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General ldea

* Missing energy decays of heavy mesons. Are
they due to neutrino or DM?

e Some data for missing energy decays is not
available. Our results provide motivation for
these studies.

 Compare results for DM production with
current experimental bounds and try to rule-
out the light DM



SM prediction and experimental
data

* Theory * Experiment



SM prediction and experimental
data

* Theory * Experiment
B(B; — vD) ~ 3.07 x 10724

B(Bg — vD) ~ 1.24 x 10~%°
B(D° = vv) ~ 1.1 x 107"



SM prediction and experimental
data

* Theory * Experiment
B(B, — v7) ~ 3.07 x 10724 NO DATA

B(By — vp) ~ 1.24 x 107%° < 2.2x107%1]
B(D° = vv) ~ 1.1 x 107" NO DATA

[1] B. Aubert et al., Phys.Rev.Lett.93:091802,2004. [arXiv: hep-ex/0405071]



SM prediction and experimental
data

* Theory * Experiment
B(B, — v7) ~ 3.07 x 10724 NO DATA

B(Bg — v7) ~ 1.24 x 1072 < 2.2x107%1]
B(D° = vv) ~ 1.1 x 107" NO DATA

B(Bs; — viry) ~ 3.7 x 1078
B(Bg — viy) ~ 1.9 x 107
B(D° — viy) ~ 3.9 x 10714

[1] B. Aubert et al., Phys.Rev.Lett.93:091802,2004. [arXiv: hep-ex/0405071]



SM prediction and experimental
data

* Theory * Experiment
B(B, — v7) ~ 3.07 x 10724 NO DATA

B(Bg — v7) ~ 1.24 x 1072 < 2.2x107%1]

B(D° = vv) ~ 1.1 x 107" NO DATA
B(B, — viy) ~ 3.7 x 1078 NO DATA
B(Bg — viy) ~ 1.9 x 107 < 4.7 x 107°[1]
B(D' — viy) ~ 3.9 x 10~ NO DATA

[1] B. Aubert et al., Phys.Rev.Lett.93:091802,2004. [arXiv: hep-ex/0405071]



Formalism
B, — xx decays

(0] byHq |By) = (0 bq |By) =0,
O] !¥*ysq |Bg) = ifp,P"
\ fp,M?2
(0| bysq |By) = —i———*

My + My



By = x x ~decays

AT Bl Bak+ @) = € Cpnpac™a?k Y 5]\(4‘12),
(Y(k) by 75q|Be(k +q)) = —ie [EZ (kq) — (€"q) k| f4()

M

€

12 S Gk + He " + N(*q) k7 |

(y(k)|boy| By (k + q)) =



By, = x x decays

Bl Balk +0) = € eppoc™ ko LY 3
(y(k)|bvuysa|Be(k +q)) = —iele;, (kq) — (¢°q) ky] fA]\(;)

€

< ( )‘bO"u,/Q‘B (k—|— )> M2€uy>\a [GE*A]{U—FHe*)\ U—|—N<6*Q)q)\ka}

FE(E,) = FR(By) = Lagton (<QuR, + $) + 0 (2552) = Lgpaps,
where Rq—l -~ MBq — Ty, e FBq I _QqRq 4 % Mp,Qbv— Mb(Qb‘l‘Qq).

my(Mp, —mp)




By, = x x decays

B2
<7(k)‘EWIuQ|Bq(]€ —+ q)> — e e,uupae q,ok,a fV (q )

f2(@)

(R Byu 50l Byl + @) = —ie €, (ka) = (¢q) k] T472

€ X o) E S o o
(y(k )‘bUW/q‘B (k+q)) = M2€u,/)\g [Ge Ak’ + He >‘q + N(€%q)q AL }

—4

G = 4gi3\\ N = ?(fl + g1)
B —4(qk) _ fo(g0)
H = 72 (V1 ) fi(g1) = (1—(12//@(9))2



Various DM scenario

C(S
eff N 22

» Scalar DM - allows to avoid Lee-Weinberg
bound.

