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FLAVOR PHYSICS AND THE PRECISION FRONTIER:
A

# No new physics in sight at the high-energy frontier
# Growing importance of the precision frontier

# Flavor physics: increasing number of anomalies (LFU violation,
muon g — 2, ...) that challenge the validity of the SM

# New physics hiding around the corner?

# However: Working at the precision frontier is impossible without w NP hiding
precision physics P bd)({

# Precision physics implies precise measurements and precise 1 diagram%?é f!
theoretical predictions A

# Theory and experiment must go hand in hand trying to decrease
existing uncertainties in SM predictions
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B-MESON MIXING: THEORY

# Neutral meson mixing in the SM : Loop-induced FCNC process.

# B? — BY oscillations Mus — E'Pm ~
2
d (1BJ(1) o iR (1BL()
“ s — _ s b
i (i) = (- 38) (1367 woo_
u,c,t u,c,t
- M M12) - <F11 FIZ)
N = < P
My M)’ I'is T
12 12 s 1% b
# Diagonalize the matrices )
0 _o u,c,t 5
‘BS,L> =P |Bs> +q |Bs>
|Bs.ir) = p|BY) —ql|BY) tow w
#® Mass eigenstates: |B; 1) (lighter) and | Bs, i) (heavier) v ot

# Flavor eigenstates: |BY) and | BY)
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B-MESON MIXING: THEORY

# Physical observables depend on: |Mi2|, |T'12|, ¢

. RO _ B0 ncrillati ;
® AM;: B] — By oscillation frequency My — %Pm -
AMSZMH—ML%2‘M12| b
W S
t quark is dominant in SM, sensitivity to NP in the loops
® AT.: B? — B? width difference u, ¢t u,c,t
AFS:PL—FH%2‘P12|COS¢S s w b
only u and ¢ contribute, precision probe of SM, little room for NP b s
® $,: CP-asymmetry in the mixing u, ¢t
afs = Im <—F12> = The sin ¢ N w w
° Mo Mo °
s u,c,t b

V.SHTABOVENKO (KIT) , CONFINEMENT 2021, 02.08.2021 BO - BD AT NNLO 4/18



B-MESON MIXING: THEORY

# Ourinterest: AT, from B? — B
#® Experimental value (HFLAV 2020 average) 2

Contours of A(log £) = 0.5

AT = (0.085 + 0.004) ps ™"
BY = Jjpmm, I fy

# Theory prediction (NLO + nz-piece of NNLO QCD corrections)

[Beneke et al., 1999; Ciuchini et al., 2002, 2003; Lenz & Nierste, 2007; Asatrian et al,, 010l Ty
2020, 2017] ]
0.05
ATos = (0.077 £ 0.015peri. £ 0.0025 5. % 0.0174 0 /m,) DS ] / B9 0.0,/
AT'gzg = (0.088 £ 0.011pere. +0.0025 5+ 0.0144 0 /m, ) P8 0% 566 675 o
# |arge perturbative uncertainty from the uncalculated NNLO
corrections (pert.)
# Theory under pressure, full NNLO corrections highly desirable
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B-MESON MIXING: THEORY

|AB| = 1 effective theory (my, < mw,my)

# Calculation done using HLﬁBI:l in the CMM

b c b c . e ,
operator basis for b — scc [Chetyrkin et al., 1998]
N # Representative diagrams in the |AB| =1 EFT
w needed for the NNLO accuracy
S c S c b s b c s
|AB| = 2 effective theory (via HQE) O1 5 02 Os
b c s b % S $ b
N matched to the |AB| = 2 EFT
$ b s b

b S b s
1 j 1 J Q !
s\ J i (07 i
Pio~ o5 30 (50) T+ e 2 (5) T+ s °

® 2-loop O1-2 x O3_g available: AF§’12X36*“S/AFS = 1.4%(%) [Gerlach, Nierste, VS, Steinhauser, 2021]
# All relevant 2-loop and 3-loop correlators already computed, two more publications in preparation
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B-MESON MIXING: CALCULATION

