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Flavor Theory
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Flavor in the SM
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Flavor-changing Neutral Currents

Vgs w,et Vg
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® Box =V, Viiy Vo Vig % f(M2 A"j,g)
@ Unitarity of CKM matrix ® GIM mechanism

°f= (mcamt)
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Effective Field Theory

@ Physics at different energy scales necessitates EFT approach

o E.g. SM kaon mixing at low energies:
A=Cx <(Sd)\/,A(Sd)\/,A>

@ In general, effective Lagrangian of the form
L= GO
k

@ BSM physics might change C or induce new operators O

@ This might lead to new kinematics!
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Bottom Physics
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Definition

@ In general, dI(B — K&£) o< |{Kll|Hegr| B)|? . .. complicated function
involving nonperturbative QCD

@ For small g?> = (p — p')?, form factors simplify — “color transparency”
JZ .
P _— K

€+
-
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SM Expectation

rSM

RSM — M
K = s™m
e

@ SM prediction is very clean: [hep-ph/0310219, 0709.4174]

SM qfnax:6.0 GeV?2 ) ) ) )
rs =o</ dPe() (IFaP + [Ful?)
q

2 =1.1GeV?
m’ m? m?  |[Aqc
1+0(=£) + £0( as, =54/ —E8
<1+ (q4>+M% <as,Mé X

@ with a single form factor g(q2) [hep-ph /9812358, hep-ph/0008255]

@ Numerically, including QED effects [1605.07633] we have

R = 14%0 + cut-dep. QED of O(few %) .
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https://arxiv.org/abs/hep-ph/0310219
https://arxiv.org/abs/0709.4174
https://arxiv.org/abs/hep-ph/9812358
https://arxiv.org/abs/hep-ph/0008255
https://arxiv.org/abs/1605.07633

New LHCb results for Ry

@ Most systematics cancels in double ratio

tHeb _ BR(BT — KF ) /BR(BT — KFJ/4(up))

Rk = BR(BT — Ktee) / BR(BT — K*+J/i(ee))

@ New LHCb [1903.09252]:

REHCD 2019 — 08467099 (stat.) T8 (syst.)

@ Compare to old LHCb [1406.6482]:

RIHCP 20112 _ 0 74510.09 (stat) +0.036 (syst.)
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https://arxiv.org/abs/1903.09252
https://arxiv.org/abs/1406.6482

New Belle results for Rx-

® Most systematics cancels in ratio

_ BR(B — K*pp)
~ BR(B — K*ee)

Ry

@ New Belle result [1904.02440]:

0.521338 +0.05 ¢® € [0.045,1.1] GeV?
REeIIe 2019 _ ’

0.9673%5 £0.11 ¢? € [1.1,6] GeV?

@ Compare to LHCb result [1705.05802]:

0.661057 £0.03 g% € [0.045,1.1] GeV?
R}L(HCb 2017 _ '

0.69738 +0.05 ¢? € [1.1,6] GeV?
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https://arxiv.org/abs/1904.02440
https://arxiv.org/abs/1705.05802

RD and RD*
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Definition and new Belle result

Precisely known in SM [1203.2654, 1606.08030, 1707.09977]

@ ...and beyond: [1703.05330, 2002.00020, Der HAMMER]

RZM = 0.299 + 0.003, RM = 0.258 + 0.005 [1612.07233]

Rp = 0.307(37)(16), Rp~ = 0.283(18)(14) [1904.08794]
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https://arxiv.org/abs/1203.2654
https://arxiv.org/abs/1606.08030
https://arxiv.org/abs/1707.09977
https://arxiv.org/abs/1703.05330
https://arxiv.org/abs/2002.00020
https://hammer.physics.lbl.gov/
https://arxiv.org/abs/1612.07233
https://arxiv.org/abs/1904.08794
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New Physics?

@ 2HDM [Phys. Lett. B 283 (1992) 427]
@ Strong constraints from B, — TV [1611.06676, but also 1811.09603]
o [(Be = 17) = Mot (B)BR(B. — 77)

@ Leptoquarks [1511.06024 etc.]

@ A sum rule implies Ry, = 0.38 £ 0.01¢xp &+ 0.014, for any NP
[1811.09603, 1905.08253]

e _ BR(A, = AcTv)
N = BR(Ap — Aclv)
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https://www.sciencedirect.com/science/article/pii/0370269392900434
https://arxiv.org/abs/1611.06676
https://arxiv.org/abs/1811.09603
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https://arxiv.org/abs/1905.08253

Charm physics
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AAcp
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Hadronic Two-body D Decays
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What is measured?

