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Bs mixing in the Standard Model

Eigenstates
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Bs mixing in the Standard Model

Mass and decay rate difference in the SM
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s X=u,cy=u,c

Hadronic physics are contained in matrix elements of local operators:

Q1 biyu(1—7")si by (1-1°)s;,
Q: = bi(1-9°)s b(1-7")s;, Qs = bi(1=7°)s; bi(1—)si,
Qs = bi(1-7")s b(1+7°)s;, Qs = b(1—7°)s; bj(1+7°)s;.

Bag parameters (Vacuum saturation approximation: B = 1)

(Q(n)) = Aq f2 M3_ BE(n) = Aq(u) fa, M3, Bo(k)



Bs mixing in the Standard Model

Mass and decay rate difference in the SM
Hadronic matrix elements can be determined with lattice QCD:
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Bs mixing in the Standard Model

CP violation

* In mixing: consider flavor-specific decays, e.g. B — Ds

B

s T(Bt) = /) —T(BI(t) — f) H
T T(BY(t) — )+ T(BY(t) — F)

(¥)—




Bs mixing in the Standard Model

CP violation

* In mixing: consider flavor-specific decays, e.g. B — D(*)

o T(BAt) = )T (B(t) = F) ﬁ y
fs I_( -

9(t) > £) + T(B(t) > F)

B
B
¢ |n interference between mixing and decay:

hen(ty = LB = D)= T(B®) 1) H ~_

r(Bo(t) — f)+I(B2(t) = f)
AL cos(AM,t) + AT sin(AM;t)

_ . /

~ cosh(ATst/2) + Aarsinh(AT ot /2)
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Golden modes (e.g. BY — J/y¢):

AZL =0, ATX = sin($s), Aar = —cos(¢s)



Bs mixing in the Standard Model

CP violation




Bs mixing

Experiment
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Bs mixing
Experiment: New combination after Moriond 2019
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Flavour anomalies
Status before Moriond 2019
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Flavour anomalies
Status before Moriond 2019

e BO K(*)OIL+IL7
e Lepton-flavor universality: BY — K(*)0/+/-
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Flavour anomalies
Status before Moriond 2019
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Flavour anomalies

Status after Moriond 2019 (. prim (Belle). T. Humair (LHCb), G. Caria (Belle)]
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Flavour anomalies
Fit to Wilson coefficients aevischer et al. 2019]
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Flavour anomalies
Interplay with mixing i Luzio, kirk, Lenz 2019]

Moving from EFT fits to models shows effects in mixing:
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The sum rule

Alternative to lattice simulations

W boson, 428-429, 474, 559-560, 696,
701
mass, 710, 712, T62-764, T71-772, 809
decays, 728
in QCD corrections, 609
production in hadron collisions, 593—
594, 710
see also ete™ annihilation
Wi, Wa (deep inelastic form factors),
625634, 648-649
W3 (deep inelastic form factor), 648-649
‘Ward identity, 160-161, 186, 192, 238,
242, 245-251, 257, 316, 334, 481,
505, 616, 625
trick for proving, 239
violation by bad regulator, 248, 654
in non-Abelian gauge theories, 508
511, 522, 679, 698, 705-706, 744
of GWS theory, 752
in string theory, 799
see also BRST symmetry, Unphysical
degrecs of freedom

13

Wick rotation, 192-193, 292-293, 394,
807

Wick’s theorem, 88-90, 110, 115, 116,
288, 302

Width of a resonance, sce Breit-Wigner
formula,

Width of Z resonance, see Z boson

Wilezek, F., 479, 531

Wilson, K., 266, 393-394, 533, 547, 613

Wilson-Fisher fixed point, 405, 435, 439,
441, 445, 448-449, 454, 462, 466

Wilson line, 491-494, 504, 655-657, 783

Wilson loop, 492, 494, 503, 658, 783-784

Wilson’s approach to renormalization,
393406

z (kinematic variable in deep inelastic
scattering), 477478, 557
£ (correlation length), 272

[Peskin, Schroeder 1995]



The sum rule

BaSiCS: sum rUIe fOI’ e+e_ — hadrOnS [Shifman, Vainshtein, Zakharov 1979]

Based on:
o Quark‘had ron duahty [Poggio, Quinn, Weinberg 1976]
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The sum rule 14

Basics: sum rule for ete™ — hadrons isniman, vainshtein, zaknarov 1979]

Based on:
o Quark'hadron dual'ty [Poggio, Quinn, Weinberg 1976]
7
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The sum rule

BaSiCS: sum I’ule fOI’ e+e_ — hadrOnS [Shifman, Vainshtein, Zakharov 1979]

