Alexander von

HUMBOLDT
STIFTUNG

JG|U

S

A weak effective theory approach to
probing ALPs in B-decays

NNNNNNNN GUTENBERG
UNIVERSITAT MAINZ

Upalaparna Banerjee

In collaboration with: Cristhian Calderon, Matthias Neubert

DESY Theory Workshop | September 25, 2025



Outline of the talk

o Axion and axion-like particles
o Effective Lagrangian for an ALP coupled to the Standard Model
o Direct probe of ALP couplings through flavour observable

o ALP effective Lagrangian and weak effective theory
o B* — K*a with QCD factorization

o Bounds on ALP couplings: at low-energy and at the UV

o Side remark: generation of new operators for ALP Lagrangian in the non-derivative basis
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Axions and axion-like particles

o Peccei-Quinn solution to strong CP problem.

o Axion mass and couplings to Standard Models are
inversely related to the scale f,.

o More generally, ALPs arise as pseudo Nambu- Goldstone
bosons of spontaneously broken global U(1) symmetry.

o Depending on a particular mass window different
categories of searches become important.

o For heavier ALPs, couplings to SM particles can be
probed in particle physics experiments.
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Etfective Lagrangian for an ALP

o Most general effective Lagrangian for a pseudoscalar boson a coupled to SM via classically shift-invariant

Interactions: [Georgi, Kaplan, Randall (1986)]

)
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L3 off = 3000 -

o After the EWSB, the ALP Lagrangian reduces to:

2

a02

a ~ a ~
L2 ,) = —(a a)(0'a) - ——a*+ L () + CGG?G;ZUG””’“ + CW?FWF”” +

With the couplings to Standard Model fermions:

d”a [

Z ferm(ﬂ) ur U(ﬂ)?’ﬂuL + gk, (ﬂ)}’,MR +d kD(ﬂ)}’ﬂd +d kd(//l)}’ﬂd + 0k, (ﬂ)}’ﬂVL +eé; E(ﬂ)}’ﬂeL + exk, (ﬂ)}’ﬂeR]

In the up-aligned flavour basis:

kU — CQ, kE — kl/ — CL’ ku,d,e =C CKM

u,d,e’
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Direct probes of ALP couplings:

Observable Mass range [MeV]  ALP decay mode  Constrained  Limit (95% CL) on  Limit (95% CL) on
coupling ci; i (BY) VB cy/ViVisl- (%) - VB

Br(K~ — 7 a(inv)) 0 < mg <2611 long-lived \kp + kdl12 1.2 x 1077 3.9 x107°
Br(K; — n%(inv)) 0 < m, < 261 long-lived Im[[kp + k)12 8.1 x 107 7.0 x 107°
Br(K~ — 7~ v7) ma < 108 vy \kp + k|12 2.1 x 1078 6.9 x 107°
Br(K— — 7 99) 220 < m, < 354 ¥y \kp + kal|12 2.0 x 1077 6.5 x 1071
Br(K; — n%9) m, < 110 Y Im[[kp + kql12]| 1.3 x 10~8 1.1 x 101
Br(Kp — wo'y'y) ma < 3635 Yy Im[[kp + ka)12]| 1.3x 1077 1.1 x 107
Br(K* — nta(ete)) 1 < mg < 100 ete” \kp + kal12 34 %1077 1.1 x107%
Br(K; — nV*e) 140 < m, < 362 ete” Im([kp + kq)12)| 3.1x107* 2.6 x 107°
Br(Kp — nutp™) 210 < mg, < 350 ptp \Im|[[kp + kd)12]| 4.0 x 107 3.4 x107°
Br(B* = ntete™) 140 < mg < 5140 ete” kp + kql13 7.0x 1077 8.7 x 107°
Br(BY - xtputyu ) 211 < m, < 51404 ptp— kp + kal13 1.2x 1077 1.4 x 107
Br(B~ — K~ vp) 0 < mg < 4785 long-lived kp + kql23 6.2 x 1076 1.6 x 10~1
Br(B — K*vir) 0 < mg < 4387 long-lived kp — kal2s 4.1 x 1076 1.1 x 1074
dBr/dg*(B" — K*%¢*e™)(0.0,0.05) 1 <m, <224 ete” kp — kglos 6.4 x 1077 1.6 x 1075
dBr/d¢*(B" — K*Oe+e—)[0.05,0.15] 224 < m, < 387 ete” kp — k|23 9.3x 1077 2.4 %1077
Br(B~ = K~ a(utp™)) 250 < mq < 47001 ptp kp + kal2s 4.4 x 1078 1.1 x 107°
Br(B" — K*a(u*p~)) 214 < m, < 43501 ptp kp — kglos 5.1 x 10~8 1.3 x 106
Br(B- = K 7777) 3552 < mg < 4785 THr~ kp + k23 8.2 x 107° 2.1 x107*
Br(D" — nl%*e™) 1 < mg < 1730 ete~ ki + kul12 2.8 x 105 -
Br(D* — ntete) 200 < m, < 173011 ete” ki + kul12 8.4 x 107 -
Br(Df - Ktete™) 200 < m, < 14750%) ete~ ki + kylio 2.4 x 107° -
Br(D+t — wtptp) 250 < m, < 17300**) ptp ki + kul12 2.1 x 10~ -
Br(D} — K*tptp™) 200 < mg < 14750 ptp ku + kul12 5.7 x 107° -
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RG evolution from UV down to low-energy scale