* Fermion DM (Dirac or Majorana)

* Vector DM. Don't know about any model with
spin=1 DM but provide results for generality



Scalar DM

X

ms(brar) (X6 X0),

*

my (brar) (XHX0);

i <
(brY"qr)(X0 du Xo),
. <
(brY"qr)(X0 Op X0),



Scalar DM

O1 = mp(brar)(X$xo0),
O2 = mu(brar)(XoXo0);
i <
Os = (bry"qr)(xo Ou Xo0),
. <
Os = (br7"qr)(X0 Ou Xo0);

Most likely there is NO radiative decay.
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VA
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Scalar DM

2.03 x 1071% GeV ™ for it =0

2.07 x 1071 GeV~* for m, = 0.1 x Mp,

2.22 x 1071 GeV~* for m,, = 0.2 x Mg,

2.54 x 1071 GeV~* for m,, = 0.3 x Mp,

3.39 x 10='° GeV=* for m, = 0.4 x Mg,



Scalar DM

<1.70x 107" GeV=* for m =0

<2.03x 107 GeV~* for m = 0.1 x Mg,

<3.49x 107" GeV~* for m = 0.2 x Mp,

A2 A2
ngs) CiS)
A2 A2
C:gs) Cis)
A2 A2

<9.88x 10~ GeV~* for m = 0.3 x Mp,

<8.11 x 107! GeV~* for m = 0.3 x Mp,




Examples of Scalar DM
Minimal Scalar DM model [1]
=g U= )\S TG —052 + A\S?HTH
1 A
e )\534 z(mg —|—)\’U%W)SQ _|_>\UEWS2h_|_ §S2h2

C’ng = 0, C’és) = 3)\g2 Vi, t}';a:t/256772, and A = My

594><106< ) V143 <1

[1] C.P. Burges, M. Pospelov and T. ter Veldhuis, Nucl.Phys. B619, 709 (2001);
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Fermionic DM
( il T
e?]if/ A2 ZCQZ

L MSL)(Y1/2L7“X1/2L) Q2 = <6L7u3L>X1/2R”YMX1/2R>

R MSR>(Y1/2L7“X1/2L) Qs = (ERWSR)(Yl/zRV“Xl/zR)
Qe = (ELSR)(Y1/2RX1/2L)
RSL)(Yl/gLX1/2R) Qs = (ERSL)<Y1/2RX1/2L>

LOy VSR)(E/QLU“ VX1/2R) Q1o = (ELUM ﬁR><Y1/2R0M VX1/2L>

LSR)(X1/2; X1/25)

ROuSL) (X1 /2, 0" X1j2p) @2 = (bR, SL) (X1 /250" X1/2,)



Hidden Valleys

Grkg' aMz Mz,
Q= G e s o)l A= M
W
BR My’
T 10 |
)
\ 0.1 — \\
\ — AN
~
0.001 | \ )
\
| ‘ . . . . | . | . ‘ \
0 0.1 0.2 0.3 0.4 050000015 0.1 0.2 0.3 0.4 0.5

Black, red and green correspond to g1k =1, 0.1 and 10 respectively

[1] M. J. Strassler and K. M. Zurek, Phys. Lett. B 651, 374 (2007)



nght Handed neutrinop,

g
C, = A = Mywr
8 27 sin? Oy il
My
T 10 | T
~—~ \ 1- — \
\ N\
\
| 0.1
| |
\ 0.01} \
‘ ‘ . . . | |
0 0.1 0.2 0.3 04 0.5 0 0.1 0.2 0.3 0.4 0.5

J.-M. Frére et al.|arxiv:hep-ph/0610240v2]



Majorana Fermions DM 1
X0 AU Sy iy =0

M _ v I i e
~ A2 02
= —¢cosf+ Hgsinf sin®f =
X W cosb + Hgsin sin 02 4 2
ags
m; = M(l— )\22}24_“2)
VisViptand [ AgA, v, 1 mpm?2 In ay
Co=Co = Tromng, () T ey o A=

[1] C. Bird, R. Kowalewski and M. Pospelov, Mod. Phys. Lett. A 21, 457
(2006)



BR

1.x107°
5.%x107Y
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5.x107H
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Vector DM