Based on:

L4 Qual’k-had I’OI"I dua“ty [Poggio, Quinn, Weinberg 1976]
Consider the smeared cross section:

_ A [® R(s")
R(s A)=— ds'— Y7
(s.8) T /0 ° (s’ —s)>+ A?
Related to forward scattering amplitude TT at off-shell momenta:

R(s.0) = M(s— iA)z—ilT(s+ in)

Off-shell partons do not hadronize. Thus, for suffficiently large A

ﬁpert(s, A) ~ éexp(s, A)

14



The sum rule

14
Basics: sum rule for et e™ — hadrons sniman, vainshtein, zaknarov 1979]

Based on:
L4 Qual’k-had I’OI’] dua“ty [Poggio, Quinn, Weinberg 1976]
® Analyticity of correlation functions

2
m? (2m)?
isolated poles from branch cut
pole bound
states

Figure 7.3. Analytic structure in the complex p2-plane of the Fourier trans-
form of the two-point function for a typical theory. The one-particle states
contribute an isolated pole at the square of the particle mass. States of two

or more free particles give a branch cut, while bound states give additional
poles.

[Peskin, Schroeder 1995]



The sum rule 14

BaSiCS: sum rUIe fOI’ e+e_ — hadrOnS [Shifman, Vainshtein, Zakharov 1979]

Based on:
e Quark-hadron duality oggio, uin, weinberg 19761
¢ Analyticity of correlation functions
Use Cauchy’s theorem

T(s)
1(e5)
R et
¢ 4amy?




The sum rule

BaSiCS: sum rUIe fOI’ e+e_ — hadrOnS [Shifman, Vainshtein, Zakharov 1979]

Based on:
¢ Quark-hadron duality (reggio, quinn, weinberg 1976
¢ Analyticity of correlation functions
Use Cauchy’s theorem and deform the contour

o o

e e

@—x—wwwww - e
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The sum rule

BaSiCS: sum I’ule fOI’ e+e_ — hadrOnS [Shifman, Vainshtein, Zakharov 1979]

Based on:
e Quark-hadron duality (reggio, quinn, weinberg 1976]
¢ Analyticity of correlation functions
Use Cauchy’s theorem and deform the contour

Im[MM(s)] | 1 TI(s)
/d s— Q2 27ri,¢|;_oodssQ2

Taking derivatives at Q2 = 0 yields the sum rule

o0 exp 2 n
ngp E/ dSR (5) QED 127 < d > -I-I-OPE(QZ)
0

sn+1 nl dQZ

= Mlh
Q%=0 !




The sum rule 15

Decay ConStal’lt in HQET [Broadhurst, Grozin 1992; Bagan, Ball, Braun, Dosch 1992; Neubert 1992]

Heavy-quark effective theory (HQET) igionten, Hil 1990; Georgi 19901:
e Describes IR dynamics inside heavy-light mesons

¢ Small momentum fluctuations around heavy quark at rest:
po = mqov+ k with k ~ Aqcp < mg

e Expansion in inverse HQ mass mq
LHQET = hyiv-Dh, + O(1/mg)

2,2
MB:mb+A+M

2my e

HQET decay constant:

(0|A )y s|B(v)) = —iF(u)v*



The sum rule 16

Decay ConStal’lt in HQET [Broadhurst, Grozin 1992; Bagan, Ball, Braun, Dosch 1992; Neubert 1992]

Consider the two-point correlator Rt
Mw) =1 [ dxe (OfT [[1(0)7 (0] 0}, j>®/
withw =p-vand j, = gy>h(+). q

Using a Borel transform (instead of derivatives) gives the sum rule

e w © w
/ dwe_TpP[ad(w):/ dwe™ % pQPE(w)
0 0
with the discontinuity

M(w+i0) —TT(w — i0)
2mi

pr(w) = F2(u)8(w—A)+ " (w).

