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Abstract: | discuss a new scenario called Hylogenesis (hylo=matter) that
explains the baryon and dark matter densities of Universein aunified

way. Early universe dynamics generate the baryon asymmetry and an equal
antibaryon asymmetry in a GeV-scale hidden sector. The hidden antibaryons
are dark matter. Our model has a striking signature that dark matter can
annihilate baryons, mimicking nucleon decay. | discuss the effective
nucleon decay rates and implications for existing nucleon decay searches.
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Hylogenesis: model

» Hidden sector particles B U(l)y
TeV-scale Dirac fermions X, X, | 0
= GeV-scale Dirac fermion Y y +e’  p= 14 SUSY
GeV-scale complex scalar @ Ly e PN =
U(I) vector boson Z’ (<GeV)
s p SR . .
Interaction: — £ 2 :\,} Pﬁf_[ i P;;r{[ = = \‘( “‘®" +h.c.

Note: X, , coupled to “neutron portal” (ugdzdg) and to DM states Y and @.
Can assign B to hidden sector states such that B is globally conserved
Two component DM: Y and @ are stable if [my —mg | < m +m,

Pretorstable if m, < mytmgim,
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Hylogenesis in 3 steps

X, and )ZE produced non-thermally in equal amounts

e.g., reheating after inflation, moduli decay

|

2. CP violating X, and X, decays produce visible B
asymmetry and equal and opposite asymmetry in Y, @©.

3. CP symmetric densities of Y and @ annihilate into Z

Residual Y and @ asymmetries are the DM
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CP violation

Non-thermal population of X, and X,.

2. X, and X, decay out of equilibrium (my, >>Tg.)
Two channels: X — Y ®* X1 — udd
Decays violate CP

U

Y 7

’ / _ i | X9
X 1 - :( (d X g P d
d d

Visible B and equal and opposite B asymmetryinY, O@.

PoM/Ps = (NyMy+tngmg)/ ng m, = (My+mg)/m,
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Compute baryon asymmetry ng/s

Assume reheating occurs instantaneously

p -

a =M, —— G =0 g T
» Baryon number density ng =& Ny n
¢ is CP asymmetry (average ng produced per X, decay)
Ny X, particles produced per ¥ decay
a0 . e
jf_\—: hl_| A\Fl — udd) — r.:\fl — r-frf.rf}d
Hﬂij{: [lll\I\gu_g_:

25673 |1 |2 M*mx,

) Entrop)/ s = 4/3 prad/TRH :> n/s = . K_TRH f

I,
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Compute baryon asymmetry ng/s

Assume reheating occurs instantaneously

Py =Mm, —> ;=30 & Ty,

» Baryon number density ng =& Ny n
g is CP asymmetry (average ng produced per X, decay)
Ny X, particles produced per ¥ decay
| . -
T x, -_l_t" X3 s udd) —-T(X; — f_.!r.[ffHJ
milhu}\’{,\gglgg:

25673 :L:l i:2 JI-L”"'_Y-;_ '

~ T—

12

» Entropy s =4/3 p_4/Try |:> ng/s = cNx1rH f

Iy
o
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Compute baryon asymmetry ng/s

Assume reheating occurs instantaneously

By =M, —— P =0 gyt

» Baryon number density ng =& Ny n
€ is CP asymmetry (average ng produced per X, decay)
Ny X, particles produced per ¥ decay
1
2T x,
m3%, Im[AF \2(1 G5
25673 |3 |2 M*myx,

» Entropy s = 4/3 p_4/Try |:> ng/s—= cNxlrH /
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Compute baryon asymmetry ng/s

» Additional consideration: no wash out

Transfer operator out of equilibrium

— s

; A A5G TeV®
Tra < (2 GeV) (Y b5Sa S )

M*mx_my,
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Possible Dark Matter Signals

Induced nucleon decay: DM-nucleon inelastic scattering
that annihilates nucleons

Probes transfer operator (neutron portal)
Unique, novel signal for hylogenesis (not just Asymmetric DM)

2. DM elastic scattering via Z
Probes annihilation of symmmetric DM densities to SM

More generic signal of many DM models.
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Induced Nucleon Decay

» DM carries antibaryon number. Can annihilate nucleons.

