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Introduction

Dark matter probe in heavy meson decays with missing energy

Mi — Emiss’ Mi — MfEmiss
Neutrinos are not seen in experiments, £ ... can also be
carried away by exotic particles
Standard Model New Physics
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d; X’




FCNC decays as probe of New physics

Flavor changing transitions are sensitive probe of SM/NP

SM diagram NP diagram
d v b s(d) b s(d)

. |
e 1 !

SM amplitudes are highly suppressed
Dominated by the short-distance contributions
New particles can appear in competing diagrams and affect amplitudes.

di-neutrinos modes “theoretically cleaner”

—> Excellent indirect probes of NP!
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Current experimental data

Decay mode SM prediction Current bound
DY = F i ~ 10727 [BGP] 9.4 x 107° Belle, 1611.09455
o DY — E i ~ 10716 [BGHP 21 % 104 BES IIl, 2112.14236
Bt — KT Fpjiss (4.71£0.24) x 107° (2.3+£0.7) x 107° Belle-ll, 2311.14647
B -5 KYFE i (4.35 4 0.21) x 1076 2.6 x 107° Belle, 1702.03224
b—s pBo_y KOp . (9.81 £0.95) x 1076 1.8 x 1075 Belle 1702.03224
Bt - K*tE .. (1.06 &= 0.10) x 107° 4.0 x 107° Belle 1303.3719
B = B i ~ 10716 [BGP] 24 % 10~° BaBar 1206.2543
B - 7OF i (6.52 4+ 0.78) x 1078 0.9 x 107° Belle 1702.03224
b—d Bt — 7 Epjiss (1.40 +0.16) x 1077 1.4 x 107 Belle 1702.03224
BY — ' F s (1.88 +20.35) x 1077 4.0 x 107° Belle 1702.03224
BT — p" Eiss (4.06 +0.73) x 1077 3.0 x 107° Belle 1702.03224

[BGP]: Bhattacharya, Grant, Petrov, 1809.04606
[BGHP]: Burdman, Golowich, Hewitt, Pakvasa, hep-ph/0112235
Other SM predictions using FLAVIO (https://github.com/flav-io/flavio)
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DM probe in meson decays

Bird et al hep-ph/0401195, Kamenik et al 1111.6402,
Li et al 2103.12921, 2306.05333, Geng et al 2212.04699,
Gabrielli et al 2402.05901, Bolton et al 2403.13887
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Y Badin et al 1005.1277, Altmannshofer et al 0902.0160,
| Kamenik et al 1111.6402, Tandean 1901.10447, Li et al 2004.10942,
/ Fajfer et al 2101.10712, Felkl et al 2111.04327, 2309.02940,

qd;

\ g He et al 2209.05223, 2309.12741, Bolton et al 2403.13887,
B N Buras at al 2405.06742
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Connection to meson-antimeson oscillations
|AF| = 1and | AF| = 2 physics is related.

Off-diagonal element of meson mass matrix:

(v=37)
- 12

<MO|%|AF| 1|n)(n|%|AF| 1|M0>

— |
(MO AF1=2 MOy + >
© myp — k, + 1€

zmMO ZmMo



Connection to meson-antimeson oscillations
|AF| = 1and | AF| = 2 physics is related.

Off-diagonal element of meson mass matrix:

(v=37)
- 12

1
<MO|%|AF| 2|MO) 4 Z

zmMO ZmMo

<MO|%|AF| 1|n)(n|%|AF| 1|M0>
myp — k, + 1€ ’

contributes to m, contributes to m, and I'|,

b t s b B b c s b s
W% §W X W§ §W >Q<
S t b s c b
s b s b

Local interaction at my,

bi-local contributions connected by
physical intermediate state
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Effective interactions: scalar DM

Low-energy effective Hamiltonian .= Z Zio,
SU3B). X U(1),, - A?

l
unbroken symmetry

10



Effective interactions: scalar DM

Low-energy effective Hamiltonian %= Z Zio,
SU3B). X U(1),, = A\?

unbroken symmetry

Badin, Petrov 1005.1277; Lehmann, Profumo 2002.07809, He, Ma, Valencia 2209.05223

