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QCD breaks the shift symmetry and generate potential (mass) for axion
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Shift symmetry: a — a + const
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Axion Like Particles (ALP) £

Tree level mass

CP odd \ / term at UV
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Because of the pNGB nature of the ALP
mass is generated by hard breaking of Goldstone symmetry

The mass (m,) and the decay constant (f,) are decoupled




Axion Like Particles (ALP) : Operator with quarks
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Chiral symmetry is used to set axion gluon coupling to Zero

a .
Other operators are —F, F**, operators with W, Z, leptons
a

Focus on operator with quarks and finding their signatures




ALP : Generalized quark l.agrangian

familiar ALP operators
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Working in a manifestly EW basis + 3 quark flavor

8
(CLOL + CRrO% + CLrOLR) + CwOw + Cz0z
—0

1

1 =0,8: Allowed
o 1 J—— 1 =1,2,4,5: break EM
L L oAt yL i = 1(1)7 : break SU(2)w
i =6,7: tree FCNC j% and j; are the
current replacements
of W{and Z,
' L o 0t ith lepton bilinear :
i il ikt with lepton bilinear :
Ok 7, OnaaRY R i=0,3,8: Allowed 2 W = 4G, "
1 =1,2,4,5: break EM
O a 7, tiMqn t=06,7: tree FCNC
LR L
A
o 5
Ow _f— QLQ /ﬂ:QL s
a o>
»
a~
o
O a Z = Z g
z | T (@.QF Jzar + 4rQF J24r) o
S
7
v

*

, Tuhin S. Roy: arXiv:2112.13147



ALP : Matching — Generalized Meson Lagrangian
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Non Unitary rotation to remove kinetic mixing and an orthogonal rotation to remove mass missing
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Finding ALP: Produce ALP 1n decays

Jx

We perform the diagonalization at O(£2) E=—

Ja

. a m _2
Assumptions: m S ~ e~ 10

Old basis — New basis n..-

Missing Energy

*.a Decays back to SM states
(photon, leptons, mesons)

Signal (bound) depends on ALP decay length and branching ratios

8 For review see: Bauer et. al., 2110.10698



Finding ALP: Look into the SM channels
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Changes the rates for the SM processes
(Modifications of Form Factors)

Pros : Robust bounds

Bounds do not depend on ALP decay length/branching ratios
Bounds do not explicitly depends on ALP mass (implicit dependence through mixing parameters)

Cons : Theoretical estimate the SM rate

The theoretical calculations of SM meson decays often have large hadronic uncertainties : Large theory
error



Modifications of the Form Factor (FF)

FF for the K™ — 2% v, and K® - 77¢*v, processes
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Matching quark operator to meson current
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Modifications of the Form Factor (FF) at 6(p?) for K,
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Effect of £ (¢%) & f.(g*) modifications

(mF () 57,u| KO (D)) z/f%‘ (¢®) Q. + f£<°( (4®) q,,
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Effect is suppressed by the final state lepton mass
Bigger effect in K ; decays than K 5

Dominant effect

q, (ory*P2) = (p} +p;‘)<%PLL” ) = my (DPg?)

Due to the different momentum dependences of the two FFs —
the total rate and the differential rate are both modified
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Ettect on the decay spectrum (of K 3)

Comparison
with SM

Large value needed
to surpass lepton
mass suppression

— = 22 =005 82 =0 /
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Differential rate
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Comparison with K,; Data

K +/0, (0 t 1 +/0, (0 t2
(0 = £ |14 A 15 X0 T
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FEG() = | Fei 8) = FE ST @)

Experimental collaboration/lattice give results in terms f,(g?) instead of f_(g?)

The theoretical computation of the FFs are taken from European twisted mass collaboration

Phys. Rev. D 93 (2016) 114512 [1602.04113].