@ Time-dependent asymmetry (decays into CP-eigenstate f)

F(D°(t) — f) — I (
r(DO(t) — )+ TI(

(t)
()

® Flavor at t = 0 determined by tagging:

f)
f)

DO(t) — ,
Acp(f;t) = 50(2) = af + af" + a}
o Prompt charm: D** — D%+, D*~ — Dx~
o Semileptonic charm: B~ — D%~ X, Bt — DutX

@ Flavor at t determined by time evolution:
.d (D(t)\ _ i D(t)
"at <D(r)) =(m-37) <D(r)
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AAcp

AACP = AK*K* - Aﬂ.+7l.—

@ Most systematics cancel in difference
@ Mixing and interference CPV also “cancel”
@ Fortunately, direct CP asymmetry does not cancel:
o V, V==V VI = Acix = —Ari, in U-spin limit (s <> d)
® LHCb 2019 combi: AAcp = (—0.154 £+ 0.029)%
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Is it the SM?

_ b\ | Po
AACP_4Im<Z> o

sin 5strong

° \p = Vubvc*b' Y = (Vus V:s - Vud o V:d)/z
® AAcp = (—15.4 £2.9) x 10* [1903.08726]

gives |po/to| = 0.65(12) [1903.10952]

@ Consistent picture [1203.6659]
@ Assume nominal U-spin breaking ey =~ 20%

@ Expansion in ey gives additional testable relations
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https://arxiv.org/abs/1903.08726
https://arxiv.org/abs/1903.10952
https://arxiv.org/abs/1203.6659

A consistent picture emerges. ..

AACP ~ —0.15%

|A(D® — K*K™)|
|A(DO — 7tm—)|

—1=(82+2)%

|A(D® — K—771)]

1 — 0
A0S Ko 1=(15+3)%

|A(D® = KTK~)| + |A(D® — nt77)]

—1=(4.0+1.6)°
IA(DO = K7m)| - JA(DO = K—7),| B LGP
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...but is it the SM? Power Corrections

® In B decays, expansion in powers of Aqcp/myp is reasonable
[hep-ph/0104110]

@ In D decays, expansion in powers of Aqcp/mc is questionable
@ Branching ratios show that power corrections are large!
@ Rough estimate of power corrections (SM Wilson coefficients, color
counting, etc.) leads to [1111.5000]
9 |m()\b/2)|po/t0| ~ 0.03...0.04%

o = AAcp S 0.2%
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https://arxiv.org/abs/hep-ph/0104110
https://arxiv.org/abs/1111.5000

...but is it the SM? QCD Sum Rules

Estimate penguin (PTP~|Q,|D°) using QCD sum rules [1706.07780]
o OPE of correlation function
o Factorization of hard scattering kernel and pion DA

@ Use BR as input for tree amplitude

(]

|,D()/t'0|7r7T = 0.093 £ 0.011, |p0/t0|KK = 0.075 £0.015

(]

= |AAcp| < (0.020 £ 0.003)%

(]

Duality violation < factor 2-3 (nearby fy resonance?)

@ Estimate branching ratios?
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https://arxiv.org/abs/1706.07780

Baryons

@ LHCb has also measured [1712.07051]

Acp(NE = pKTK™) — Acp(AS — prfn™) = (0.30 £ 0.91 4+ 0.61)%

@ Also here, many systematics cancel
@ However, the modes are not related by U-spin symmetry

@ Other sum rules exist, e.g. [1811.11188]

ACP(Az_ — pK+K ) + ACP( + — Z+7T+7T ) =0
ACP(/\+ — p7T+7T )+ ACP( + — Z+K+K ) =0
Acp(NE = ZTK a7 )+ Acp(EF — prtKT) =0
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https://arxiv.org/abs/1712.07051
https://arxiv.org/abs/1811.11188

Kaon Physics
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Rare Kaon Decays
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Rare K decays

u @ Theoretically extremely clean:

@ SM Hee known to NNLO QCD
[hep-ph/9901278, hep-ph/9901288; hep-ph/0603079)]
NLO EW ([0805.4119, 1009.0947]

o O(few %) theory uncertainty

2
) v thXr<—,\';§ )] < (5 dy) (P
w
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https://arxiv.org/abs/hep-ph/9901278
https://arxiv.org/abs/hep-ph/9901288
https://arxiv.org/abs/hep-ph/0603079
https://arxiv.org/abs/0805.4119
https://arxiv.org/abs/1009.0947

