- ,.—' = &
L p= : ’

GN-‘;_&|

simultaneous explanationof K& B
omalies in vectorlike compositeness

Kenji(Kendi) Nishiwaki (KIAS)

UA k7] 2], Pl 1

= W Yy

i
‘g % KOREA
KI 5 S 3
+ i +
E i On 12-13 Sept.2018
§ ': Seoul, Korea Zagreb, Croatia
based on collaborations with

.12

3 Shinya Matsuzaki (Jilin Univ., China),

*th Eiglenh

Kei Yamamoto (Univ. of Zurich)

[arXiv:1806.02312, submitted to JHEP]
J

talk @ Corfu Summer Institute: Workshop on the Standard Model and beyond (31th Aug. to 9th Sept. 2018),
Mon Repos Estate, Corfu, Greece; 3rd September 2018




Current Status of LHC (cont’d)

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits

Intro: 1/10
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ATLAS Exotics Searches™ - 95% CL Upper Exclusion Limits
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Anomalies in Flavor Observables have been reported!
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[LHCb, arXiv:1506.08777]
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Intro: 2/10

[courtesy of K.Yamamo¥o]

27‘( CP even

|
/> 37_‘_ CP odd

A discrepancy in the CP-violation
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Anomalies in Flavor Observables have been reported!

[LHCb, arXiv:1506.08777]
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[co of K.Yamamoto]
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Intro: 3/10

Various (new) experiments are ongoing (planned)!

[picture from the web]

O A a = N

NA62 exp. @ CERN KOTO exp. @ J-PARC




Three anomalies: Rg¢[+associates], Roe, €LE-
. o ntro: 4/10

e.g., Tr+is J
! N ‘ in B meson in K meson
[picture from web] (including bottom quark) (including strange quark)
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Three anomalies:{Ri¢[+associates]} Rpey, ELE
— ' o Intro: 5/10

" [LHCb, arXiv:1406.6482] )

8(B — Kete™)

T I
& (R 5 - ””)_0745+8822_0036 for 1GeV? < ¢* < 6 GeV’

[LHCb (seminar in CERN on 18th April), arXiv:1705.05802]

g _BBo Kyt 0.660*0-110 + 0,024 for (2m,)? < ¢ < 1. 1 Gev?]

" B(B - K*eter) 0.685% 0 568 £ 0.047  for 1.1GeV? < g% < 6 GeV? |

—-0.069 —

suggesting lepton flavor violation (2.2-2.60) [=1 in SM]

[LHCb, arXiv:1506.08777] |
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Three anomalies: RK(*)[+associates L Rpex), €

Vi Vi, Z CW 0’50’6) +h.c.
12 = 14 - 4 7 K
Oy = (Svﬁbe)( V), Oy = (SWZ)Rb)(M“Q/,
= b ) 016 = (S’Yu Rb)( )

4 756 ’ ,

4GF

162

[global fit result for new physms]
[W.AlItmannshofer et al., arXiv:1704.05435]

Coeft. best fit lo 20 pull
CY —1.59 [-2.15, —1.13] [-2.90, —0.73] 4.20
ct +1.23  [+0.90, +1.60] [+0.60, +2.04] 4.30
C +1.58 [+1.17, +2.03] [+0.79, +2.53] 4.40
C%o —1.30 [~1.68, —0.95] [-2.12, —0.64] 4.40

Ch=—-Cl, —0.64 [-0.81, —0.48] [-1.00, —0.32] 4.20
Cs =—-Cfy +0.78 [+0.56, +1.02] [+0.37, +1.31] 4.30
Cyt —0.00 [-0.26, +0.25] [—0.52, +0.51] 0.0c
Cih +0.02 [-0.22, +0.26] [—0.45, +0.49] 0.10
Ch° 4+0.01 [-0.27, +0.31] [-0.55, +0.62] 0.00
C1s —0.03 [—0.28, +0.22] [-0.55, +0.46] 0.1c

[see also e.g., arXiv:1704. 15340,1704.05435,1704.05438,1704.05444,
1704.05446,1704.05447, 1704.05672, 1704.7347, 1704.07397, 1704.08168]

Intr0° 6/ 10

dIr'/dg?

" [T.Blake et al., arXiv:1j506.00916]

J /¢\ ¥(2S) Broad charmonium

resonances (above the
open charm threshold)

Sensitivity to
/ Cg and 01()

phasespace
suppression

Photon pole
& enhancement (from C7)

CKM suppressed
¥ light-quark resonances

Sensitive to C7—Cy
interference

0 5 10 15 20
< increasing hadronic recoil q2 [G eV 2]
increasing dimuon mass =»

[in the SM]

I~ 1"
/_,,/
E W'
b . : S
t

[pictures from Web]

(CoSM = -CoSM ~ 4)




Three anomalies: RK(*)[+associates , Rpe#, €
— ' o IntrO' 6/10

g T ——— S —— TSI ST z\? [T Blake et aI ArXiv: 1506d09916]
: 4 G [_‘ JM ¥(29) Broad charmonium
| NP F * ¢ Y/ ¥ /0 o] \ resonances (abov? the
§ He ) — ‘/[Z b ‘/;;S 5 E C O C O ) _I_ h C. Photon pole open charm threshold)
; \/_ 1 6 &~ enhancement (from C7)

Sensitivity to

suppression

7 K — K CKM suppressed / >,
0% = <§v,‘§L ), 0 = (Ko G B -
- ). 04 = <svﬁ>Rb>< )

|
g 756 9 : Sensitive to C7Cy phascslh

interference

>
>
1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1

[gIObaI flt reSUIt for new thSIcs] O(—increasin hadr?mic recoil 10 ' 2 220
[W.Altmannshofer et al., arXiv:1704.05435] increasing dimtion mass q° [GeV?]
Coeft. best fit lo 20 pull

M (effective) vector interaction

2.15, —1.13] [=2.90, —0.73f 4.20 )
+0.90, +1.60] [+0.60, +2. 04}
Cs 4158 [+1.17, +2.03] [+0.79, +2.53]
Cto ~1.30 [~1.68, —0.95] [~2.12, —0.64]

C¥ ~1.59
ol +1.23 M s and b should be left-handed

(right-handed is irrelevant).

o} Lepton part is ambiguous

C§ = —Cfy  +0.78  [+0.56, +1.02] [+0.37, +1.31] 4, (vector-like, left-handed,...).