Sum rule for the decay constant with cutoff w:

F2(up)e "t =/ dwe™ % prr(w)
0




The sum rule 17

Decay constant in HQET [Broadhurst, Grozin 1992; Bagan, Ball, Braun, Dosch 1992; Neubert 1992]

Good agreement with lattice but with larger uncertainties

Reference Method Ny fp+(MeV) fB,(MeV) B/ B+
ETM 13 [85] =1 LQCD  2+141 196(9) 235(9) 1.201(25)
HPQCD 13 [86] LQCD  2+1+1 184(4) 224(5) 1.217(8)
Average LQCD  2+1+1 184(4) 224(5) 1.217(8)
Aoki 14 [87] LQCD 241  218.8(65)(30.8) 263.5(4.8)(36.7) 1.193(20)(44)
RBC/UKQCD 14 88] ~ LQCD 241  195.6(6.4)(13.3) 235.4(5.2)(11.1) 1.223(14)(70)
HPQCD 12 [89] * LQCD 241 191(1)(8) 208(3)(10)  1.188(12)(13)
HPQCD 12 [89] * LQCD 241 189(3)(3)* = -
HPQCD 11 [90] LQCD 241 225(3)(3)

Fermilab/MILC 11 [69] LQCD 241  196.9(5.5)(7.0)  242.0(5.1)(3.0)  1.220(13)(23)
Average LQCD 2+1 189.9(4.2) 228.6(3.8) 1.210(15)
Our average LQCD Both 187.1(4.2) 227.2(3.4) 1.215(7)
Wang 15 [71] § QCD SR 194(15) 231(16) 1.19(10)
Baker 13 [91] QCD SR 186(14) 222 (12) 1.19(4)
Lucha 13 [92] QCD SR 192.0(14.6) 228.0(19.8) 1.184(24)
Gelhausen 13 [72] QCD SR 207(+)7 242(113) 117 ti)
Narison 12 [73] QCD SR 206(7) 234(5) 1.14(3)
Hwang 09 [75] LFQM - 270.0(42.8)1 1.32(8)

[PDG 2018]



The sum rule 18

Chetyrkin et al. 1986; Kérner et al. 2003; Mannel et al. 2011; Grozin et al. 2016;
Sum rUIe fOr Bag parameters [ Kirk, Lenz, TR 2017; King, Lenz, TR 2019 ]

Consider the three-point correlator I @@.}4

Kolwnw) = [ d¥xdbaeP e O[T [7,(e)0(0)7- ()] 0)

Going through the same steps one obtains the sum rule:

Wc
w

F2(u)(G(u)ye o % :/dwldwze‘ﬁl % pOPE (w1, ws).

0

with the double discontinuity o i N



The sum rule
Three-point correlator

NLO accuracy in the perturbative part requires a three-loop calculation:

P, (w1 w2) = Ag.pri(wi)pm(w2) + Apg. (w1, w2),

— AN

Factorizable contribution, reproduces Non-factorizable contribution:

the vacuum saturation approximation AP W2 e [ an .
B =1 (VSA) Po, = 2% an'G\wrbw

19



The sum rule 20
Deviation from VSA
Formulate sum rule for deviation ABy=Bs—1

1 r Awy  A-wp
88, = g gy [ dendens T og (.0
0

Dispersion relation is not violated by arbitrary analytical weight function
(Note of caution: Duality breaks down for pathological choices)

We
A_AN w1 Wy
Fiu)e a = W(/\,/\):/dwldwge_ T w(ws,w2)pm(wr)pr(wa)+. .. .
0

2% )
With the choice w (w1, w2) = thﬁ s (x L)W
i P (wi)ey (w2) c&m

obtain an analytic result for the pert contrlbutlon.

Cr as(kp) K
ABPert — W) b 1 log —£ | .
o (M) NAg 4m G\ 7% R
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The sum rule
SU(3) breaking effects
For the B? system we employ an expansion in ms/A ~ 0.2

DB () — o e R
; -
/\/cczé\;asﬂir){ C(}) (1 mes> +K2+m; [((?11) (1 Lo ) - éoi) <1 mes)}

2m; [ @
T may? ) (1L,

) =2 (L Lxem, ) #2058 (Ll )] +}

with
N.Cr w?w? o

A pert = 1Wo &s

P, (w1, w2) = 4 74 4m

O, L) + ('"+"’) $)x, L)

o?




The sum rule
Calculation of the three-point correlator

Generation of diagrams With QGRAF (Nogueira 1s81]

Dirac algebra with private implementation or TRACER pamin, Lautenbacher
1991]

IBP reduction with FIRES (smirnov 2014

Master integrals to all orders in € crozin, Les 2008)
Expansion of master integrals with HypExp iruver, maive 20071
Take the double discontinuity of the correlator

22



The sum rule

Calculation of the three-point correlator

O SO

Fignre 3 Examples for soft corrections to the non-factorizable part of the three-
point correlator (2.22). The red, thick light-quark line carries momentum of the
order of m, < w ~X.

ness we state the results

to the required order in ¢ using HypExp (33 For comple
78 = e, L) for m, = 0 previously presented in 13]