Y X129
Y. D >— - oY
DM DM

Several different meson
final states possible
(We only considered lightest pseudo-Goldstone bosons.)

=— K nE._.. K0

+&aai have both up-scattering and down-scattering. page 11138



Induced Nucleon Decay

» 5 possible operators coupling DM to u,d,s quarks

5 O = €3 u}}dél{d}?} D)

R e . ( : 3 S
i‘ﬂtnt ZI G ‘)* (_);. — H?EIIIEEH-‘FH} D)
€ — ol .:-"jél.uf; ) d}é}'iI’]
——6 }d(Mz M) Oy = €a3,(dzsg)(upY ®)
& —ca.l .9‘?;{1';] (spY @)

Dimension 7 operators
Lower bound on M, my from monojet searches from Tevatron.

Expect M, my > (few)x100 GeV —TeV. (Work in progress.)
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Induced Nucleon Decay

» DM carries antibaryon number. Can annihilate nucleons.

p | ;i /' ~ g K™
& =y
Y X1.2
Y. D >~ - =Y
DM DM

Several different meson
final states possible
(We only considered lightest pseudo-Goldstone bosons.)

=— K ... =R

+{ai have both up-scattering and down-scattering. page 1355



Induced Nucleon Decay

» 5 possible operators coupling DM to u,d,s quarks

5 €& — €5l u'};d;}{iﬂ;} D)

-g’int == Z {'f(): N a 39 = & 7
_I {‘—jz — 'E-:g_j".l. “H{fH}{-“[i)} {I):I
£ — &al a}}-ué ) d}?} D)
c; = A(M2my) Oy = é€ap,(dpsy)(uprY ®)
Os = e€.3,(sjup)(spY®)

Dimension 7 operators
Lower bound on M, my from monojet searches from Tevatron.

Expect M, my > (few)x100 GeV —TeV. (Work in progress.)
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Induced Nucleon Decay

» 5 possible operators coupling DM to u,d,s quarks

» - 2 01 = €.5,(usdo)(dLY ®)
=, _Z :O; Oy = €as,(updn)(skY ®)
—1 :

O3 = €as,(spup)(dpY @)
= C_, }L/(Mz mX) Oy = €q3,(dgsp)(upY @)

i — EL—..j—.‘"-*'}?‘f“;“-’f:éy{p}

Dimension 7 operators

Lower bound on M, my from monojet searches from Tevatron.

Expect M, my > (few)x100 GeV —TeV. (Work in progress.)
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Induced Nucleon Decay

Looks like standard nucleon decay into meson + neutrino

Kinematics is different than in standard nucleon decay

Crucial for experimental searches

2. Effective nucleon lifetime depends on local DM density
How does effective lifetime compare to current limits?
Can Induced Nucleon Decay be observed?
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Induced Nucleon Decay: Kinematics

» N=(p,n) is nucleon, M is meson (pion, kaon, eta)

» Induced nucleon decay channels are

YN —>O*M

®N - Y M

» Looks like standard nucleon decay (neutrino undetected)

N — Mv

Jaughter meson momentum:

Decay mode ;ﬁ}“ D (MeV) ;_:IED (MeV)
N —->=xm 460 S00 - 1400
N = K 340 630 - 1360
N —n 310 650 - 1340

Note: IND final states are monochromatic. Range corresponds to allowed
mass range for DM particles. (Assumed down-scattering.)

