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ACDM and Standard BBN (SBBN) ™

5000 F

Temperature Fluctuations [uK

e Standard cosmological picture

9I0° 2I° OI.5° 0.I2O
=> WMAP: Angular Size

flat Universe filled with baryons, cold dark matter, a cosmological
constant and neutrinos fits data

=> Baryon density known to better than 3% (at z < few x 10°)

ny(tem) = (6.225 4 0.170) x 10710 [Dunkiey et al. 2009]

e Standard BBN: SM + GR
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The Universe at the redshift of a billion:

* Universe is flat, spatially homogeneous and isotropic and dominated by
radiation => GR:

1
H=-=+/8tGnp/3 ~ o7

Q|

* Universe was “hot” enough T'|;nit > Amy,, = 1.293 MeV

1

(ng ~ nP)‘T>>Amnp = 57

* Particle content & their interactions given by the SM

Np b
— (7 = — (7 :
S(BBN) S(CMB)
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The Universe at the redshift of a billion:

* Universe is flat, spatially homogeneous and isotropic and dominated by
radiation => GR:

1
H=-=+/8tGnp/3 ~ o7

Q|

* Universe was “hot” enough T'|;nit > Amy,, = 1.293 MeV

1

(ng ~ nP)‘T>>Amnp = 57

* Particle content & their interactions given by the SM

[ = nu(tomB) as input: SBBN “parameter-free” theory j
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The Universe at the redshift of a billion:

* tight kinetic coupling of nucleons/nuclei to the radiation field

=> nucleons/nuclei are approximately thermally distributed

=> their abundances are found by solving the coupled set
of integrated Boltzmann equations

dY; dY;
— (T =S (T;Y: + T YY) + ...,
Y =ni/ny

;... generalized rates
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The Universe at the redshift of a billion:

1

L. . T
SBBN predictions natural units: 79 = —5
107 K
t/sec
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e Deuterium:

- no known astrophysical source (=> monotonic evolution)

- recent FUSE measurements [Linsky et al., 2006] from [Olive, arXiv:1005.3955]
' — T T T T T
Q0130—-4021
wide dispersion in the local gas ol ]
=> potential D absorption on dust
- inference of primordial value from Quasar
| - -
abSOFPtlon S)’StemS recent obs.: [Pettini et al., 2008] S faroo9rasse
X i SDSS1558-0331
g Q0P 134072 %%937_1009
scatter may indicate underestimated 1 $ Trso105+1619
. Q1243+3047
systematics - i -
IQ ) LISM ¢
®) 1 | |
-3 -2 -1 0
[Si/H]
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(selected) Light element observations |

e Lithium:
- produced in galactic cosmic rays => correlation with metallicity

- unlike deuterium, tiny lithium abundance forbids absorption
measurements in extragalactic clouds

- measured in atmospheres of old, metal-poor halo stars (Pop Il)

[Fields, Olive, 1999]
_ ' o
10-°

10-10 i S T T T T T T T T T e —
3 = /’/‘/ \.‘ -
3 : ]
10-11 //'/‘ —
- e —— Li total 3
C /‘/' ............. 61,1 7
B P 7Li primordial 7
L . ‘//’/ ------- - 7Li v—process .

10-12 .| L 4‘/’ T S O N A T S S SN AT SO TR SO N N

—4 -3 -2 -1 0
[ Fe/H ]
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The Li-prediction in SBBN

t/sec
0.1 1 10 100 1000 104 10° 109

B LTLH = (5,244 0.7) x 10710
[Cyburt et al,, 2008]

WMAP5 + new nuclear data on *He(a, v) Be
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The Li-prediction in SBBN

t/sec
0.1 1 10 100 1000 104 10° 109

B TLi/H = (5.24 £ 0.7) x 1071
[Cyburt et al., 2008]

WMAP5 + new nuclear data on *He(a, v) Be
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The Li-problem in SBBN

9 [Coc et al., 2004]
10

SBBN >

Ryan et al. (2000)
A Ryan et al. (1999)

_ﬁ_ RINYI LI %* ++m“+

[1 Bonifacio et al. (2002)
/A Thevenin et al. (2001)

Li/H

"Li/H|ops = (1 +2.5) x 10710

35 3 2.5 2 1.5 -1 0.5
[Fe/H]

e (4 -+ 5)o discrepancy between observations and prediction [cyburt et al., 2008]

