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The B mesons: BT = ub, B~ = b, B" = db, B° = bd

B~ - 'K~ —  b— utis, dds Tree and penguin
B~ 5 K. = b dds Only tree
B Stk =  b— uus Only penguin

B’ 5K’ — b uis, dds  Tree and penguin

Decay rate asymmetry A(nK) = I'(b) — I'(b)

Direct CP asymmetry Acp(nK) =
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To have a direct CP asymmetry Acp # 0, there must be at least two amplitudes
with different weak and strong phases

M(B— X) o Ajexp(if)exp(idy) + Az exp(ifz) exp(ida)

M(B — X) o Ajexp(—ify)exp(id;) + Ay exp(—ifz) exp(ids)
Acp = |[M)? - |/\_/t|2 o sin(f; — 62) sin(d; — d2)

Weak phases from CKM, no first principle to calculate strong phases
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H~Grx (CKM)xC(p)x Q
N N~ =~
Vo Vi we  A-f
EFT with 4-fermi operators at ~ O(myp) < mw .

» These are 4-fermi operators, but while QCD and EM do not differentiate
between L and R fermions, weak does.

» All such short-distance corrections are dumped into the WCs.
> (f|Q;|B) involves FF Good job from Lattice, QCD SR, LCSR

Tree, Strong, and EW penguins
BSM may involve more operators
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=« Current-current:
Q1 = (ub)g,v—_a(5u)g,y—a, Q2= (ub)1v_a(5u)1,v_a
= Strong penguin:

Qs) = (8b)1,v-a Z(QQ)LV—(J,-)Aa Que) = (5b)s,v—a Z(@)S,V—(JF)A

q q
s EW penguin:
3 _ _
Q79 = *(Sb 1LV— Azeq 49)1,v+(—)A
@so) = (8b)s,y-a Z €q(70)8,v+(-)a

UniversiTy oF
Carcutma

A Kundu B —» wK Anomalies 2021 7/22




AACP = ACP(B+ d 7TOK+) — ACP(BO — 7T_K+)
Expected to be close to zero in SM (we'll see why), and

AAcp = 0.108 £0.017 (LHCD)
= 0.112+0.013 (Global av. after BellelI(21))

LHCb: 5.4 fb~ ! @13 TeV [LHCb, PRL 2021, 2012.12789]
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AACP = ACP(B+ d 7TOK+) — ACP(BO — 7T_K+)

Expected to be close to zero in SM (we'll see why), and

AAcp = 0.108 £0.017 (LHCD)
= 0.112+0.013 (Global av. after BellelI(21))
LHCb: 5.4 fb~ ! @13 TeV [LHCb, PRL 2021, 2012.12789]
How serious is this? \ = AK, Patra, Roy, 2106.15633

UniversiTy oF
Carcutma

A Kundu B —» wK Anomalies 2021 8/22




Isospin amplitudes Neubert, JHEP 1999

BisI=1 nKcanbeinI'=1or3

[SJ[eY
N

Al=1 Ay (I'=

( ), Az (I'=
AIZO Bl/2 (I/:

N D=
NG
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Isospin amplitudes Neubert, JHEP 1999

BisI=1 nKcanbeinI'=1or3
Al=1 A (I'=1), Azp(I'=32)
Al =0 B2 (I' = %)
ABT - 7TK% = Bijp+ A+ Az,
AB*Y - 1°Kt) = —% (Bija + A1)2) + V2435,
AB° -1 K') = —Byja+ Ayja + Aszja,
A(B® - 1°K%) = % (Bijs — A1y2) + V2435 .
Each with two indep. CKM combo, so 6 amplitudes and 5 strong phases
@&
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Topological amplitudes

A Kundu

Fleischer, Mannel, Gronau, Rosner, Neubert,

Colour-allowed tree (T), b — uus, comes as A\, T,
with A, = Vi sV ~ A
A = 0.22 is the smallness parameter

Colour-suppressed tree (C), same as T but 1/N,
suppressed

Annihilation (A) — much suppressed compared to T'
or C

Penguin — further subdivided into strong penguin
(P) and EW penguin (Prw)

1998
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More ornithology:

Strong penguins = P =M, P, + A\.P.+ MNP, Aq = Vas Vi
But Ay + Ac + X¢ =0, so

P:Au(Pu_P(,)_F)\t(Pt_PL) E)\uPuc+)\tPtc
We expect a hierarchy ~ O(\)
[AtPic| > |AT| > [AuC > [MA|, | AuPucl