(2.30)

with
- 8o+ 6z) r<1, @)
~ %~ 6ln(x), r>1

m
@

(i, L) we obtain

18- canze) 204st)
st [ + h““]\)lu(:). r<l
@«~T27 73 2Ammeiint) (5 In(). > 1,

U’A‘A—]mq ')Ar‘ﬁ%, In(x), =<1
+6Ly v +{ 10
g In(e), @ >1

i
N L ageY)
P T AR R

Lot
)

5+

) In(e), w1
k) ). @ > 1,

|

@ 2
i
y = 2101 1) .
‘(’)’{ 22 21 — 1) - In(x)],
@

Last but not least, our results for the quadratic terms r(y

1, s
. (2:32)

with

< (2.33)

(L —a)fay  27%(1 — da +a?)
T 3
+{ st 22D 4 (9 gy 4 a?) In(a) — 4(1 — 2?)Lig(1 — 1/2), 2 <1 }

Hoetbrror) o) — g + 22) In(x) +4(1 - #)Lig(1 —2), x> 1,

31— L, + 20 ’;' e, %Inu-)rm

3 — 6z + 22%) In(z) - 2
62+ 32%) In(z) + 2(1

ri@) (1 3(1+2)
+52 (14 |nm)

(1 87 = Ha?) 5 — U () 402 In(r)
(1= %) () = 5(1 — a?)Lin(1 — 1/)
15— 82 — o)L - Lo atetiad (1)) ()
+(1 = ) In(x) + 5(1 - 22) Luu—«)

201 - #)Lig(1 — 1/2), x<1
ALl —x), x>,

(=) 4z + %)
[7‘ 3(1 — 2)* L, + 3

2 v 200°
1“('))711 bll+1J:

—4(1 - a)Liy(1 - 1/2), z<1 }

A1 -1 -2),  w> 1,
(2.34)
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Results and phenomenology 24

Bag parameters

¢ Determine HQET Bag parameters at low scale p, from sum rule
® Run up to u, ~ mp, and match to QCD Bag parameters at NLO

14F ]
L @ HPQCD'07 This work
= ETM14 [ SR+matching
L € FNAL/MILC'16 Iy SR ]
121 A GKMP16 . only i
LW FLAG19(2) |
® FLAGH9 (2+1) |
1.0+ q
0.8 * * e
0.6+ i
Il Il Il Il Il

—d —d —d —d —d
B Q B Q B Q3 BQA BQs



Results and phenomenology

Bag parameters

® Determine HQET Bag parameters at low scale p, from sum rule
¢ Run up to u, ~ mp, and match to QCD Bag parameters at NLO

1.4F
| @ HPQCD'07 This work
m ETM14 [ SR+matching
L € FNAL/MILC'16 lv SR |
121 A GKMP16 J only i
L w FLAG19(2) ]
® FLAG9 (2+1) ]
1.0+ R
o8l ¥ P
0.6 ]
1 1 1 1 1

=S S =S =S

=S
Bo, Bo, Bo, Bo, Bo,



Results and phenomenology
SU(3) breaking ratios

e Small SU(3) breaking effects ms/A x as(p,)/m ~ 0.02

® Using FLAG 2+1+1 (hatched band with 2+1) average for fg,/fg
we obtain the most precise result for

fo, =5 f -
e=7 By =1.2014+3,%95 — 1.2014+0.0050 ( BS> 500 (B3,

fs
o This work —.—1 This work
- RBC/UKQCD'18 - RBC/UKQCD'18
FLAG'19 (2+1) FLAG'19 (2+1)
—h—————— FNAL/MILC'16 Al FNAL/MILC'16
v ETM14 ETM'14
HPQCD'09 HPQCD'09
_—
0.95 1.00 1.05 1.10 115116 118 120 122 124 126 1.28 1.30
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Results and phenomenology

Bs mixing observables

AMSXD - (17-757:|:0.O21)ps*1' 0.12- & HFLAV
AMSSR - (185i%§)ps_1, 010l ] sum rules
i . - D Lattice
AMEE = (20.3113)psT ool B
Av. +1.0 -1 - verage
AMA- = (19.4110)ps T, o
&
0.04
AT = (0.0880.006)ps™?, 002
ArgR = (0.09175¢%)ps ™, 000 X :;pg:;’;?s
ArL = (01023 8)ps o
ATR = (0.007°38%)ps .

LHCb'19

ATLAS'19
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Results and phenomenology

B4 mixing observables

AMGP
AMSR
A Mlgat'
AMYY-

ATSP
ATSR
Arlc_!at.
ATAY

0.5064 +0.0019)ps*,

0.59610023) ps*,

(
(0.547739%5)ps 71,
(
(

0.5651 393 ) ps .