7 R v
Ol — mb(bLQR)V,UJV'ua 04 o (bR/Y,UJQR)V'u VV?
7 T Y 7LV
Oy = mb(bRQL)VuVM: Os = (bL'Y,uQL)V'u Vi,
T 7, T e
03 T (bL’V,uJQL)VM VV7 06 - (bR/y,uQR)V'u VV?
where VA = (1/2)e*"*PV, 5 and q = s, d
Ly Cl/AQ, CQ/AZ, Cg/AQ, C4/A2, C5/A2, CG/AQ,
GeV 2 GeV 2 GeV 2 GeV 2 GeV 2 GeV 2
0 0 0 1.4x107% [ 1.4x107% | 89 x 1072 | 8.9 x 10~?
0.1 [12x107212x1072 | 15x1078 | 15x10"8%]91x10"2|9.1x10"°
0.2 | 51x107?2 | 51x1072 | 15x107® | 15x10"® | 1.0x10"® | 1.0x10"8
03 |13x1078[13x107%|16x107%|16x10"8|1.2x10"8|1.2x%x10"8
04 |29x1078[129%x107%|19%x1078%[19x1078|19x10"8|1.9x%x10°8

Table 1: Constraints (upper limits) on the Wilson coefficients of operators from
the B, — x1x1 transition.




Summary

Considered possibility of DM production in
heavy meson decays

Demonstrated that it is possible to constrain
DM properties

Motivation for experimental studies of missing
energy decays

Light Dark Matter can be potentially ruled out
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Fermionic DM general limits

0.02(C13 + Caq
0.08(013 + Cou
(
(

\V)

\V)

0.18(Ci3 + Caa

)
)
)
0.32(C13 + Ca4)

Oij ECZ —Cj

% (0,23C 15 NINED
—0.46C1_g + 1.24
—0.69C,_g + 1.10
2 _0.93C1_g +0.92

Cs7 + Cgg
+ 0.05C57C6s
+ 0.22C57Css
+ 0.48C57C6s
+ 0.86C57Cgs

Csr + Cis
Cir + Ces
Csr + Cis
Csr + Céy

/N N /N /N
N—r' N N NS

IAIA IA A IA

5.15 x 10716
7.09 x 10716
7.58 x 10716
8.66 x 1016
1.15 x 10715

Ci_g = C13Cs7 + Co4Cs7 + C13Css + C24Cs



Fermionic DM upper bounds on
Wilson coefficients

Ly Cl/A2, 02/A2, 03/A2, C4/A2, C5/A2, CG/AZ, C7/A2, Cg
eV GeV 2 GeV 2 el > GeV 2 GeV 2 GeV 2 GeV
0 ~ - - — 23x107% [ 23x107% ] 23x107% | 2.3 x
0.1 1.9x1077 | 1.9x1077 | 1.9x1077 | 19x1077 | 23x1078 | 23x107®% | 23x1078 | 2.3 x
02 | 97x1078 | 9.7x1078 | 9.7x1078 | 9.7x1078 | 25 x 1078 | 25 x 1078 | 25 x 1078 | 2.5 x
03 | 69x1078 | 69x1078 | 6.9x107® | 6.9x1078 | 2.8 x107® | 2.8x107% | 2.8 x10~® | 2.8 x
04 | 6.0x1078 | 6.0x1078 | 6.0x107® | 6.0x107® | 3.6 x107® | 3.6 x107% | 3.6 x107® | 3.6 x

Table 1: Constraints (upper limits) on the Wilson coefficients of operators the
By — X1/2X1/2 transition. Note that operators Q9 — Q12 give no contribution
to this decay.

|z, | Ci/A% GeV™? | Cy/A2, GeV 2 | C3/A%, GeV™? | Cy/A2, GeV 2 |

0 6.3 x 10~7 6.3 x 10~7 6.3 x 10~7 6.3 x 10~
0.1 7.0 x 1077 7.0 x 1077 7.0 x 1077 7.0 x 1077
0.2 9.2 x 1077 9.2 x 10~7 9.2 x 1077 9.2 x 1077
0.3 1.5 x 10~ 1.5 x 10~ 1.5 x 10~ 1.5 x 1076
0.4 3.4 x 1076 3.4 x10°6 3.4 x 1076 3.4x 106

Table 2: Constraints (upper limits) on the Wilson coefficients of operators from
the By — X1/2X1 /27 transition. Note that operators Q5 — Qg give no contribu-
tion to this decay.
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General Idea

» Missing energy decays of heavy mesons. Are
they due to neutrino or DM?

