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Questions

« What are viable/motivated explanations of the excess?

) « Any connections to other observations?
« Independent of the excess, what can we learn about new physics?
Weighted average

B(Bt — KTvp)
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o = (1.340.4) - 10
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Proposed new physics explanations

He+ [2309.12741]
Chen+ [2309.12904]
Marzocca [2404.06533]

Allwicher+ [2410.21444]

Ovchynnikov+ [2306.09508]
Abdughani+ [2309.03706]
Berezhnoy+ [2309.17191]
Datta+ [2310.15136]
McKeen+ [2312.00982]
Ho+ [2401.10112]
Bolton+ [2403.13887]
Bolton+ [2503.19025]
Berezhnoy+ [2507.10801]

Bird+ [hep-ph/0601090]
Ho+ [2401.10112]
He+ [2403.12485]
He+ [2502.09603]

Altmannshofer+ [2311.14629]
Fridell+ [2312.12507]

Gabrielli+ [2402.05901]
Bolton+ [2403.13887]
Hu [2412.19084]
Calibbi+ [2502.04900]
Aliev+ [2503.22347)
Bolton+ [2503.19025]
Di Luzio+ [2505.11499]
Berezhnoy+ [2507.10801]

Altmannshofer+ [2311.14629]
Altmannshofer+ [2411.06592]
Hu [2412.19084]

Calibbi+ [2502.04900]

Ding+ [2504.00383]

Bt - Kt +inv

He+ [2209.05223]
He+ [2309.12741]
Hou+ [2402.19208]
Bolton+ [2403.13887]
Bolton+ [2503.19025]

This is an incomplete list.
Let me know if any paper is missing.
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Athron+ [2308.13426]
Gabrielli+ [2402.05901]
Marzocca+ [2404.06533]

\__/

~y, Wang+ [2309.03727]
P~
‘ Chen+ [2403.02897]

Dev+ [2407.04670]
Hati+ [2408.00060]

Bause+ [2309.00075]
Allwicher+ [2309.02246]

3-body decay
EFT

SMEFT

darkSMEFT vSMEFT

Felkl+ [2111.04327]
Felkl+ [2309.02940]
Leal+ [2404.17440]
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Selected explanations with connections to DM or neutrinos

3-body decay scenarios

« Heavy neutral leptons Felkl, Li, MS [2111.04327] Felkl, Giri, Mohanta, MS [2309.02940]

« Scalar dark matter He, Ma, MS, Valencia, Volkas [2403.12485]

2-body decay scenarios

« Higgs-like scalar and neutrinos Ovchynnikov, MS, Schwetz [2306.09508]
« Axion-like particle and DM Calibbi, Li, Mukherjee, MS [2502.04900]
« Dark sector with U(1) gauge symmetry and DM Calibbi, Li, Mukherjee, MS [2502.04900]
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3-body decay




Weak effective theory (WET) 3-body decay

545 = 4V2GLV}: tb4 Z C.0, + h.c. - only vector operators

» includes only active neutrinos

Or= (E"Y“PLVJ') (E’YMPL,Rb)

» assumes lepton number conservation

- motivates v_-philic scenarios

173.2 GeV

B(B — K*vp) x 10°

electron —

< 190 keV

T T T | g V
0 5 10 15 20 25 30 35 40
B(B — Kvv) x 106 Allwicher+ [2309.02246]
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Weak effective theory (WET)
5'56_4\/_GF stb4 ZCO _I_hC

Or= (E"Y“PLVJ') (E’YMPL,Rb)

B(B — K*vp) x 10°

0 5 10 15 20 2 30 35 40
B(B — Kvv) x 106 Allwicher+ [2309.02246]
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3-body decay

- only vector operators
» includes only active neutrinos

» assumes lepton number conservation
- motivates v_-philic scenarios

e Is this the full picture?

electron —

< 190 keV
@
=

o
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Aside: Lepton number - neutrino masses

strange

511 keV 105.7 MeV
e ~+
electron ° muon
<190 keV

()
=+ VH

CERN courier 9 March
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Aside: Lepton number - neutrino masses

Dirac neutrinos

o Introduction of right-handed neutrinos Ny

511 keV

=3 =
e . .
eens : " Majorana neutrinos

« Introduction of right-handed neutrinos Ny

CERN courier 9 March  Lepton number broken by Majorana mass term Ny Np

This motivates to consider lepton number violation...

Michael Schmidt - BSM for B — K + invisible


https://cerncourier.com/a/turning-the-screw-on-right-handed-neutrinos/

Aside: Lepton number - neutrino masses

| Il . .
— Dirac neutrinos

é’?‘}@mﬁyf
« Introduction of right-handed neutrinos Ny

 128GeV

Eﬁ‘}:r,‘_w.

« impose lepton number symmetry

« more motivated: gauged U(1)g ; — Zyn

Majorana neutrinos
= 18.2 MeV

(0}
:r'v_c

N & « Introduction of right-handed neutrinos Ny

CERN courer 9 March

 Lepton number broken by Majorana mass term Ny Np
« Neutrino masses generated by seesaw mechanism

o also motivated from SMEFT point of view: Weinberg operator
O = (FI:I *) (FI TL) is lowest dimensional operator

This motivates to consider lepton number violation...

Symmetry Magazine
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fllll WET oper ator basis Felkl, Li, MS [2111.04327]
Extended operator basis V interactions U, Upq"> Oyg
originate from D7 SMEFT operators
VLX _ (7 M
Ova (P FLv) (dfy Px d) « heavy neutral leptons/sterile RH neutrinos

OEX = (veP,v) (EPXd) using N <> v§
OTLL — (FUW PLV) (aa w p, d) originate from D6 or D7 vSMEFT operators

« D6 vYSMEFT op’s most relevant for b — svv
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fllll WET oper ator basis Felkl, Li, MS [2111.04327]
« LNV int ti OSLL, OSLR, OTLL
Extended operator basis o HILCTactons Yy,q vd vd
originate from D7 SMEFT operators
VLX _ (7 M
Ova (77 L) (dfy Px d) « heavy neutral leptons/sterile RH neutrinos

OEX = (veP,v) (EPXd) using N <> v§
OTLL — (FUW PLV) (30 w p, d) originate from D6 or D7 vSMEFT operators

« D6 vYSMEFT op’s most relevant for b — svv

Points to consider

o unavoidable contribution to neutrino mass

 unavoidable contribution to neutrinoless double beta decay

- new physics model considerations
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Unavoidable contribution to neutrino masses

 Neutrino masses are not protected by symmetry and will be generated.
How large are the induced neutrino masses?