(

(2
(3.
(2

Ag[1073 ps™]

~1.34+6.6)-10 3ps 1,

38)-107°ps ™,
9)-107°ps ™,
779%)-103pst.

.6
0

No mixing
hypothesis

X

¢ HFLAV

t [ sumrules

|:| Lattice

|:| Average

0.0 0.2 0.4
AM,[ps™]

0.6
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Results and phenomenology

B meson lifetimes

i KLR17 101
1.2+ 1 SR+matching
: I only SR
i i
1.0 i + | { 10.
First state-of-the art i }
results for AB=0 08f i i
Bag parameters i _ 1-0.1
® BLLS98 |
06 m CY98 1
) Q- senigios }
04t L L 1 L L 1-0.2
B B € &
B+ B?
u 0) —1.076+0.004, u ;) — 0.994 40.004,
7(BO) exp 7(B9) exp
. 0
MBI _ 1 0g2r002 (B _ 0.9994 +0.0025.
7(BO) |sR ' 7(B%) |sr

28



Results and phenomenology

Heavy quark expansion in charm?

B-physics: HQE is well established approach, A/m, ~ 0.2 <1
D-physics: HQE commonly dismissed, A/m. ~ 0.2my/m. ~ 0.7~ 1,

29



Results and phenomenology

Heavy quark expansion in charm?
B-physics: HQE is well established approach, A/m, ~ 0.2 <1
D-physics: HQE commonly dismissed, A/m. ~ 0.2my/m. ~ 0.7~ 1,
But: HQE is really an expansion in A/momentum release

e AT, dominated by DM* DY final state, mom. release ~3.5GeV
D decays dominated by K=!~3 final state, mom. release ~1.7 GeV
¢ expected expansion parameter is of the order 0.4

Small enough for
convergence?
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Heavy quark expansion in charm?

B-physics: HQE is well established approach, A/m, ~ 0.2 <1

D-physics: HQE commonly dismissed, A/m. ~ 0.2my/m. ~ 0.7~ 1,

But: HQE is really an expansion in A/momentum release

® Al; dominated by Dﬁ*)+ Dg*)_ final state, mom. release ~3.5GeV
e D decays dominated by K=!~3 final state, mom. release ~1.7 GeV
¢ expected expansion parameter is of the order 0.4

Small enough for 7 shut up and

convergence? f
calculate!




Results and phenomenology 30

Comparison of matrix elements for D mixing

1.4
e ETM'14
= ETM'15
FNAL/MILC'17
1.21 This work (f57)
mmm This work (f}51)
5 1.04 {
(]
8 {i 1
0.8+
0.6

3(Qr) -3/2(Q) Q) Qo) 5/2(Qs)
¢ Good agreement with lattice (using lattice results for the decay
constant)

e | arger uncertainties due to lower matching scale compared to B
system



Results and phenomenology

D meson lifetimes as test of the HQE

31

Good description of lifetimes in charm sector: (e, Tr201; kirk, Lenz, TR 2017

D+
7( 0) —2.536+0.019,
T(D ) exp
T(DT)
=2.7079%.
T(DO) SR —0.82
5F
PS scheme
4 A
al s)(i—f 1
(DY) B
)N = e
; —— NLO
_____ Lo
Exp
ok

10 15 20 25 30
u1[GeV]

—_ D+

7( so) —1.20240.019,
T(D ) exp

_ D+

7( so) —1.1940.13.
T(D%) |sr

Good convergence:
NLO QCD +28%, 1/m, -34%.

7(DT)
7(D9)

=141672(0.25)°[1 —0.34]

Good behaviour under scale
variation above about 1 GeV.



Results and phenomenology

Lifetime overview

32

Lifetime ratio (D system)
.0 4.5 5.0

1.0 1.5 2.0 2.5 3.0 35
(D *)/t(DY
0 ® HFLAV: 2.536 +0.019
AN HQE: 2.7%974
T(BY)/T(BY)
- e HFLAV: 0.994 + 0.004
HQE: 0.9994 + 0.0025
(B *)/T(BY)
= e HFLAV: 1.076 + 0.004
@ HQE: 1.082#3922
1.00 1.05 1.10 1.15 1.20

Lifetime ratio (B system)



Results and phenomenology 33
Impact on CKM picture

Unitarity triangle (UT): Display the rescaled unitarity relation

ViaViy | VeVl ViaVih _
Ved Vc*b Ved Vc*b Ved Vc*b

Overconstrain the UT to check the SM (e.g. 4th generation)

