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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.

Pirsa: 11020103 Page 1/38



Hylogenesis: model

» Hidden sector particles B u(ly
TeV-scale Dirac fermions X, X, | 0
e GeV-scale Dirac fermion Y y +e' = 1 SUSY
GeV-scale complex scalar @ by - P tners?
U(Il)’ vector boson Z' (<GeV)
Ae =

Interaction: _ ¥ 5 X, Prd #°Prd + (, X, Y°®" + h.c.

M?
Note: X, , coupled to “neutron portal” (uzdgdg) 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,



Hylogenesis: model

» Hidden sector particles B u(ly
TeV-scale Dirac fermions X, X, | 0
e GeV-scale Dirac fermion Y y +e'  p= 1 SUSY
GeV-scale complex scalar @ i COSRRTT S s?
U(l)’ vector boson Z' (<GeV)
Aa

5 XaPrd i°Ppd +C, X,Y°®" + hc.

Note: X, , coupled to “neutron portal” (ugdzdg) and to DM states Y and ®.

Interaction: _ & -

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,

Pretomstable if m, < mytmg+m,



Hylogenesis in 3 steps

X, and X, 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

==

F.
F-

Non-thermal population of X, and X;.

X, and X, decay out of equilibrium (my, >>Tgy)

Two channels: _‘{1 —y Y o* 4‘&?1 — udd
Decays violate CP

Visible B and equal and opposite B asymmetryinY, O@.
Pom/Ps = (nymytngmg)/ ng m, = (My+mg)/m,

mums 1. 7GeV < my e < 2.9GeV
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Compute baryon asymmetry ng/s

Assume reheating occurs instantaneously

Py =mpm, — > g0 ey

"T'"

» Baryon number density ng =& Ny n
¢ is CP asymmetry (average ng produced per X, decay)

Ny X, particles produced per ¥ decay

L y B I

e — il-l. _L\Fl — H_F_HH_I i — r _.Y] —p li—ff.{f!}'

Ax; " ‘ *

| mi—ihili,\?\jﬁlgi
25673 (]2 My,
| eNxT .
» Entropys=43p_J/Te; mmmmd np/s = ————— f
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Compute baryon asymmetry ng/s

Assume reheating occurs instantaneously

Py =W, m, —— P =m0 5T,

» Baryon number density ng =& Ny n
g is CP asymmetry (average ng produced per X, decay)
Ny X, particles produced per ¥ decay
. | = S
T x. IL( X1 — udd) —I'(X; — Erfr_:ﬁj
m%, Im[A A2 ]

25673 |1 |2 M*mx,

[ p—

12

4 Entropy S — 4/3 prad/TRH |::> ng, e eN - IRH ] :

H?;
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Compute baryon asymmetry ng/s

Assume reheating occurs instantaneously

By =M, 0, —— P =10 &y

» Baryon number density ng =& Ny n
g is CP asymmetry (average ng produced per X, decay)
Ny X, particles produced per ¥ decay
1
21 x,
mx, Im[AT A2 (3]
25673 |3 |2 M*myx,

> Entr‘op)! s =4/3 prad/TRH }?B;-..ﬂ' = cNxTrH f

It -
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Compute baryon asymmetry ng/s
» Additional consideration: no wash out

Transfer operator out of equilibrium

. | AANCEG TeV® -
Tra < (2 GeV) (T 56aS6 L )

= Mmx mx,
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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 symmetric 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.

Plu - - L5 e
Y X12
Y. b > - d* VYV
DM DM

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

p—Kont ... n—KE 2%

+{ai have both up-scattering and down-scattering. page 115



Induced Nucleon Decay

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

5 | O = €.5,(usdy)(dLY ®)

_f(}-tjim — ZI f.'g()g Oj —  €a8-| U-ft\i"-fé”-?;z}_@.]
Oz = e€q8,(spu Ez )( ff}ﬂ D)

&= C :’L/(Mz mX) o — E,Lg,__.{d?g:-}% (upY ®)
Os = €,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

» DM carries antibaryon number. Can annihilate nucleons

/N o)
T - a8 -1
P U - '--E'hl
/ </
Y X1.2
Y. D - - ®*.Y
DM DM
Several different meson Kt ot n— KO n0m,...