For complex scalar field:
0" = m, (49" $)
0, = m, (Girsq) (@' )
0. = (gr"q)(¢ Ti(‘)_;gb)

0% = (g y* 7“'(5_)
= (qirrsq) (@0, @)

Notation: ¢9.¢ = ¢(,4) — (0,41
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Effective interactions: scalar DM

Low-energy effective Hamiltonian %= Z Zio,
SU3B). X U(1),, = A\?

unbroken symmetry

Badin, Petrov 1005.1277; Lehmann, Profumo 2002.07809, He, Ma, Valencia 2209.05223

For complex scalar field: For real scalar field:
0" = m, (3,9)( @ ) v
0% = m, (Girsq)(®9) v
0% = (Gy"q) (@ i0, ) X
01 = 1 759)( 'i0,0) X

Notation: ¢9.¢ = ¢(,4) — (0,41
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Effective interactions: fermion DM

%eﬁ": Z%Oz

l

Effective operators for Dirac Fermion:

q4; __ (= —

0% = (g,q) Wiysy)

O = (" q) Wy, w)

O = (qiy"q) Wy, rsw)

0]?;?] — (ql'o-'m/q]') (WGMUW)

Opsd = @iiysa) )

O, = (3;y5q)Fysw)

O = (3759, Wy, w)

0"V = (Gr*vsa)wy,rsy)

0" = (4,6 9)(F0,,151)

Badin, Petrov 1005.1277;

Lehmann, Profumo 2002.07809,

He, Ma, Valencia 2209.05223

scalar interactions

vector interactions

tensor interactions
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Effective interactions: fermion DM

%eﬁ": Z%Oz

l

Effective operators for Majorana Fermion:

O = (q.9)Ww) O, = (Giiysq)Fry)

ngj = (9:9)Wirsy) 05? = (q,;759;)WYsy)
99 _ (= - 99 _ (= _

SRR e (AN O =g g

ngj — (gi;/”qj)(y_/yﬂ%l/j) Oij = (gi}’MYSq]‘)(V_f}’ﬂVSW)

Q%C]j _ (— v ;E— ; Q%Clj _ (_%‘ SHY %)@—”; Y ”9
1T ! J HY TT ! J HY

Note: w Ty’ =—wlyforl =y, 6/, 6+ys

Badin, Petrov 1005.1277;
Lehmann, Profumo 2002.07809,
He, Ma, Valencia 2209.05223

scalar interactions

vector interactions

tensor interactions
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Lifetime difference calculation

Decay width can be related to imaginary part of the forward scattering amplitude

T, = (M°| T | M) 7 =1Im {,-jdw (7 55=1 (x0) 2 55=1(0)] }

2m MO

Dominated by small distance contributions,

compared to scale l/mq
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Lifetime difference calculation

Decay width can be related to imaginary part of the forward scattering amplitude

I'y, =

T | M) T = {Jd“xT [%fo—l(x)%AF—l(O)]}

2my,0

Dominated by small distance contributions,

compared to scale l/mq

Example: consider operator 0% = m_(3,4)(¢'¢)

' pm

qi4i\2
q C ) ﬁd) 0 ~ — 0
I = 397 m (M |(qiq]°)(qiq]') | M™)
- 0
using Cutkosky rules M
B, = \/1 4m2/m AF = 2 matrix elements

See talk by
William Jay
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Making contact with experiments

0 D0 . _ : :
B — B system: Al =2 |FiZSM + Figp | cos ¢, ¢, = arg(—M?,/T?,)
] -
RN B P < Ay ) (AT )sy = (0.083 +0.015) ps-!
Mf2 j“t ;tt
_ _ (AT)q, = (0.084 + 0.005) ps-!
ﬂui = VuibV;Zq C R — 48, a =~ 12, b~ 0.79 HFLAV, 2206.07501

Artuso, Borissov, Lenz 1511.09466

Beneke et al hep-ph/9605259, Dighe et al hep-ph/0109088, Beneke et al hep-ph/9808385, hep-ph/0307344,
Ciuchini et al hep-ph/0308029, Lenz et al hep-ph/0612167, ....Gerlach et al 2205.07907, Albrecht et al 2402.04224
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Making contact with experiments