Ag,, ~2TeV < A, ~ 10 GeV.
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Unavoidable contribution to neutrino masses

 Neutrino masses are not protected by symmetry and will be generated.
How large are the induced neutrino masses?

Ag,, ~2TeV < A, ~ 10 GeV.

active neutrinos

Oarorne1 = Eij€mn (3[/@') <Q_§Lm)Hn Oiroru2 = €imEjn (ELz‘) (Q_JC'Lm)Hn

Babu+ [hep-ph/0106054]Lehman+ [1410.4193]Liao+ [1607.07309]Fridell+ [2306.08709]

" /{b y, e e RG mixing into Oy = (L - H)TC(L - H)H'H, see
g /\ o ~ ' Zhang [2306.03008]Zhang [2310.11055]
i ' _ yars t
L C1LH — _SCELQLHl [)‘(Y;i) R (YdY;l Y;i)] t ..

Ay

 no flavour-changing contribution at 1-loop
(in down-quark mass basis)
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Unavoidable contribution to neutrino masses
* YarQru1l = %ij€émn (sz') (QJC'Lm)Hn

- no flavour-changing contribution at 1-loop from down-type quarks

« How about up-type quarks?

« No up-type quark contribution at 1-loop due to SU(2); structure
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Unavoidable contribution to neutrino masses
He H, g~ YdLQLH1 T €ijfmn (sz') (QJC'Lm)Hn

., Qa
- no flavour-changing contribution at 1-loop from down-type quarks

« How about up-type quarks?

Q .
b

« No up-type quark contribution at 1-loop due to SU(2); structure

o 2-loop contribution to Weinberg operator from top loop.

3 my tZVtsm?'v mp
m, m( S ) 0(10) eV

e requires some tuning for LH neutrinos to cancel this contribution
“u

o This is no issue for operators with RH (sterile) neutrinos,
e.g. (fN)a(@d) — m, ~ 100 eV, but m, = 100 MeV and thus 6, ~ 1076 © 5
—dm, ~107% eV
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Unavoidable contribution to neutrinoless double beta decay

— 1 — 1
ot O] T 2T o [C{ljl%LmJ * 2200 TeV
+ [

Graf+ [2504.00081] see also Fridell+ [2306.08709]

d €

v  Operator with first generation quark induced through Higgs exchange
p ’ above SSB scale zhang [2310.11055) or W boson exchange after SSB.
It is loop, CKM, GIM suppressed

arLorLal Vi Gpmymy . dLQLH1 19 ~dLQLH1
Clal,B ~ — 1672 ustasB ~ 10 Cbas,@
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Unavoidable contribution to neutrinoless double beta decay

_ 1 _ 1
w o [~ALQLH1] 3 dLQLH1] 3
: CHAH] T ~2Tev o O] J > 200 TeV
d e Graf+ [2504.00081] see also Fridell+ [2306.08709]
U
v  Operator with first generation quark induced through Higgs exchange

p ’ above SSB scale zhang [2310.11055) or W boson exchange after SSB.
It is loop, CKM, GIM suppressed

arLorLal Vi Gpmymy . dLQLH1 19 ~dLQLH1
Clal,B ~ — 1672 ustasB ~ 10 Cbas,@

Model considerations

« large off-diagonal bs couplings with small diagonal dd couplings could originate from
dominant coupling to third generation

e excess in BT — K Tvv sizeable

» non-trivial flavour structure required, e.g. large coupling to third generation
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Lessons from history of neutrino physics

before 1998 (Super-K discovery of neutrino oscillations)
« SM predicts massless neutrinos
— at least two neutrinos are have mass
« If m, # 0, lepton mixing is expected to be small, similar to quark mixing
1 1

— There is large lepton mixing:  sin® fy; ~ 5 and sin? 6, ~ 3

Michael Schmidt - BSM for B — K + invisible
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Lessons from history of neutrino physics
before 1998 (Super-K discovery of neutrino oscillations)
« SM predicts massless neutrinos
— at least two neutrinos are have mass
« If m, # 0, lepton mixing is expected to be small, similar to quark mixing
1 1

.. 9 -~
5 and sin” 6, ~ =

— There is large lepton mixing:  sin® fy; ~ 3

2000s - before Daya Bay (2012):

« theoretical models prefer 6,; = 0

— Daya Bay measures 0,5 ~ 8.5
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Lessons from history of neutrino physics

before 1998 (Super-K discovery of neutrino oscillations)

« SM predicts massless neutrinos

— at least two neutrinos are have mass

« If m, # 0, lepton mixing is expected to be small, similar to quark mixing

— There is large lepton mixing:

2000s - before Daya Bay (2012):

« theoretical models prefer 6,; = 0

— Daya Bay measures 0,5 ~ 8.5
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1
2

and sin? 0, ~ %

.. 9 -
sin® 0,4 =~ 3

« Great, that Belle II is publishing a likelihood
which allows to reinterpret data!

« We have to be open-minded (and critical) about
results and their explanation.

11



WET Wlth lepton number ViOlatiOIl Felkl, Li, MS [2111.04327]

, . C)7* hermitian
Extended operator basis
C)SLX . L

OVEX _ (P’YMPLI/) (Efy“ PXd) symmetic in v flavour indices
OSF* = (v°Pyv) (dPyd)
Oy~ = (v°o,,Pv) (EUMVPL d)

GJTLL

antisymmetic in v flavour indices

light RH sterile neutrinos

. : c
can be included using Ny < v}

g_q% = A(q?) |CVLaBsb + CVLaﬁsb|2 + B(q >[|CSLaﬂsb + CSLaBsb|2 (b <+ 3)]
+C(q%) ‘CTdLngb + CTdLgﬁbs‘Z + (a < B)

« symmetric in o <> 8 and sb <> bs

- no interference between vector, scalar, and tensor operators

Michael Schmidt - BSM for B — K + invisible
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3-body decay

WET Wlth LNV - complementar lty Felkl, Li, MS [2111.04327]
0.02] 0.02] my =0 GeV
— 0.01{ . 0.01
| I | }
£ | z 3
= 0.00 ~ 0.00
S —0.01 —0.011 -
| B K (K
U027 Bt = K+ | U2 o B i B 5 X,
N e
—0.02 —-0.01 0.00 0.01  0.02 —0.02 —0.01 0.00 0.01  0.02
Chmngy (TeV™?) @ = M, sy (TeV?)