Two types of EW penguin amplitudes too: Pgyy (Col.A) and PSy (Col.S)
SU(3) flavour symmetry relates EWP with tree amplitudes.
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Ornithology continued:

Hzi%ANQ@@W@+@bs &}20@

(V-A)®(V-A4)

Q1_o: tree, @3_g: strong penguin, Qg, Q19: non-negligible EWP

3Cy+C
Ppw + PS5y = —5 ﬁ (T+0). (Neubert, Rosner, 1998)
At LL, ¢ = mz
PEWNIQT, PgWNKZC,
3 Cq+ Cho 3 Cy—Chp
= ——— ~—— ——— ~(.0135 +0.0012.
w 2 C;+Cy 2 C1 —Cqy
( Only within SM ! )
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In terms of the topological amplitudes, dominant, subdominant, and negligible

2
A_+ = —)\u ([)11(; + T) - )\t (Ptc + 3P§VV> ?
T K+
1_~
A+O = )\u (Pu(; + AU + )\t (Ptc - 3P§u> ’

1
V2AY = A\ (P —CO)+ X\ (Ptc - Ppw — 3])511"') )
2~
V2AYT = N (T+C 4P+ A) =N (Ptc + Pew + SP]SW’)

Acp comes from T—P,. interference
T and Pgw carry the same strong phase, related by «
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So we expect
ACP(BO — 7T7K+) = flcp(BjL — 7T0K+)

4

[ Depends on neglect of C'. Is C' negligible? ]

Another potential observable (~ 0 in SM)

B(rt K%

Ay = Acp(nK*) + AGP(W*KO)B(TKﬂT
+

2B(m°K+)r
B(r~K+)ry

2B(n°K?)

— ACP (71'0[{_'—) W

- ACP (WOI/\’O)
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Not entirely unexpected ....

Large EWP

B — wm, B — wK known to be troublesome, related by SU(3)

Hints of possible large EW penguin = BSM | Nandi and AK, 2004
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Not entirely unexpected ....

Large EWP

B — wm, B — wK known to be troublesome, related by SU(3)

Hints of possible large EW penguin = BSM | Nandi and AK, 2004
PQCD: |C/T| ~ 0.5 for 7, similar for 7K Li and Mishima, PRD 2011
SCET: |C/T| can be even larger, maybe close to 1 Bauer et al. 2005

UniversiTy oF
Carcutma

A Kundu B —» wK Anomalies 2021 15/22




Not entirely unexpected ....

Large EWP

B — wm, B — wK known to be troublesome, related by SU(3)

Hints of possible large EW penguin = BSM | Nandi and AK, 2004
PQCD: |C/T| ~ 0.5 for 7, similar for 7K Li and Mishima, PRD 2011
SCET: |C/T| can be even larger, maybe close to 1 Bauer et al. 2005

« |C/T| < 0.5 is still allowed in SM, but not large EWP

2 Large EWP = k > kgm, maybe there are two different xs
= k1 = Prw/T, ko = PgW/C, beyond-SM
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A Bayesian analysis

Also cross-check with frequentist

> Take all data on BR and Acp, no averaging.
» Check for a "good” fit in the "SM-like" region.
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A Bayesian analysis

Also cross-check with frequentist

> Take all data on BR and Acp, no averaging.
» Check for a "good” fit in the "SM-like" region.

A Kundu

What is a good fit?
Which region is SM-like?
What is meant by “no averaging”?
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Modes

B 5 Kt

Expt.
BaBar [5]
Belle [11]

CLEO [74]

Belle-II [15]

BR [10-]
19.1(6)(6)
20.00(34)(60)

18.031) (%)

18.0(9)(9)

Expt.
BaBar [9)
Belle [11

CDF (75

]
]
]
]

LHCb [13
LHCb [14]

Belle-II [15]

Acp
~0.107(16) (%)
—0.069(14)(7)
—0.083(13)(4)
—0.084(4)(3)
—0.0824(33)(33)
—0.16(5)(1)

BaBar [7]
Belle [11]
CLEO [74]
Belle-1T [16]

13.6(6)(7)
12.62(31)(56)
12.933)()
11.9(35)(if

BaBar [7]
Belle [11]
LHCb [18]