* NB: newest observations show metallicity dependence of Spite-plateau at
lowest metallicities [Aoki et al, 2009; Sbordone et al. 2010, Asplund et al. 2010]
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The Li-problem in SBBN #27

e Lithium-6:

- Claim of (20) detections in
9 halo stars [Aspiund et al., 2006]

°Li/"Li ~ 5%

- Claim challenged [cayrel et al., 2006]

=> Li-6 mimicked by convective
motion of material

=> detections turn into
upper limits

e

6Li/7Li isotopic ratio

6Li/7U isotopic ratio

0-10_- Mean - 0.0212 -
- Sigma: 0.0208
ok - + ; + -
4-H b% b
ooo———-———%%—---é ----- é— ————— % ———————————
_005-_ % —
30 25 l[;f,,ﬂ,l a5 o0
0-10—— Mean - 0.0056 -
- Sigma: 0.0212
o.os—— ~[ I -
TJ T ! I
o.oo_—-- ———--'—-—-;-l][—————T——T—————t—]-—— 11———1—1——
| [ 17 |
-0.05- ! _
30 25 '[;;ﬂ]' I EEEEY:
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Light element predictions from helium to lithium span
roughly 9 orders of magnitude in number

|

in agreement with observations
impressive success of the hot Big Bang model

At least one quantitative problem:

|

Solution may turn out to be of astrophysical origin but could
also signal new physics operative during BBN
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Generic ways to affect BBN

p.n

| D

‘He
Dp / ‘He D *He“He
DDI1

V3Hen @

DD2 TD “He T
T Li

"Li p

V7Ben
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Generic ways to affect BBN
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Generic ways to affect BBN
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Generic ways to affect BBN

| D

Change in
timing

V3Hen

DD2

non-equilibrium

BBN
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Fig. from [Mukhanov, 2004]

catalyzed
BBN
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Generic ways to affect BBN

* defining moment in BBN: end of deuterium bottleneck

0.8

0.6

0.4

0.2

AY/YsBBN

-0.2

04 EF

-0.6 ©

=> neutrons incorporated into helium

=> strong dependence of D and He4 on n/p - ratio

= 0.24 <Y, < 0.26

-04  -0.2 0 0.2 0.4 0.6 0.8
Apsm/psm (T < 0.1 MeV)

“dark radiation”

Hsppny — H = Hsgpnv/ 1 + par/pswm

can be translated into bound on NV,
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Generic ways to affect BBN

* defining moment in BBN: end of deuterium bottleneck

0.1

0.05

-0.05

At /Mg
(@)

=> neutrons incorporated into helium

=> strong dependence of D and He4 on n/p - ratio

i : P
N 10719 P
[ Vo Fo

o) ~
: : — + B
% Z z
2\ % @‘\
[ 10710 . \ N\
- \ \ \T
[ \ \ A
IIIIIIIIII | 1 I\:I 1 1 1 1 1 1 1 1 1 1 1 1 I\I 1 | 1 1 1 1 1 1 1 1 1
-0.1 -0.05 0.05
AFEy/ Ey,

“sliding couplings and mass scales”

exponential sensitivity to
- neutron/proton mass difference

- deuterium binding energy

for concrete realizations, see e.g.
[Nollett, Lopez, 2002; Dimitriev et al., 2004;
Coc et al. 2007; Dent et al., 2007]
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Generic ways to affect BBN

* energy release during SBBN (mass conversion into nuclear binding energy)

~ 2 MeV /nucleon => marginal effect at 7Ty ~ 1
* decays/annihilations of non-standard particles

=> a lot of work has been done! e.g.[ ...., Kawasaki et al. 2004, Jedamzik 2006, Cyburt et al. 2009]

electromagnetic energy injection (“‘clean”)

primary decay/ann. channel

hadronic energy injection (“messy”)

* relevant because of Dark Matter connection (residual DM annihilation)
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* rapid formation of em-cascade; “zeroth-generation” (c and pair production)

[('0(E’v/lz'low)_l'5 for E'7 << Elow
pW(EW) — KO(EW/EloW)_Q'O for Elow < Efy < EC
0 for £ > Ec [Protheroe, 1994]

T

Y4y — e +e : Ec~m?/22T

[Kawasaki et al, 1994]