Assumption: SM observed; (light) shaded 50(5) ab™!; black dotted (dashed) equates to 50% (20%) precision
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3-body decay

WET Wlth LNV - complementar lty Felkl, Li, MS [2111.04327]
0.02] 0.02] m, =0 GeV
— 0.01{" — 0.01]
I | | |
= I = I
= | < |
= 0.00- ~ 0.0
S —0.01 < —0.011
___——@W BT — KT
I N B K
| W B0 KO . (K
0027 Bt — K* | ~002) o g K N 5 X,

— Y . -
—0.02 —=0.01 0.00 0.01 0.02 —0.02 —=0.01 0.00 0.01 0.02
CVLL,NP (Tev—Q)

CVLL’NP (Tev_z) @,LL — MZ vd,ocaesh

vd,caesb

Assumption: SM observed; (light) shaded 50(5) ab™!; black dotted (dashed) equates to 50% (20%) precision
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q? distribution

- above only branching ratio included
. ¢? distrib’n depends on Lorentz structure

. fit to B — Kvv data prefers tensor opera-
tor, see Belle II [2507.12393]

10725

dBr/d¢*(BT — KTvv)

¢ (GeV?)  Lis [2111.04327]
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k= HN
R e :
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R 10: [ |
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0- :
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2. — 100 % V. VS T |SMm
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q? distribution

- above only branching ratio included
. ¢? distrib’n depends on Lorentz structure

. fit to B — Kvv data prefers tensor opera-
tor, see Belle II [2507.12393]

- vector
35F scalar

tensor

dB/dq?[CGeV 3

- BT 15 20
¢*[GeV?]  Grtner+ [2402.08417]
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—~ I —— 3-body scalar m, =0
2 50F
al:‘4 i 2-body myx = 2 GeV
£ 40 — M f
= L
a . f g
~ 30F F. Belle I ITA 7(BDT,) > 0.98 -
Fo |t |
£a) C L |
R 10} [ |
o I ¢ L
0- :
0 5 10 5
2 2 Fridell+ [2312.12507
Gec [GoV7] [ ]
2. — 100 o v v s T |swm
Belle 1l 6.8 152 4.7 151 119 | 446
+ BaBar SR 276 1 304 1221 31.8 29.8 | 61.0
+ BaBarsg < 0.8 73.3 788 729 90.2 86.9 | 106.7
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Light sterile neutrinos with vector operator  reia,iriMohantams [2309.02940]

VSMEFT operators at p = 1 TeV

£ =0% (QWQ) (N7NN ) +C% (E7ud) (N7MN )

« B — K + inv depends on vector op.
« B — K* 4+ inv constrains axial-vector op.

— interference allows to avoid constraint

Michael Schmidt - BSM for B — K + invisible

C%\{l (Te\/_z)

0.20 1
1 — B &5 K*0 4 invy
— B 5 K% +inv

0.15
0.10°
0.05°
0.00°
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—~0.10-

—0.151

)Y} SES—G—_—
=02  —0.1 0.0 0.1 0.2

C%ﬂ (TGV_Q)

EPS 2023
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Light sterile neutrinos with vector operator  reia,iriMohantams [2309.02940]

VSMEFT operators at p = 1 TeV

£ =0% (@%Q) (N7NN ) +C% (EWd) (N7MN )

« B — K + inv depends on vector op.
« B — K* 4+ inv constrains axial-vector op.

— interference allows to avoid constraint

comparison to SMEFT

. no signalin B — K77
« best fit for mass m; ~ 0.6 GeV

Fridell+ [2312.12507]
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UV completions of vector operator - leptoquarks

Ry~ (3,2,—1) S~ (3,1,3)
QRN — (@7,Q) (Ny“N) NeSyd — (dv,d)(Ny"N)
Q—>———>—N d ————<c— N
\Lﬁfﬂ,l,é) /;9("(51':%)
0 —t—e— Il
. also generates O*¢ . also generates O, OLQ(1:3)

LeQu (1,3) LNQd
. B, — B, mixing only at 1-loop o O

. B, — B, mixing only at 1-loop
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Scalar/tensor WET operators from D6 vSMEFT op

VSMEFT operators Liao+ [1612.04527]

L D CcHNQd (ZN ) € (@d) + CTNQdT (ZUW/N ) € (@a“” d) + h.c. Felkl+ [2309.02940]

Michael Schmidt - BSM for B — K + invisible
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Scalar/tensor WET operators from D6 vSMEFT op

VSMEFT operators Liao+ [1612.04527]

L D CcHNQd (ZN ) € (@d) + CTNQdT (ZUW/N ) € (@0“” d) + h.c. Felkl+ [2309.02940]

Matching to WET

@ESLL CLNQd ETLL CLNQdT

vd,afBsb

Babs vd,aB3sb — “~Babs [Oé — 47 6 — ]-, 2, 3] Felkl+ [2309.02940]
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Scalar/tensor WET operators from D6 vSMEFT op

VSMEFT operators Liao+ [1612.04527]

L D CcHNQd (ZN ) € (@d) + CTNQdT (EUW/N ) € (@0’“’ d) + h.c. Felkl+ [2309.02940]

Matching to WET
LNQd LNQdT
C’S’Ijhﬂsb = ﬂag GIE:I&Bsb = ,305(?9 la=4,8=1,2, 3] reld+ [2309.02940]

Examples for UV completions

« 5, leptoquark generates both

S L L
7] 9‘* ., Q, \ / Q OLNQd 514 OLNQAT
Vo) e - EW doublet 1 generates O

. Liao+ [1612.04527]
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2-body decay




Two- body decay prov1des good fit

70 o

605 —_ 3 body vector m,, = 0 6 GeV
=~ I . —— 3-body scalar m, =0
2 s0f
r:fll : 2-body mx = 2 GeV
8 40 — SM ]
< [
TN g :
— 30 [ Belle 11 ITA 7(BDT,) > 0.98
= _F 1 .
S 200 | :
€2 r -
= 10F l

| ® [
0r
0 5
quC [Gev ]

X2, — 100 b |V V'S T SM

Belle |1 6.8 | 152 4.7 151 119 | 446

+ BaBar SR 276 304 1 22.1 318 29.8 | 61.0

+ BaBar sg < 0.8 73.3 788 | 72.9 902 869 | 106.7
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Fridell+ [2312.12507]

B KX

L5t Belle 11 [ y7,,=107]
Belle [I+BaBar SR [128]

—
o
o=

-
bl
tn

B(B— K+inv)-10°

[EX]

Altmannshofer+ [2311.14629]

« light Higgs-like scalar ¢
with o = NN

« long-lived axion-like particle (ALP)
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Light Higgs-like scalar constraints 2-body decay