Co¥ —0.00 [-0.26, +0.25] [-0.52, +0.51' 00 )
Cih +0.02 0.22, +0.26] [—0.45, +0.49§
Ch° +0.01 [-0.27, +0.31] [—0.55, +0.62}

cle —0.03  [—0.28, +0.22] [~0.55, +0.46} 0. (CoSM = -CoSM ~ 4)

[—
[
[
[—
Cy=-Cfy —0.64 [-0.81, —0.48] [-1.00, —0.32}
[
[—
[—
[—
[—

[see also e.g., arXiv:1704. 15340,1704.05435,1704.05438,1704.05444,
1704.05446,1704.05447, 1704.05672, 1704.7347, 1704.07397, 1704.08168]
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Three anomalies: Rk [+associates ) E
~ Intro: 7/10

B — D71~ V(T) B — D*T1 V(T))
B B — D¢- V(g) B B — D*(- V(g))

?» ¢ = e or u (taking averages)
2 B(D) = B°(D*) or B-(D9) (taking averages)

- y
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0.4 — : Average — o
u T { O ~4c deviation from the SM
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Three anomalies: Rk¢y[+associates],([Rp) €
~ — " [Intro: 7/10

- — —
B(B — D1~ v(;) . B(B — D*17 1)
R D — — R D* — —
B(B — Df_ﬂ(g)) 7 B(B — D*g_ﬁ(g))
?» ¢ = e or u (taking averages)
2 B(D) = Bo(D*) or B-(D?) (taking averages)

- y
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04 — - .
- { O ~40 deviation from the SM
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03f 720 =
0.25F —
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-
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Latest Belle/LHCDb results for Rp: look close to SM.




Three anomalies: Rgx[+associates], RD(*),@

ro: 8/10

¢ Recently, the direct CP violation of the K% — 21 decays have been reevaluated
based on the latest lattice calculations of the hadron matrix elements,
where the theoretical uncertainty are significantly reduced.

Y (1.38+6.90) x 10~*, [RBC-UKQCD] arXiv:1505.07863
(—) =< (1.94+4.5) x 104 Buras et al.] arXiv:1507.06345
SM (1.06 & 5.07) x 10~*. [Kitahara et al.] arXiv:1607.06727

I 2.8-2.90 discrepancy

/ o
(S) — (16.6+2.3) x 10~* [average of NA48 & KTey] 27 <vihep-ex/0208005.
exp

0208007,1011.0127,PDG

€

@ K%5ysd), KO(dvss): JP=0-, # (mass, CP eigenstate)

» CP elgenstate/ig, {\K()} \ﬁ}} (c.f. CP|K") = \F})
CP even \CP odd

_eNev

CPV garameter (ebar~10-3)
== /Cy CP—Odd \ ==
> mass eigenstate: |Ks).~ K1) K, Ki o~ ) e Ky

shorter lifetime longer lifetime

evel




Three anomalies: Rx[+associates], Ro,

ro: 9/10

® CP|K*) = £|K¥), CP|n"n") = +|x°n"), CP|x"n°7’) = —|x"n"n")

M KL — mrris prohibited if CP is an exact symmetry:

veh
| indirect CPV poe
: ——— |77T)
CPV during oscillation )
direct CPV e="
> |7r)
CPV at decay

@ Two CVP decay modes: K. — 1+, KL — 10110
- The ratios of amplitudes works as order parameters:

Indirect CPVs are universal.

Direct CPVs
appear differently.
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Three anomalies: Rx[+associates], Ro,

Intro: 10/10

M What kind of new physics is required (at tree level)?
—} Straightforward candidates are new gauge bosons.




. T .
Three anomalies:{Rk[+associates]| g'le

X

o: 10/10

M What kind of new.ghysics is required (at tre¢’level)?
—} Straightforward candidates are nex

gauge bosdns.

W’, vector LQ W’, 20,
(charged current, massive gluon
a) new vector/boson semi-leptonic) (pure hadronic)

------- (and/or vector leptoquark)
Is a straightforward solution.

flavor-changing

and/or

vector LQ

S//\'\,u



Three anomalies: Rk [+associates], f. @B

y = H o: 10/10

M What kind of new.fhysics is required (at trég level)?

—} Straightforward candidates are neww gauge bosdns.

see e.g., arXiv:1206.3760, 1, see e.g., arXiv:1507.06316,
1210.8443,1303.5877,1306.6493, |,¢t| 1512.02869, 1603.07960,
a) new vectorboson | 1309.0301, plus many others ) 1604.07400,1608.01444,

plus others L
L 11

T —
(P

see e.g., arXiv:1303.5794,1307.5683,1308.1501, ark
1408.1627,1411.3161,1412.1791, plus many others

p jution.
o, | Bvqrechanging Trying to address them
andror simultaneously
b N
vector LQ
S T v - Chiral couplings are requested.

- No enough contribution for Rp¢) is achievable.

@ SU(8) (composite) vector scenario provides all of them!




Three messages

0. introduction (10 pages)

1. Hidden “QCD” = providing vectors for anomalies (4 pages)
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QCD as Composite scenario Sec. 1: 1/4

I When a coupling becomes strong, composite particles appear.

U
M (G"¢7) ~ A%CDéAB(Conﬁnement) ‘ (d SU(3)L)(.SU(3)R
o qr/r = (approximated)
/ 5K chiral symmetry

Spontaneous breakdown:

SU3)LXSU3)r 2 SU)v \:
'/ L/R
P (momentum)
strongly coupled weekly coupled
(theory of composite 4—-—‘ *——> (UV-fundamental) particles
particles)
Nqcp Energy

—_—

I 1t provides us a well-established way for describing (vector) mesons.
N/

g
QCD — Hidden QCD




Global symmetry — Meson patterns

Sec. 1: 2/4

-

~

32-1=8 pions In case of QCD v

K° A4S K*

; A $eg
- o K(ds) K(us)
\
/1N Xe
A1 Qﬁuc—id/l/z du » O " s
. SS . L + ~(du 0 + a
WX/ \W”/ 1y el SV
A
US e (1S o K(o
1 ) K(su) K(sd)
K K* [pictures from Web] )
NV

. Chiral symmetry governs low-energy composite (meson) spectrum.

!Zpseudo-scalars (pions) as pseudo NG bosons

[ vector mesons (rhos) as gauge bosons of hidden local symmetry (SU(3)yv, gauged)
[Bando,Kugo,Uehara,Yamawaki, Phys.Rev.Lett.,54(1985)1215]

[Bando,Kugo,Yamawaki, Nucl.Phys.,B259(1985)493]

[reviewed by e.g., Harada,Yamawaki, arXiv:hep-ph/0302103]



Vector-like hidden “QCD” (hypercolor[HGJje- 1: 3/4

! I We consider an SU(Nuc) confining gauge theory (fermion: F, gauge boson: g’) A




Vector-like hidden “QCD” (hypercolor[HGJje- 1: 3/4

! I We consider an SU(Nuc) confining gauge theory (fermion: F, gauge boson: g’) A

( SM )
F Pu V,

holding the Same

Flm— T (SM) quantum #
g N )
g flavor indices A D S
(61\/1)@) _ - eigenbaci In a situation that p, “mix with”
e the SM gauge boson, p, may couple with
/oM the SM fermions in an effective way!
""""" /0/VL7 7!
SM ( )
( j@ )( L) Gauge-invariant (effective) operator
: including it can be written down
undesighated/assumed - :
: . : in terms of hidden local symmetry
physics with flavor-changing : : .
. JIRN (with nonlinear basis) )




