONSTANTS

Table 1.1. Reviewed 2013 by P.J. Mohr (NIST). Mainly from the “CODATA Recommended Values of the Fundamental Physical Constants:
2010” by P.J. Mohr, B.N. Taylor, and D.B. Newell in Rev. Mod. Phys. 84, 1527 (2012). The last group of constants (beginning with the Fermi
coupling constant) comes from the Particle Data Group. The figures in parentheses after the values give the 1-standard-deviation uncertainties
in the last digits; the corresponding fractional uncertainties in parts per 109 (ppb) are given in the last column. This set of constants (aside
from the last group) is recommended for international use by CODATA (the Committee on Data for Science and Technology). The full 2010
CODATA set of constants may be found at http://physics.nist.gov/constants. See also P.J. Mohr and D.B. Newell, “Resource Letter
FC-1: The Physics of Fundamental Constants,” Am. J. Phys. 78, 338 (2010).

Quantity Symbol, equation Value Uncertainty (ppb)

speed of light in vacuum c 299 792 458 m s−1 exact∗

Planck constant h 6.626 069 57(29)×10−34 J s 44
Planck constant, reduced ! ≡ h/2π 1.054 571 726(47)×10−34 J s 44

= 6.582 119 28(15)×10−22 MeV s 22
electron charge magnitude e 1.602 176 565(35)×10−19 C = 4.803 204 50(11)×10−10 esu 22, 22
conversion constant !c 197.326 9718(44) MeV fm 22
conversion constant (!c)2 0.389 379 338(17) GeV2 mbarn 44

electron mass me 0.510 998 928(11) MeV/c2 = 9.109 382 91(40)×10−31 kg 22, 44
proton mass mp 938.272 046(21) MeV/c2 = 1.672 621 777(74)×10−27 kg 22, 44

= 1.007 276 466 812(90) u = 1836.152 672 45(75) me 0.089, 0.41
deuteron mass md 1875.612 859(41) MeV/c2 22
unified atomic mass unit (u) (mass 12C atom)/12 = (1 g)/(NA mol) 931.494 061(21) MeV/c2 = 1.660 538 921(73)×10−27 kg 22, 44

permittivity of free space ε0 = 1/µ0c2 8.854 187 817 . . . ×10−12 F m−1 exact
permeability of free space µ0 4π × 10−7 N A−2 = 12.566 370 614 . . . ×10−7 N A−2 exact

fine-structure constant α = e2/4πε0!c 7.297 352 5698(24)×10−3 = 1/137.035 999 074(44)† 0.32, 0.32

classical electron radius re = e2/4πε0mec2 2.817 940 3267(27)×10−15 m 0.97
(e− Compton wavelength)/2π −λe = !/mec = reα−1 3.861 592 6800(25)×10−13 m 0.65
Bohr radius (mnucleus = ∞) a∞ = 4πε0!2/mee2 = reα−2 0.529 177 210 92(17)×10−10 m 0.32
wavelength of 1 eV/c particle hc/(1 eV) 1.239 841 930(27)×10−6 m 22
Rydberg energy hcR∞ = mee4/2(4πε0)2!2 = mec2α2/2 13.605 692 53(30) eV 22
Thomson cross section σT = 8πr2

e/3 0.665 245 8734(13) barn 1.9

Bohr magneton µB = e!/2me 5.788 381 8066(38)×10−11 MeV T−1 0.65
nuclear magneton µN = e!/2mp 3.152 451 2605(22)×10−14 MeV T−1 0.71

electron cyclotron freq./field ωe
cycl/B = e/me 1.758 820 088(39)×1011 rad s−1 T−1 22

proton cyclotron freq./field ωp
cycl/B = e/mp 9.578 833 58(21)×107 rad s−1 T−1 22

gravitational constant‡ GN 6.673 84(80)×10−11 m3 kg−1 s−2 1.2 × 105

= 6.708 37(80)×10−39 !c (GeV/c2)−2 1.2 × 105

standard gravitational accel. g
N

9.806 65 m s−2 exact

Avogadro constant NA 6.022 141 29(27)×1023 mol−1 44
Boltzmann constant k 1.380 6488(13)×10−23 J K−1 910