0 n0 . s,.SM s NP
B, — B} system: ATy =2 |9 + I [ cos gy ¢ = arg(—M},/T,)
s i 2
Mh _ e C+a@+b<ﬁ> (AT sy = (0.083 £ 0.015) ps-!
M, A A
i (AT, = (0.084 £ 0.005) ps~!
A = VsV, cr—48, ar 12, b=~0.79 HFLAV, 2206.07501

Artuso, Borissov, Lenz 1511.09466

Beneke et al hep-ph/9605259, Dighe et al hep-ph/0109088, Beneke et al hep-ph/9808385, hep-ph/0307344,
Ciuchini et al hep-ph/0308029, Lenz et al hep-ph/0612167, ....Gerlach et al 2205.07907, Albrecht et al 2402.04224

BO — B System: c~—50, a~ 12, b~0.24 Artuso, Borissov, Lenz 1511.09466

(AT gy = (0.259 £ 0.048) x 1072 ps~! (AL'f/T pexp = 0.001 £0.010  HFLAY, 2206.07501
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Making contact with experiments

0 __ 7o : SM NP
BY — BOsystem: AT, =2|[3$M+ ¥ cos, 4, = are(- M
S i 2_
Mh _ e C+aﬁ+b<ﬁ> (AT sy = (0.083 £ 0.015) ps-!
Mf2 j“t ;tt
i (AT, = (0.084 £ 0.005) ps~!
ﬂui = VuibV;Zq C R — 48, a =~ 12, b~ 0.79 HFLAV, 2206.07501

Artuso, Borissov, Lenz 1511.09466

Beneke et al hep-ph/9605259, Dighe et al hep-ph/0109088, Beneke et al hep-ph/9808385, hep-ph/0307344,
Ciuchini et al hep-ph/0308029, Lenz et al hep-ph/0612167, ....Gerlach et al 2205.07907, Albrecht et al 2402.04224

BO — E System: c~—-50, a~12, b~0.24 Artuso, Borissov, Lenz 1511.09466
(AT )y = (0.259 +0.048) x 1072 ps~! (AL4/T )exp = 0.001 £0.010  HFLAV, 2206.07501
D’ —-D system: yip = |5 /T

(Clsm = = AT = 20 + Tg) + 24400 = ) — 4T, highly suppressed!
’Id. VCd_V;k | Lenz & Wllklnson 2011 .04443

D D
HFLAV, 2206.07501 (ylg)exp — 0. 641+8 8%431 % (ylz)NP < (y12)exp 19



Results
Scalar dark matter



Constraint on scalar DM

<> <«
m, (q,4)(@'$) m,(qirsq) (" ) @r*g)(@Yiod)  (@rtrsq)(@Tiop)
10—5: - mb.(g.b>.(¢j[¢l> — 10—5: - mb.<cz.b).(¢.-t¢l> — 10—4_| ——— Imq(,l?C)(lquT@)I ——T
F[————- B(B" — K"Epyis) E : F|———— B(B° = 70 Bpiss) ] R B(D® — 7°Biss) 'I
[ B(B" = K* Euis) ! - ' B(B* = 7 Epyis) 3 : vl /
107 ATy : E 3 ATy E [ /
: ] X 3 10—5_ ,II 4
I S -
106k ccmmmmm =TT .
0 =T 200 3000 00 ""Too0 2000 3000 0TS0 "m0 600800000
mg [MeV] mg [MeV] mg |[MeV]

Recall: (0|g,q;|M°) = (0|gy"q;|M°) = 0

(Plagir*ysq | M;) = (P|qiysq | M;) = (VI|giq;IM;) =0 21



Constraint on scalar DM

OH — OH
m, (q,4)(@'$) m,(qirsq) (" ) @r*g)(@Yiod)  (@rtrsq)(@Tiop)
10 ——— mf)@?’%b)@%) — s 107 ——r— m{)(ciw5b)(nglgb) ———s 10~ —— mc(z?n%c)(lqﬁqﬁ)
. B(B" = KB 5 P B(B" = Eyin) ' : E —— B(D" = Fui)
L[ B(B* = K** Epi) —-— B(B" = p°Eyiss) b
1070 —— ar 3 1070 oo B(B* = p* Eus) E [
: AT, 10_5;‘ E