D E949: K * »n ™ ¢(=inv.)
C Phys. Rev. D 79 (2009) 092004
N KOTO: KP-n%¢(-inv.)
-1 Phys. Rev. Lett. 126 (12) (2021) 121801
@ 10 UBoONE: K*=»n*¢(=»e e, utu-)
(@)] Phys. Rev. Lelt. 127 (15) (2021) 151803, Phys. Rev. D 108, 092006 (2022)
= NAB2: K+ =1+ ¢(=inv. )
5 JHEP 02 (2021) 201, JHEP 06 (2021) 093
210 PS191: KEsnt(me*e =, u*pu~)
— Phys. Lett B 203(1888) 332-334, Phys. Lett. B 820 (2021) 136524
X CHARM: K*sm*d(=e*e =, u*u~)
E Phys. Lell. B 203(1288) 332-334, Phys. Lelt. B 820 (2021) 136524
107" Belle Il: BoKMg(se*e, u*u~—, m*n—,K*K-)
arXiv:2306.02830 [hep-ex] 2023
KTeV: KP-mO¢(-u* u~
Phys. Rev. Left. 84(2000) 5279-5282, Phys. Rev. D 99 (1) (2019) 015018
10-4_ BaBar: BoXs¢p(—»e*e~,u*u-,n* n" ,K*K™)
Phys. RevLett 114 (17) (2015) 171801, Phys Rev. D 99 (1) (2019) 015018
E949  KOTOI |, . . L3:e*e~»Z*¢
- NAB2 = N\ nggS (Slgnal Strength) Phys. Lett. B 385 (1996) 454-470
5| BBN T e w = 100 GeV LHCb: B-KMe(—p * u~)
10 7,>0.1 s ! E:izﬁ Rev.ett 1 (115) as) 5%03155)0116; 802, Phys. Rev. D 95 (7) (2017) 071101,

10" 10°
scalar mass my (GeV)
Ferber+ [2305.16169]

o two parameters: mass m  and mixing angle 0

%)
« strongest constraint: LHCD displaced vertex search Bt — K*o(— ) ich [1612.07815]
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Light HiggS'like Scalal' Ovchynnikov, MS, Schwetz [2306.09508]

quark flavour-violating SM Higgs couplings

5

$
o

<
7/

h <

e W
A
h

,__F_Le/,\;

\

N
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1 —
—L=rkH Hplp + §gpNCyNN