» Some data for missing energy decays is not
available. Our results provide motivation for
these studies.

» Compare results for DM production with
current experimental bounds and try to rule-
out the light DM
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SM prediction and experimental
data

* Theory » Experiment
B(B, — vv) ~ 3.07 x 10~

B(By — v7) ~ 1.24 x 10725
B(D° - vp) ~ 1.1 x 1073



SM prediction and experimental
data

* Theory » Experiment
B(B, — vp) ~ 3.07 x 1072 NO DATA

B(By — v7) ~ 1.24 x 10725 S22 10 1]
B(D° - vp) ~ 1.1 x 1073 NO DATA

[1] B. Aubert et al., Phys.Rev.Lett.93:091802,2004- [arXiv: hep-ex/0405071]



SM prediction and experimental
data

* Theory » Experiment
B(B, — vp) ~ 3.07 x 1072 NO DATA

B(By — v7) ~ 1.24 x 10725 S22 10 1]
B(D° - vp) ~ 1.1 x 1073 NO DATA

B(B, — viy) ~3.7x 1078
B(By — viy) ~ 1.9 x 107°
B(D® — viy) ~ 3.9 x 10~

[1] B. Aubert et al., Phys.Rev.Lett.93:091802,2004- [arXiv: hep-ex/0405071]



SM prediction and experimental
data

* Theory » Experiment
B(B, — vp) ~ 3.07 x 1072 NO DATA

B(By — v7) ~ 1.24 x 10725 S22 10 1]

B(D° - vp) ~ 1.1 x 1073 NO DATA
B(B, — viy) ~3.7x 1078 NO DATA
B(Bg — viy) ~ 1.9 x 107° < YRR 1]
B(D® — viy) ~ 3.9 x 10~ NO DATA

[1] B. Aubert et al., Phys.Rev.Lett.93:091802,2004- [arXiv: hep-ex/0405071]



Formalism
B, — xx decays

(0] By*q |By) = (0] bg |By) =0,
0| bv*vsq |Bg) = ifp, P*
A f, M2
(0] Bysq |By) = —i——2

my +mg



By = x x decays

<7(k)‘57,UJQ|Bq(k e q>> = € GMVPUE*qukU%,
(v (k) Byuy5a| Bk +q)) = —ie [ (kg) — (¢*q) k] f2(d%)

h\ e
(v(k)|bo | Bg(k + q)) = —5€pvro [Ge*’\k” + He " + N(e' ) k°
2




By = x x decays

<7(k)‘57,UJQ|Bq(k i q>> = (2 euypae*yqpkU%,
(v (k) Byuy5a| Bk +q)) = —ie [ (kg) — (¢*q) k] fa ]\(j )

7 € *\1.0 *\ o * o
(v(k)|bo | By(k + q)) = 2 e [Ge Ak + He g + N(e q)q)‘k }

B, M A2 fo. M
FE(E,) = FR(B,) = LMo (Qur, + &) + 0 (Mgn) = fogtoapy,
Mp,Qv—mp(Qp+Qq)

my(Mp,—my)

where R,* ~ Mp, —my, and Fp, = —QuR, + 7% it

11



By = x x ~decays

<7(k)‘57,UJQ|Bq(k i q>> = (2 GMVPUE*qukU%,
(v (k) Byuy5a| Bk +q)) = —ie [ (kg) — (¢*q) k] fa ]\(j )

7 € *\1.0 *\ o * o
(7(k)|bo,uq|By(k + q)) = TR [Ge Ak + He N + N(€q) k }

G = 4gi; N=;—24(f1+91)
_ —4(qk) . . fo(g0)
H = e (fl +91)7 f1(91) N (1—612/#?:(9)1)22



Various DM scenario

s Ci(s)
%(f)f =2) 70

e

e Scalar DM - allows to avoid Lee-Weinberg
bound.

* Fermion DM (Dirac or Majorana)

* Vector DM. Don't know about any model with
spin=1 DM but provide results for generality

13



Scalar DM

*

myp (ERQL) (XoX0),

k

my(brar)(XeX0),

= <>
(bry*ar)(xo Ou Xo),
- <>
(brY"qr) (X0 Ou Xo),



Scalar DM

O1 = mp(brar)(x$X0),

O = my(brgr)(xpXo0),
= <>

Os = (bry"qL)(xo Ou X0)s
- <>

Oy = (brY"ar)(X0 Ou X0),

Most likely there is NO radiative decay.