Belle-IT [16]

0.030(39)(10)
0.043(24)(2)
0.025(15)(6)
—0.09(9)(3)

BaBar (6]
Belle [11]
CLEO [74]

Belle-IT [15]

23.9(11)(10)
23.97(53)(71)
18.8(3) (%)

21.4(33)(16)

BaBar (6]
Belle [11]
LHCb [12]

Belle-TT [15]

—0.029(39)(10)
—0.011(21)(6)
—0.022(25)(10)
~0.01(8)(5)

B — 7°K°

BaBar [9]
Belle [10]
Belle [11]
CLEO [74]

Belle-TT [17]

10.1(6)(4)
8.7(5)(6)
9.68(46)(50)
12.8(3)(D)

8.5(17)(12)

BaBar (8,76

Belle [10,76]

Belle-TT [17]

—0.13(13)(3)

0.14(13)(6)

~0.40(3%)(4)

0.55(20)(3) [8}76]

0.67(31)(8) [10, 76]
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» Free parameters:
— P, |T|, |C|, |A|, |Pu0|
— Relative phases w.r.t. Pi. : dr, ¢, 04, dp,,
— Kk as a normal prior or a free parameter

‘ 10 free parameters

> CKM elements, and 3, v taken as theoretical inputs from HFLAV, with their
uncertainties

A |A| and |P,.| are suppressed, so should not have much effect on the fits. Same
for their associated phases §4 and dp,.
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Different fits (all ds € {0,27}) :
# Naive:
0<k<003, -03<P.<0, 0<|T|<05, 0<|C|<01
No acceptable fit, p < 1%. Same for higher-order with 4 extra parameters

0<|A] <0.01, 0<|P,|<0.01
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Different fits (all ds € {0,27}) :
# Naive:
0<k<003, -03<P.<0, 0<|T|<05, 0<|C|<01
No acceptable fit, p < 1%. Same for higher-order with 4 extra parameters
0<|A] <0.01, 0<|P,|<0.01
2 SM-like:
Order-2, with Py, |T|, |C|, 07, dc, and |C| < |T'|/2.

(i) k taken as a normal prior 0.014 + 0.006
(i) k as a free parameter
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Different fits (all ds € {0,27}) :
# Naive:
0<k<003, -03<P.<0, 0<|T|<05, 0<|C|<01
No acceptable fit, p < 1%. Same for higher-order with 4 extra parameters
0<|A] <0.01, 0<|P,|<0.01
2 SM-like:
Order-2, with Py, |T|, |C|, 07, dc, and |C| < |T'|/2.

(i) k taken as a normal prior 0.014 + 0.006
(i) k as a free parameter

s BSM:

—03< P, <0, 0<|T],|C| <1

k free, maybe two ks
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More on the “SM-like” region:

0.2

~0.18 -0.16 -0.14 -0.2 0.0 -0.08 —0.06
P

0.2
018  -0.16 0.4  -0.12 -0.10 -0.08 -0.06

P
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There is an acceptable SM-like fit

Parameters  Priors Real & Complex x

\/ SM (k Prio  Free

Order-2 Order-3 Order-3 Order-2

0.014(6) 0.0210(44) 0.0210(

—0.1524(8})

0.4

But more best-fit regions for BSM.
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So, SM or BSM?

| LHCh 2021)

—0.007

]
20.011

~0.0049

Glob. Avg.
l ‘[ 0.109 0.109 ]
l 0.108 l l

0.100

Real « Real « SM SM Complex x Real
2« Prior « Prior
Order-3  Or 2

Real « Real « SM SM Comp
Order-3  Order-2  « Prior & Prior  Or
Order-3  Order-2

A4 is not yet that precise
SM-like fits have tension with AAcp but at about 30
Large k means something’s wrong with EWP — BSM?
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So, SM or BSM?

LHCb (2021)

Glob. Avg.
l ‘[ 0.109 0.109 ]
l 0.108 l l

0.100

—0.007

+ |
~0.0049 Loon

Real « Real « SM SM Complex x Real

Real « Real « SM SM Comp
Order-3  Order-2  « Prior & Prior  Or
Order-3  Order-2

« Prior « Prior
Order-3  Or 2

A4 is not yet that precise
SM-like fits have tension with AAcp but at about 30
Large k means something’s wrong with EWP — BSM?

Thank
you !
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