|AB| = 1 effective Hamiltonian in the CMM basis for b — sc¢ decays [Chetyrkin et al., 1998]

e I "
HIABI=1 _ \/EF[ VtSVJ,(ZC QZ+CSQ8)—VuSVJbECi(Qi—Qi)
=1

+ VsV ZCiqu + VoVab Z CiQ;'w] + h.c.,

=1 =1
# Current operators # Penguin operators
Q1 =5cvuT"cL ey Ty, Qs = sLvubry>, 07",
Q2 = Sucr ey"be, Qa = 57Ty, 07" T g,
QY = ELVHTO”LLL ury" T by, _ = b K1 B2 3
. @5 = SLVuy Vuz YuabL D2, 07" 7272

3 =35 ary"b _ _
W2 = Buour rybr, Q6 = 8L Yoo Yua T0L Y, 0" 727" T,
Qiu = §L’YMTGUL EL’YMTabL, gs

Qs =

L ma
Q3" = sryuur cLy'br, 16m2" 510" T bR G
Q1" = sLyuT e upy* T b,

uc _ = —
Q5° = Sryucer uLy br,
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B-MESON MIXING: CALCULATION

|AB| = 1 effective Hamiltonian in the CMM basis for b — sc¢ decays [Chetyrkin et al., 1998]

_. 4@ ) 6 ot o u
M = 208 L) (S 00+ 0oQs) — VAV Y CiQi - )
i=1 i=1

2 2
+ ViV Y G5 + ViV > ciQ;-“] +he.,

=1 =1
# /4-fermion vertices generate Dirac structures with multiple insertions of v matrices
(Pr)ij x (Po)r, (V" PL)i X (yuPo)es (V9" Pr)is X (yuyw Po)w,
(Y'Y PrL)ij X (Vv Yo Pr)ke, (Y Y7 Pr)ij X (VYo Yo Yo PL) ki,
(YT PL)ig X (Yuye¥eYo ¥ PL)kLs - -
# 4-dimensions: Products of v matrices reducible via the Chisholm identity

nrpo

VA A = g g = g i e

# |n d-dimensions such a reduction is not possible (unambiguously).
# Proper treatment using evanescent operators [Dugan & Grinstein, 1991; Herrlich & Nierste, 1995]
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B-MESON MIXING: CALCULATION

|AB| = 1 effective Hamiltonian in the CMM basis for b — sc¢ decays [Chetyrkin et al., 1998]

- 4G * 3 i
Wi = WSV;E(ZCQZW“’?B)‘VuSVJbEC"(Q“Q")
i=1

+ ViV Z CiQi" + ViVuy Z C’in-“] +he.,

=1 =1
# |AB| =1L0 evanescent operators
EfY = 519" 2" T er €7 Yoo Yua T"b1 = 16Q1
B = 59" 243 e, B Yua Vb — 16Qa
B = 507"y 2y oy LY s Y Vi Vs Vs — 20Q5 + 64Qs,
B{Y = 5oyt 2 S S T LY @y Vi Yars Ve Vs T4 — 20Q6 + 64Qu
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B-MESON MIXING: CALCULATION

|AB| = 1 effective Hamiltonian in the CMM basis for b — sc¢ decays [Chetyrkin et al., 1998]

- 4G * 3 i
Wi = WSV;E(ZCQZW“’?B)‘VuSVJbEC"(Q“Q")
i=1

+ ViV Z CiQi" + ViVuy Z C’in-“] +he.,

i=1 =1
# |AB| =1 NLO evanescent operators

2 — _ 1
B = 509"y 2y S T e €Yy Vs Vs Yia Vs T 01 — 20B5Y — 256Q1
— 1
BP = 509"y 2y M e E1 Vs Yins Yina Vs b — 2057 — 256Q
B = Syttt oyt s O T ST @ Viea Vi Yiea Vies Vg Yur @ — 336Qs + 1280Qs ,

B = St a2y o S T LS iy Vs Vs Yoea Vs T0 — 336Q6 + 1280Qa
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B-MESON MIXING: CALCULATION