Vector-like hidden “QCD” (hypercolor[HGJje- 1: 3/4

I We consider an SU(NHuc) confining gauge theory (fermion: F, gauge boson: g°)

( SM )

F B lO'LL h__‘_/_vﬁf__. holding the Same
F’ T (SM) quantum #

g - )

In a situation that p, “mix with”
the SM gauge boson, p, may couple with
the SM fermions in an effective way!

anomaly-free conﬁned external gauge interactions
- Configuration: \ uark SU(Nuc) SU(3)‘C7’/ CW*TWW\% U(1)y
ne 7

SU(8)LXSU(8)r Nruc 3 2 1/6

chiral symmetries

1.@ — L/R Nuc 1 2 —1/2
. @ 1 L/R ﬂ G .
(one-family . /
model) Effectively, formed mesons can couple to SM doublet

fermions (left-handed)
+ favored by the flavor results




Vector-like hidden “QCD” (hypercolor[HGJje- 1: 3/4

N
: ( UR\
QCD (quarks) Hidden “QCD” ’
( u\ (new fermions) UG
0 = d , D’Z [N=8: 82- | =
L/R= | s srimsnnl> [ — .0.f.
| L/R D.. 63 d.o.f.s]
\:) L/R Dp
N
=3 32| =
[N¢=3: 32-1= 8 d.o.f.s] \ E LR
Y,
anomaly-free con&ned external gauge interactions
- Configuration: \ uark SU(Nuc) SU(S)C?’/ CW*TWW\% U(1)y
ne [
SU(8)LXSU(8)r Q) Nuc 3 2 1/6
chiral symmetries =
3 Q : “e\N N
/-: 7 )& /R Nuc 1 2 —1/2
@ L L/R 1 . J
(one-family . 4
model) Effectively, formed mesons can couple to SM doublet
fermions (left-handed)

+ favored by the flavor results



Vector-like hidden “QCD” [HC] (contd)Sec- 1: 4/4

(I [vector meson spectrum] NOT ONLY Z’ candidates! A
. : .. cal
composite vector constituent color 1S0Sp1in y
\9
o 10 AT iplet
P8)a \/§Q% TQ) octet triple v\ massive
p(()S)a 2—\1@@7#)\“62 octet singlet K gluons
p??))c (ﬁ(()‘?))c) %QC’)/MTO‘L (h.c.) triplet triplet vector
P(()?,)c (ﬁ(()?))c) ﬁ@cfyul} (h.c.) triplet singlet A&~ leptoquarks
p?‘l), ﬁ (Qvu7Q — 3L, 7*L) singlet triplet
p(()l), ﬁ(@’m@ — 3L, L) singlet singlet €= 'Zt (and W’)
o - ) . included
P 5 (QYuT*Q + Ly, 7*L) singlet triplet




Vector-like hidden “QCD” [HC] (contd)Sec- 1: 4/4

I [vector meson spectrum] NOT ONLY Z’ candidates!

. . . . ca)
composite vector constituent color 1SOSpIn y
\9
o 1 N a o :
P8)a WQ%)‘ TQ) octet triplet '\ massive
p(()S)a 2—\1/56_27#)\“@ octet singlet ' gluons
p?‘?))c (ﬁ?‘?))c) %QC’)/MT(XL (h.c.) triplet triplet '\ vector
p(()g)c (ﬁ(()S)c) ﬁ@cyul} (h.c.) triplet singlet A& leptoquarks
p?‘l), ﬁ (Qvu7Q — 3L, 7*L) singlet triplet
p(()l), ﬁ(@w@ — 3L, L) singlet singlet €—> £ (and W’)
o - , . / included
P 5 (QYuT*Q + Ly, 7*L) singlet triplet

(B [gauge structure]
r

SU(8)v, gauged (Py)

cf] =
{ Hlgxs
SM gauge boson

structure of (a,DL .

in SU(8)v form

for SU(2)w-doublet SM quarks ™)
(12><2 %Y gstL% + (QWWMTQ + %QYB/J) ® 13><9 O6x2
O2x6 @WW[LX * — S9v By - 1axo
for SU(2)w-doublet SM leptons
| \
. (PQQ)ex6 (PQL)6x2
(prQ)2x6 (PLL)2x2




Vector-like hidden “QCD” [HC] (contd)Sec- 1: 4/4

I [vector meson spectrum] NOT ONLY Z’ candidates!

\
composite vector constituent color 1sosSpin \9 in cotd
p?s)a mixed with %QWMAGTO&Q octet triplet v\ massive
. { qluon L |
P(8)a Q—ﬁQ’yﬂ)\“Q octet singlet ' gluons
p?‘?))c (ﬁ?‘?))c) %QCVMTO‘L (h.c.) triplet triplet '\ vector
0 -0 1A : : A& leptoquarks
P(3)c (p(S)c) _ 2\/§QC’YML (h.c.) triplet singlet
o 1 S o T o : :
Pty / m(QvMT Q — 3L, 7*L) singlet triplet
,0(()1), with W 4\1/5(6_27“@ — SZ_WNL) singlet singlet €= 2Z (and W’)
o - . , / included
P 5 (QYuT*Q + Ly, 7*L) singlet triplet
Vsm-p mixing
(if the partner exists)
N

(- The following flavor-changing interaction cay be added gauge-invariantly.

SM
undetermined (@M 51\/[)]4 v (gSMVMSM — 9lur ) ((%)%ﬁ> L

L coefficients flavor indices (in gauge eigenbasis) )
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Important points for current Pheno
[B.Bhattacharya et al., arXiv:1609.09078]

Sec. 2:1/2

B We adopted the flavor texture:

(SM-fermion) mass eigenbases

~\

, ”g UL U'LI UL 7 (dL)Z _ D”(dﬁf, ( ) LzI ?l) (VL)i _ Lﬂ(l/})[,

_ r

b ) utomaTcaIIy (10 0 (1 o 0 )

determined D=0 cosfp sinbp |, L=10 cos#; sinf;
with CKM matri \0 —sinfp cosbp \0 —sin 0y, COSQL)
for B anomaly ) . .
i : . assuming 23 matter generation mixings
(in gauge eigenbasis) \

[Our phenomenological scheme on flavor changing]

[Endo et al., arXiv:1612.08839]
ure imagina 1.2) for K anomal

= very small for gk, KO >u*y-




I We adopted the flavor texture:

Important points for current Pheno Sec. 2: 1/2

[B.Bhattacharya et al., arXiv:1609.09078]

(SM-fermion) mass eigenbases

, i (up)’ U”uL, (dr)" = D (d)", L) =LY (v
b ) ML( (10 o (10 0 )]

D'IZI d%] ( ) LzI ?I) (V )z LiI(V/ )I7

determined D=10 cosfp sinfp |, L=10 cosf; sinf;
with CKM matri \0 —sinfp cosbp \0 —sin 0y, COSQL)
for B anomal ) . .
) : . assuming 23 matter generation mixings
(in gauge eigenbasis) \ y
j )
. LYTG, _‘ CYf%(:g)/J <12><2 & ) ( rer 2 ,B“ 12><2> ® 13x3 ’QQ]
: correction to
w7 ap? | H “ J . ...
+ DAl W 2 !B L2x2 LL] "L §4-Vsy interaction
overall factol . .
i f-f-p interaction
- ‘ 47w PQr Iz, +he,
gp >> gsm is required via EW precisions.
(an example: g, = 6 [vector dominance inh QCD])
\_ )

[flavor-changing effective interaction]

The mixing effect play a significant role
in addressing the anomaly in €’/g.