* “break-out” photons can dissociate light elements

TkeV  for "Be + v —>He +*He (Ep = 1.59 MeV)
Ton >~ 5keV  forD+~y—n+p (Ep = 2.22MeV)
0.6keV for *He +~v —*He(T) +n(p) (Ep, ~20MeV)
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Electromagnetic energy injection

1078 N

100 10

S
Y, —
SHe+T)/H —
D/H _
\\
vy °Li/H
* Important secondary effect:
("Li+"Be)/H 7
) H +*He —°Li+n
_ “He +*He —°Li + p;
! Lves v o0
0.01 0.001 [Dimopulous, 1988,

Jedamzik, 2000]
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Electromagnetic energy injection

102 £ °Li/H
101 é_ s__——— §
T U O 3
> 10-1 e\ SR 4
S
>>j 102 L\
5 103 * Important secondary effect:
o v E NNl ey
(D)
1074 377 . 4 67 -
H-+*He —-"1L14+n
107° .
prim. -
106 rim.-+sec. —— 3 4 61 - .
b He +"He —" Li + p;
10—7 Coaol vl v v vl vl el e
10* 10° 10 107 10® 10° 10%'9 101l 1012 [Dimopulous, 1988,

T /S ec Jedamzik, 2000]
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Generic ways to affect BBN

K
ar, = 29 fm
P v = 25kev
/
/
/
/
s
/o
/
1 20 fm
O v — ~N —mmm
b meaZa . AZ
2 2
° Egou] _ Z v mred

2

Catalyzed BBN

~ (=25 keV) A Z*

ar = 3.6 fm
Eeevl = 397 keV
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Generic ways to affect BBN
Catalyzed BBN

e standard BBN: e bound states: [Pospelov, 2006]
‘He + D — 6Li + ~ (*HeX ™) +D — °Li+ X~
D Y
‘He °Li

quadrupole transition —catalysis of °Li production

heavily hindered
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Generic ways to affect BBN

X, =5x10"1
Tx- =5x10%s

ni/np

’l
‘
'l
’,
’
'I
po Lol vood levond voned o gl vl voowd vvvoed vl 3l

Catalyzed BBN

1 | IIIIIII| LI IIIIIII ! IIIIIIII LI IIIIIII ! IIIlIIII LI = 10—10
Li/H=10"" + 10717 s T
10~ 9Be/H=121x10"18 —— 310
02 10-12
Q 10—13
5
N 10— 14

41015

_ 10—16

106
10—7 T T T T T T 10_17
103 10t 105 106 107 108 10°
Tx [s]

[Pospelov, J.P, Steffen 2008]

Ydec
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Part |l

Metastable GeV-scale sector as a solution to the lithium problem
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. GeV-scale
Big Bang
. — metastable
Nucleosynthesis
states X

* Mx ~ O(MGV — GGV)

* light sector secluded from the
SM => longevity of X — SM

T > 15
® recent attention in connection

with cosmic ray anomalies
(mediator physics)
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Solving the Li-problem: mechanism

* inject “extra neutrons” at Ty ~ 0.5 [Reno & Seckel 1988]

e N
Be4+n —"Li —*He +*He
N T y

proton burning

o np/Nblmy~05 = O(107°) => O(1) reduction of "Be +7 Li  [edamaik 2004]

e classical BBN scenario with decaying X: my = O(100 GeV), e.g. ¥ — G + SM

extensive literature! e.g. [ ...., Kawasaki et al. 2004, Jedamzik 2006, Cyburt et al. 2009]

=> hadronic and electromagnetic cascades ( => “extra neutrons’ )

=> large energy depositions
hard to find “Li-sweet-spot” where all observational constraints respected

Tuesday, June 15, 2010



GeV-scale

metastable
states X

...below the di-nucleon threshold

X U ntn, 72, KTK—, KK ...