We simulate the total NP signal for the NA 48/2 experiment and compare it against the data

JHEP 10 (2018) 150 [1808.09041]

14



Comparison with Data : NA 48/2
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Constraints at 95% G.L: NA48/2 + total decay width

With both theory & experimental error
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Total decay width measurement [Aliis = 265 Vsul Ceor [1”5 ](2H P H - py, = Hpe - ps),

is mostly sensitive on o

(0)
aK+7r0

(2) (2)
0 ’8 ™ @ 3 0
WhereH,,Eff,SM (1) Qu+ [1+§2( Ig) o {g; o)] f{,SM (%) qu-
6BK+7r0 Qg+ 0

S —— W

Triparno Bandyopadhyay, SG, Tuhin S. Roy: arXiv:2112.13147




Constraints at 95% G.L: NA48/2 + total decay width
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Future projection of the bound with experimental and theoretical error reduced to 50%
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Direct vis a vis indirect detection

Indirect Channel Direct Channel
Kt — 2%y, K™ - al*v,
‘Q[dir ?é O < > Pion PhObla hmlt ‘Q{dir — O

(In some limits)

A limit exists where direct rate is zero but indirect rate is nonzero

CW — 0, C%R — C%’J and C%R:C}Sz,

Indirect detection removes blind spots

Triparno Bandyopadhyay, SG, Tuhin S. Roy: arXiv:2112.13147 18



Sum Rules

Identifying nature of ALP coupling from observable

Distinguish between ALP interactions via mixing only vs interaction with weak current

0 2
SM sum: }1 ‘ f f 271{/1 | | f iy SM | — 1. < Completeness of basis
Sum in presence of ALP:
1| zp+,0 2 3| apt 2 §2 2
1 f (0)| + 1 ‘ff n(o)’ = 1- 16 (CLR Cy + V3(Cig — Cg)) +§ ( Cr)?

The sum can be greater than 1 which is a tale-tell signature of @g operator

Triparno Bandyopadhyay, SG, Tuhin S. Roy: arXiv:2112.13147 19
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WORK IN PROGRESS

Future Direction

Large theoretical Form Factor uncertainties & Effect of ) is surpassed by Lepton mass ¢
Measure Form Factor from “clean” channels (& Look in strange decays 7 of tau lepton (&)
v 1) s K
K e / efu T o 71 4

- - - - T ______
2ef 2, \Ja
K“/K% e

(6 = (14 VBe) (140 )

(47 Fr )2 m7e.

Antonelli et. al., arXiv:1304.8134

Measurement of FFs Predict the theory FF for
from 7~ — K'77v o> Kon'y, Compare against observed
(NOT affected Ey ALP) (LAEEEETEE 1037 SALLIE) distribution to constrain ALP

*Distribution data from BABAR
*Need more precise measurement from Belle

N.B: Implications for V,, anomalies

Triparno Bandyopadhyay, SG, Girish Kumar: arXiv:22xx.Xxxxxx 20



Conclusion

B Modification of SM decays (Indirect search) 1s a viable avenue to look for ALP signatures (Precise
estimate of theory FFs are very essential)

B Indirect searches complement the direct searches for the ALP signatures and eliminate certain blind

spots (pion phobia)
u Precision measurements of decay distributions of SM processes are vital to this program
u Similar exercises for B and D systems can provide significant ALP constraints
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Cost &reart Lot
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QCD Axion

Smallness is not protected by any symmetry

a, - ~
Z >0 GG

A

Goldstone Boson \

a, [ - a ~
Z>=|(0+—)GLGm

4 1,

Measurement of Neutron EDM : 6 < 10710

Axion shift symmetry is anomalous under the QCD — solves the Strong CP problem

- a
Strong QCD generates potential > Vg ~ coS <9 + —)
a

<Cl> - = éfa Uphys = a4 — <Cl>

Peccei & Quinn, Phys. Rev. Lett 38, 1440 (1977)
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ALP: Chiral Symmetry

LD o2 LG G 1 a2
Gy 2

CZ
a

0 a I ia_ _
+¢y f—qy”y q | +exp |c,—| dum4R
a

Not all couplings are independent

Under axion dependent chiral rotation: g — exp |iays—| ¢
a

Cc = Co+2a
C;— Cy—
c,, = C, +2a

This freedom can be used to set c; — 0
* convenient for Chiral matching
24



Origin story of Oy, and O,

V (H,a) = —p?(a) HH + %)\

P
~

CP even state
v? — v%(a) = /;2((5)) =0 (1 — G, E )

2
(a) (H TH ) | Axion dependent Higgs potential

«—

— Gp = Gp(a) =G (l—l—Cf— )
Cy =Cz=C,
Ow -7 ~7.Q Wiztar
a \LP chif
>  ALP periodic symmetry
Oz f (7.Q% jzaL + TrQ% J24r) a , < a >
a — Csm| —
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ALP : Matching — Generalized Meson Lagrangian