= 8.617 3324(78)×10−5 eV K−1 910
molar volume, ideal gas at STP NAk(273.15 K)/(101 325 Pa) 22.413 968(20)×10−3 m3 mol−1 910
Wien displacement law constant b = λmaxT 2.897 7721(26)×10−3 m K 910
Stefan-Boltzmann constant σ = π2k4/60!3c2 5.670 373(21)×10−8 W m−2 K−4 3600

Fermi coupling constant∗∗ GF /(!c)3 1.166 378 7(6)×10−5 GeV−2 500

weak-mixing angle sin2 θ̂(MZ) (MS) 0.231 26(5)†† 2.2 × 105

W± boson mass mW 80.385(15) GeV/c2 1.9 × 105

Z0 boson mass mZ 91.1876(21) GeV/c2 2.3 × 104

strong coupling constant αs(mZ) 0.1185(6) 5.1 × 106

π = 3.141 592 653 589 793 238 e = 2.718 281 828 459 045 235 γ = 0.577 215 664 901 532 861

1 in ≡ 0.0254 m

1 Å ≡ 0.1 nm

1 barn ≡ 10−28 m2

1 G ≡ 10−4 T

1 dyne ≡ 10−5 N

1 erg ≡ 10−7 J

1 eV = 1.602 176 565(35)× 10−19 J

1 eV/c2 = 1.782 661 845(39)× 10−36 kg

2.997 924 58 × 109 esu = 1 C

kT at 300 K = [38.681 731(35)]−1 eV

0 ◦C ≡ 273.15 K

1 atmosphere ≡ 760 Torr ≡ 101 325 Pa

∗ The meter is the length of the path traveled by light in vacuum during a time interval of 1/299 792 458 of a second.
† At Q2 = 0. At Q2

≈ m2
W the value is ∼ 1/128.

‡ Absolute lab measurements of GN have been made only on scales of about 1 cm to 1 m.
∗∗ See the discussion in Sec. 10, “Electroweak model and constraints on new physics.”
†† The corresponding sin2 θ for the effective angle is 0.23155(5).
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1. PHYSICAL CONSTANTS

Table 1.1. Reviewed 2013 by P.J. Mohr (NIST). Mainly from the “CODATA Recommended Values of the Fundamental Physical Constants:
2010” by P.J. Mohr, B.N. Taylor, and D.B. Newell in Rev. Mod. Phys. 84, 1527 (2012). The last group of constants (beginning with the Fermi
coupling constant) comes from the Particle Data Group. The figures in parentheses after the values give the 1-standard-deviation uncertainties
in the last digits; the corresponding fractional uncertainties in parts per 109 (ppb) are given in the last column. This set of constants (aside
from the last group) is recommended for international use by CODATA (the Committee on Data for Science and Technology). The full 2010
CODATA set of constants may be found at http://physics.nist.gov/constants. See also P.J. Mohr and D.B. Newell, “Resource Letter
FC-1: The Physics of Fundamental Constants,” Am. J. Phys. 78, 338 (2010).

Quantity Symbol, equation Value Uncertainty (ppb)

speed of light in vacuum c 299 792 458 m s−1 exact∗

Planck constant h 6.626 069 57(29)×10−34 J s 44
Planck constant, reduced ! ≡ h/2π 1.054 571 726(47)×10−34 J s 44

= 6.582 119 28(15)×10−22 MeV s 22
electron charge magnitude e 1.602 176 565(35)×10−19 C = 4.803 204 50(11)×10−10 esu 22, 22
conversion constant !c 197.326 9718(44) MeV fm 22
conversion constant (!c)2 0.389 379 338(17) GeV2 mbarn 44

electron mass me 0.510 998 928(11) MeV/c2 = 9.109 382 91(40)×10−31 kg 22, 44
proton mass mp 938.272 046(21) MeV/c2 = 1.672 621 777(74)×10−27 kg 22, 44