short-lived scalar with large invisible width

2. T

* Bx KYNYN
« need large Yukawa couplings vy

10—9,
10—10,
10—11 L
10—12,
10—13,
10—14,
10—15,
10—16,
10—17,
10—18,
10—19,

Ke = (g)(ge)z(ml/m¢)4

1 0—20 L
10—21 L
107221
1 0—23 L

1072

Invisibly Decaying Scalar Mediator, Dirac DM, g, = 27, mg ~ 2m,,

5 =
N X%
sinf=1

CRESST 11

E787/E949
K*> nt¢

¢¢¢¢¢

-,
_______

~~~~~

_________________________________
NA62 K*> n*xx So=
+ + / ~

K-> n"¢ Super—CDMS

: SNOLAB

model dep.

Dark miatter is too constrained

1073 1072 107! 1 10

my [GeV]  Krnjaic [1512.04119]
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Higgs-like scalar

BaBar differential distribution

m, = 0.9GeV

LT IEgm, = 2.2Gev
Cm, = 4.4GeV —d
— — gﬁﬂckground ——i
S 10} T
o _
T
e
c s r—T=—
O 5t _ =

|
|
|
|
{ ;+r£+ s

——aw———Jl P =

0
0.0 0.1 0.2

0.3 04 05
Sp o = e
B—m2B
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Ovchynnikov, MS, Schwetz [2306.09508]

—1
10 g T I
my, = 0.9GeV m, = 2.2GeV m, = 4.4GeV
~
10_2 3 - i P
= — g —
E kb - e
n _ ~ ~
~ - -~
103} o=
Ve
2=
L =
10_4 L aaanl P rannl P reerm sl sl el sl AR ETIT
10° 10 107* 10‘3 102 10 10° 100 107
an [eV]
B — K 4+ inv. constrains
> Sln(e) for EHV >> FVIS
EHV for EHV << FVIS
B — K +inv. dominates for I, . = 1 eV
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Other constraints

B-L Gauge Boson

BaBar (inv)

“Pﬁﬁ CHARM |l L SONUT
' —— FASERv
107 - SND@LHC
: " —.— SND@SHIP
] OCG/ e 6%
106 N 6% + cuts
107 107 10~ 10° 10!
my [GeV] Kling [2005.03594]

mZ/

This can be used to constrain the scale of the B — L VEV: vg |, = —%gp,
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Other constraints 2-body decay

10° |
=
- 4
O 10
~
Q
)
T~
N —T, =10 meV
S — T, =100 meV
103 —_—TI =1eV
— T, —10eV
T Z' limit
1 2 4

[GGV] Ovchynnikov, MS, Schwetz [2306.09508]

m

%, 0.3 GeV) and m, = - This choice maximizes I

mv

two degenerate HNL with My, = max(
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Axion-like particle explanation

- Light axion-like particles (ALPs) are well motivated extension of the SM
« Vanilla QCD axion models (KSVZ, DFSZ) have flavour universal couplings
« Flavour off-diagonal couplings present in models of flavour

Froggatt, Nielsen (1979) Wilczek (1982) Ema [1612.05492] Calibbi+ [1612.08040]

0 O — v 4 DM, [GeV]
— = f AH . 108 10° 1010 10! 1012
L 2f i (Cfifj + Cfifjfyg))f] B e
a !
s | [bss
] 3 Y 1
« ALP may be able to explain excess Altmannshofer+ [2311.14629] |z : | e
? i “ i a—> |
e 2 GeV ALP cannot be DM sce e.g. Aghaie+ [2404.12199] \ : F &
: | *
S Il BRtarget
I i 1x107° -
CO
3 T |
T s B
= & = -
vl v sl .imml | i..mml PEPETTY LEPRTITTTT RS R T M
107° 1075 10™* 1073 1072 107! 10° 10" 10?

ma [MeV] Aghaie+ [2404.12199]
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Axion-like particle explanation

- Light axion-like particles (ALPs) are well motivated extension of the SM
« Vanilla QCD axion models (KSVZ, DFSZ) have flavour universal couplings
« Flavour off-diagonal couplings present in models of flavour

Froggatt, Nielsen (1979) Wilczek (1982) Ema [1612.05492] Calibbi+ [1612.08040]

0,0 v 4 DM, [GeV]
= L _f.AH : 108 10° 100 10! 10'2
L 2f i’V (Cfifj + Cfifj75)fj B e
a/ ~~~\\\ i
s | [bss
« ALP may be able to explain €XCeSS Altmannshofer+ [2311.14629] z : v
? i “ i a—> |
e 2 GeV ALP cannot be DM sce e.g. Aghaie+ [2404.12199] : F &
. . | i 1
. Slmple extension calibbi, Li, Mukherjee, MS [2502.04900] b [ BRue o
S I i 1x107° -
.. : . St |
Fermionic DM with 2 GeV ALP mediator & i S
T N |
. = & = -
a P
. KT =rA _u i i
a 106 1075 1074 1073 1072 10" 10° 10' 102
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ALP -B meson decays Calibbi, Li, Mukherjee, MS [2502.04900]

7-B’rn’3B ‘Cs‘g ‘ 2
6471 2

a

BR(B — Ka) | fo(m2)|?

TBm% |C£|2

BR(B K*
(B = K'a) 64w f2

[Ag(m2)|?

a

« decay rates to Ka and K*a depend on
different couplings C’S‘g/ 4

« ALP coupling to RH or LH fermions has
|ICY| = |C4%| and is able to explain excess

» Universal quark couplings C, = Cq‘;// 4

BR(a — gg) ~ 93%, BR(a — s5) ~ 7%

2
° ~ 108 GeV
decay length c7, ~ 65m( FIC )
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10°

m, = 2 GeV

B — Kinv

10°
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DM freeze-in production - ALP mediator

m, =2 GeV,m, =3 MeV

Calibbi, Li, Mukherjee, MS [2502.04900]

ALP production

0.100| y;* Cylfa = Cyy [ fa= 6x107 GeV™ |
) ‘ .
0.001] .= 7T T .
/, \\\\
. ! '\ ‘\‘
Yl 10—5 75 \\\ \“‘
i L
! 1 \‘
: [ Y, |
1077} —
E / ‘-
I Vo
10-9L _ N S |
0.01 0.10 1 10 100 1000
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« ALP

reaches thermal equilibrium

through decay and scattering processes

X DM frozen in through ALP decays

2-body decay
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DM freeze-in production - ALP mediator  caibbi, 1i, Mukherjee, Ms [2502.00000)  2-DOcly decay

m, =2 GeV S
1073 v
b _
1074 S
a
107
= -6
,> 10 g
()
O 1077
Jl< 108 a
-9
10 . (Tpossa) > H 3 3 2
10_10 |:| nzq<o-scattv>>7—{ & ~ ( mX ) (17 X ].O AGGV)
D n2q<na 0.1 3 MeV fa/ |CXX
1070 e 9
001 0.1 1 10 100 BR(B — Ka) _ 1.7 x 108 GeV
x=mp[T 1.7x 1075~ f./CY

Michael Schmidt - BSM for B — K + invisible 28


https://arxiv.org/abs/2502.04900

Viable parameter space  caibbi, 1i, Mulherjee, Ms [2502.04900]
Value of m, yielding Q, h* = 0.12 for m, = 2 GeV

10—4§ ]
10-5L WDM excl. -
00—
T‘> 1()—7%? — m, =50 keV
CE 107° 1 m=500keV
O F Belle 11 | — m, =500 MeV
10_11 = B - K inv —
“12[ - .
10 %—-—-“" m, > ng/2
10—13 i | | | | | | |
10~° 3x10~° 6x10~° 1078

C,/f. [GeV™]
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Take-home messages

3-body decay dark Z’ with freeze-out DM

NP scale Axp ~ O(1 — 10) TeV X dark photon excluded