]
bd
CP
—_
-
L
|
\
A
\
N
]
uc
CP

QDﬂlo_?_

T L ‘/‘/ ] - —___’/ l ]

_——’// ] o T / ] 10_6:— —
10—8:— ————— a 10—8 ______________________ _ C j

.//

10—9 A S S I T S S S R S SR S 10—9 T R S RS 10—7_:_.._..I—-._.'_:-_I--:_-._. R B

0 1000 2000 300! 0 1000 2000 3000 0 200 400 600 800 1000

mg [MeV] mg [MeV] mg |[MeV]
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Constraint on scalar DM

m G @' mGisg) B | @r'e@iiod | @rtrsep@io

1079 p——— .<d7u.b>.<¢f”?u¢2 ——g 107

1070 I
: 1077 E

S —7__ _.iT S ;
S W0TE ST _
8_— ____ 10_6:_ E
107°F - ;
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Constraint on scalar DM

m G @' mGisg) B @r'@liod) | @r'rsg)@io)

- < _ <
0 e D) (9110, 0) o (@se)(@1i0,0)
F —— B(B" = p*Eoiss) { ] : D
[|--neneeee B(B" — p* Epniss) f
_ 10—6_ AT, [[ -
— / 10—5__ -
P
4 B=q-7L PR 1 ==
®) 10 ,./_:_43-4:"‘ O X _
_ _ S ) 1075 E
10_85_ T B(BO%K*OEmiSS) _E 10_85_ _E E E
E e B(B* — K™ Bys) g :
[ AT, i [
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me [MeV] mg |[MeV] me [MeV]
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Results
Fermionic dark matter



Constraint on fermion DM

Scalar current: (G:9) W), (iy5q;) (W), (q:9)(Wiysy), (i759,)(Wysw)

T ()| (') M

; _____ B(BO — KOEmiSS)
[ ———— BB = K" Eyi)

10_6 AFS 3 =
30(03 -7 5%
D 10 = E D
0 SETTTTTT E E _
10—9 T R S S R S 10—9 T R S S R S 10—7 I R T RS RS T SRS
0 1000 2000 3000 0 1000 2000 3000 0 200 400 600 800 1000
my [MeV] my [MeV] my [MeV]
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Constraint on fermion DM

Scalar current: (G:9) W), (Gi1y5q;) (W), (q:9)(Wiysy), (i759,)(Wysw)

o (S N 211 e O
E—— B(B' > KB | i {i— B(D® = 7Bl ,:
[{--oeee B(B* = K** Eys) l i :

E : 3 l'
{: 1072k /" E
I 3& ,/'
E Q I ,,’
] 10_65: _________________ E

N T (T — O o000 B0 10T
0 1000 2000 3000 0 200 400 600 800 1000

my, [MeV] my [MeV]

My, [Me\/]
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Constraint on fermion DM

Scalar current: (G:9) W), (iy5q;) (W), (q:9)(Wiysy), (i759,)(Wysw)

R 1) | (0 :(2) I s (db) (i)
 p— B(B® = K°Episs) § | ———— B(B® = 7" Eyiss)

I B<B+ — K+Emiss) I B(B+ — 7T+Emiss) 7

AT E

AT

o ———— ——

T T T TR R TR SR T SN RN SR S T PR R T T A S T ST R R SR SR T —8_ N L Lo Lo Lo
0 1000 5000 3000 0 1000 5000 3000 00500 300 6008001000
my [MeV] my [MeV] my [MeV]
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Constraint on fermion DM

Scalar current: (G:9) W), (G:1759,)(pw), (G:9)Wiysy), (Gi¥59)(Wysy)
0 S0 s) s (b)) (a0 CAEI
. B(B'— KEpw) ] |l ———— B(B" = Episs) i E —— B(D" = Eu)
[|ooeeeee B(B* = K™ i) | —-— B(B" = 0’ Fuiss) | ! vl
107°F AL, : E 1078 oo B(BY = p* Buiss) f . 1075k il
g :

bs
C(PP
—_
-
8
|
~N
|
bd
CPP
',—\
-
!,
|
>
—
\
N
|
uc
C1PP
—_
o
&
—rr
|

N»”i} g .=
........................... -7 T
08—~ 7 . 0= 7 5 1077 i =7
10—9 T R S S R S 10—9_ T R S S R S 10—8_ AR R RS R R
0 1000 2000 3000 0 1000 2000 3000 0 200 400 600 800 1000

my [MeV] my [MeV] my [MeV]