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

+&ai have both up-scattering and down-scattering. page 13138



Induced Nucleon Decay

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

5 O = €.5,(uzdyn)(dLY ®)

= :Z = O = eapy(uidl £)(s Ew
- Oz = eap,(shup Hrf Y ®)

= l/(Msz) O = €up (dosn)(ulY @)
O — e.5.4 .:':‘L&uﬁj (spY @)

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

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

5 | & — 4. u’ﬁd;} (dRY ®)

Lot = 2 &0, O = eapy(uSdd)(sLY ®)
Oz = eq3,(spu é{} (dRY @)

= C_, l/(MZ mX) i — E,_L_g,_,{d?%.-?;; ) 11;?}“13]
Os = e.z,(s5u3)(sLY D)

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 —®M &N —=YM

» Looks like standard nucleon decay (neutrino undetected)

s e Decay mode pﬁ?D (MeV) pﬂ‘}'D (MeV)
Jaughter meson momentum: 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 energetic than that SND mesons!
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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: p <0.75 Not satisfied for IND

Searches:

|.K*—=na"nl 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 ¥ from '°O. Look for y with p-like track
Sebpedbp e Lo Pl hcommpent - 0



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°% yr

Searches:
I.K% % - yyvy. Look for four e-like tracks

2. K%—m"m Look for two p-like tracks.

Both searches reconstruct my, and pgg but cut 200 < pi< 500 MeV

Larger pyo may have problem with separation of vy cones?

Enhanced efficiency for 171 modes (probability of having both
maoapove Cerenkov is low for standard nucleon decay)? page 2119



Induced Nucleon Decay: Kinematics

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

» Induced nucleon decay channels are

YN M

ON Y M

» Looks like standard nucleon decay (neutrino undetected)

N — Mv

Jaughter meson momentum:

Decay mode p‘i?D (MeV) j_:rﬂ*\}-D (MeV)
N —>sm 460 800 - 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 ener
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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%% yr

Searches:
I.K® - -~ yyvy. Look for four e-like tracks
2. K%—7" Look for two p-like tracks.
Both searches reconstruct my, and pgg but cut 200 < pyy< 500 MeV

Larger pyo may have problem with separation of vy cones?

Enhanced efficiency for 17t modes (probability of having both
man-apove Cerenkov is low for standard nucleon decay)!? S



Induced Nucleon Decay: Lifetime

T; > u < o ) = P =
Piu ;’l;_’___,_,,_ - o K J{ I& I'L
il e

|8 == ® , AZ

V. & - - & ¥ vV & & }--. Y. & £l d* . }__

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

- o —2c5 €3¢ €3 —€3 1 C4
.23;;3_1 3 f} {b (ffinﬂ == - = -si.{:lq = —_T-D
v 6 Vv 2

+ 7}'@ (—r_”;{pRT_ + /3 2ngn —+/1/2 npa’) +(e3 —a)npK® + (ey — c‘g]p;:;ff_)

» One unmeasurable coefficient 3

» same as in standard nucleon decay Jaudson, Hail Wise (1982)
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Induced Nucleon Decay litetime

IND with K final states (???E"i'???.:p::"m_g}

T e e e e S S e —
i P —— - p@>SKY —— - oP->KY
e : pY-K® oY -K®
} . l"
O .,395 e g - XN ’
— 10 3 | Eer 3
o4 { | S  —— |
) ——— === T ——— T %
x i | !.-’_’_J_.,-ﬂ"' f./_'_,_,_,--""‘_'_ 1
— — = ,,l"" -
_:_ﬁ l‘j' f !/ E

E | 1
- t A
: L I..|
-:J.-r s |i : |
= 10 F | 3

= [ |
28 2z 24 zZS8

For TeV-scale mediator particles, IND lifetime
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my ( GeV)

ov = 1037 cm/s
gives =103% yr for
ppm—0.3 GeV/iem?

relevant for existing searches!
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Induced Nucleon Decay lifetime

vV (Cm7/S) x |¢a Tev™|[ =

1E}—33 .5" . . - - : z : : =
P ——- p&oKY  ——- a®oKY
L PY »K® aY >K®
s SRR P
107> | Bl e
:i __ |- L cee——
. T
| P E > ~
107 / | |
;: E Ld;_ =i fr = __;?H 1
2.0 22 24 )
my (GE‘.‘\”

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

ov = 103% cmi/s

gives T=10°% yr for
ppm—0.3 GeV/em?

— n—K°%v [.3x10°% yr

h p—K* v 23x10% yr

+Kobayashi et al [SuperK] (2005)

i Up-scattering K™ has

j' —————{B<0.75. Standard proton

i | decay limits apply.