Representative diagrams in the |AB| = 1 theory (1-loop, 2-loop, 3-loop)
3-loop 01,2 x O1,2 correlators

s
C
02 02
b
2-loop O;,2 x Os correlators
b c s b s b ¢ s
O, O3 Oy
c 02 Os
S b s 02 ™Mb s b
b c c s b c s
Os O: 0>
Os
S b s b
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B-MESON MIXING: CALCULATION

#® AT, described by local |AB| = 2 operators [Beneke et al., 1999; Lenz & Nierste, 2007; Asatrian et al., 2017]

# Using Heavy Quark Expansion [Khoze & Shifman, 1983; Shifman & Voloshin, 1985; Khoze et al., 1987; Chay et al., 1990; Bigi &
Uraltsev, 1992; Bigi et al., 1992, 1993; Blok et al., 1994; Manohar & Wise, 1994] (expansion in Aqcp/ms) one arrives at

I = (/\q) 12 — 2GS — ()\q) 19 )‘Z' =VygVars

a G a D ITa A D
03 = TET (03, Q1B.) + 12 () (B s1B.) | +O (Ao /ma)

#® Physical |AB| = 2 operators

Q=57 (1=7)bism(1-7")b Qs =5(1-7")b;5(1-7")bs
# Additional operators needed at intermediate stages (e. g. basis changes, def. of evanescent operators)
Q=57"(1=7")b; 5% (1 =) bi, Qs =5 (1—7")bi5;(1—+")b;,

# Not shown here: evanescent |AB| = 2 operators and the 1/m;, suppressed operator Rg
® H(z) and Hs(z): Wilson coefficients from the perturbative matching of |AB| = 1 to |AB| = 2.

# Nonperturbative ME (B,|Q|B) and (B,|Qs|B;) lalso for B; mesons) from QCD/HQET sum rules
[Ovchinnikov & Pivovarov, 1988; Reinders & Yazaki, 1988; Korner et al., 2003; Mannel et al., 2011; Grozin et al., 2016; Kirk et al., 2017;
King et al., 2019], lattice QCD [Bazavov et al., 2016; Dowdall et al., 2019] or combined [Di Luzio et al., 2019]
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B-MESON MIXING: CALCULATION

Representative diagrams in the |AB| = 2 theory (tree-level, 1-loop, 2-loop)

§ b S b S b

Wilson coefficients of the |[AB| = 2 theory determined in the matching to |[AB| =1

V. SHTABOVENKO (KIT) , CONFINEMENT 2021, 02.08.2021 Bp — Bg AT NNLO 9/18



B-MESON MIXING: CALCULATION

|AB| = 1 contributions needed for NNLO

1 fori=1,2
CiO; ~ ¢ s fori=3,4,5,6 (Cs— numerically small)
as fori=8 (explicit strong coupling in the definition of Os

Important scale: z = m2/mj

“ LO contributions to AT

#® 1-loop O1-2 x O1_2 correlators (z-exact) [Hagelin, 1981; Franco et al., 1982; Chau, 1983; Buras et al., 1984; Khoze et al.,
1987; Datta et al., 1987, 1988]

@ NLO contributions to AT, (z-exact)

@ 2-loop O1_2 x O1_3 correlators (z-exact) [Beneke et al., 1999]
® 1-loop O1_2 x O3_g correlators (z-exact) [Beneke et al., 1999]
@ 1-loop O1_2 x Og correlators (2-exact] [Beneke et al., 1999]
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B-MESON MIXING: CALCULATION

|AB| = 1 contributions needed for NNLO

1 fori=1,2
CiO; ~ ¢ s fori=3,4,5,6 (Cs— numerically small)
as fori=8 (explicit strong coupling in the definition of Os

Important scale: z = m2/mj

“ NNLO contributions to AT,

3-loop O1-2 x O1_2 correlators [Asatrian et al., 2017, 2020] [nf piece only, (’)(z3)]

2-loop O1_2 x Os_g correlators [Asatrian et al., 2017, 2020] (n s piece only, z-exact)

2-loop O1_2 x Og correlators [Asatrian et al., 2017, 2020] (n s piece only, z-exact)