0.7

— T T T T T T T

06 d £ Summer 18

0.5
sol\w/\cos 2 < 0

(excl, at CL > 0.95)
0.4

03

0.2

/A
R
H1IH11thhthththH

0.1

0.0
- 0.2 0.4 0.6 0.8

o

ol



Results and phenomenology

Determination of CKM elements
Assuming the validity of the SM we get a precise determination of |V;4|
and |V;s| and in particular the ratio from

Vied 2
Vis

AMy
AM,

1 Mg,
£ Mg,

4450 This work
4.3F ORBC/UKQCD'18
O FNAL/MILC'16
4.2} ;2 CKMfitter'18
44 - UTit18

" [ i CKMF'18 (Tree)
4.0¢

3.9F
3.8F

3.7k . . . . e
7.0 7.5 8.0 8.5 9.0 9.5

[Vial [107°]

[Vis| [1072]




Results and phenomenology

Determination of the top-quark mass

Top-quark mass is an important input parameter, e.g. for
e Stability of the EW vacuum
e Electroweak precision observables

Instability
s0a0f
)
7 c_,\w\ -
107 o 08k
175 A X
=
= 108 8
S > 80.37F
) . Es
= 10
= 1010
1 P
170} 4 L 036
# . direct (1)
s indirect (10)
80.35F
e all data (90%)
Absolute stabilty 0 AT T2 ATS ATa o ATs 176 A7 78 178 1
165 m, [GeV]
120 25 130 13 140 '

My, GeV

[PDG 2018]
[Bednyakov, Kniehl, Pikelner, Veretin 2015]
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Results and phenomenology 35

Determination of the top-quark mass

Top-quark mass is an important input parameter, e.g. for
e Stability of the EW vacuum
¢ Electroweak precision observables

Direct measurement mMC = (173.040.4) GeV by reconstruction from
decay products corresponds to Monte-Carlo mass. Uncertainty in
scheme conversion difficult to assess (Hoang, iatzer, samitz 2018)

Determination of MS mass from mixing
me(m,) = (15778)GeV = (1577 (had.)*9 (u)*] (param.)) GeV,
compatible with result from cross section measurements rroc zo1g)

m:(m:) = (16075) GeV.
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Predictions for B, /4 — "™

Likelihood contours for
2 AlNn(L)=23,62,11.8

& o o o e S o o o o SN
o 1.2 —— Run 1 data
7 w = ATLAS —— 2015-2016 data
id Bl 1 Run 1 +2015-2016 data
/ \ EL ——— LHCb Run 1 + partial Run 2 data
\
| 1 0.8
o
Q
@

Lo Do b b b b baaa b

B(BY - u* u)[10°7]

b
f

~

GF W Bq Bq
~omrg, %

Br(By— IT17) =

o Veal* mf 1— |CA( )| +O(ctem)
Bq

with Ca known at NNLO QCD plUS NLO EW (gobetn et al. 2013



Results and phenomenology

37
Predictions for B, /4 — "™

Dominant uncertainties from CKM elements and decay constants
cancel in the ratio

Br(By — I+1-) _ 3GEMjymiTgs am?  |Ca(w)?

AMq a w3 Mz, So(xe)isBg, (1)

Gives alternative predlctlon W|th BQ ( ) as onIy relevant uncertalnty

1.2F
] Thls work

s i3 FNAL/MILC'17
5 117 ¢35 Beneke'17
= FNAL/MILC'16
13. 1.0F Bobeth'14
? "3 Experiment
T
£ 0.9
m

0.8L ‘ ‘ L, :

1.0 15 2.0 2.5 3.0

Br(Bs—4" 1) [107°]



Summary and outlook

* Sum rules provide highly competitive alternative to lattice
simulations for the matrix elements of 4-quark operators and truly
independent comparisons.

® The HQE is in terrific shape. Lifetimes even look promising in the
charm sector.

* Mixing gives strong constraints on models that are frequently
invoked to explain the current ’anomalies’.

e First state-of-the-art results for AF = 0 matrix elements.
Confirmation from lattice desirable.
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Summary and outlook

Sum rules provide highly competitive alternative to lattice
simulations for the matrix elements of 4-quark operators and truly
independent comparisons.

The HQE is in terrific shape. Lifetimes even look promising in the
charm sector.

Mixing gives strong constraints on models that are frequently
invoked to explain the current ’anomalies’.

First state-of-the-art results for AF = 0 matrix elements.
Confirmation from lattice desirable.