Important points for current Pheno Sec. 2: 1/2
[B.Bhattacharya et al., arXiv:1609.09078]

I We adopted the flavor texture: SM-fermion) mass eigenbases
D’i[ dgf L’LI ?I

, ’Ug uL UZI uL ) (dL)Z — ( L) ) ( ) (VL)i :LU(V}/)I7
: b ) -utomaxcally : (1 0 0 (1 0 o\

determined D=0 cosfp sinbp |, L=10 cos#; sinf;
with CKM matri \0 —sinfp cosbp \O —sin 0y, COSQL)
for B anomal ) i .
i : . assuming 23 matter generation mixings
(in gauge eigenbasis) \ y

. ’C(‘i/l;ic}L _' C.7£7/L<:g>/; <12><2 X ) ( Wa“ ,BM 12><2> ® 13x3 ’QQ]
. correction to
A K ap 9 | Y u J —_—
. 'L W 2 !B 12x2 LL] 'L §-f-Vsy interaction

overall factol f-f-p interaction

g

[(I}m Por 1, + h-C-] ,

gp >> gsm is required via EW precisions.
(an example: g, = 6 [vector dominance inh QCD])

I (HC rho meson mass)? ~ (mp)2 * (I + |gsM/gQ]Q
vector-meson spectrum being compressed




Important points for current pheno. (cont’c[feC- 2: 2/2

(- vector-like HC rho mesons = harmless (tree-level) oblique corrections]




Important points for current pheno. (cont’c[feC- 2: 2/2

I vector-like HC rho mesons = harmless (tree-level) oblique corrections

( )
Be couplings are relevant for (pure) HC vector-p phenomena:

m L33 legeD,eng_Q




Important points for current pheno. (cont’c[feC- 2: 2/2

I vector-like HC rho mesons = harmless (tree-level) oblique corrections

Be couplings are relevant for (pure) HC vector-p phenomena:

m L33 L'Z,GD,GL,gQ
( )
B No dynamical EWSB (vector-like) = the fundamental Higgs doublet
should be introduced (like the SM).
. [ The 125GeV Higgs sighal strengths are good. )




Important points for current pheno. (cont’c[feC- 2: 2/2

I vector-like HC rho mesons = harmless (tree-level) oblique corrections

Be couplings are relevant for (pure) HC vector-p phenomena:

m L)33, (gL)'2, Op, O, 8o

B No dynamical EWSB (vector-like) = the fundamental Higgs doublet
should be introduced (like the SM).

[ The 125GeV Higgs sighal strengths are good.

p
I Fascinating aspects:

M The Co = -C\o texture (for b—sll) is naturally realized.
ol Apparently gauge-anomaly free.

M Due to SU(8) symmetry, contribution to Rp¢) is minuscule.
(= 1t may be OK due to the ‘vanishing’ trend in latest exp. results.)

™ Proton decay via dim-5 operators are banned by hidden local sym.

[N.Assad et al., arXiv:1708.06350]

1, 1 — prohibited
~(GH)Ydrpls),, ~(@ST"H)Vdrply), =
\ AN iy R G I ARiG), diquark operators )
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Rk [+associates] result Sec. 3: 1/4

Ry (207); Br[t—3u](90%), AMp (207) 33 _ 33
_3 ( gpL — Yp X gL)
m,=1.0TeV, g,=8, Op/nr=2%10

0.5,

04

AM[Bs](20),
excluded
AM[B:](20),

< excluded

0.17 .

T3
(90%)

0.0
-15 -10 -05 00 05 10 15
gt
[ b—svvbar, T— @ are OK in the whole of the shown region.
[¥] The mixing angles should be tuned as p ~ 5%10-3, O, ~ 11/2.

Ef NLO QCD operator running is taken into account. [D.Becirevie et al., hep-ph/0112303]

M Due to the update of the input, evading M[Bs] became (much) more nontrivial.
[L.D.Lu‘jio et al., arXiv:1712.06572]

( f5.\/ B, = (266 & 18) MeV [FLAG13] — (274 + 8) MeV [FLAG17]




E’/E result Sec. 3: 2/4

[LO QCD operator runj [NLO QCD operator runj
(€'/e)np, L0 (10) for g,=8(red),9(green),10(gray) ( (€'/e)np.NLo (10) for gp:8(red),9(green),10(grayﬂ
and AME" within 20 (blue) and AMR® within 20 (blue)

T AMK(20exp)

gl x10°

. .
T N T . BEEERN L\

e T 08 10 12 14 16 18 20 06 08 10 12 14 16 18 20

m,[TeV] L m,[TeV] y

( 9ot = 9p X 91

3 Heir D CsQs | QCD Penguin, Qg = (5°d“)v_a » (4“¢")v+a

ot )
Wilson coefficient 1=22 mixing (flavorful) Vsu-p mixing (universal),
required gauge invariance

)

|

R

Electroweak-Penguin, charged-current types also appear.