IND mesons can be much more ene

Pirsa: 11020103
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Nucleon decay searches

» Consider Kaon modes only at SuperK Kobayashi et af [SuperK] (2005)

(Also want to study implications for other searches: pion/eta modes
at SuperK, Soudan-2,IMB-3 — work in progress)

p—K* v 2.3x10% yr |

Two key assumptions:

I. K+ comes to rest before decaying: Occurs ~50% in IND

2. K+ below Cerenkov threshold: f <0.75 Not satisfied for IND

Searches:

|. K —sa"n% s u + vy. Look for one p-like track, one Michel e,
and two e-like tracks, and cut for any additional radiation

2. K= u with prompt v from '°O. Look for y with p-like track
delmyed by “quiet” |2 ns. Might be swamped. Page 2038



Nucleon decay searches

» Consider Kaon modes only at SuperK Kobayashi et af [Superk] (2005)

(Also want to study implications for other searches: pion/eta modes
at SuperK, Soudan-2,IMB-3 — work in progress)

n—K°% v 1.3x10°% yr

Searches:

I.K% %% - yyyy. Look for four e-like tracks

2. K%—r"m Look for two p-like tracks.

Both searches reconstruct my, and pyg but cut 200 < pyo< 500 MeV

Larger pyo may have problem with separation of yy cones?

Enhanced efficiency for 171 modes (probability of having both
mmwabove Cerenkov is low for standard nucleon decay)?
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Nucleon decay searches

» Consider Kaon modes only at SuperK Kobayashi et af [SuperK] (2005)

(Also want to study implications for other searches: pion/eta modes
at SuperK, Soudan-2,IMB-3 — work in progress)

n—K°% v [.3x10°2 yr

Searches:
I.KO %% - yyvyy. Look for four e-like tracks

2. K%—m"m Look for two p-like tracks.

Both searches reconstruct myg and pygg but cut 200 < pgo< 500 MeV

Larger pyo may have problem with separation of yy cones?

Enhanced efficiency for 171 modes (probability of having both
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Induced Nucleon Decay: Lifetime

— oy

u - ) s p K™ p N"
P -f; ';7' L
X34 = ® + AX
Y. & - - &* Y v & - }_' Vo 2 &= }__

» Chiral perturbation theory: effective theory of baryons,
mesons, and dark matter particles

—*)n . . e 3
- e 263 +c3+ €4 ¢ €21 Ca_g
PABHE gy d (ﬁnﬂ— S -xt,;——z‘;;,)
- 1 1 e G
'

iy

i8_ 5 e — . LE
+— —Yod (—r_‘;tp,q? +3/2npgn —\/1/2ngn") + (3 —ca)npK" + (¢4 — c2)prK )

f

» One unmeasurable coefficient 3
» same as in standard nucleon decay Jaudson, Hail Wise (1982)

X no@mputed on the lattice Aoki et of [JLQCD](2000) ER



Induced Nucleon Decay litetime

IND with K final states (my+mgp=sm,)

108 £ — S : -
i f —— - p®—-KY — - nd-sKY
= —— pY—-K® nY -K®
P
-~ N W, I '
T T T T T - ]
. E . NE Y :
o __ | pe—— S )
o~ ——— | _'_,_,.a--':_'-’-._::_._':ﬂ—'-lz'_'_'_._._._- 1
X | \ "
— —40 L 4 il
= 1079 : / i
= | Y
= .
o
41
- 10 E E
.I:' : |
= (8 L 1
2.0 22 24 13

my (GeV)

ov = 1037 cm’/s
gives ™=10°% yr for
ppm—0.3 GeV/em?

For TeV-scale mediator particles, IND lifetime relevant for existing searches!
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Induced Nucleon Decay lifetime

IND with K final states (my +??T¢—~'*-m ) ov = 1037 cmd/s
; =38 E . : = = : : - = _ >
g SR i | gives =102 yr for;
:: I —— pY-E® oY K@ PDM:0-3 GeV/em
P ) I

o -39 | T~ —
sl T nﬁl(“ v 1.3x10%2 yr
Lo I S - A —1 .
= - f?b‘:’"‘ d p—K" v 23x103 yr
X | i o
= =" / —Kobayashl et al [SuperK] (2005)
= ? | | Up-scattering K™ has
E 0¥t | I ) N __"““_* B<0.75. Standard proton
£ A = i | decay limits apply.