NNLO QCD-HQET matching calculations can significantly
decrease uncertainties. (r: crozin, Mannel, Pivovarey 2017718
Uncertainties in decay rate difference and lifetimes can be

reduced considerably by a sum rule determination of the
dimension seven matrix elements.
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Backup: Bs mixing in the Standard Model 39

Determination of mixing matrix

s
2Mp, (Mﬁ ! 212>

>, = R AB|=
:<B° ‘ LjiaBI=2 ) BO>+Z (BY| HIABI=1| ) (n| B2 | HIABIST| BY)
s s . Mg, — E, + i0
Short-distance part: Long-distance part:
only contributes to M5, contributes to both (M;° < M5;P)
With Xq =V, and the unitarity relation X, +Xc + X = 0 we get
l\/lfz x Z Xgrg F(q.q")
q,9'=u,c,t

=M2[F(c,c)—2F(u,c)+ F(u,u)]
+ 22X e[F(c, t) — F(u,t)— F(u,c)+ F(u,u)]
+ N2[F(t, t) —2F (u, t)+ F(u,u)]



Backup: Bs mixing in the Standard Model 39

Determination of mixing matrix

s
2Mp, <Mf2 ! 212>

_ /50| yinBi=2 | go (Bg| 512 [ n) (n| BZ|HIAET | BD)
_<BS‘H )BS>+¥ Mo, E, 110
Short-distance part: Long-distance part:

only contributes to M5, contributes to both (M3-0 < M£:SP)

With Ay = V. Vg, and the unitarity relation X, + Ac + X; = 0 we get

M3, o Z Xrg'F(q.q")

q,9'=u,c,t

~ Af[F(t, t)—2F(u,t)+ F(u,u)] « AfSO (I\I;év>

where F(q, q') is the contribution with quarks g and ¢’ in the loop and
we approximate m2 /M2, ~ 0 and m? /M3, ~ 0.



Backup: Bs mixing in the Standard Model

Heavy-quark expansions for lifetime (differences)

Use the optical theorem:

r(8Y) = 2/\}782 <Bg Im (i/d“xT [HABl‘l(x)HABI‘l(O)D 'Bg>

40



Backup: Bs mixing in the Standard Model 40

Heavy-quark expansions for lifetime (differences)

Use the optical theorem:

r(8Y) = 2/\}782 <Bg Im (i/d“xT [HABl‘l(x)HABI‘l(O)D 'Bg>

and apply an OPE for small x, i.e. large momentum release

C§<Bq|5b|8q> i@ﬁ g 2#

_ Ggmy |[Vokm?

"(Ba =) =1o2m3 2Mg




Backup: Bs mixing in the Standard Model 40

Heavy-quark expansions for lifetime (differences)

Use the optical theorem:

L Im (; / dixT [HABI—l(x)HABI—l(O)D

(8= 5y (82
BS

Bg>
and apply an OPE for small x, i.e. large momentum release

b b b b
GEm} |Vokml® | 7 > —&
= B, | bb|B
19273 2Mpg =] < Q| | Q> bb

B,|bgs0,,G*b|B b b b b
e 7 = ﬁ@ 3
bgsouwGHb/m}

[(Bg — f)




Backup: Bs mixing in the Standard Model 40

Heavy-quark expansions for lifetime (differences)

Use the optical theorem:

Im (i / d*xT [HAB|—1(x)’HAB|_1(O)D

B°>

and apply an OPE for small x, i.e. large momentum release

GZmS |Vorm|? _ b b L, bgb
r(Bq—>f):1;277rg My cs (Bq| bb|Bg) ‘B.b‘
B, | bgsou,G*'b| B b b b b
o (Bol BB Ge| By % -l
b
(Bg | Br; qqr b|Bg) b9 GHVb/m3

+Zf b >

b b

q BFiqu;I) / mg

1
(89 = gy (88
B¢

0@ /m‘g)] g



Backup 41
More flavor news from Moriond 2019: CP violation in charm [r set for LHco]

Partial cancellation of experimental uncertainties in difference

AAcp = Acp(D? — K~KT) — Agp(D® — 7 nt)

m-tagged (6 1b71) - Lucb-parer-2019:006 | - SM prediction is very challenging:
J-tagged (6 ) . Heoeaper201s005 ) OM €xplanation requires
enhancement of penguin effects by
m-tagged (3 fb™1) — PRL 116 (2016) 191601 .
an order of magnitude compared to
p-tagged (3 o) — JHEP 07 (2014) 041 naive PT expectation
p-tagged (1 fb~1) ———— | PLB723(2013)33 i °
m-tagged (0.62 fb™1) —_— PRL 108 (2012) 111602

PP R I O |
-1-050 05 1
A Acp %]

AAcp = (—15.4+2.9) x10™*

Discovery at 5.30!