v~ connections to DM and v possible — additional Z mixing required

q? distribution — Lorentz structure v~ highly predictive

ALP with freeze-in DM light Higgs and sterile neutrinos

NP scale Ayp ~ O(10°) TeV v highly predictive

v similarly sized ALP couplings X some tuning required

X DM difficult to test — testable using Z’ and scalar searches

Michael Schmidt - BSM for B — K + invisible 30



Take-home messages

3-body decay dark Z’ with freeze-out DM

NP scale Axp ~ O(1 — 10) TeV X dark photon excluded

v~ connections to DM and v possible — additional Z mixing required

q? distribution — Lorentz structure v~ highly predictive

ALP with freeze-in DM light Higgs and sterile neutrinos

NP scale Ayp ~ O(10°) TeV v highly predictive

v similarly sized ALP couplings X some tuning required

X DM difficult to test — testable using Z’ and scalar searches

« Excess is quite large — some model building required
 Even if excess goes away b — s + inv will provide important information on new physics.
 Lesson from neutrino physics: nature does not necessarily follow our expectations

» We have to remain open-minded and critical.

Michael Schmidt - BSM for B — K + invisible

30



Take-home messages

3-body decay

NP scale Ayp ~ O(1 —10) TeV
v" connections to DM and v possible
q? distribution — Lorentz structure

ALP with freeze-in DM

NP scale Ayp ~ O(10°) TeV
v similarly sized ALP couplings
X DM difficult to test

dark Z’ with freeze-out DM

X dark photon excluded
— additional Z mixing required
v~ highly predictive

light Higgs and sterile neutrinos

v~ highly predictive
X some tuning required
— testable using Z’ and scalar searches

« Excess is quite large — some model building required

 Even if excess goes away b — s + inv will provide important information on new physics.

« Lesson from neutrino physics: nature does not necessarily follow our expectations
» We have to remain open-minded and critical. H DD E! Thank you!
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Effective field theory

The description of physics at low energies (large distances) does not depend on dynamics
at high energies (short distances) to good approximation.

 hydrogen orbitals and energy levels
« Fermi’s theory of beta decay

Feons: ———— s » top quark, Higgs and W and Z bosons are heavy
First Second Third |
. i » at low energies described by contact interactions
w e . — L —
I Lyp = _2\/§GF (P P, Ln)(ﬁ’%P LVe)
- [hargiark é-
T;;‘ o ‘pﬁﬂangeqm\rk ﬁ
g 1 Down quark . f
IR A e e
g Electron n ‘1)“ ___________) n —_—
1l : Ll . il
. ‘\\/\\/\\/)’\\ sagg:iss ;D q < M{_’/ UZ'
ne::::'r;n Taul- J Photon ;5_ .
a ES: Itrnr;— & 3 t ) e (2 2 q
° e~ (1)
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Weak effective theory (WET)

Weak effective theory A > my:

Lo = 4V 2GRV Vi Zco + h.c.

50

o
o

w
(@]

B(B — K*vv) x 10°
[N}
()

—_
o
L

Belle 11

0 5 10 15 20 25
B(B — Kvw) x 10°

Assuming lepton number conservation with only LH neutrinos v,

Relevant dimension-6 operators:

Or= (Z;’Y“fi’/j) (g’YMPL,Rb)

30 35 40
Allwicher+ [2309.02246]
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Weak effective theory (WET)

50
Weak effective theory A > my:

Lo = 4V 2GRV Vi Zco + h.c.

o
o

g
30
[
| & *:
S
T 90 4 Belle II
8
o Is there a realization in SM effective field theory? %
10 1
« Any realization within a UV model?
0 T T T T T T T
0 5 10 15 2 25 30 35 40

B(B — Kvv) x 10°  Allwicher+ [2309.02246]

Assuming lepton number conservation with only LH neutrinos v,

Relevant dimension-6 operators: O r= (ﬁi'y“ﬂl/j) (§7MPL,Rb)
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SM effective theory (SMEFT)
0 = (T.L)(@"Q) 0 = (T1,7'L)(@v*11Q) g = (T,L)(dv"d)

O3y = (1D, ) (@+Q) 0 = (1D, H)(@71Q) Oy = (1D, ) (4

« necessarily couplings to LH charged leptons 10

(i
. (), [Cul,
8 J
3
X 6 i
=
3
T% 4] Belle II
o)
9 LHC
2 4
=2
0 T T T T
0 10 15 20 25

30 35 40
B(B — Kvp) x 10°
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Allwicher+ [2309.02246]
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SM effective theory (SMEFT)

0 = (T.L)(@"Q) 0 = (T1,7'L)(@v*11Q) g = (T,L)(dv"d)
Oy = (H'D,H)(Q7*Q) 0Ojpy = (H'D,7"H)(Qv*7'Q) Oy = (H'D,H)(dr*d)

« necessarily couplings to LH charged leptons

10
[Cia L
« strong constraint from B, — uu . L [Cul
E
X 6
=
=
;% 4] Belle 1T
o LHC
2_
1=2
O T T T T
0 10 15 20 25

30 35 40
B(B — Kvp) x 10°
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Allwicher+ [2309.02246]

33


https://arxiv.org/abs/2309.02246

SM effective theory (SMEFT)

Oy = (ZVML> (E’y“’d)

O3y = (1D, ) (@+Q) 0 = (1D, H)(@71Q) Oy = (1D, ) (4

O = (DnL)(@Q) ©

(3)

lq

- (7,7) @0)

« necessarily couplings to LH charged leptons

- strong constraint from B, — uu

« 7 flavour scenario

v SMEFT e.g. [Ci],.
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SM effective theory (SMEFT)

relevant SMEFT operators

0 = (T.L)(@"Q) 0 = (T1,7'L)(@v*11Q) g = (T,L)(dv"d)

O3y = (1D, ) (@+Q) 0 = (1D, H)(@71Q) Oy = (1D, ) (4

: : "
« necessarily couplings to LH charged leptons oy
. _ . (), [Cal;
« strong constraint from B, — uu 8
« 7 flavour scenario S
1.20 P
e S
1.15 1
/ SMEFT e.g. [Cfld]gg [Ca] 33 R;Ffﬂgﬁ /E) A Belle II
] A
1.10 / 3 l =
d > / =5 105 =
o ( / EE:-:L.nt:- =, ’
) Y R~ 3,?-,;) £ o Belle 11 O i—9
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B(B — Kvw) x 10°
(.85
. Allwich 2309.02246
v UV completion - wichert | ]

0 5 0 15 20 25 30 35 40
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Complementarity Felkl, Li, MS [2111.04327]

LEFT operators
0.02 1 0.02 1 VLX
3 Ovd,aasb _
—  0.01{" - 0.017 _ _
& - -==" s B H
I> ; |> (VafY/,LPLVa)(S'Y PL,Rb)