20 22 - EE— >s | Up-scattering K? has

my (GeV) 200 < pyo < 300 GeV

K™ above Cerenkov threshold for most of parameter space

Kf<outside of momentum window for most of parameter space
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Induced Nucleon Decay lifetime

/1 decay channels have comparable lifetimes

IND with . final states (my+me=5m.)

ov =103 cmi/s

gives ™=10°% yr for
ppm—0.3 GeV/cm?

e I " —— el nY —md —— aY—nd
K>
T | TR & Y
a s ey T —— e _-;________:_—__.—_:__—__—_._—
— = = o= _-.-—-—""'"'__-___ =35
I e
- 00l )
—_— 10 E
5 -
E 1‘:‘_"1 L |
-0 22 x4 26 2.8
my (GeV)
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All three channels

probe a single
coefficient c,.

K modes probe
different linear
combinations of
€5,C3,C4-
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Induced Nucleon Decay: Summary

» IND is a novel signature of dark matter motivated by
explaining pg ~ Ppm-

» IND can mimic nucleon decay
Lifetime comparable with present limits for TeV-scale mediators
Kinematics can be much different (more energetic)

» Standard nucleon decay limits apply in some regions of
parameter space

» We are working on how current searches apply in other
regions of parameter space. Really a job for experimentalists.
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Annihilation and Hidden U(1)’

» We need symmetric DM density to annihilate
Introduce Z’ vector boson O*P YV 207

» Z’ decays to SM through kinetic mixing with U(I)y
Holdom (1986)
= BHL.-Z!

137

SM fields develop a charge cy x Q. me coupling them to Z

Allows Z' —> e"e, etc. Z' decays to SM fermions.

No DM electromagnetic charge coupling it to the photon

Annihilation sufficient for | 3/9
=15 1e ( g )1-"2 ( m z: )‘1 E i

K -=) = = =

Pirsa: 11020103 . 10 Ge\ Ge\
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Searches for hidden U(1)’

» Currentand prospective future constraints

0= = E 1015 =

(e — g

jors
am dump E

periments

| TT=T"1 III|
L | L LEALLL | LULLLLIL | L LLEAEL (- i
vt —
=] =1
& n 1A
r'l'_l_l-""ﬂ'l'l'l T Ty | |

10755 —

3 E137 ] ]
107 - 107 = 3
102 107! | 102 107! 1

my [GeV] my [GeV]

Andreas, Ringwald (2010)

Pirsa: 11020103 Page 30/38



Annihilation and Hidden U(1)’

» We need symmetric DM density to annihilate
Introduce Z’ vector boson O*P YY w207

» Z’ decays to SM through kinetic mixing with U(|)y
Holdom (1986)
K BHL.-Z;

(737

SM fields develop a charge cy x Q. e coupling them to Z

Allows Z' —> e"e, etc. Z' decays to SM fermions.

No DM electromagnetic charge coupling it to the photon

Annihilation sufficient for

o 3/2
- afoxt T empy Tf E
:>15%x10"°% (-L) ( ) =
Pirsa: 11020103 , : 10 GE‘\ GE\
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Dark matter elastic scattering

» Spin independent cross section
: 27\ 2 o 2
SI = = e & FEN
o — (S5 x 10 ") (—) ( )
- r A Ge\

e \2 ( F )'3 0.1GeV\*
X — —
0.05 | TR m zr

Below (by factor of 2) current bounds fcr 3 GeV DM (CRESST)

107 E

Pemﬂla & ZLurek fZOﬂBJ

Adiseth et af [CoGeNT](2010) e |

CoGeNT 2008

, \ CoGeNT 2010 e ) iy
E,_ 107 = ~ il allowed i#
'.J: -3 e S oS SUF
3 GeV =
wd B —43 | =
10 o i—0
V=220 Em/ss ATENON |
V=730 km/= s e
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Annihilation and Hidden U(1)’

» We need symmetric DM density to annihilate
Introduce Z’ vector boson O*P YY s 7207

» Z’ decays to SM through kinetic mixing with U(I)y
Holdom (1986)
K BHUZ!