— 5_'__"_':'.'::;—-_-;._.;;_;;_4[ Up-scattering K has

200 < pyp < 500 GeV

K™ above Cerenkov threshold for most of parameter space
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Induced Nucleon Decay litetime

/1 decay channels have comparable lifetimes

IND with .7 final states (my+me=5m.)

ov = 1037 ecmi/s
gives ™=10°% yr for
opm—0.3 GeV/em?

cd - _
i F —— - p®onay — — - n®P-x¥ — — - nP-pY
3 0 3L —— pYonrd oY —smd —— aY—npd
2
S. T E - - - . e ———
_}C E . e —
— E It e :- - = ‘:-"'_'_-:-_;-__--___;_'_-_“'_ T
= | =
f:‘--. l'_.il:I _.-"'F
A = =
—
¢
—
" ) |
8 w*t 1
l i I K I I I i i i i [ I 1 |
20 z2Z Z4 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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o e b e e D e e LT

» We need symmetric DM density to annihilate
Introduce Z” vector boson G * YV 7

! Holdom (1986)
h

787

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

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

|
I
!
I
» £’ decays to SM through kinetic mixing with U(l)y :
i

No DM electromagnetic charge coupling it to the photon

Annihilation sufficient for - |
£ g £ O\H2 rmz L E = |

o> 15 10 (L) (mz ) (T \
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Searches for mdden U(1)

» Current and prospective future constraints

10-1= — . —= =5

= e

Eder —or = — =

~ { Y@S) AS

\

E} -.
nl..

\

L\

e

3

m
[
= /
x"r
: rd

X
<

16"
am dump _

periments

il r-|r1|.'|| W1 iILI:IIl-
/

10755 | =

T —
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Annihilation and Hidden U(1)’

» We need symmetric DM density to annihilate
Introduce £’ vector boson G * YV 7277

» £’ decays to SM through kinetic mixing with U(|)y
! Holdom (1986)
— i

757

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

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

No DM electromagnetic charge coupling it to the photon

Annihilation sufficient for

fe - 3/2
_ o @GN gy i
> 1.5 % 108 (-‘-) ( ) :
e 10 Gev/ \Gev)
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Dark matter elastic scatterng =~~~

» Spin independent cross section
; s o F2ZN" £ v )2
r_m:f = (5 x 107%m?) (j) ( éj;\)

e’ \?2 ( K )‘3 0.1CeV\*
X =
0.05 = m zr

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

1™ £
‘ Adiseth et af [CoGeNT](2010) e Pecielo & Zurek (2008 i
i} |h
1) e :
O e s
Fee CoGeNT
' T e =1
i_ 111 e — = CANEY aflowsd :
- = - e
| S e il
; 3 GeV —  coasms
107 = e e 1
vp=220 Ems ' IENON |
s s — £ o
E L T30 kmys's e SR 1
llﬂrsa: 11020103 e l : = : [ i | Page 32/38
10 . 100 - 1 2 5 10 20 50 100 200 -
m {CTE" "rc } I [ s |



Annihilation and Hidden U(1)’

» We need symmetric DM density to annihilate
Introduce Z’ vector boson d*P YY w7207

» £’ decays to SM through kinetic mixing with U(I)y
Holdom (1986)
K B'“,,Zf

957

SM fields develop a charge ey s Q.me couplingthem to Z

No DM electromagnetic charge coupling it to the photon

Annihilation sufficient for

e 3;’12
- o f GNHZE ey r
T (—) ( ) i
s 10 Gel GeV s

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



Dark matter elastic scattermg =~~~

» Spin independent cross section

- N 5 r 2
f’_TaI — I'i ~ 10_391"'”?2} (T) (éj;\d)

.

e \° ( K )‘3 0.1 GeV\*
X — —
0.05 1% = mzs

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

0" s
Adiseth et of fcac;avnrzma; = Petriello & Zurek !‘20031
&
0 =
& |
= |
. w“'_:‘ e -
E 109 3 s |
;'JE '... - tg ! :':T_
3 GeV g |
10 = n 2 L e =
§ V=220 km s ~ENo
.' p— 30 kEnyi'= -"n...\_‘_____\_ _'_'__'_‘__,_,_—-"'"_'-__':
e ._ M |
llﬂrsg: R I | | | - == Page 34/38
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Searches for mdden U(1)"

» Currentand prospective future constraints

0= = =3

= - &
-2)e,u -r""______—_l_-—__d = = 'E/F'/_:
(&-2e.n — S e Y39) AS

1{}—3:___ = _-___J..-*“

i TH R

X #

e 1074

16—,
am dump _

periments

g/

[Ry=TRT I1'| II""1'I TITT I| _.I =|I.I:II| |
/
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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

3

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

Toy model: baryogenesis without B violation

Lad

4 Novel signature: Induced Nucleon Decay

Dark matter is antibaryonic

L

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

Pirsa: 11020103 Page 37/38



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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