= 1.007 276 466 812(90) u = 1836.152 672 45(75) me 0.089, 0.41
deuteron mass md 1875.612 859(41) MeV/c2 22
unified atomic mass unit (u) (mass 12C atom)/12 = (1 g)/(NA mol) 931.494 061(21) MeV/c2 = 1.660 538 921(73)×10−27 kg 22, 44

permittivity of free space ε0 = 1/µ0c2 8.854 187 817 . . . ×10−12 F m−1 exact
permeability of free space µ0 4π × 10−7 N A−2 = 12.566 370 614 . . . ×10−7 N A−2 exact

fine-structure constant α = e2/4πε0!c 7.297 352 5698(24)×10−3 = 1/137.035 999 074(44)† 0.32, 0.32

classical electron radius re = e2/4πε0mec2 2.817 940 3267(27)×10−15 m 0.97
(e− Compton wavelength)/2π −λe = !/mec = reα−1 3.861 592 6800(25)×10−13 m 0.65
Bohr radius (mnucleus = ∞) a∞ = 4πε0!2/mee2 = reα−2 0.529 177 210 92(17)×10−10 m 0.32
wavelength of 1 eV/c particle hc/(1 eV) 1.239 841 930(27)×10−6 m 22
Rydberg energy hcR∞ = mee4/2(4πε0)2!2 = mec2α2/2 13.605 692 53(30) eV 22
Thomson cross section σT = 8πr2

e/3 0.665 245 8734(13) barn 1.9

Bohr magneton µB = e!/2me 5.788 381 8066(38)×10−11 MeV T−1 0.65
nuclear magneton µN = e!/2mp 3.152 451 2605(22)×10−14 MeV T−1 0.71

electron cyclotron freq./field ωe
cycl/B = e/me 1.758 820 088(39)×1011 rad s−1 T−1 22

proton cyclotron freq./field ωp
cycl/B = e/mp 9.578 833 58(21)×107 rad s−1 T−1 22

gravitational constant‡ GN 6.673 84(80)×10−11 m3 kg−1 s−2 1.2 × 105

= 6.708 37(80)×10−39 !c (GeV/c2)−2 1.2 × 105

standard gravitational accel. g
N

9.806 65 m s−2 exact

Avogadro constant NA 6.022 141 29(27)×1023 mol−1 44
Boltzmann constant k 1.380 6488(13)×10−23 J K−1 910

= 8.617 3324(78)×10−5 eV K−1 910
molar volume, ideal gas at STP NAk(273.15 K)/(101 325 Pa) 22.413 968(20)×10−3 m3 mol−1 910
Wien displacement law constant b = λmaxT 2.897 7721(26)×10−3 m K 910
Stefan-Boltzmann constant σ = π2k4/60!3c2 5.670 373(21)×10−8 W m−2 K−4 3600

Fermi coupling constant∗∗ GF /(!c)3 1.166 378 7(6)×10−5 GeV−2 500

weak-mixing angle sin2 θ̂(MZ) (MS) 0.231 26(5)†† 2.2 × 105

W± boson mass mW 80.385(15) GeV/c2 1.9 × 105

Z0 boson mass mZ 91.1876(21) GeV/c2 2.3 × 104

strong coupling constant αs(mZ) 0.1185(6) 5.1 × 106

π = 3.141 592 653 589 793 238 e = 2.718 281 828 459 045 235 γ = 0.577 215 664 901 532 861

1 in ≡ 0.0254 m

1 Å ≡ 0.1 nm

1 barn ≡ 10−28 m2

1 G ≡ 10−4 T

1 dyne ≡ 10−5 N

1 erg ≡ 10−7 J

1 eV = 1.602 176 565(35)× 10−19 J

1 eV/c2 = 1.782 661 845(39)× 10−36 kg

2.997 924 58 × 109 esu = 1 C

kT at 300 K = [38.681 731(35)]−1 eV

0 ◦C ≡ 273.15 K

1 atmosphere ≡ 760 Torr ≡ 101 325 Pa

∗ The meter is the length of the path traveled by light in vacuum during a time interval of 1/299 792 458 of a second.
† At Q2 = 0. At Q2

≈ m2
W the value is ∼ 1/128.