1-loop O3_¢ x O3_¢ correlators (2-exact) [Beneke et al., 1996]

1-loop O3_6 x Osg correlators [Asatrian et al., 2017, 2020] (n s piece only, z-exact]

1-loop Og x Og correlators [Asatrian et al., 2017, 2020] (n ¢ piece only, z-exact]

@ This work
@ Full [ny + non-n ) results for all 2-loop correlators at O(z) lincluding Og x Og = N3LO)
@ Full [nf + non-nf] results for the 3-loop O1-2 x O1—_2 at O(zo)
# WIP: Final checks for the 3-loop result, higher order expansions in z, possibly z-exact results for selected

correlators

L AL RN
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B-MESON MIXING: CALCULATION

#2 Calculational strategy
# Matching done on-shell: p? = m?
#® The s-quark mass is neglected = p; =0
@ Asymptotic expansion in z = m?2/mj (at first up to O(z) for 2-loop and O(z") for 3-loop)
# Only the imaginary part of the |]AB| = 1 diagrams enters the matching
#» Regularization
# Dimensional regularization used both for UV- and IR-divergences
# Cross-check: massive gluons in IR-divergent diagrams at 2-loops
® cyv + mg: renormalized amplitudes manifestly finite = the limit d — 4 is safe
® c = cyyv = er: products of 1/¢r and evanescent ME are of O(g)
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B-MESON MIXING: CALCULATION

NLO matching with € = err = euv [no gluon mass) [Ciuchini et al., 2002]
# Normally, only the matching coefficients of physical |AB| = 2 operators are relevant
# Here matching coefficients of evanescent operators are also needed (at intermediate stages)
# |AB| = 2 matching coefficients obtain O(¢) pieces

Qg (e
C = féO) + efl(O) i) él)’ Cp = (0) )+ €f(0) S})

a7 AT
# L0 matching must be carried out up to O(¢): fixes foo) flo) fE 0 ](30)1
#® At NLO we only need O(&)

# Upon inserting f(o) 1(0)7 ,(E%, (O) at NLO all 1/emr poles must cancel.
# Finally, the difference

AlABI=L _ ylaB|=2

ren

is manifestly finite = determine fél)
@ Onl f(o) and f(l) enter the physical matching coefficient
# What about fE )1'7 Not needed at NLO, must be determined for the NNLO calculation!

# At NNLO, the LO matching must be done up O(£?), the NLO matching up to O(e)
# The explicit cancellation of IR poles (and of &) is a highly nontrivial cross-check of the whole calculation
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B-MESON MIXING: CALCULATION

“ All computations done using our well-tested automatic setup

# Diagram generation with QGRAF [Nogueira, 1993]

# Insertion of Feynman rules and topology identification using Q2E/EXP [Seidensticker, 1999; Harlander et al.,
1998] or TAPIR [Gerlach, Herren, 2021]

# Feynman amplitude evaluation: in-house CALC setup written in FORM [Ruijl et al., 2017]

# [BP-reduction: FIRE 6 [Smirnov & Chuharev, 2020]

# Analytic computation of master integrals: HYPERINT [Panzer, 2015], HYPERLOGPROCEEDINGS [Schnetz],
PoLYLoGTooLs [Duhr & Dulat, 2019]

# All master integrals checked numerically using FIESTA [Smirnov, 2016] and PYSEcCDEC [Borowka et al.,
2018]

“» Cross-checks of selected intermediate results using FEYNARTs [Hahn, 2001], FEYNRULES [Christensen & Duhr,
2009; Alloul et al., 2014] and FEYNCALC [VS et al., 2020]
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B-MESON MIXING: CALCULATION

# 23 on-shell 3-loop integrals with — —
massive (solid) lines \K., ’ \K : \‘\\

# Only imaginary parts are relevant and
turn out to be very simple

Prop3L3topo0100000000,1,1,1,1,0,1,0,0) Prop3L3topo0100000000,1,1,1,1,4,0,0,0)

| = e ]

@ Appearing constants
pp g prop3L1topol N )