737

SM fields develop a charge cy x Q.me coupling them to Z

Allows Z' —> e"e, etc. Z' decays to SM fermions.

No DM electromagnetic charge coupling it to the photon

Annihilation sufficient for

1
{
s iS5l (i)
Pirsa: 11020103 l“

/)

/2 ( m z )‘1 E 3/2
GeV GeV
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Dark matter elastic scattering

» Spin independent cross section
3 L L g 2
J’TE;I — (D X J_[-]_Bgr'."”_]' (T) (é;\‘)
e’ 2( K )'3 0.1GeV\*
X - ==
0.05 ] mzr

|
|
Below (by factor of 2) current bounds for 3 GeV DM (CRESST) |
|
|
|

107 3
Aaiseth et af [CoGeNT](2010) > e | Petrielo & Zurek (2008)
r‘ el —1
107 5 CoGeNT 2008 = P
\ | . =
, \ CoGeNT 2010 =l —
B = il _ . |
E -2k i Fll I
- 10 - | DAMB allowsd iﬂ |
5 =3 COMS - SUF
| o = ""—-\.a.a--'- = = |
3 GeV | — _?—..:.J..:
10 = = -0 —4
V=220 Em/'s IENON -
| V=70 kEmyss e = =
' i l I e e [
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Searches for hidden U(1)’

» Currentand prospective future constraints

107'= i’ 10

______--—-1—""'_ a, R

(8-2)e.u 0= 102
105 , ' 103

= ET74 A E
'-._____',____—--""'- "-,_.‘_ 3

¢ 'H]—l-:_ ‘.""‘.\_Hx.-; El41 " e 1(}—1_:_

I . = E
107 N 1073

amdump - _ E
periments 10— N - 10k
F E137 ) ' :

107 e _ 107 =

10~ 1 1 10~ 10~t
m,- [GeV] my [GeV]

Andreas, Ringwald (2010)
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Induced Nucleon Decay: Astrophysics

» Dark matter accumulates in stars. Effective nucleon
lifetime decreases. Does DM devour/destroy stars?

» Some preliminary calculations:

DM can be captured through elastic scattering, but IND rate
too small to destroy appreciable fraction of nucleons

Although DM does not annihilate in with other DM, in stars it

can annihilate through two step process:(|) IND transforms
DM to anti-DM, (2) anti-DM annihilates with DM

Main effect is stellar heating through DM annihilation,not
nucleon annihilation

Consistent with known constraints (BBN OK)
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Conclusions

Cosmological puzzle: why pg ~ ppm ? May be
coincidence, or may be hint for asymmetric dark matter

s

Hylogenesis: a unified mechanism for generating the
baryon and dark matter asymmetries simultaneously

Toy model: baryogenesis without B violation

L

4. Novel signature: Induced Nucleon Decay

Dark matter is antibaryonic

wvn

Elastic DM-nucleon scattering: required at some level in
all ADM models due to requirement that DM annihilate
efficiently to SM particles but may be unobservable
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Induced Nucleon Decay: Astrophysics

» Dark matter accumulates in stars. Effective nucleon
lifetime decreases. Does DM devour/destroy stars?

» Some preliminary calculations:

» DM can be captured through elastic scattering, but IND rate
too small to destroy appreciable fraction of nucleons

Although DM does not annihilate in with other DM, in stars it

can annihilate through two step process:(l) IND transforms
DM to anti-DM, (2) anti-DM annihilates with DM

Main effect is stellar heating through DM annihilation, not
nucleon annihilation

Consistent with known constraints (BBN OK)
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