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Recent Belle-1l B » K + Inv. ~30 localized excess.

SM Average

0.497 + 0.037 1.340.4

The Motivation
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Belle II (362 fb™!, combined)

2.3+0.7 This analysis

Belle IT (362 fb!, hadronic)

1.1+£1.1 This analysis

Belle II (362 fb!, inclusive)

2.740.7 This analysis

Belle II (63 fb!. inclusive)

1.9+ 1.5 PRL127, 181802

Belle (711 fb™!, semileptonic)

1.0+0.6 PRD9G, 091101

Belle (711 fb™l, hadronic)

29416 PRDS7, 111103

BABAR (418 fb’!, semileptonic)

0.240.8 PRDS2, 112002

BABAR (429 fb'!, hadronic)
1.5+ 1.3 PRDS87, 112005
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The Motivation A\‘(IT
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Puzzle: lightness of a:

* Fine-tuning and implicit naturalness.

* A pseudo-Goldstone boson: Peccei, Quinn 77’
« Massless a from spontaneous broken global symmetry.
* a~ 2 GeV. global symmetry Is never exact.

o,a
Lo, = 5 L CY 5y + h.c. But, why? Testable?
fa
EY =2f,/CY =3.1752 x 10® GeV is needed
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The Motivation &‘(IT
(Specific) Axion-EFT:

Batell, Pospelov, Ritz. 11°; Izaguirre, Lin, Shuve. 17’; Choi, Im, Park, Yun. 17’; Aloni,
Soreq, Williams. 19’; Gavela, Houtz, Quilez, Del Rey, Sumensari, 19°; Chakraborty,
Kraus, Loladze, Okut, Tobioka. 21°; Bauer, Neubert, Renner, Schnubel, Thamm, 21;
Calibbi, Li, Mukherjee, Schmidt. 25°; Camalich, Ziegler. 25°; and more...

Lo Y « ~ Y y5q Opa, or L D L aGMG,,.

q=t,b f
 Elephant in the room: « UV completion needed.
R No bootstrap!
Br(B — Ka) ~ (?m n‘i‘/) |
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B — Ka with UV completion ‘(IT

DFSZ model: a minimal benchmark.
Dine, Fischler, Srednicki. 81°; Zhitnitsky. 80’

SM with 2HDM + complex singlet + Global U(1)p,

Vo = Vinodawi(|Pul, |Pal, [Pu®yl, |®s]) + AD2D, ®F + hoc.,
ﬁy — Yu@uR(I)u —+ YdQLdREI;d -+ YGL—LeREISU -+ h.c.

Do ) ro + tag
b, = > , oo = u,d, P, = f+ :
( Vo + (Pa + i0a)/V2 / V2

A(b — sa) = —sinf x A(b — sA). Mixing angle 8 in a — A mass term.
A, the CP-odd scalar of 2ZHDM.
Fl'eytSIS, ngetl, Thaler. 10’ Massless when A = 0 (PQWW)
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B — Ka with UV completion

When A4 # 0:

* Massive A,. Off-shell,
unphysical b — sA amplitude.

« Mixing picture is wrong,
however, mixing formula
correct.

 Somehow similar to:
Kachanovich, Nierste,
Nisandzic. 20°. Higgs portal;
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A(b — sAo)prsz # A(b — sAo)pQww,

A(b — SCL)DFSZ 75 — sinf X .A(b — SA())Dpsz,

But two changes cancel each other:

A(b — sa)prsz, —sinf x A(b = sAo)pQww
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B — Ka with UV completion

A only disappears at 1-loop.
The complete result when my > my,:

31/ * 2
= 0 X X “Prb 9,a.
Het / 12872 {13”/ ( “tan i ?tan3 3 T35z ) Lv\”a
decouple GIM Z Lorentz
X, — —In m?, N 3miy . m? . Xl_,)_(z are consistent with the
m?  (m?—m3,)2  m¥, mixing formula.
| 30mi = 2myy) Known for more than 40 years.
mi —myy Hall, Wise. 81’
X2 =0, « X3 IS new, arising at a two-loop.
Xy = M Oy omi 1 Enhanced when tan@ is large.
mi - omi—my  my 2 See back-up for 2-loop diagrams.
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Reflections: Apparent Non-decoupling A\‘(IT
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Among the three loop factors, only X, is suppressed by m%.