7,1n(2), C2, Cs, Ca, Cla(/3), V3, \—*’l/—\ \—/“]-—\

Prop3L31opo011000000(1,1,1,0,1,0,1,1,0) 11,1,0,1,1,0,0

Lis(1/2), 10 (14 V5)/2) g u— |
b \ g % '_.:\‘ ‘/-/::_“_-h_.\

11,0,1,1,1,1,0

# Real parts (obtained as a byproduct)
more complicated but irrelevant for

Prop3L3topo001000000(1, 1,1,1,1,1,1,0,0)
prop3L3topo101000000(1, 1,1,1,1,0,1,0,0) PropaL2topo00OTIO001,0,1,1,1,1,1,1,0)

ropLStope o o000 1 1 1 1010 PropaL3topo0110000001,1,1,1,1,1,1,1,0) Prop3L3topo101000000(1, 1, 1,1,1,1,1,1,0)
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B-MESON MIXING: PHENOMENOLOGY

# New contributions to I'{; computed in the course of this project [z = m2/mj)

Correlator Perturbative order | z-dependence
O1,2 X O3_¢ 2 loops O(z)
O1,2 x Og 2 loops O(z)
O3_6 X O3_¢ 2 loops O(z)
Os_¢ X Og 2 loops O(z)
Os x Og 1 loop exact
Og x Og 2 loops O(z)
O12 x O1,2 3 loops 0(2%)
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B-MESON MIXING: PHENOMENOLOGY

@ All 2-loop contributions to the NNLO correction already computed and cross-checked
# New theory predictions for the width difference AT’ and the CP asymmetry ag, under way

AT iy s T2
= —R s — |
AM, T (Mf2> e <M182

s,cc AS s,cc s,uc A'ls,l, 2 S, uu s,cc s,uc
rig 23 g - rg + (55 ) @ - or )]
t

# Ingredients

o= ()

Gimi = =~ =~ =
[t = e B |7 2) (BuIQIB.) +E'(2) (B Qsl)| + O (haco/m)
§Mp 13, Bb, $MB B Bs p,
2G%MBs

2
s 2 A 2
Mz = (X)) 1922 Miy18So (M2 ) f&.BB,
® Cancellation of (A\{)? = (V;3V,})% fp,, Mp, and to large extent bag parameters in the ratio I',/M;,
# Following [Asatrian et al., 2020] we can calculate

_ AT, exp
ar. = (55 aue

@ |V;| controversy irrelevant!
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B-MESON MIXING: PHENOMENOLOGY

Theoretical predictions for the MS and pole schemes

m7 in the prefactor of I' treated as (m85)2 in the pole scheme and (1715‘,"5(77%))2 in the MS scheme

L 4

.

@ In both schemes we use z = (mM°(my) /mi'®(my))?

# NLO result for Mi2 from [Buras et al., 1990]

® 1/my LO corrections to I'12 [Beneke et al., 1996; Lenz & Nierste, 2007] are included
-
-

Experimental value (HFLAV 2020 average): ATS® = (0.085 4 0.004) ps~*
Numerical input [Tanabashi et al., 2018; Dowdall et al., 2019; Bazavov et al., 2018; Amhis et al., 2021]
Mp, = 5366.88 MeV  fp, = (0.2307 & 0.0013) GeV,
Bp, =0.8134£0.034, Bfp = 1.31+0.09,
)‘it
Al
AMS® = (17.749 £ 0.020) ps !

—(0.00865 + 0.00042) + (0.01832 + 0.00039)17
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B-MESON MIXING: PHENOMENOLOGY

#® Theoretical predictions for the MS and pole schemes

® m; in the prefactor of I'; treated as (m OS) in the pole scheme and (1715‘,’15(77%))2 in the MS scheme
@ In both schemes we use z = (mM°(my) /mi'®(my))?