E’/E result Sec. 3: 2/4

[LO QCD operator runj [NLO QCD operator runj
(€'/e)np, Lo (107) for g,=8(red),9(green),10(gray) [ (&'/e)ne, NLo (10) for gp:S(red),9(green),10(gray)j
and AME" within 20~ (blue) and AMR® within 20 (blue)

g},{x103

_6- “‘ B 6k L L | 1““ A aveny \‘ =, ) L 7
06 08 10 12 14 16 18 20
12 12 Y my[TeV] m,[TeV]
(* 9oL =9p X9 | 7 - & —
[T.Kitahara et al., arXiv:1607.06727; also hep-ph/9211321,9303284,9212203]
(also arXiv:1807.02520,1808.00466)

l?__f For £’ /¢, not only QCD, but also EW corrections are significant
(due to partial cancellation between QCD & EW Penguins).

ol m, should be around | TeV; heavier ones lead to insufficient contrib. to €’/¢



(Invisible) V connects B and K physics [Sec. 3: 3/4

I On the benchmark (m,=1TeV, g,=8, O.=T1/2):

£/£(20)
e/¢(10)

2 aant
! : |
I : :

_ L ‘Rk(+’(20) [when Op=1.51T%x10-3]
i 0 I

1l N ‘Ri+’(20) [when Op=21rx10-3]
—"—’ |
Err—————}
' ¢ 1
N .
mbjc)l 0
g
_1 B : NNI‘\\
] |
|
! |
|
: |
[
- |
_2 1 l |I N




(Invisible) V connects B and K physics [Sec. 3: 3/4
. On the benchmark (m,=1TeV, g,=8, 0.=11/2):

2 : I
- : I
' |
. I
; |
: 1
' I
1 B E ,f‘:'”
P el
r These inclusive-v channels
give us co-related bounds
Qﬁ ol B between B & K physics.
o0
~~ I
=—§~~~ i
_1 - : Nl‘s\
i 1
1
i 1
1
i 1
1
- 1
_2 L1 | |L -
6 -5 -4 -3 -2 -1 0



Sec. 3: 3/4

(Invisible) V connects B and K physics

| On the benchmark (m,=1TeV, g,=8, 0.=11/2):

Just updated/announced

at ICHEP2018 (by KOTO)!

I-l AU 1T N / I T | l“= T T T

4r71---171t

[__________.._

-5

Interestingly, the valid

parameter space will be

explored completely
by the experiments of
NA62(K*) and KOTO (K9

in the near future!




(Invisible) V connects B and K physics [Sec- 3: 3/4

B On the benchmark (m,=1TeV, g,=8

Just updated/announce BR[K+]/SM
at ICHEP2018 (by KOTO| [m,=1TeV for g,=8, O /r=1/2]

a7

2 T T l-l B p— ¥ T : /
1

il

09F--~

N O O S S . . . -

31 1 1 1 | 1 1 1 1.1 121 1 1 1 | 1 1 il
-18 -16 -14 -12 -10

AEEE——

I
\&

— nl L — N H

-6 -5 -4 -3 =2 g})%xlO3

— S — EEe——




(Invisible) V connects B and K physics

I On the benchmark (m,=1TeV, g,=

Just updated/announce

at ICHEP2018 (by KOTO|

2 ‘ I
L : I
' |
] I
1 |
' |
L
1_ E f*”
I_—’r 1
1
. 3
. 0 1
oY) | I
£
1“~~i
_1 B ] ~~J
- . I
] |
3 |
' |
] |
' |
L 1 I
_2 L 1 :l 1 1!_1 e
6 -5 -4 -3

0.9F

el

o0 :
06
0.5
04

OK!_ BR[K+]/SM

Sec. 3: 3/4

[m,=1TeN forgp 8,0, /m=1/2]

08

07"

L 41

,I
i g 5/

l
/

~

~
~ ~
e

/

>
~
~

- ;.\_\

~
—t

~ ~
~

N

RS

|o;’__

= -\- -

| -loop exclusion |
by u—3e (90%)

~
~
-

[tentative]

~ ~
-

gpLxlO3




Limit on mp via LHC di-muon resonance search

Sec. 3: 4/4

g,=8, (g,0)°°=0.5, m,=1.0TeV (6p~0, O /r=1/2);
solid:36.1/tb, dashed:120/fb, dotted:600/fb

100fr—Yy—————— ——— |
—_ , <4— p(u,d)p(u,d)—ps— l*u- z
é : via Vsm-p mixing
T
3z 10]
+ :
N |
| Latest ATLAS upper bound |
é:; 1 ; (CMS one is similar.)
= :
O
~
a
b




Limit on mp via LHC di-muon resonance search

o 13Tev(Pp—>u ") [fb]

g,=8, (g,.)=0.5, m,=1.0TeV (6p~0, O /1=1/2);

Sec. 3: 4/4

slid:36.1 /tb, dashed:120/fb, dotted:600/fb
0 S
4— p(uid)p(u,d)— ps—=pu+y-
: ia Vsm=p mixing
10
| Latest ATLAS upper bound |
1} (CMS one is similar.)
o1 i E
00 02 | 04 06 08 10
1—‘add/n/lp

b~ We need more than 30% additional

decay branch(s) for relaxing the O3tev.
= It can be provided as ‘p— 11T,




Summwmary & Discussions

I Virtues of (vector-like) composite model are (e.g.,)

M The Cs = -Cjo texture (for b—sll) is naturally realized (for ‘Rk)’).
] Apparently gauge-anomaly free.

4 Due to SU(8) symmetry, contribution to Rp() is minuscule.
(= It may be OK due to the ‘vanishing’ trend in latest exp. results.)

4 Proton decay via dim-5 operators are banned by hidden local sym.

[ The Rk [~best fit] & £/¢ [~1.50] anomalies are addressed consistently.
The region for both of Rk & €/¢€ is surveyed in NA62, KOTO:; also LHC.

(probably taking account of opening p—21)

I Discovering lots of new particles is expected at the LHC,
distinguishable from other scenarios.




Summwmary & Discussions

I Virtues of (vector-like) composite model are (e.g.,)

M The Cs = -Cjo texture (for b—sll) is naturally realized (for ‘Rk)’).
] Apparently gauge-anomaly free.

4 Due to SU(8) symmetry, contribution to Rp() is minuscule.
(= 1t may be OK due to the ‘vanishing’ trend in latest exp. results.)

4 Proton decay via dim-5 operators are banned by hidden local sym.

[ The Rk [~best fit] & £/¢ [~1.50] anomalies are addressed consistently.
The region for both of Rk & €/¢€ is surveyed in NA62, KOTO:; also LHC.

(probably taking account of opening p—21)

. Discovering lots of new particles is expected at the LHC, ‘

distinguishable from other scenarios. r v \
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Misc on pions (skippable)

\

" typical spectrum
(Anc~1TeV, Auv~1016GeV)

Mo ~ O(fs) = O(100) CeV,

1y

[Matsuzaki & Yamawaki,
arXiv:1508.07688]

large mass correction
via near-conformal
(walking) gauge theory




Misc on pions (skippable)

[ typical spectrum
(Anc~1TeV, Auv~101¢GeV)

Mo ~ O(f:) = O(100)GeV,

Ty
M +3 ~ 2TeV,

Ty

M 35 ~ 2TeV,

(1)

M +30 ~ 3TeV,

T(3)

M 130 ~ 4TeV,

o] (p,(flir)-interactions a=m./(g.f7) £ ~2 in vector dominance A
Lyrr =agyitr|[0,m, m|p"], « decay channel of p
Lyonn = 2i (1 ~ g) tr[[0,7, 7]V, < ~0
LYy mm =—tr{|Vy, 7| V' 7]}, & ‘gg=Tr1’ pair production (evaded)
Lrmenen = =t {(0y) [, [ 0]}