VAN

VAN

(VAN

VAN

Scalar DM

2.03 x 1071 GeV~* for m, =0

2.07 x 107'% GeV~* for m,, = 0.1 x Mp,
2.22 x 1071 GeV~* for m,, = 0.2 x Mp,
2.54 x 1071 GeV~* for m,, = 0.3 x Mp,

16

3.39 x 107'% GeV* for m,, = 0.4 x Mp,



Scalar DM

(7(3) (7(8)

<1.70x 107" GeV =4 for m =0

A2 A2
(j§8) (7(3)
A2 A2
(7(5) (7(5)

<2.03x 107" GeV™* for m = 0.1 x Mp,

=31 <349 x 107 GeV~* for m = 0.2 x Mp,

A2 AZ
C?()s) Cis)
A2 A2
(7(3) (7(3)
A2 A2

<9.88x 107 GeV~* for m = 0.3 x Mg,

<811 x 10710 GeV~— 4f0rm—03><MBd



Examples of Scalar DM

Minimal Scalar DM model [1]
by 2
—Ls = L'+ 02 4as7HNH
N )‘_S 4 1 2 2 2 2 ﬁ 272

C£,S?2,4 =0, Cés) = 3\g2,Vis {ZSUt/2567rz, and A = Mgy

A\ 2
5.94 x 10° (M_g) \/1—42% <1

18

[1] C.P. Burges, M. Pospelov and T. ter Veldhuis, Nucl.Phys. B619, 709 (2001);
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Fermionic DM
( ey
e?f/ A2 ZCQ’

@ = (bry 5L)(X1/2L7 Xi2;)  @2= (BL’Y;LSL)Y1/2R7“X1/2R)

Qs = (Orwusr)Xuj2 ¥ X1/2p)  Qa= brvusr) Xupa gV X1/25)
@ = (busg )(X1/2LX1/QR) N (ELSR)(YUQRXU%)

Qr = (bast )(X1/2, X1/25) = (brsz )(X1/25X1/21)

@ = (BLUMVSR)(XINLU "X1/25) Q (BLUMVSR)<X1/2RU X1/21)
Qu = (bg UWSL)(Xl/zLU X1j2p) Qu = (br UuVSL)(Xl/2RU "X1/2;)

20



Hidden Valleys,

GFkg/OéMZMZ/
Cl . 9 ‘/th;ZX(x) and A = MZ’
2gv/2 sin” Oy
MZ/
— T
0.1
1.x107" \
0.001
1.x107%
-23
LA 0T 0z 0.3 0.4 0.50:00000 5 0.1 0.2 0.3 0.4 0.5

21
Black, red and green correspond to g1k = 1, 0.1 and 10 respectively

(1] M. J. Strassler and K. M. Zurek, Phys. Lett. B 651, 374 (2007)



Right-l;landed neutrinop

g a
Cy et (2 el A= M
) 8 27 SiIl2 HW Ve
BR My

0 0.1 0.2 03 0.4 050 5 01T 02 03 01 os

J.-M. Frére et al.[arxiv:hep-ph/0610240v2]



Majorana Fermions DM 1
Xtux =0  xo"'x=0

M _ =i iy B
_‘Cf 5 7¢¢ o :U'HdHu N >\dede + )\uwHuHu
3 )\2,02
N h 0 H.;sin 6 .2 R u“u
X 1 cosf + Hgsin sin —)\%U%L >
Aoy
m; = M(l—A2UZ+,LL2)
VisViitanb [ AgAyvup \ mpm? Ina,
05 = CG = (167:;2U§m <>\3fvg + /*LQ) (1 _t at) and A= Mh

23

[1] C. Bird, R. Kowalewski and M. Pospelov, Mod. Phys. Lett. A 21, 457
(2006)



BR

1.x107°
5.x107%

1.x107%
5.x1071

1.x107H
5. %107t
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100000.
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Vector DM