29



Constraint on fermion DM

Vector current: | (@7"q) @y, (G rvsa)@y ), @Gy a)Wyysw),  (Gr"vsq)Wy,ysy)

BN Gt
' ] ————— B(D® — 7°Episs)
yh
E 3 10_5— 3
SO IRy ’
E = Q 10 3 =
E E 10_7— E
10—9....|....|.... 10—9_....|....|---- 10—8_...|...|...|...|...
0 1000 2000 3000 0 1000 2000 3000 0 200 400 600 800 1000
my [MeV] my [MeV] my, [MeV]
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Constraint on fermion DM

Vector current: (@7"q)Wr ), |Gy rsa)@yw  (@Gr'a)Wyysw),  (Gr"vsq) Wy, ysy)

S Sty ) s (dyasb)(yty) g (se) ()
E —— B(B' > K'Eui) | : E — - B(B" = 0 Euni) i : : y5 :
--------- B(B* = K™ Epi) | [ - : - :
1070k AT, | - e 107k J .
gsﬂj 10—7 n ; _ _ géﬁj 10—6 = _
O A O :
................ 7
108 T ; 3 10~7F ;
10—9 P (T S S T R S 10—9 P S S S I S S S R I S S 10—8_ PR U U SRS ST B
0 1000 2000 3000 0 1000 2000 3000 0 200 400 600 800 1000
my [MeV] my [MeV] my [MeV]
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Constraint on fermion DM

Vector current: (@7"q)Wry), (G rvsa)@y ), Gy a)Wyysw.l  (Gr"vsq) Wy, ysy)

(UyuC) (Y y51))

10_45"'|"'|---|---|---

P S R I S S R S S S P I S S S I S S S —8- L L P PRI S
0 1000 2000 3000 0 1000 2000 3000 1V 0 2(I)O 460 600 800 1000
my [MeV] my [MeV] my [MeV]

Cancellation between terms:

4,49V C‘q/‘lgj 2ﬁ 2 =~ = 0 2 = = 0
" = =S {4 20, (0 | @) @) |M5) + (B, i (MS Gir* ) G ) | M) |
MO
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Constraint on fermion DM

Vector current: (@7"¢)Wry), (G rsq)@y ), @Gy a)Wyysw), |(Gr"vsq) Wy, ysy)

V)@ (@) ()
| : ?

SH

(

105 p—— .(57417.5[7).(1?7.%7'51!#). . 10-5

1 1 1 1 | L L L L | L L L L 1 1 1 1 | 1 1 1 1 | 1 1 1 1 -8 PR S T T T T I T T T T T
0 1000 2000 3000 0 1000 2000 3000 10 0 200 400 6(50 8(50 1000
my [MeV] my [MeV] my [MeV]
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Tensor current:

10-5 <SUMV )(¢0W|¢2 |
_____ B(BO — K°Eniss) I
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1070F —— BB k9w /N0 ) 3
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32907 5 )
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0 o000

7n¢)[hde\f

Constraint on fermion DM
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Tensor current:

Constraint on fermion DM

(éiaﬂyq]') (l/_jgluyl//) ’

(j?icrﬂquy)(QDZZMLJ<SQU)

0T T T 000
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2000

3001 0

L L | L L L
1000
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2000 3000
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1077 E
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i
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0 200 400 600 300 1000
Tn¢,[h46\q
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Summary

Light DM can be searched in decays of meson decays!

SM background with neutrino final state, but theoretically under control

We consider low-energy E

s for spin 0 and 1/2 light DM and calculate

contribution to lifetime difference of neutral mesons

Constraints on quark-DM interactions:

Beauty systems: constraints on complementary to those from decays

Charm system: new constraints on operators from lifetime difference

36