‡ Absolute lab measurements of GN have been made only on scales of about 1 cm to 1 m.
∗∗ See the discussion in Sec. 10, “Electroweak model and constraints on new physics.”
†† The corresponding sin2 θ for the effective angle is 0.23155(5).

1. Physical Constants
2 3. International system of units (SI)

Physical

quantity

Name

of unit Symbol

Base units

length meter m
mass kilogram kg
time second s
electric current ampere A
thermodynamic

temperature
kelvin K

amount of substance mole mol
luminous intensity candela cd

Derived units with special names

plane angle radian rad
solid angle steradian sr
frequency hertz Hz
energy joule J
force newton N
pressure pascal Pa
power watt W
electric charge coulomb C
electric potential volt V
electric resistance ohm Ω
electric conductance siemens S
electric capacitance farad F
magnetic flux weber Wb
inductance henry H
magnetic flux density tesla T
luminous flux lumen lm
illuminance lux lx
celsius temperature degree celsius ◦C
activity (of a

radioactive source)∗
becquerel Bq

absorbed dose (of

ionizing radiation)∗
gray Gy

dose equivalent∗ sievert Sv

∗See our section 34, on “Radioactivity and radiation protection,” p. 1.
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2. Astrophysical constants 1

2. ASTROPHYSICAL CONSTANTS AND PARAMETERS

Table 2.1. Revised November 2013 by D.E. Groom (LBNL). The figures in parentheses after some values give the 1-σ uncertainties in the last
digit(s). Physical constants are from Ref. 1. While every effort has been made to obtain the most accurate current values of the listed quantities,
the table does not represent a critical review or adjustment of the constants, and is not intended as a primary reference.

The values and uncertainties for the cosmological parameters depend on the exact data sets, priors, and basis parameters used in the
fit. Many of the derived parameters reported in this table have non-Gaussian likelihoods. Parameters may be highly correlated, so care must
be taken in propagating errors. (But in multiplications by h−2 etc. in the table below, independent errors were assumed.) Unless otherwise
specified, cosmological parameters are from six-parameter fits to a flat ΛCDM cosmology using CMB data alone: Planck temperature + WMAP
polarization data + high-resolution data from ACT and SPT [2]. For more information see Ref. 3 and the original papers.

Quantity Symbol, equation Value Reference, footnote

speed of light c 299 792 458 m s−1 exact[4]
Newtonian gravitational constant GN 6.673 8(8)× 10−11 m3 kg−1 s−2 [1,5]
Planck mass

√

!c/GN 1.220 93(7)× 1019 GeV/c2 [1]
= 2.176 51(13)× 10−8 kg

Planck length
√

!GN/c3 1.616 20(10)× 10−35 m [1]
standard gravitational acceleration g

N
9.806 65 m s exact[1]

jansky (flux density) Jy 10−26 W m−2 Hz−1 definition

tropical year (equinox to equinox) (2011) yr 31 556 925.2 s ≈ π × 107 s [6]
sidereal year (fixed star to fixed star) (2011) 31 558 149.8 s ≈ π × 107 s [6]
mean sidereal day (2011) (time between vernal equinox transits) 23h 56m 04.s090 53 [6]