Backup

Finite ms effects in the sum rule for the decay constant

Exact ms dependence at LO:

() = o (G-t ma) /e~ 0 — ma) +O(es)]

The finite-energy (FESR) version of the sum rule with ¢t — co gives

Nc ms
Fo(uo)lresn = 5 <wc_7) (e +2m) /a2 — m2
3m§
+

) +O(as)+ [condensates]]

In
(wc—&—\/wz—mz




Backup 43

Finite ms effects in the sum rule for the decay constant

Split the integration at an arbitrary scale v with m; < v < w,

We

/dwe—%Pn(w)Jr/dwe—%T%[Pn(w)]

v

ms

Taking the limit v — m; after the expansion the first term is polynomial
in my starting at m3. Thus, knowledge of expanded discontinuity is

sufficient to obtain result up to m?

We
Ncwg

Tms /dwT%[Pn(w)] = om?

ms

2we  2w?Z W3

3ms _ 3mg  mg <13|nm§> T




Backup

Results for CKM elements

[Vislsm (40.74%33) 1073
(40.747135 (had.) *393 (1) +0.05 (param.)) - 10—,
Vidlsr (8.367933)-107°
= (8.36792% (had.) *3:%2 (1) +0.02(param.))-1073.

Ves|ckmtiter =  (41.697535) 1072
Vealokmiter = (8:71070:958) - 1072,

(41.631932)-1073
(9.0813%3)-1073.

|Vts ‘CKMfitter, tree

|th‘CKMfitter, tree
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Backup 45

Results for CKM elements

Via/Vis|gr = 0.204515:5512 = 0.2045+3:551 (had.) +0.0004 (exp.),

\Vid/Vis| = 0.20524+0.0033 [FNAL/MILC'16],
\Via/Vis| = 0.20187339%0  [RBC-UKQCD'18].

|Via/Ves| = 0.20881000%%  [CKMfitter],
|Vig/Vis| = 0.21140.003 [UTIit],



Backup

Individual errors for the Bag parameters of the AB =2 matrix elements

46

AB=2 A intrinsic SR condensates 79 1/my Um aj
Bo, |38 ool o0 (M w000 (33 (g
Bo. | 0% w00 so0ms 9% soow 9% %o
Bo, | 9% 40a07  zoo23 3% soowo R 4
Ba, Tooos  +0.021 0011 TGG3 £0010  FOEES Oo0%
Bo, | '$% 40018 o000 M ool (0% oo

Individual errors for the Bag parameters of the AB = 0 matrix elements

AB=0 A intrinsic SR condensates Ko 1/my Lm a;
B | 9% sooo  soom  ‘9E sooi0 (5% 5
B | 0% oo soom 9 sooo g% 8
a | 1% oo o3 ‘9% ool 9% rowe
o | 0% soow  sooss 9% soo0 o g




Backup

AMMps™']  ArfSpsT']  aMMpsTl]  ArsMiio—lps!
Bg, +1.1 +0.005 +0.031 ro1e
BQ, +0.0 +o.000 40.000 o
B, £0.0 40.004 £0.000 40.10
Bg, £0.0 40.000 £0.000 40.01
E;,l £0.0 40.000 40.000 40.01
Bg, +0.0 +0.018 +0.000 +0.53
B, £0.0 40.000 40.000 40.00
Egg £0.0 £0.000 £0.000 +0.01
fBg +0.2 +0.001 pryed +0.04
B £0.0 o008 40.000 o
w2 +0.1 o0 o0 oo
mp +0.0 o000 £0.000 roo
me £0.0 40.001 40.000 40.02
o 40.0 40.000 40.001 40.01
oM | %3 e e o
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Backup

Individual errors for the ratio 7(B*)/7(B°) in the PS mass scheme

B B> €1 €2 P3 P4 03 o4
+£0.002  +0.000 f9%1¢ +0.004 +£0.001 +0.000 +0.013  =£0.000
fB B Ko mp mc as CKM
-+0.004 0.000 +0.000 0.000
—0.003 t0.013 —0.006 to.om +0.000 +0.002  +0.006

Individual errors for the ratio 7(D*)/7(D°) in the PS mass scheme

B B> €1 €2 P3 P4 o3 o4
00T +0.00 952 +£0.017 +£0.05 +0.00 +0.46 +0.00
fB K1 MO mc ms s CKM
+0.07 +0.08 +0.07
+£0.08 1997 9% +t0.08 £0.00 57 +0.00
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