Misc on pions (skippable)

. (1 . . )
ol typical spectrum (Ztyplcal pionic decays
(AHC"’ 1 TeV, Auv~1 016GeV) o p??)) — 7??3)7r?1>, : Mar ~ (3+ 0(0.1)) TeV,
M ~ O(fr) =0(100) GeV
7T(()1)’ (fr) (100) o p%y — TEL T Mg ~ (34 0(0.1)) TeV,
3 e
M +3 ~ 2TeV,
(@ o Py = TigyT(gy: Mar ~ (3+3) TeV = 6TeV,
M +3 ~ 2TeV,
(1)

o —0 a . -~ _
M +.3.0 v 3 TeV : i p(g) — 7T(3)7T(3) - Mpr (3 + 3) TeV 6T€V,

T(3)
M 150 ~ 4TeV o p(()l), — 7??3)77?3) D Magr ~ (3+3) TeV = 6TeV,
(8) ’
4 (p, M)-interactions = m? /(g f) o Py = Tyt Man ~ (142) TeV = 3TeV,
Ly = agyitr[[0,m,7]p"], o pfi) = Tyt Mer ~ (142) TeV = 3TeV.
. a
LVomr =2 (1 — 5) tr [[Oym, T VH], For m, <~3TeV, p decay width is
narrow.
LV—V—T&'—W = —tr {[V,Lta W] [V'ua W]} ) \. J
3
Longn =——tr{(O,m) |m,|m, 07|},

Jfr



Misc on pions (skippable)

[ typical spectrum Eftypical pionic decays
(Auc~1TeV, Auy~10'5GeV) ¢ shy = Wyt mer ~ (3 OO TV
Mo ~ O(fr)=0(100) GeV,
(1)’ o p?‘g) — ﬁ%>7r?1), : Mg ~ (3+ O(0.1)) TeV,

M +3 ~ 2TeV,

Ty

M +3 ~ 2TeV,

(1)

M +30 ~ 3TeV,

o p?8) — 7_7?3)77?3) : Mar ~ (3+3) TeV =6TeV,

o p?é) — 7‘7?3)77(03) : Mar ~ (34 3) TeV =6TeV,

" (3)
0 =0 0o . _
M _+30 ~ 4TeV, ® Py = T(zyTizy: Mar ~ (3+3) TeV =6TeV,
(8)
4 (p, )-interactions ¢ = m? /(g f) o Py = Tyt Man ~ (142) TeV = 3TeV,
ﬁp—w—ﬁ — Cbgpi tr [[auﬂ', 77]/0'&] 3 * Py — 7_7(51)”(71) C Mar ~ (1 4+ 2) TeV = 3TeV.

Lyr =20 (1= 5) tr[[0um, 7]V,

['V—V—W—W = —tr {[V,W 7T] [V'u’ ﬂ-]} ’

= —EU’ {(Oym) [, [, 0" 7]}, If this factor is less than a few,

£7T—7T—7T—7T _
Jr no problem.

( )
ol typical cross section of resonant 11 production (through WZW anomaly term)

HOUREE
‘.»,f f T

Nuc]? 1as12
o(GG — W?l)/ — 77) ~ 0.11b x [THC] {%}




Composite scenario: QCD as showing example

¢ If a gauge theory is strongly-coupled, composite mesons (and other types)
are observed (like QCD below ~1GeV).

f [D ‘Lag rangian]
i ™ Lacp = Locp + T Lo + Try* Ruqr + 7, [S + iPlar + G [S — iP) g |

~7 ~ 7

\,e A co couplings to external _current mass terms i
abo gauge fields (W,Z,Y) (via the Higgs mechanism) }
1 [explicit breaking: SU(N7).XSU(N¢r = SU(Ns)v]}

ME%CD = qiDq — §tr |G, G""| €— pure QCD part

u
(d SU(N¢)LXSU(N¢)r global flavor (chiral) symmetry, realized

(Z dL./R = | s
S




Composite scenario: QCD as showing example

¢ If a gauge theory is strongly-coupled, composite mesons (and other types)
are observed (like QCD below ~1GeV).

f [D ‘IA.ag rangian]

™ Lqcp = LA0n +@w£ Y R@)+@)IS + iPlan+H@) [S — iPla)
CO“““ed ings t@vernal cunhass/tevrms
\()W gauge fields (W%,Z,Y) (via the Higgs mechanism)

[explicit breaking: SU(N¢).xSU(Nqr = SU(N)v]}

QCD q@ﬁ@ %trm <4— pure QCD part
()

fé <chqB )~ A?@CD(SAB (confinement) — SU(Nf)LXSU(Ngr = SU(N¢)v spontaneously

[reviewed by e.g., M.Harada & — (Nf)2-1 #s of (pseudo) NG bosons emerge.
K.Yamawaki, arXiv:hep-ph/0302103]

[Chiral perturbation theory = effective descriptionl

SU(N¢)LXSU(N¢)r global flavor (chiral) symmetry, realized

MQL/R =

~N

\_

(q;' Spin-one vector mesons can be described by hidden local symmetry (HLS). )

SU(N¢LXSU(NsR = [SU(NLXSU(N¢)R]giobaiX[SU(Ns)v]gauged
— (N¢)2-1 #s of vector mesons are introduced.

\_




Form of effective Lagrangian
I Basic ingredients of chiral perturbation theory (with HLS):

—(etP/FP).[exim/ [x =i i ; :
] fﬁ @ ) @ ) (non-linear basis of chiral symmetries)

would-be NGs pions (NG bosons)
for rho mesons
(longitudinal d.o.f.s)

™ p. = p, T (T : SU(8) generators) (HC rho meson fields)




Form of effective Lagrangian
I Basic ingredients of chiral perturbation theory (with HLS):

—(etP/FP).[exim/ [x =i i ; :
] fﬁ @ ) @ ) (non-linear basis of chiral symmetries)

would-be NGs pions (NG bosons)
for rho mesons
(longitudinal d.o.f.s)

™ p. = p, T (T : SU(8) generators) (HC rho meson fields)

I Materials for constructmg effective Lagranglan

| }),, QL 8,,/) zgp[pu, py] [HC rho S fleld strength]

N . ,ugR fR MSL SL A o DugR'£R+Du§L'£L
Ha = 2i e = 2i ’
i s gauge coupling [(covariantized)

DyuSr(r) = OuSR(L) ~ 9pPusR(L) + ifR(L;zﬂ/(é/‘) " Maurer-Cartan one-forms] |

(external) SM gauge bosons
[gauge transformatlons]
& — h(z) - €1 - g (@), Er— h(z) - Er - ghlx), |

pu — h(x) - pu- Wl (2) + giph(:v) Db (@), pur = W) - pu - Wl (),

&1, — h(x)-ay,-hl(z), &p — h(x) - &, - b (2),



Form of effective Lagrangian (cont'd)