F'D ﬁ 5 Y
= 0.007 = 0.001 « current constraints solid
=S =3 -
SRR N S 23 R | purple and green lines
O .01 O —0.011 RiVie . .
e A BN BY - KT - viable light (dark) re-
............. \ B B K s if a
00 I - () gions if SM confirmed by
— Bt — K+ ',| ; V7 = Bt S K* . X, Belle II with 5(50)ab~1
: : ' . . ; Il AN : 1 : .
—0.02 —-0.01 0.00 0.01 0.02 —0.02 —-0.01 0.00 0.01  0.02
CVILNP (72 OVLL (Toy—2 « black dotted (dashed)
vd,casb ( N ) vd,44sb ( € ) .
B — X vv with 50%

(20%) precision
Different observables provide complementary probes

« Straight bands A |C’,Xlly‘gasb - C,,lejﬁa o2

° EniPSGS! A x A(QQ) |CVLL + CIYdI,JgasbP + B(QQ) |CIXlI:gasb o IYdI,JgozsbP

vd,aasb
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Complementarity Felkl, Li, MS [2111.04327]

£ = OLNQd (fa N) Eap (@Bd) ) . EPS 2023
_ _ - naive comparison of branching ratio
LNQdT 0" B ~uv
O (L U’“’N) Sop (Q © d) « scalar operator not constrained by B — K* 4 inv

« tensor operator strongly constrained by B — K* 4 inv

107 10
| scalar operator | tensor operator
T -1
> 10
e
8’ ERARX X X
> 81072
=
O _
— B’ - K* +inv — BY - K 4 inv
— BY O +inv — BY O +inv
w03y T o 03 oy
0 1 2 3 4 0 1 2 3 4
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Complementarity Felkl, Li, MS [2111.04327]

€= 09(@1,) (V7N + % () (V)
- naive comparison of branching ratio
« B — K* +inv constrains chiral vector operator at

low mass, — interference allows to avoid constraint

105
: | same applies to
<
e
5107
O
— B = K +inv
103 — B K'+inv
o 1 2 3 4

EPS 2023
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UV completions of sterile neutrino operators

UV completion of scalar operator — electroweak doublet 1 ~ (1, 2, —%)

LNn + Qiid — (ZN) (@d) + (ZWML) (Wv”N) + (@VMQ) (3/}/“d)

constraints from
« B, — B, mixing

+ lepton flavour universality in £, — £; + invisible

UV completion of vector operator — leptoquarks

R, ~(3,2,—-1) S;~(3,1,3%)

@E;N — (@'yMQ) (N/}/“N) N¢S,d — (Evud) (Wv“]\/')
. could generate O1¢ . could generate 9%, OMR(1:3) @LeQu (1,3)
. B, — B, mixing only at 1-loop . B, — B, mixing only at 1-loop
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Higgs-like scalar Ovchynnikov, MS, Schwetz [2306.09508]

107
i M/ v\
10 % ¢ B .I"J/’
| T
“\/\P-f'\\ MLWM\W
a)
= 1073k W
710 v A
10°*
; r.,=0ev 7 T, =1meV
|- I',=1ev T I =1keV
_5 ........ | S S S S S S | S S S S S S | I S S S S S S S S R S S S S S S S
10 1 2 3 4
m,|GeV |

Michael Schmidt - BSM for B — K + invisible

LHCb constraint is
weakened for new in-

visible width I

mv

B — K + invisible
provides a complemen-
tary probe which con-
strains this scenario.

requires I, . = 1 eV

mv
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Invisible decays to heavy neutral leptons

real scalar coupled to sterile neutrinos B — L model

1 v
e L=—=-NeyypN — My = yy—
= = —-NyyeN — = YN —
L=—-Ne(py +ynp)N 9" IN NN
2
Invisible Higgs decay constrains Four free parameters: My, mz/, m,,, gpr
2 10° ¢
10—2 i
T(p — NN) <0.06] = m,,
sin 0
>
>
B-L Gauge Boson 9 104 E
10714 ~ L
s X
= >
10724 T 8 ~_
_____________________________ 2 N N —T,,, =10 meV
102 g r,. = 100 meV
- 44 10° k —_—TI,,=1eV
s : —T,, —10eV
e | T 2 limit
— FASERV | e T
1075 4 - SND@LH? 1 2 3 4.
—.— SND@SHiP
T m|GeV]
10-3 10-2 10-1 10° 10!

mu [GeV]

Kling [2005.03594]
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Branching ratio uncertainty

0.500"

100!
050/

Br(¢ decay)
o O

0.010;

v———,:-‘;

——u, Winkler
——u, Gorbunov et al.
- - —= Hadrons, Winkler

- - - Hadrons, Gorbunov et al. ]

0.005-—
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Dark photon  Calibbi, Li, Mukherjee, MS [2502.04900]

- minimal dark photon scenario

» dark photon X*#

» dark Higgs ¢ with U(1) 4,5 charge 2
» vector-like dark fermion x with U(1) 4, charge 1

« coupling to SM fermions parameterised in terms of kinetic mixing € and Z — X mixing €,

Lxesn = (esJﬁm + LSZJEC)X“

2¢c,,

+ Dark fermion L, =X —mp)x — dX° (P, + yrPr)X
» Yukawa coupling — Majorana mass term mp 1, = Yr/Vs/ V2
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Dark photon  Calibbi, Li, Mukherjee, MS [2502.04900]
- minimal dark photon scenario
» dark photon X*#
» dark Higgs ¢ with U(1) 4,5 charge 2
» vector-like dark fermion x with U(1) 4, charge 1
« coupling to SM fermions parameterised in terms of kinetic mixing € and Z — X mixing €,

_ em g NC
’CXSM — (GEJM + EEZJM )X’u
e Dark fermion ”Cx = X(zlb —mp)x — OX (Y P, +YrPr)X

» Yukawa coupling — Majorana mass term mp 1, = Yr/Vs/ V2

Simplified scenario: DM candidate ¢ ~ xp withO x mp <K mp <K my < m;,

DN | —

’Cdark —

e 9X Mmp—( ¥ |, .4
B —mp)+ ZPXy— w(% +z@75)w
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B—- KX

= (esJ;m + ieZJng)XM + P+ .

2¢c,,

|5Z|2 mpTp |f+(mx>|2

BR(B —- KX
(B~ ) o4

ez]? mpTsH Zh|ﬁh|2

04

BR(B = K*X)

- BR(B— K*X) ~ 1.9 BR(B — KX)
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B—- KX

_ em | _9 NC 9x
£ = (esJu + 5z )X” + XY+

w

|5Z|2 mpTp |f+(mx)|2

BR(B —- KX
(B — ) o4

ez]? mpTp Zhlﬁh|2

04

BR(B - K*X)

« BR(B— K*X)~ 19 BR(B —» KX)
512
« X short-lived: ey = ll(w) pm

g

e B— K (*>,Lbﬁ LHCb [1403.8044] constrains € ,

» need large invisible BR: X — 1)
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107 F
mpwMm = 0.1 GeV.

1071

10721

DM abundancel

BR(B — K*inv)

10—4.5
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DM relic abundance: freeze-out

DM annihilation channels . annihilation to #¢ suppressed

0 ¢

<
AS)
<
AS)

0.01 , ——ry
0.001 N\!
00001 | 1
10 | 2
5, 10¢ | =
= 10| Increasing <o,v> 1
g 10 T V 1
=) E
o 107 [ N\ == E
g 10710 | 'é
g 101 | ~
R A R D e 1
ap E
S 10mE E
g Tl S Y S 1
O 1o | L
10-7 | 3