Matrix Elements — Isospin

A(K+ —>7T+I/D) X <7T+|(S_d)V_A|K+>(DI/)\/_A

K — mvv K — wlyv
(|(3d)v-alK™) = V2 5 (7°|(5u)v_alKT)
Unknown Well measured

@ Isospin-breaking corrections [0705.2025]
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https://arxiv.org/abs/0705.2025

Grossman-Nir Bound

@ Kt — ntuivis CP-conserving = A o | X¢|

o K, — 7% is CP-violating = A o Im X;

Correlation between two modes allows to disentagle NP scenarios

(]

From Im X; < |X;| follows the Grossman-Nir bound

@ BR(K, — n%v) < 4.3 BR(KT — ntiw)
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NA62 2019
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KOTO result 2019
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o “BR"(K, — 7%v) = 21729 x 10710 [1909.11111]
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https://arxiv.org/abs/1909.11111

New physics in the final state

20—
mge =
— 0 MeV
-=+- 58 MeV
— 15 100 MeV _ i
i -=-- 130 MeV
=
°
<3
jast
ISR E
=
<
<
g I
~ 5+ = |
0 .

@ Exotic final states (neutralinos in the RPV MSSM, DM, ...) can
change final state distribution [0905.2051]

@ See also [1111.6402, 1909.11111]
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https://arxiv.org/abs/0905.2051
https://arxiv.org/abs/1111.6402
https://arxiv.org/abs/1909.11111

€K
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Definition

_ Moo +2n4—
EK f—

((mm)i=0| K1)

3

((m7)1=0| Ks)

@ noo = (n%7°|KL)/{mF 7~ |Ks)

o nim = (rtam KL/ (wr |Ks)
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c-t vs. u-t Unitarity

s w d
VAATAYATAYAYAY
u u
C C
t t
AVAVAVAVAVAVAVAY
d %% s
c-t unitarity u-t unitarity
‘ Im Re ‘ Im Re
)\% ~ )\10 ~ )\10 )\% ~ )\10 ~ )\10
A | ~ A8~ \O Mde | ~ X0~ \®
)\3 ~ AN )\f, 0 ~ A2
Ag = Vs Viy Im(Mi2) — ek Re(Mi2) — AMg
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Traditional |[AS| = 2 Hamiltonian

HIASI=2 12 S 2 +)\2 S 2 20\ S mi m? Q|AS|:2
et cNee + Mt YVREYE
W w w
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Ey
¢

0.6 et

Net

1 1.25 1.5 1.75 2

e [GeV]
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Nee @ NNLO — Result

net = 0.496 4 0.047
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Nee @ NNLO — Scale Dependence

nCC
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Nee @ NNLO — Result

Nec = 1.87 +0.76
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New |AS| = 2 Hamiltonian

2 2 2 2
HI8S1=2 {A%ﬂy<ﬂ) + Ainuuy(ﬂ> +2AuAtnut5ﬂ(ﬂ, il )} Q4sI=2
' My, My, M, My,

Suggested in [1212.5931]
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https://arxiv.org/abs/1212.5931

net @ NNLO — Scale Dependence

Residual p. dependence
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net @ NNLO — Scale Dependence

Residual p. dependence
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net @ NNLO — Scale Dependence

Residual p. dependence
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net @ NNLO — Scale Dependence

Residual p. dependence
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Nee @ NNLO — Result

Nt = 0.402 =+ 0.005

[arxiv:1911.06822]
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https://arxiv.org/abs/1911.06822
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N @ NLO — Scale Dependence
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CEOX I

Residual p; dependence
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e @ NLO — Result

et = 0.55 = 0.02

[Nucl.Phys. B347 (1990) 491-536; our error estimate]
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https://www.sciencedirect.com/science/article/pii/055032139090373L
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Recent Lattice Result

EK =

T+— — Too

1 {(r7)=2|K®)

2v2 ((77)1=0|K®)

@ Re(€'/e) = 16.6(2.3) x 107* (exp.)