I Effective Lagrangian (lowest terms):

HC pion decay constant typical) HC rho-meson mass scale

e - )L ) G )

rhos (‘kinetic’) pions ( klnetlc ) rhos (‘mass’)




Form of effective Lagrangian (cont'd)
I Effective Lagrangian (lowest terms):

HC pion decay constant typical) HC rho-meson mass scale
_ P
L=— t p/w :ftro&#—l——t [OzHM]—I— =
rhos (‘kinetic’) pions (‘kinetic’) rhos (‘mass’)

SM gauge bosons HC rho mesons

E’T%@Q p ﬁ[%mw]—éwmw---

0, o 1
A p
ol =—+ M — V,©| — —= |7, [T, 0,7|| +
g Lu f7T % fw[/“ ] 6f7§[ 7[ » Y H
1 R,+ L R,—L A
_ Rpt by oy A et q q
Vo= —5— =L Au=—75— =0 fo= ,  Jr=
for SU(2)w-doublet quarks / L l R
{[,f} (12><2 ® gsGA3 + (gw W, + 29y B,) ® 13><; O6x2
58 02x6 gWWﬁ * — 39y B, 12><9
for SU(2)w-doublet leptons
. J




Form of effective Lagrangian (cont'd)
I Effective Lagrangian (lowest terms):

HC pion decay constant typical) HC rho-meson mass scale
p _ _
E——m ftrozub—l——t [allﬂ]—i_ = V=8 fu, YL=&r-JL
rhos (‘kinetic’) pions (¢ klnetlc) rhos (‘mass’) U — h(x) Vg, Y1, — h(z) - Y,
SM gauge bosons  HC rho mesons . gau®
A , : 1 ) 0
[Z Q|| :@ oy m ﬁ [5'/,L7T;7T] — f_ [%7 7T] T defining
5 0 T | i dressed SM
s ( i
A iz fermions
MQLM:——F 0 — — V] — == |7, |7, Oum]] + - -
f7r f7r 6f7§ SL/R:1+
1 R L R L A
_|_ _
_ u b pf _ p q
for SU(2)w-doublet quarks l R
{[,f} _ (12><2 ® gsG7, 2+ (gw W, + sgyB,) ® 13><; O6x2
Sx8 O2x6 gWWﬁ ¢ — %gprJ : 12><9
for SU(2)w-doublet leptons
U J




Form of effective Lagrangian (cont'd)
I Effective Lagrangian (lowest terms):

HC pion decay constant typical) HC rho-meson mass scale
_ P — — ¢
L=— t p/w :f troszJ —I——t [OzHM]—I— = Vrp=&r-fo, YL=&r-fL

rhos (‘kinetic’) pions (‘kinetic’) rhos (‘mass’) " | ¥ — h(z) -V, Y, — h(x) -y,

SM gauge bosons  HC rho mesons el gave®
™ 4, :@ IRPw defining
9 dressed SM
7'(' o
g 7, [, EMT]] 4o fermions
E Eoyp =1+
R,— L A
_ p T ~p q
for SU(2)w-doublet quarks l R
C12><2 ® 9sGLA + (gwWut® + 29y B,) ® 13><) O6x2
02x6 gWWﬁ * —Sgv By 12><9
for SU(2)w-doublet leptons )

Effective couplings of fi -fi-p (being gauge-invariant):

(g? = (911 + 2921 + 93L)iJ)

Loty ZlQiJL!(‘P”ZV“@|m‘P]L) +19§”L!(_ZLV“@|WJL +he) +!9§‘7L| (Pt

(undetermined) 3x3 matrices (No additional fermion/scalar is required.)




Dynamical EVWSB Scenarios

type 125GeV scalar Good Points Problems(?)
Tet(:::ii::IIOI‘ dilaton l_?_f simplest F_JI ?nothér c.omplic.atedd
. : , ynamics is require
condensation) (in walking case) 4 uv theory is known. for SM fermion masses.

M disfavored by S, T parameters,
and Higgs signal strengths

(+ others)
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“Composite” Composite ™ lots of possibilities i uv theory is not so clear.
Higgs SU(2)L [ existence of new fermions [ EW precision is still nontrivial.
doublet(s) as triggers of EWSB
[pseudo NG — LHC!
bosons of

new dynamics]

(+ others)



Dynamical EVWSB Scenarios

type 125GeV scalar Good Points Problems(?)
Tez:l:ii:aollor dilaton lz simplest EI /jnothér c.omplic.atedd
. : : ynamics is require
condensation) (in walking case) 4 uv theory is known. for SM fermion masses.
M disfavored by S, T parameters,
and Higgs signal strengths
“Composite” Composite (ZI lots of possibilities '!2{ UV theory is not so clear.
Higgs SU(2)L [ existence of new fermions [ EW precision is still nontrivial.
doublet(s) as triggers of EWSB
[pseudo NG — LHC!
bosons of
new dynamics]
Vector-like Fundamental %] (il}a(sjsmally. scla:Eevl\g/;rlance [ Additional scalars are added.
confinement SU(Z)L xnamlcz by th g SM Yukawa couplings are
doublet(s) triggered Dy the not related to the dynamics.
+ confinement.
singlet(s)) 4 uv theory is known.

™M No problem in SM
fermion massess

(+ others)



Dynamical EVWSB Scenarios

type 125GeV scalar Good Points Problems(?)
Technicolor dilaton M simplest EI Another complicated
(chiral samsicsdis—soquired
condensati e.g., [T.Hur & P.Ko, arXiv:1103.2571] )N Masses.

hidden vector fermion singlet scalar Higgs doublet

W v
V =y, gp(}}F) N Zsogpzl + A g (HYH)? + 5, o (HTH)
When this part condensates, a tadpole term emerges
= dynamical EWSB!

S, T parameters,
al strengths

“Composit not so clear.

Higgs

is still nontrivial.

new dynamics]

%] Classically scale invariance [ Additional scalars are added.

'Vector-like Fundamental ,
confinement SUQ2)L -~ dxnamuczl :WhSB M SMYukawa couplings are
doublet(s) triggered Dy the not related to the dynamics.

(+ confinement.
singlet(s)) M UV theory is known.