# NLO result for M2 from [Buras et al,, 19901

® 1/my LO corrections to I'12 [Beneke et al., 1996; Lenz & Nierste, 2007] are included

# Experimental value (HFLAV 2020 average): AT$® = (0.085 & 0.004) ps ™!

)

Preliminary results (no scale variation, 3-loop corrections not included)

Included correlators Re (I'§y/M3,) AT
01,2 x 01,2 (2 loops), 01,2 x O3—g (1 loop), | (5.3140.67) x 10~3 (MS) | (0.094 & 0.012)ps—*(MS)
01,2 x Og (2 loops), O3_gx O3_g (1 loop) (4.7340.08) x 103 (pole) | (0.084 & 0.014)ps~!(pole)
as above + O1 2 x O3_g (2 loops) (5.21 £ 0.67) x 10~3 (7) (0.093 £ 0.012)ps 1 (MS)
(4.71 £0.08) x 103 (pole) | (0.084 & 0.014)ps~!(pole)
as above + O3_g x O3_g (2 loops) (5.24 £0.67) x 1073 (MS) | (0.094 4 0.012)ps—(MS)
(4.74 4 0.08) x 1073 (pole) | (0.084 +0.014)ps~!(pole)
as-above + O3_¢ x Os (2 loops) and (5.24 +0.67) x 1073 (MS) | (0.094 + 0.012)ps—*(MS)
Og x Os (1 loop and 2 loops) (4.73 £0.08) x 103 (pole) | (0.084 & 0.014)ps—!(pole)

# The error is dominated by the uncertainty in the hadronic ME entering 1/m; LO corrections
# The main contribution comes from the current-penguin O12 x O3_¢ 2-loop corrections
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B-MESON MIXING: PHENOMENOLOGY

#® Theoretical predictions for the MS and pole schemes

@ m7 in the prefactor of I' treated as (m25)2 in the pole scheme and (1715‘,’15(77%))2 in the MS scheme
@ In both schemes we use z = (mM°(my) /mi'®(my))?

@ NLO result for M1 from [Buras et al., 1990]

® 1/my LO corrections to I'12 [Beneke et al., 1996; Lenz & Nierste, 2007] are included

# Experimental value (HFLAV 2020 average): AT$® = (0.085 & 0.004) ps ™!

)

Preliminary results (no scale variation, 3-loop corrections not included)
a?™'%% — (2.02 4 0.08) x 10°(MS),

a7 = (2.05 + 0.08) x 10~°(pole)

fs
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SUMMARY AND OUTLOOK:

Summary

Q Experimental precision of AT's calls for the NNLO calculation!

i We calculated all building blocks needed to obtain the NNLO correction to B — BY mixing

i All the occurring 3-loop MI from the current-current contribution calculated analytically (for m. = 0)

@ The result for the 2-loop current-penguin contribution already published [Gerlach, Nierste, VS, Steinhauser, 2021]
Outlook

“ Results for all the remaining 2-loop contributions and the 3-loop current-current piece to appear soon

“ New theory predictions for AT’y and the CP asymmetry ag,

« Higher order expansions in z = m?2/m?, ideally z-exact results at least for the 2-loop contributions
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Anomalies in the flavor physics (incomplete list)

# Hints for Lepton Flavor Universality (LFU) violation in semileptonic decays

@ Loop-level (FCNC): b — st (e.g. Bg — K*ut ™) [Aaijetal, 2017, 2019; Abdesselam et al., 2021; Choudhury et al., 2021;
Aaij et al., 2021] B
@ Tree-level: b — crv (e.g. BY — D*+7175;) [Lees etal., 2019; Hirose et al., 2017; Aaij et al., 2015, 2018]

Dimuon charge asymmetry (related to CP-asymmetry in B-mixing) [Abazov et al., 2006, 2010a, 2010b, 2011, 2014]
g — 2 of the muon [Abjetal, 2021]

CP-violation in the neutral kaon system (/e’] [Alavi-Harati et al., 1999; Fanti et al., 1999]

af in Zbb decays [Abbaneo et al., 1996]

LFU violation in leptonic 7 decays [Aubert et al., 2010; Anastassov et al., 1997; Albrecht et al., 1992]

B — 7K puzzle [Buras et al,, 2003, 2004b, 2004a]

© & & & & & ¢

Inclusive vs exclusive determinations of V., [Waheed et al., 2019; Lees et al., 2019]
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