* we get “extra neutrons’ e.g.from

"TBBN” :

”1u/vBBN” :

T 4+p—-n+a’/n+y

B — e + Vet

l

De+p%n+e+

Tuesday, June 15, 2010



BBN : X — 77~

Tg ~ 0.5

* Hierarchy of scales H « [} < Tiec S Pitop:

* »p—n Interconversion rate:

T3<O'U>pn
1 mb

I = n,(ov)T, ~ (3 x 10% s71)

p

* efficiency of interconversion during pion lifetime:

pr o _ / exp(—I7,. (t — tin) )Tt ~ TT7s ~ O(1075)
t

p—n

injection of (9(10) pions/baryon yields O(10~°) neutrons

inj
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BBN : X — 77~

* we need pion-nucleon, pion-He cross sections at threshold

=> can be extracted from measurements of the level widths
of PiOniC hydrogen and helium see e.g. review [Gasser, 2008]

15 = [¢15(0)[* (ov)o

e these cross sections receive Coulomb corrections (o;v) ~ F(Z, (v))(ov);

21n Ao

1 — e—27mm’ = v

F(Z,v) ~

=> win a factor F, - ~ 2, Fig,,— ~ 3.5 at Ty ~ 0.5
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BBN : X — 77~

Yx =nx/ny

| X > 4+7" Yy =8, 7x = 103 sec
|||| 1 1 1 1 1 |||| 1 1 1 1 1

Yp—

10—10 |
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10—10

10—12

10—14

BBN : X — 77~

Yx =nx/ny

«—n+p—D+ty
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BBN : X — 77~

Yx =nx/ny

100

X s>at 4+ 71—

Tx /sec

. \/
Fo
o607
/.'://
"Li/H =~ mm |
gp—
10° x (D/H) - _
10M x (OLi/H) —--
R I R B N B B A
10 10°
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BBN : X — 77~

Yx =nx/ny

100

n+p—D+y
210

X s>at 4+ 71—

; 7 +%He - T4+ n
:“"-. // "Helpg+
Pk v
P60 6Li
7 )
| D+y—p+n
"Li/H =~ mm |
v
(D/H) weeeeev :
x (SLi/H) ——-
104 10°
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v/uBBN : X — u p~ — . s+ ...

* completely different hierarchy I'], I'y,, < H

* estimate on efficiency of p — n interconversion

2
v b 10—41 .2 nply;
L', =npo,, 21077 cm”® X (10 MeV )2
> 1 Iy (Tinj)
Py = I’dt = — -2 ~2x 1077
e /tinj ! 3 H(Tiﬂj) s

/

injection of O(10*) muon decays/baryon yields O(10°) neutrons

Py << P, decouples v/ uBBN scenario from TBBN

* injected neutrinos redshift, oscillate and build up

=> in the numerical treatment we follow phase-space evolution
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v/uBBN: X — utu~ — /s 4+ ...

106

104

LIS I IIIIIII
.

0.26

4 1T 11
.

=
&

—"
-

PR
_____

,
22
PP A e
- - -
A

_ P
- e
= = o
223 n

SRR

0.25
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v/uBBN : X — u pu~ — . s+ ...

] X = put 4+ Yx =5 x 10%, 7x = 8.5 x 10° sec
T ' v '
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A more comprehensive picture ...

* Stopping power of the plasma falls rapidly with temperature

=> pions poorly stopped for Ty < 0.35

Tdec / Tstop

1000p

100 |

Ein/MeV

10

TTTTTTTTTTTT T T T TTTT T T T T T T T TTRITINT]ITTTTTTTTTNTTTTTTTTT |III]IIII

(ovx)/mb

45 ¢

w0 B Brs06 ——
Said —
35 E_ G&SOS ®

|

A-resonance

pion reactions enhanced

100 150

E./MeV

200

250
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30

25

20

15

10

A more comprehensive picture ...

" /Ooo dt(ov) g(r) €xp <— /Ot dt’szWQ .

average along the “lifetime-trajectory of pions”

in
KZ(Ein T) — Pp—>n(E7T 7T) L 1
T ) — T
P, (T) T (O
""""" R B A I A IR B
= BB T) A SO 180 MeV ]
- P (B, 1) g
r \\\ -
A — resonance
: 100 MeV 1
- K= :
: l Eiw =10 MeV -
E ||||||||| | v v v v A A AT A A | v v v Lo v v 000 E
0.6 0.5 0.4 0.3 0.2 0.1
Ty

100

| B = 180 MeV

X s>at 47~

Yp — 4
10 x (D/H)
10 x (SLi/H) ——- |

102 103

104 10°
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A more comprehensive picture

mx 2 2myc+

10° x (D/H)
10M x (°Li/H) ---

103

Tx /sec

10*

10°
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A more comprehensive picture ...