[Bauer, Neubert, Renner, Schnubel, Thamm (2020)]

|Chala, Guedes, Romos, Santiago (2020)]

UV theor
Peccei-Quinn symmetry y

breaking Matching
A = 4rnf

SM + ALP RGE,

~ 100 GeV EWSB and matching

SM’' + ALP’

WET + ALP”

RGE,

RGE;
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Weak effective interaction

o In the case of B-decays involving flavor-diagonal ALP couplings, we assume that the flavor change is induced
by effective weak interactions.

o The relevant weak effective operators are:

Q) = (5; P)v-n)D; D)) v-a Q) = (5; P))v—n)(D; D) v-a p=uc
qg=u,d,c,s,b
Q3 = (5;0)(v-a Z (G G)(v-a) Qy = (5;0)v-a Z (G 91 (v-a)
q q
Qs = (5;0)y-a) Z (9; 9) v+a) Q¢ = (5;0)v_a) Z (9 9) (v+a) -
q q
0y, = 25 6# (1 + 7o)t b, G
8¢ — Q72 5;0 Y5 ij 7] = pv

o Weak effective Hamiltonian:

GF
" oft == Y 4,|CeP+CEY+ Y GO+ Cy, G, | +he.
p=u,c i=3,---.6
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B* — K*a in QCD Factorization

o For exclusive decays for heavy mesons, at large kaon recoil, the separation of short- and long-distance dynamics is
achieved through QCD factorization

<Kal|lZ,,|B>= 9‘/{{(612) Fﬁ_}K(qz) + Hdu dw CDK(u)ﬁa 9‘2’“/),7(612, U, ) <I>ff,7

N—— N

Factorizable contribution Non-factorizable contribution

a 1,11

o Hard-scattering kernels: & " are associated with short-distance dynamics.

o Form factor: FI/;—>M =< Mk)| g 1"q,| B(p) >

are associated

o Meson-distribution amplitude: d'With long-
- ] 1stance, non-
i | HpV (I);_ U . (I)G 0 , :
[(I)M] — Yu PrsPW) — pyrs | @, — iaﬂyp - ) + io,, p* perturbatlve
af 4 p-n 6 6 ok, .
1 dynamics.

ifgmg (1 +v _ 0
o =-— OB ()i’ + PP — Wyt ——

A ap
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+ + - :
B~ — K—a: Kinematics

o Four vectors of B-meson, Kaon and the ALP momenta:

n” i u 2 _ 2 2 2 n
pg:vaﬂ=m37+mBz pK= E,0,0,\/E — Mg E—|—\/E —mK —_|_ \/E _mK

~ 2E— +
2 2F 2
— m? n* T n* = (1,00, + 1)
pg — Ea90909 — \/E — mK ~ I Mp——
mp 2 2 n* = (1,0,0,—1)

o Kaon is collinear, depending on the mass of the ALP, the ALP becomes either anti-collinear or hard anti-collinear.

o The momentum carried by the partons inside the mesons:

M H
o B-meson: pp = myvt — 1" M= %+l %+l”
o Kaon: py = ukn* + ki, p, = (1 —u)En* —
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B* — K*a: Diagrams

Factorizable Non- factorizable
o Form factor correction: » Weak annihilation:
/ Q1,...6
/
/
/
VA

o Hard spectator scattering:

P
P

m@m
6% 6%

Q1_6

@
@
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Bounds on ALP couplings

> We use LHCb search for B* - Ky with y _) WK to get . in units of [GeV ™'}
95% CL bounds on ALP couplings one at a time, considering Ci( ) —— ——
prompt decay of the ALP. m, = 0.5 GeV | m, = 2 GeV
[LHCb:1612.07818] — — — — T —

(Ka + Kp)az | 8.71 x 10 5.39 x 10

(ky — kp) | 2.87x107* | 1.90 x 10~
o Bounds on flavour violating coupling is much more (Ke — k) 1.34 x 1073 5.83 x 10~
stringent than flavour-conserving ones. (K4 — Kp) 100 %102 | 204 x 102
(ks —ks) | 1.56 x 1072 | 2.14 x 1072
(kp —ks) | 1.66 x 1072 | 1.04 x 1072
o If there is no flavor symmetry at the UV, it pushes the scale Coa 1.43 x 10~ 9.10 x 107

to be very high.
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Bounds on ALP couplings at the UV

in units of [GeV™']

o We consider flavour-universal couplings at the UV scale Ci(A\) —— D
A = 4rf. This way large flavor changing coupling at low- me = 0.5 GeV | m, =2 Gel
energy can be avoided. p Caa(\) 3.34 x 107 2.06 x 1072

4.78 1.13
1.17 x 1073 2.77 x 10~

o Through RG running, flavour changing couplings are .

2 A7 1—3
generated at low-energy. 3.47 x 10

\)

\) 1.10 x 10~°
A) 2.28 x 107°
\) 1.92 x 107?
\) 1.11 x 107°F

o The bounds are stronger by at least one order of magnitude y
over the previous bounds. » Coli

2.15 x 1073

06.82 X |
.41 x|

3.05 x ]

()8
()"
()~°

6.89 x |

[

[Bauer, Neubert, Renner, Schnubel, Thamm (2021)]
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Appearance of new operators in the non-derivative basis

o ALP Lagrangian with classically shift-invariant interactions:

S5 off = 300 -

o Alternative form of the Lagrangian:

2
m a a. d a. a

+ Yu + L Ye +Nhc)+¢ ——GaGa””+E S WEWEH & S "B BH
Q¢ R ¢ R ) GG A f ww A f UV BB A f Uv

1 D<5 U\
> Zeﬁ > (8”51)(8 a)

o Relating the couplings of two Lagrangians:
Y,=i(Yycu—co¥), Y, =i¥e,—cyY,), Y,=iYe,—c,Y,),

1 1 4 1 1
Coc = Cac + 5 Tr(c,+c,;— Nicp), Cyw = Cyw — 5 Tr(NCcQ +c¢;), Cpg=cpg+ IT (gcu + gcd — gcQ +c,—c¢;)| .
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Appearance of new operators in the non-derivative basis

o The presence of the weak operators modifies the usual SM equations of motion for the fermions, and when we use
integration by parts on the derivative-involved ALP—fermion operator together with these modified equations, new
higher-dimensional operators appear:

. a _ _
@Q 12 = — lf_z(ks — kp)(5 LY PL)(PL}’,/?L)
a p = Uu,cC
Q3 4=—1 7 (ks — kp)(S1Y,b1) Z (Gry. 41 g=u,d,c,s,b
q

. a _ _
@5,6 — lf_z(ks — kp)(5, ?’ﬂbL)(V—A) Z (9R YﬂCIR) -
q

o Weak annihilation diagrams to consider in the non-derivative basis

Q1,...6
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Conclusions:

o Axions and ALPs belong to a class of well-motivated light BSM particles with weak couplings to
the Standard Model.

o Rare meson decays like BT — K™a, provide strong bounds for ALPs of few GeV mass range.

o We separate short-distance physics from long-distance, non-perturbative physics through QCD
factorization approach.

o At the low energy scale, flavour-violating coupling is more constrained than flavour-conservaing
ones.

o If we consider flavour universal coupling at the UV scale, our bounds are stronger up to two orders

of magnitude in case of couplings to gluons and up-quarks.

o If we work in the non-derivative basis of the ALP operators along with weak effective operators,
we would need to add new higher dimensional operators in our calculation as well, to be able to
get the complete result.
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Thank you for your attention!
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