astronomical unit au 149 597 870 700 m exact [7]
parsec (1 au/1 arc sec) pc 3.085 677 581 49× 1016 m = 3.262 . . . ly exact [8]
light year (deprecated unit) ly 0.306 6 . . . pc = 0.946 053 . . .× 1016 m
Schwarzschild radius of the Sun 2GNM"/c2 2.953 250 077(2) km [9]
Solar mass M" 1.988 5(2)× 1030 kg [10]
Solar equatorial radius R" 6.9551(4)× 108 m [11]
Solar luminosity L" 3.828 × 1026 W [12]
Schwarzschild radius of the Earth 2GNM⊕/c2 8.870 055 94(2)mm [13]
Earth mass M⊕ 5.972 6(7)× 1024 kg [14]
Earth mean equatorial radius R⊕ 6.378 137× 106 m [6]

luminosity conversion (deprecated) L 3.02 × 1028 × 10−0.4 Mbol W [15]
(Mbol = absolute bolometric magnitude = bolometric magnitude at 10 pc)

flux conversion (deprecated) F 2.52 × 10−8 × 10−0.4 mbol W m−2 from above
(mbol = apparent bolometric magnitude)

ABsolute monochromatic magnitude AB −2.5 log10 fν−56.10 (for fν in Wm−2 Hz−1) [16]
= −2.5 log10 fν + 8.90 (for fν in Jy)

Solar angular velocity around the Galactic center Θ
0
/R0 30.3 ± 0.9 km s−1 kpc−1 [17]

Solar distance from Galactic center R0 8.4(6) kpc [17,18]
circular velocity at R0 v

0
or Θ0 254(16) km s−1 [17]

local disk density ρ disk 3–12 ×10−24 g cm−3 ≈ 2–7 GeV/c2 cm−3 [19]
local dark matter density ρ χ canonical value 0.3 GeV/c2 cm−3 within factor 2–3 [20]
escape velocity from Galaxy v esc 498 km/s < v esc < 608 km/s [21]

present day CMB temperature T0 2.7255(6) K [22,23]
present day CMB dipole amplitude 3.355(8) mK [22,24]
Solar velocity with respect to CMB 369(1) km/s towards ($, b) = (263.99(14)◦, 48.26(3)◦) [22,24]
Local Group velocity with respect to CMB vLG 627(22) km/s towards ($, b) = (276(3)◦, 30(3)◦) [22,24]
entropy density/Boltzmann constant s/k 2 891.2 (T/2.7255)3 cm−3 [25]
number density of CMB photons nγ 410.7(T/2.7255)3 cm−3 [25]
baryon-to-photon ratio η = nb/nγ 6.05(7)× 10−10 (CMB) [26]

5.7 × 10−10 ≤ η ≤ 6.7 × 10−10 (95% CL) [26]
present day Hubble expansion rate H0 100 h km s−1 Mpc−1 = h×(9.777 752 Gyr)−1 [29]
scale factor for Hubble expansion rate h 0.673(12) [2,3]
Hubble length c/H0 0.925 0629× 1026 h−1 m = 1.37(2)× 1026 m
scale factor for cosmological constant c2/3H2

0 2.85247× 1051 h−2 m2 = 6.3(2) × 1051 m2

critical density of the Universe ρcrit = 3H2
0/8πGN 2.775 366 27× 1011 h2 M"Mpc−3

= 1.878 47(23)× 10−29 h2 g cm−3

= 1.053 75(13)× 10−5 h2 (GeV/c2) cm−3

number density of baryons nb 2.482(32)× 10−7 cm−3 [2,3,27,28]
(2.1 × 10−7 < nb < 2.7 × 10−7) cm−3 (95% CL) η × nγ

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
baryon density of the Universe Ωb = ρb/ρcrit

‡ 0.02207(27)h−2 = † 0.0499(22) [2,3]
cold dark matter density of the universe Ωcdm = ρcdm/ρcrit

‡ 0.1198(26)h−2 = † 0.265(11) [2,3]
100 × approx to r∗/DA 100 × θMC

‡ 1.0413(6) [2,3]
reionization optical depth τ ‡ 0.091+0.013

−0.014 [2,3]

scalar spectral index ns
‡ 0.958(7) [2,3]

ln pwr primordial curvature pert. (k0=0.05 Mpc−1) ln(1010∆2
R) ‡ 3.090(25) [2,3]

2. Astrophysical Constants and Parameters

3. International system of units (SI) 1

3. INTERNATIONAL SYSTEM OF UNITS (SI)

See “The International System of Units (SI),” NIST Special
Publication 330, B.N. Taylor, ed. (USGPO, Washington, DC, 1991);
and “Guide for the Use of the International System of Units (SI),”
NIST Special Publication 811, 1995 edition, B.N. Taylor (USGPO,
Washington, DC, 1995).