™M No problem in SM
fermion massess

(+ others)



Review: Kaon state

® K°(5vsd), K°(dvyss): JP=0-, # (mass, CP eigenstate)

» CP elgenstate//lg,,
CP even C

[\K0> \ﬁﬂ (c.f. CP|K°) = \ﬁ>)
odd

'0le

CPV parameter (ebar~10-3)
4 \y
» mass eigenstate: ‘KSX{\:/\ K1) + €| K>), \KL\?L\:J |Ko) 4+ €| Kq)

shorter lifetime longer lifetime

[Data]
¢ (ML + Ms)/2 ~ 500 MeV )
¢ (ML - Ms)/2 ~10-12 MeV

¢ I's~1012 MeV significant difference due to
& ~ 14 CP-conserved primaly decay patterns
¢ TL~1014 MeV (Ks — 2m, K 3")

almost mass-deagenerated




Review: Kaon system

® [¢(t)) = ax (t)|K”) + ag (t)|K°)

d aK(t)> <OLK(?5)> (Mll — Ty Mg — 1F12>
@ i— =H , H= s 5
dt < t) Moy — 521 Moo — 51722

O CPT:- Mi1=M2, M1=T22
O Hermiticity: M21 = (M12)*, MN21 = (IM12)*




Review: Kaon system

® |¢(t)) = ax(t)|K°) + ag (t)|KO)

d (ak(t) (W{(ﬂ) (Mll — Ty Mo — 1F12)
° i - H H-
"t ( )) Moy — 5101 Mag — 51099

O CPT:- Mi1=M2, M1=T22
O Hermiticity: M21 = (M12)*, MN21 = (IM12)*

@ CP|K*) = 4+|K%), CP|n%7Y) = +|7%7%), CP|n%7%7Y) = —|x%70=Y)

M KL — mrris prohibited if CP is an exact symmetry:

‘ indirect CPV f'%“;
CPV during oscillation o )
direct CPV ==

> |7r)

CPV at decay



Review: CPVin K - 2r

@ Two CVP decay modes: KL — 1+, KL — 110110

- The ratios of amplitudes works as order parameters:

Indirect CPVs are universal.

Direct CPVs
appear differently.




Review: g & €’(k)

@ Decay amplitudes in gauge-isospin basis: (including) weak  strong
CP phases CP phases

P A(K — (7‘(‘7‘(‘)]:0) — A()GZ ()7 A(KO — (7.‘.7.‘.) ) A* 100
N L 1L

> AK® = (7m)=2) = A2e™?,  A(KO9 — (77)122) = Abe



Review: g & €’(k)

@ Decay amplitudes in gauge-isospin basis: (including) weak strong
CP phases CP phases

0 M '5L( —= M(SL(
:} — p— 00 O * 100
» A(K® — (mm)1—0) .Aol; i A(KY — (mm)1—9) = Age M '/
BF‘) .A(KO — (7‘(‘7‘(‘)[:2) — ./4262627 A(KO SN (7.‘.7.‘.) ) A* 109

@ Decomposing the final states by isospin:

) = \/;(WT)I@ - \/g\(m)12>
2 |ntnT) = \/?(7”7)1—@ + \/;(WW)I—ﬁ

;3;-.



Review: g & €’(k)

@ Decay amplitudes in gauge-isospin basis: (including) weak strong
CP phases CP phases

0 4 '5"( — M(SLZ
Z —0) = 00 0 * 100
Z A(K — (7T7T)]_0) ./4(12 7 _A(K— — (7T7T) ) .A M Y
> AKY — (77)1=2) = A2€",  A(K® — (n7)1=3) = Aje’

@ Decomposing the final states by isospin:




Review: properties of €’ k/gk)
~ 99 (enhancement

‘/ factor)
€’ Im A, Im A —1 Im A Im A
— X ~J 111 — 111
€ Re A Re Aj Re Ag / 0 i
QCD Penguin EW Penquin
operator(s) operator(s)

g

las| =1 u, d las| =1 u, d
g §< ,cz 20;<uéid
S S

d d d d

@ EW Penguin(s) are comparable to QCD one(s) due to “1/w”.

@ (Accidental) almost cancelation happens between Ao|sm & Az|sm.
[|lesm| ~ 103, |€’sm| ~ 10-7]



Review: properties of €’ k/gk)

~ 99 (enhancement
Y factor)

6_/ Im ./42 Im .A()
€ > Re A, Re Aj

QCD Penguin  2"9/°" EW Pengquin
operator(s) operator(s)

las| = u, d las| =1 u, d
g §<a,d ZO;<u,d
S d d

@ EW Penguin(s) are comparable to QCD one(s) due to “1/w”.

@ (Accidental) almost cancelation happens between Ao|sm & Az|sm.
[|lesm| ~ 103, |€’sm| ~ 10-7]

@ If less-canceled, sizable contrib.’s of NP are expected.



@ operators for €’/¢: [A.J.Buras et al., arXiv:1507.06345,1601.00005]

Heg= Y Cj-Qj,
j=1-10
Q1= (3"u")yy_a(u”d”)v_a, Q2 = (5'u)y_a(d'd)y_a,
Qs = (5d)v_a ) (Td)v-a. Qs = (5"d")v_a > (7"¢")v-a.
q' q'
Qs = (§d)v_a ) (7d)vsa. Qs = (5"d")v_a > (7"¢")v4a.,
q q!
3 _ — 3 _ a —a
Qr=5(Ed)v-a > QLA )via, Qs= §(Sb/d VWoa ) Qn(@ d")via,
q q!
3 3
Qo = §(§/d/)V—A > QL. (T )v—a, Quo= i(g%d%/)V—A > QL.(7¥¢")v-a.
q' q'

@ Wilson coefficients in our scenario:

2 12
. 19w9,r
Ci(mp) =0, Co(mp) = —i - 2 =
P P 8 m%gp
R IRy (e N Y AN
) = o m2g, V8T mzg, Wdmzg, M) T g,
MpYp MpYp MpYp mpYp
2 12 2 12
.1 959 L ) 1gsgpL
05(m):Z' £ , CG(TR):—Z'— ;
P 24 m2g, g 8 m2g,
2 12
1 9v9,1
Cr(my) = —1i - £, Cg(m,) =0,
2 12
. 1 9w9,L
Co(m,) =1 - p- Cio(m,) =0,

12 m2g,



@ NLO formula for €’/¢: [T.Kitahara et al., arXiv:1607.06727]

e . e

( w+|SM = aReAQ\SM/ReAdSM = 4.53 x 1074

L (9) - (@0 (. my) G, )|

———— R

N

e

“ € ‘ exp ‘ R A ‘\
; A . Wilson
H 2.228(11) x 10~ 3201(18) x 1077 GeV coefficients
t ‘Hadronic factor’ evolution matrix (vector form)
~ ( .. )
- 1 - - A 0.852 (i=j=1-6),
o (O ()T = Tyo(1 — i
7 (Qeln)’) = Qs )" )2 = Q) o1 3 Qerr) (1= Q)i = (0,983 (i=j="7-10),
isospin breaking correction _ L0 (1 #£ j). y

2 (Q(1.3GeV)T) :(0.345112, 0.132542,0.0340124, —0.178558, 0.152483,

0.288073, 2.65313, 17.3046, 0.526475, 0.281 154) (GeV)?,

HNP [GCV]

> U(1.3GeV, pxp) = U fie + Uoaz s ] -
7 U( eV, uxp) 0,1,fit T V0,2, fit 11 1000 GeV