u/Gev 4 u/Gev 4
e 108 =
Herr~Inmy, | !
Afv 0 | Heavy Sector | 0
bUt H — 2 2 - | N T _
My 0 N T I IR RV A |
| | | :
U | 102 P
- Dimensionless 6, | ! =
Wilson picture fails? ' [ ¢ | | »
« The Light theory is w2 ¢ Light Sector L U : Light Sector :
i i I : = :
not Gauge invariant | | fnnnnd | ] e S
when 6 = 0. " | Gauge invariant Sector | | Gauge invariant Sector |
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Reflections: Apparent Non-decoupling ‘(IT
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necessary requircment for the decoupling of heavy particles: ar each stage of sym-
metry breaking the light subtheory has to be renormalizable. In other words,
whenever we isolate the heavy sector of the theory, the gauge invariance of the

remaining light sector should not be broken. Senjanovic, Sokorac, 79’
Important lesson, if we: Example:
 Change SM (data driven), L — ey inaZ2HDM: ¢4

Do Bottom-up analysis. Chang, Hou, Keung. 93°;
Gunion, Haber. 03’;

The result may be mcom_plete. Davidson. 16’; Altmannshofer, et al. 20°.
Must check Gauge invariance.
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Reflections: Apparent Non-decoupling A\‘(IT
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The EFT must reveal apparent non-decoupling:

W=+ Wt
SM loop: L
e.g. Alonso- . ﬁ P m S
Alvarez, et al. 21’ U, €t u, c, t
a
/, a a ,’, /,a
- /‘ + G~ /II /ll
2HDM loop: RN = PN + /
— > N e —L > é_._ > X >
S t S t b S b
G~ H™a vertex:
, (a) (b) (©)
6 —H -
® 9%, Unsuppressed Divergent: Counter-term
Inmy Captured by EFT?
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Reflections: Apparent Non-decoupling &‘(IT

Some basis give the wrong result:

L — 1 a c Tea. Renormalizable, but not
M q;b 7 2754 SU(2)xU(1) invariant

SU(2)xU(1) invariant,

a (o~ ol
L =Lsm+i (CbQLbRHu te QrirHy + h'C') but not renormalizable

. _ a _ . .
= Lom + ia Z CeqY5q +i— |V trbrG™ The gauge invariant EFT
q=t,b v reproduces the correct
te; (VibrtrG™ 4 Vi5trG™) +he] + ... leading-log term.
B Cy = Beyond leading-log, the
=Lomt ) 7 YLy L Ouat .. counter term is a

=Qr,t%,b¢ iNntti
YL=Qr,t%,b% definition.
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Phenomenology: Explaining the Belle Il excess &‘(IT
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What we need?

(1 ~9)x1075,

exclusive search limits.

Br(B — Ka) x Br(a — invisible)
Br(B — Ka) x Br(a — visible)

A\

*a — yx gives Invisible signals. Need 10 extend DESZ
*a — u*u~ constrains small tanfB.  |and couple a to a dark

- sector.
*Y — vya constrains large tanp.
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Phenomenology: Explaining the Belle 11 excess ﬂ(".
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A=1 /\:5

10~10 10710

% 10-2.0 % 10-2.0

10-2.5 10729

10-30 10-3.0
Mixing only - Two-loop complete result
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Conclusions: what we learnt? \‘(IT
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* We find a two-loop enhanced correction to b — sa.
* Decoupling heavy particles is conditional.
» Axion EFT can give the correct leading-log term.

 Related heavy NP at TeV scale, walting for more

signals In near future.
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Thanks
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B — Ka with UV completion A\‘(IT
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Some technical details on | |
two-loop calculation: )
I 4 _a _ ) _a /!
A ( '
_ ws HY \\\G‘ W}f: H* \\\G‘ G;/ H* \\\G‘
» Thousands of diagrams at two loop, — — s — N e . v,
but only a few are relevant to X;. i t ’ ’ t b t ’
» Master integrals are well-known. @ ®) (©)
Davydychev, Tausk. 92°; Nierste. 95 Ja Ja
* Cross checked within arbitrary gauge. A
. . \ ; a H \ , a
Box+Penguin=Gauge Inv -7 -7
> ./ ‘ > > ‘));0;
S b S b
(d) (e)
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