@ Re(€'/e) = 21.7(2.6)(6.2)(5.0) x 10™* [2004.09440]

Joachim Brod (University of Cincinnati)
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https://arxiv.org/abs/2004.09440

Summary

@ Flavor physics remains exciting
@ Many topics not discussed
o Lepton flavor

@ Spectroscopy

@ Higgs and flavor

@ Looking forward to more detailed talks!
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Backup
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More AAcp
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Three Types of CP Violation

@ Solving the D.E. gives

— f) = e_rt|Af|2 X f(X,_)/,Af, t)a
— £) = e A x F(x,y, Ar, 1)

=1 =
~—~ —~
wli ]
o o
~—~ —~
~ o+
N N

@ We defined
o decay amplitudes As = (f|D), Ar = (f|D)
o |D12) = p|D°) + q|D°), with |p* + |¢°| = 1
o x=2(my—m)/(F1+T2)
o y=(l2—T1)/(M1+T2)

o \r = (qAr)/(PAr)
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Three Types of CP Violation

@ Since D mixing is slow, we can approximate the decay rate with a
single exponential [(D%(t) — f) = exp(—It), where

F(D(t) — f) = r[1 —i—ncp‘%‘(ycosqb _ xsinqb)} ,

[(D°(t) = f) = F[l —i—nCP‘g‘(ycosqb—l—xsin gb)} .

@ Expanding to linear order in t, the time-dependent CP asymmetry
becomes

t .
Acp(f;t) = afr + and

7(Do)

dir _ [Ar|? — |A¢[?
[Ar|? + |Af|?

T (R IR IR
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What is measured

@ Including subleading terms, can write the time-integrated asymmetry
as

(0 ) 4 )

T

Acp(f) ~ a;éif(f)(1 +

o Here, ycp = ( —T)/2r — 1; 7 = 1/T is the DO lifetime.

@ The difference between the D — KTK~ and D — ntn~
asymmetries is

AAcp = Acp(KTK™) — Acp(nt ™)

(t(F)

~ Aadir(f) (1 + . yCP) + A<t(f)> aind )

T
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Raw asymmetries and AAcp

@ Obtain raw asymmetries by “counting”

N(D** — DO(f)r*) — N(D*~ — DO(f)x™)

Aw'taggEd(f) = N(D*t — DO(f)nt) + N(D*~ — Do(f)ﬂ_)

raw

_ N(B = D°(f)pu=5,X) — N(B = D°(f)utv,X)
~ N(B — DO(f)u=9,X) + N(B — DO(f)utv,X)

Au—tagged ( f)

raw

@ They can be approximated as

A::\;CvaggEd(f) ~ ACP(f) + ADetection (77) + AProduction(D*)
A;rg—\fvagged(f) ~ ACP(f) + ADetection (N) + AProduction (B)

@ Most systematics cancel in the difference

_ +p— +, -
AAcp = A KTK™) = Apaw (7t 77) .
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Contribution of Direct CPV

@ To extract the contribution of direct CP violation, we need [1903.08726]
e A(t)/T =0.115+0.002
o (t)/7=171+0.10
o ycp=(5.7+£15)x 1073

o Ar=(-28+28)x 1074 ~ —ad
@ This gives

AATL = (—15.6 £2.9) x 1074,
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https://arxiv.org/abs/1903.08726
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http://moriond.in2p3.fr/2019/EW/slides/6_Friday/1_morning/6_Humair.pdf

R(K™): (Preliminary) Result

Katanne et of Teconogy

2.0 . 20 - -
Belle preliminary Belle preliminary
15 15 7
—
& 1.0 —_— I . ko] —r——" ] | I
I & I I
= 4 Belie
0.5 0.5 ¢ LHCb
+$+  Datafor B’ and B~ modes 4 Bagar
I SM prediction I s prediction
0.0 00l L L L
0 5 10 15 20 0 5 10 15 20
¢ (Gev?/ct) ¢ (Gev?/cY)
o in Gev2rc* All modes 8° modes B" modes .
o o o All measured values are in
[0.045, 1.1] 05215 % £0.05 046745 007 0.6254%; +0.10 X
[1.1,6] 0.96:0% 011 1.0675% 4013 072155, +o.18 accordance with the SM and
+0.27 +0.33 +0.56
[0.1,8] 0.90100522‘ +0.10 0,56:0%%4 +0.08 0.951'0_9395 +0.14 other recent measurements.
[15, 19] 1.1875% 010 112855 010 140t £ o0m T
0.17 +0.27 0.24 . %
[0.045,] 0947 %Y, £0.08 112757 £0.09  0.707G%, £ 0.07 First measurement of R(K )

SearchforB — £vyandB — By, and Test of Lepton Universality with H(K") atBelle - Markus Prim 22nd March 2019 22/23
[M. Prim, talk at Moriond 2019; see also 1904.02440]
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