SI prefixes

1024 yotta (Y)

1021 zetta (Z)

1018 exa (E)

1015 peta (P)

1012 tera (T)

109 giga (G)

106 mega (M)

103 kilo (k)

102 hecto (h)

10 deca (da)

10−1 deci (d)

10−2 centi (c)

10−3 milli (m)

10−6 micro (µ)

10−9 nano (n)

10−12 pico (p)

10−15 femto (f)

10−18 atto (a)

10−21 zepto (z)

10−24 yocto (y)

J. Beringer et al.(PDG), PR D86, 010001 (2012) and 2013 update for the 2014 edition (http://pdg.lbl.gov)
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time

Feynman Diagrams for Compton Scattering

Feynman diagrams always have to 
include both time orders of the 
absorption and emission of the 
photons, since there is no way to 
tell which order actually happens.
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Feynman Diagrams for Compton Scattering

Before the interaction (and also after 
it) there is one electron (e-) and one 
photon.
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Feynman Diagrams for Compton Scattering

At this time, the line going backwards 
in time must correspond to a positron 
(e+), since otherwise one e- would 
have turned into three e-, violating 
charge conservation.
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Quark Feynman Diagrams for Hadronic Reactions

26 2 The Standard Model of Elementary Particles

The quarks that form hadrons are held together by thebinding of quarks in hadrons
by gluon exchange exchange of gluons. Since gluons mediate the interactions

between quarks, they must possess two colours: they carry
a colour and an anticolour. Since there are three colours and
anticolours each, one would expect that 3 × 3 = 9 glu-
ons exist. The strong interaction, however, is only mediated
by eight gluons. Gluons are no pure colour–anticolour sys-
tems like, for example, rḡ, but rather mixed states. In quan-
tum chromodynamics the possible 9 gluons form an octet of
coloured gluons and a singlet consisting of a colour-neutral
mixed state of all colours and anticolours, (rr̄ +gḡ+bb̄). In
a very simplified picture, the gluon radiation of a quark can
be illustrated by the diagram shown in Fig. 2.2.

qb

g
rb

q r

Fig. 2.2
Creation of coloured gluons by
quarks

Nucleons in a nucleus are bound together by the residual

binding of nucleons in nuclei

interaction of gluons, in very much the same way as molec-
ular binding is a result of the residual interactions of electric
forces.

2.1 Examples of Interaction Processes

“It is possible in quantum mechanics to
sneak quickly across a region which is
illegal energetically.”

Richard P. Feynman

Interactions of elementary particles can be graphically rep-
resented by Feynman diagrams1, which present a short-hand
for the determination of cross sections. In the following, the
underlying quark–lepton structure will be characterized for
some interaction processes.

Rutherford scattering of electrons on protons is mediated
by photons (Fig. 2.3).
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Fig. 2.3
Rutherford scattering of electrons
on protons

Fig. 2.4
Rutherford scattering as
photon–quark subprocess

1 see the Glossary
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At high energies however, the photon does not interact
with the proton as a whole, but rather only with one of its
constituent quarks (Fig. 2.4). The other quarks of the nu-
cleon participate in the interaction only as spectators. As
photons are electrically neutral particles, they cannot change
the nature of a target particle in an interaction. In weak inter-
actions however, there are charged bosons which can cause
an interchange between particles within a family. As an ex-
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Fig. 2.5
Neutrino–neutron scattering by
charged currents

ample, Fig. 2.5 shows the scattering of an electron neutrino
on a neutron via a charged-current (W+, W− exchange) re-
action.