Deriving low energy Axion pion interactions : SU(3) Chiral Lagrangian

L D —7%Tr[|6uU7r—i(LuUﬁ—UﬂR“)|2] + ATgT&“[MU);] + he A+ -

4
Vi At
/ Un = exp( 7 )

fr

SU(3) pion matrix

w. , e g
Lr = QAM+ 1+CZf QLJZ 1+CWf Q J:l:+ f CLt87
7 Oua i i
= QA" + 1+sz Q%54 + f > Citt,

1=3,8
0,3,8

M = (1 +iCi Ly )M.
Z LE ¢

Quark mass matrix: diag(m,,, m;, m,)
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Modifications of the Form Factor (FF) [including Higher order etfect]

Re (75 (1))

(0010 + €22, 0 + 0 o + 2002, )

0 @) t 0 (@) t°
<1+ (el e AZJEW)O) 3+ (X0 + N8R gy + -
20‘%%0 Kt mo
1+ g (0) +,S ( )
&gt o

Amplitude square for K,

Ne)
1+ 2¢&2 g;“(’] (2H -p; H - p,, — H*py - p,,),
&g+ 0

2 'Bgl'no aglwo KT x°
1+¢ (0) (0) Zsm (1) gp.
5’BK+7TO & g+ 70

|A|Kl _2G |Vsu|ZCcor

+ 20
where H,, = ff,sM (1) Qu +
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Lattice computation

MO AL

K+x0 —
2O = (A}EP)O) +5.79(97) x 1074 ;

0 (0 M2
A0 - log(C) - 0.0398(44)] ;

/ 2
A0 — (A‘}éﬂo) +4.16(56) x 1074,

Parameter Correlation

AL =24.22(1.16) x 1072 | p[AL,log(C)] = 0.376

log(C) = 0.1998(138) p fK;; m (0),log(C)| = —0.719
X (0) = 0.9709(46) | p | F507 ng),Aq — —0.228

Phys. Rev. D 93 (2016) 114512 [1602.04113].
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Signal estimate for NA 438/2

dT dT
i, dE, Om Bu)lina = R(Em, Bp) © 7o (

Er,E,),

\

Bin by Bin theory convoluted with

Bin by Bin ratio of theory MC and SM acceptance and selection
signal (from NA 48/2 collab. data)
[MC takes into account real emission
And radiative correction]
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Direct vis a vis indirect detection

Lagrangian and Amplitude squared for K™ — af*v,

Lovr D iGrVu €] (o, +ia,) (K 0,0 - 0,5 a) + (B, +iBL,) 0. (KHa) |5,

—I—‘ (1)

2 2
Acrss o € (Ja@ [+ (a0 [) <[ (Cta - ch+ vBCEa - b)) + oW

Direct rate *Assuming m, — 0 for simplification

Pion Phobia (| |?<+_>a pry, = 0) limit does not exists if Cy, # 0O

In the limit Cy, = 0

Indirect rate

2 21,2 |2 C C
| |K+—>7T0f+1/f = |aK+ﬂ0| O‘g)hro - 73 (ag(l_la + f) ;

A limit exists where direct rate is zero but indirect rate is nonzero

Cw = 0, C3p = C3, and C3p=C%, |

Triparno Bandyopadhyay, SG, Tuhin S. Roy: arXiv:2112.13147 30



Direct vis a vis indirect detection

The situation is slightly different in case of pions

In the limit Cy;, = 0

. , > 2 C3)?
Direct rate : | o/ |7[+_}a £+, — agrlla X ( Z) ’
N -|527|2 . 2) |2 (C3)* (@) , Cs i
ndirect rate : mton0fty, Yrtro| X T4 Qriq T 4

C; = 0 sets both rate to zero

Reason: Absence of @2 operator due to EW symmetry
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WORK IN PROGRESS

Future Direction

Direct channel

Missing energy

T - K av > T > K,
T background for

K™ — pu ay, > K —uvu,
!

Missing energy

Constraint on
ALP parameters

For best constraints need more precise/updated measurements

Triparno Bandyopadhyay, SG, Girish Kumar: arXiv:22xx.Xxxxxx 32