e X decay to kaons; “s-quark exchange” reactions, e.g.
K +p—Xtrt, 200 ArY
K +n—-Y 7" X% An™

102 :

100 F
=
NG
1
i 10° x (D/H) -
mx > 2m g+ 10M x (SLi/H) ——-
10_1 ol | Ly
102 103 10* 10°

Tx /sec
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Examples of secluded sectors

* Higgs-portal (Singlet S) [McDonald 1994; Burgess et al 2001]
1
LH—portal — 5(8MS)2 o V(S) o ()\SS T AS)(HTH)

A, A\, and m% (S-portal)

* Vector-portal (new U(1)" broken by Higgs® ¢ ) [Holdom 198¢]
1 K
Ly _portal = ==V, — = FL, V' +|D,¢l* — V(9),

4 H 2R

o', k, mp, and my (V-portal),
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Examples of secluded sectors
* Higgs-portal (Singlet S) [McDonald 1994; Burgess et al 2001]
1
LH—portal — 5(8MS)2 o V(S) o ()\SS T AS)(HTH)

A, A\, and m% (S-portal)

* Vector-portal (new U(1)" broken by Higgs® ¢ ) [Holdom 198¢]

2

K m
Ling = — =V, F' + —L V2 4
in 9 KV 2/ peot o2

2 2
mh/ h/3 . mh/

20/ Sv'?

2
my

h'4.

21,2
h/VM—

o', k, mp, and my (V-portal),
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Consider V-portal Tx ~ 10°

Vo9 10710\ 7 M
M Ty < 0.05 s X ( > (500 e\/) for my 2 me.
K Ty,
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Consider V-portal Tx ~ 10°

Voo 10-19\* /500 MeV
W\/\/< TV§0.05S><( ) ( - ) for my 2 me.
K Ty,

\

( )
“super-Wimp”
regime
[l (V)< H
| J

— my, < My
k<1071
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Consider V-portal Tx ~ 10°

Vo 10719\ ? /500 MeV
«/\><\/\»< TV§0.05S><( > ( © ) for my 2 me.
K Ty,

7\

4 ) 4 )
€6 - ’»
: : super-Wim
“Wimp” regime PEr P
regime
~ My < My Iorod (V) < H
- J - J
naturally long-lived i’ = my < Mmjp

" —f k<1071
---- A
- f [Batell et al., 2009]
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Consider V-portal Tx ~ 10°

Vo 10719\ ? /500 MeV
«/\><\/\»< TV§0.05S><( > ( © ) for my 2 me.
K Ty,

7\

4 ) 4 )
€6 - ’»
: : super-Wim
“Wimp” regime PEr P
regime
= Mp < My Tproa(V) < H
- J - J
naturally long-lived h’ = my < my,
" —f k<1071
]
—<—f [Batell et al., 2009]

3.4 x 1075\ " /250 MeV my O\ 2
7~ 103 —— 104 (g) ( ) .
T~ )sx B — 500 MeV
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[“Wimp” regime: h’ ]

hW+h—-V4+V: I o< (o)?k° exp(—myp /T — 2Am/T)
W+ V — 171 Iy o< o/ ak® exp(—mp /T — Am/T)
W+I1E -V 4+I1E I's o< o/ ak® exp(—Am/T),
[Credit: N.Weiner] /
v, (10 (7#BBN) casily
10* (v/uBBN)
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[“Wimp” regime: h’ ]

hW+h—-V4+V: I o< (o)?k° exp(—myp /T — 2Am/T)
W+ V — 171 Iy o< o/ ak® exp(—mp /T — Am/T)
W+I1E -V 4+I1E I's o< o/ ak® exp(—Am/T),
[Credit: N.Weiner] /
v, (10 (7#BBN) casily
10* (v/uBBN)

\

[“super—Wimp”: \'% J

production peaks at my ~ Agcp => can only estimate

103 2 4 3/2
Vi ~ 0.3 x ( 0 S) <GeV> ( O)
TV my Geft

seems somewhat small for “pion-solution”, but...
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Conclusions

* BBN has become a powerful toolbox to test and constrain new physics

=> every model must pass this cosmological consistency check

* (sub-)GeV scale sector which decays at ~ 1000 sec can reconcile Li
observations with BBN

=> long lived injected mesons

=> injected neutrinos (accumulative effect)

¢ not hard to construct a model

=> particularly motivated by galactic cosmic ray signals
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