In a neutral-current interaction (Z exchange), the neu-
trino would not alter its nature when scattered off the neu-
tron. If electron neutrinos are scattered on electrons, charged
and neutral currents can contribute. This is also true for scat-
tering of muon or tau neutrinos on electrons (Fig. 2.6).
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Fig. 2.6
Different Feynman diagrams
contributing to the scattering of
neutrinos on electrons

Decays of elementary particles can be described in a
similar way. Nuclear beta decay of the neutron n → p + nuclear beta decay
e− + ν̄e is mediated by a weak charged current (Fig. 2.7),
where a d quark in the neutron is transformed into a u quark
by the emission of a virtual W−. The W− immediately de-
cays into members of the first lepton family (W− → e−ν̄e).
In principle, the W− can also decay according to W− →
µ−ν̄µ or W− → ūd , but this is not kinematically allowed.

28 2 The Standard Model of Elementary Particles

Muon decay can be described in a similar fashion (Fig. 2.8).
The muon transfers its charge to a W−, thereby transform-muon decay
ing itself into the neutral lepton of the second family, the νµ.
The W− in turn decays again into in e−ν̄e.
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Fig. 2.7
Neutron decay

Fig. 2.8
Muon decay

Finally, pion decay will be discussed (Fig. 2.9). In prin-pion decay
ciple, the W+ can also decay in this case, into an e+νe

state. Helicity reasons, however, strongly suppress this de-
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Fig. 2.9
Pion decay

cay: as a spin-0 particle, the pion decays into two leptons
that must have antiparallel spins due to angular-momentum
conservation. The helicity is the projection of the spin onto
the momentum vector, and it is fixed for the neutrino (for
massless particles the spin is either parallel or antiparallel to
the momentum). Particles normally carry negative helicity
(spin ‖ −p, left-handed) so that the positron, as an antipar-
ticle (spin ‖ p, right-handed), must take on an unnatural
helicity (Fig. 2.10). The probability of carrying an abnor-
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Fig. 2.10
Helicity conservation in π+ decay

mal helicity is proportional to 1 − v
c (where v is velocity

of the charged lepton). Owing to the relatively high mass of
the muon (mµ # me), it takes on a much smaller velocity
compared to the electron in pion decay, i.e., v(µ) $ v(e).
The consequence of this is that the probability for the decay
muon to take on an unnatural helicity is much larger com-
pared to the positron. For this reason, the π+ → e+νe decay
is strongly suppressed compared to the π+ → µ+νµ decay
(the suppression factor is 1.23 × 10−4).

The various elementary particles are characterized by
quantum numbers. In addition to the electric charge, thequantum numbers
membership of a quark generation (quark flavour) or lepton
generation (lepton number) is introduced as a quantum num-lepton number
ber. Leptons are assigned the lepton number +1 in their re-
spective generation, whereas antileptons are given the lepton
number −1. Lepton numbers for the different lepton fami-
lies (Le, Lµ, Lτ ) are separately conserved, as is shown in
the example of the muon decay:

µ− → νµ + e− + ν̄e

Lµ 1 1 0 0
Le 0 0 1 −1

. (2.4)
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the muon (mµ # me), it takes on a much smaller velocity
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The consequence of this is that the probability for the decay
muon to take on an unnatural helicity is much larger com-
pared to the positron. For this reason, the π+ → e+νe decay
is strongly suppressed compared to the π+ → µ+νµ decay
(the suppression factor is 1.23 × 10−4).

The various elementary particles are characterized by
quantum numbers. In addition to the electric charge, thequantum numbers
membership of a quark generation (quark flavour) or lepton
generation (lepton number) is introduced as a quantum num-lepton number
ber. Leptons are assigned the lepton number +1 in their re-
spective generation, whereas antileptons are given the lepton
number −1. Lepton numbers for the different lepton fami-
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