T T v
O1 = my(brgr)V, V", O4 = (brYuar)V*"' V.,
02 i mb(bRQL)VuVM7 05 o (bLfYMqL)Vuyvua
T v T ey
03 o (bL’Y,LLQL)Vv'u VU7 06 = (bR’Y,uQR)VM Vl/?
where V# = (1/2)e*V*PV,5 and q = s, d
.IX Cl/Az, CQ/AQ, 03/A2, C4/A2, C5/A2, CG/A2,
GeV 2 GeV 2 GeV 2 GeV 2 GeV 2 GeV 2
0 0 0 14%x1078]14x10%]89x1079]89x 1077
01 [ 12x1072[12x107° [ 15x1078 | 1.5x1078 | 9.1x1072 | 9.1 x107?
02 |51x1072 | 51%x1079 | 1.5x1078 | 1.5x10"% | 1.0x 1078 | 1.0 x 10~8
03 [ 13x1078|13x10°8|16x10"8|1.6x1078|1.2x1078 | 1.2x 108
04 | 29x107%[29x1078|[19x1078|19%x108|19%x10"8|1.9x10"8

Table 1: Constraints (upper limits) on the Wilson coefficients of operators from?

the By — x1x1 transition.
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Summary

Considered possibility of DM production in
heavy meson decays

Demonstrated that it is possible to constrain
DM properties

Motivation for experimental studies of missing
energy decays

Light Dark Matter can be potentially ruled out

26
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Fermionic DM general limits

C2,+C% < 515x1071°
0.02(C13 4 C24)? — 0.23C1_g + 1.32(C2, + C%) + 0.05C57Ces < 7.09 x 10716
0.08(Ci3 + Ca4)? — 0.46C1_g + 1.24(C2%, + C%) +0.22C57Ces < 7.58 x 10716
0.18(Ci3 + Co4)2 — 0.69C; _g + 1.10(C2%, + C%) + 0.48C57:Ces < 8.66 x 10716
0.32(C13 + C24)% — 0.93C1 _g + 0.92(C2, + CZ) + 0.86C57Css < 1.15 x 10715

Cij = Cz "N Cj
C1_g = C13C57 4 C24Cs7 + C13Ces + C24Ces

28



Fermionic DM upper bounds on
Wilson coefficients

Ty C1/A2, Co /A, Cs/A2, Cy/A?, Cs/A%, Cs/A?, Cr/A2, Cs
GeV™2 GeV~2 GeV 2 GeV 2 GeV 2 GeV 2 GeV 2 GeV
0 = - = = 2.3 x107 2.3 x 10~ 2.3 x 10~ 2.3 x

0.1 19x1077 | 1.9x1077 | 1.9x1077 | 1.9x1077 | 2.3x107% | 23x 1078 | 2.3x 1078 | 2.3 x
0.2 | 9.7x1078 | 9.7x1078 | 9.7x1078 | 9.7x 1078 | 25x 1078 | 25x 1078 | 25 x 107® | 2.5 x
03 | 6.9x107% | 6.9x107% | 6.9x107% | 6.9x107% | 28x107% | 28 x 1078 | 2.8 x 107® | 2.8 x
04 | 6.0x107® | 6.0x107% | 6.0 x107% | 6.0 x107® | 3.6 x107® | 3.6 x 1078 | 3.6 x 10~® | 3.6 x

Table 1: Constraints (upper limits) on the Wilson coefficients of operators the
By — X1/2X1/2 transition. Note that operators Q9 — Q12 give no contribution
to this decay.

[z [ Ci/A% GeV_ Co/A?, GeV™ C3/A2, GeV™ 2 | C4/A%, GeV™
0 6.3 x 10~ 6.3 x 10" 6.3 %107 6.3 x 107
0.1 7.0 x 1077 7.0 x 1077 7.0x 1077 7.0 x 1077
0.2 9.2 x 1077 9.2 x 1077 9.2 x 1077 9.2 x 1077
0.3 1.5 x 1076 1.5 x 1076 1.5x 1076 1.5x 1076
0.4 3.4x10°6 3.4 %1076 3.4 %1076 3.4 %1076

Table 2: Constraints (upper limits) on the Wilson coefficients of operators from
the By — X1/2X1/27 transition. Note that operators Qs — Qs give no contribu-
tion to this decay. 29
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