1o b [Adam Gr €en Ferber+ [2305.16169]
10 | \ Particle Biteﬂ/i
10-20 B . )Kl / A PP | e ]

1 10 100 1000

x=m/T (time -)

see also NA62 [2412.12015]
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DM relic abundance: freeze-out 2-body decay

DM annihilation channels

0 0 ) —-- 0 U . @ <+ BBN:7,<0.1s

(W V| X Kt — 7t +inv:sinf <1.3 x 1074

light dark Higgs: m, = 4 MeV

annihilation to £ suppressed

<
~
<
AS)
<
AS)

0.01 AR B A —r—r<r ® E040: K+ o * dlolny. )
0.001 [ / \ c Phys Rev. D79 (2009) 092004 ’
] — KOTO: KO-nO¢(=inv.)
0.0001 15 0 10_1 Phys. Rev. Lett 1L?ﬁ (12) (7(?2w) 121801

107 3 Q9 . ) BooNE: K*—»n*¢(~e e, u*u~)

10 b .: [@)) g!,rect deztrenCﬂOn éf\ys Rev. Lett 127 (15) (2021) 15£03 Phys. Rev. m’ueﬁ.logml;:le (2022)
> E c bm = 2My o . .
2 10 Increasing <o, v> @© el w_)”d)(_)mv :
w 107 A 3 O 102
5 - ] 10 PS191: K*»ntg(»ete ™, utu~)
8 10- r \v 1= E Phys. Lett. B 203(1988) 3327:64 Phys. Lett. B 820 (’;1021)%6524
FOE T2 e I\ 3 X CHARM: K*>md(»e*e ™, u*u~)
()] |o 10 B E Phys. Lett. B 203(1988) 332-334, Phys. Lett. B 820 (2021) 136524

10 e _ *
'g 3 107 Belle IIl: BoKMg(mete~, u* =, m*n~ K+*K")
3 1071 | - arXiv:2306.02830 [hep-ex] 2023
Z 1o (A I | \o == T oS T 3 KTeV: KP—ml¢(-u*u~
0 T E Phys. Rev. Lef. 84(2000) 5279-5252, Phys. Rev. D 99 (1) (2019) 015018
o 10°1 | E 4 BaBar: BoXs¢p(~»e*e~,utu~,ntn" ,K*K™)
.; Toe 10 Phys. Rev.Lett. 114 (17) (2015) 171801, Phys. Rev. D 99 (1) (2019) 015018
o 107" E -z
S 5 . . L3 ete =Z

g L0 .i - ' \ HIggS (Slgnal Strength) Phys. Lett 5385(1996)454-?70
o ; 5] BBN T Tm=~a LHCb: B—K (- * =

10-1 F E 10 5 w =100 GeV Phys. Rev.Lett 115116;(2(111)1(5) 151;1302 lrslnys F)lev D 95 (7) (2017) 071101,

0 ” b 3 A 1 N 0 Phys. Rev. D 99 (1) (2019) 015018
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see also NA62 [2412.12015]

Michael Schmidt - BSM for B — K + invisible 43


https://arxiv.org/abs/2412.12015
https://arxiv.org/abs/2305.16169

Other constraints

dark matter constraints

v~ DM-nucleon scattering

oN %7X10—40( € )2 ax (mDM)2
cm? 8.4 x 104/ 103\ GeV

satisfies current constraint
on S2x107% at mpy = 1 GeV
v" DM-electron scattering
o, ~ 107°%2cm?
v" DM self-interaction

Og1 ~ 10-15
Mpwm
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Other constraints

dark matter constraints constraints on kinetic mixing

v~ DM-nucleon scattering

O-—N%7><10_40( 3 )2 5% (mDM
cm? 84x107%/ 103\ GeV

satisfies current constraint
on S2x107% at mpy = 1 GeV
v" DM-electron scattering
o, ~ 107°%2cm?
v" DM self-interaction

Og1 ~ 10-15
Mpwm
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dark photon: fixed relationship

2
m
€, = 2¢et,, (m—‘;( — e:tw)
Z

ete” — v X (— invisible) Basar (1702.03327]
Xe<83x10* = e,<4x1078

v solution:
additional Higgs doublet with U (1),
charge introduces new X — Z mixing

— €, = Z—)Z‘(S with § ~ 1073

Davoudiasl+ [1203.2947]
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Viable parameter space
10°F

ax

1071

10721

10740
1075
1076

1077

7mDM = 0.1 GeV

DM abundance
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2-body decay

7mDM = 0.8 Ge\

DM abundance
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Scalar DM He, Ma, MS, Valencia, Volkas [2403.12485]

Real scalar ¢ ~ (1,1,0)_

S,sb __ 1
Scalar operator 0" = 3

Ma+ [2309.12741]

(3b)p? viable explanation for Bt — KTvv with A ~ O(10 PeV)

UV completion: Introduce vector-like quarks @) ~ (3, 2, %)_ and D ~ (3, 1, —%)_

dn qr dr qr dr qr, d
R qL
\DLDRQLQR/‘ \QL Qr N \DLdR}‘ \DLQR/'
b Hi e

Hl (bd) b1 AH ¢ HA 10
o Yq¥a¥1 (— 2
SMEFT L o Mo (qrdrH)p
s . . % UOS(P),sb . 5 .
LEFT Cao' " = (Ygyayy £ yg v3 V1) oot with O™ = 5(5(75)b)¢”

. C’q%Sb and C’;;Sb are independent
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Scalar DM He, Ma, MS, Valencia, Volkas [2403.12485] 2-body decay

[ Allowed by Belle Il OF)5b = 1(5(v5)b)¢?
100+ . |Belle Il with E.E. |
— E .A”OWGd by new ave. ] o Cqub and qu;"gb are inde-
'T> 50l |-- B = K'¢¢ ] pendent
(D) | npt *+
= [T B > Kdg  Branching ratios B — K
| — B’ = K¢ . :
— | and B — K*pyp are inde-
— pendent
s 10 :
_— [ Statistical uncertainty
5 7] g 15 7 Belle II preliminary
E‘i 10:- ITA
0 0.5 1 1.5 2 25 % s
mgy [GeV] N
) ) ) ZF’LSI\[E: 0 2 4 6 8 10 12 14 16 18 20 22 24
Rescaling w/ signal efficiency €: w(m) = ST ol (blue) ¢* [GeV2/e!]
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Scalar DM He, Ma, MS, Valencia, Volkas [2403.12485]

o dark matter abundance set by annihilation to light mesons

+ preferred DM mass range, 500 MeV < m , < 900 MeV @ oo [N - K™
0.7 .= “w
W7 007 77/ S5 -~ RIEN
507 /s ¢ KT
0-6_J7"7”’7”;7”:’7"‘!“7:‘:\;’;”’3””77771 ””” ‘ ’’’’’’’’’’ ]
7 o] RSide 50 0
0.5 P/ 7777 2 T . :
— 4 7 ‘ - 1 » Migdal effect allows to test DM
|> 04°L \"'uXFNO ]\“~ ,,,,,,,,,,,,,,,, ﬁ
S 07 2029 74 LZ'?OQS 1 « PandaX-4T constrains Wilson coeft’s
: 0_3_ ,,,,,,,,,-,-,,-,-,L,.,",Tr,-,_..::,_‘,‘a
vé)% Cj’dd
~ 02f) —0.07 S —— < —0.02
Q=012 Caq
0.1}
: --- Migdal effect|i . Model will be further constrained by
0.0 : : :
0.5 0.6 0.7 0.8 0.9 next generation DM direct detection ex-
mg [GeV] periments.
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Scalar DM He, Ma, MS, Valencia, Volkas [2403.12485]
Wilson coefficients parametrized by |C’;;D(P)’Sb| ~1|0% Cap | \/ rg+rs 4+ 2r,r, cost

2
| LI T LI T LI T [T LI T [T T LI | LI T LI LI T L T : h : —_— yb
3.0} 0 ] with ratios r, = e
, 5' 0=m/2 DM abundance m?}’D ~ 1.5 TeV
B+—>K+—|—1nv7“ N(?(l() )
_20F -
~ f . searches for vector-like
1.0:— ] quarks don’t apply due ZQ
0.5F ] « monojet constraints
E me = 0.6 GeV E Roy, MS, Valencia [2509.14869]
0.0k Col oy ) R ) | b

0.0 0.5 1.0 1.5 2.0 2.5 3.0
ra[107]
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