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Flavour Physics

There are (at least) six kinds (=Ravours ) of quarks

' Proton p = |uud"
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I (Heavy) Flavour Physics describes hadrons with a charm- or a bottom-quark
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e Testofour understanding of QCD
o Develop QCD tools for other fields
Effect. Tneories) SR

e Determination of SM Parameter

e CP violation - Bargogenesis
e Indirect new Pngsics searches
o Constrain extensions of the SM: NP models, DM, ...

Practical reasons:
e Thereis alot of data

° Tﬂeorg works well

e There are some deviations around




QCD Tools tor Collider, Dark matter
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EfHective Theories - Fermi Theory
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M4 This Analysis

+ LHCb 2013

4+ LHCb 2015
B SM from DHMV

e

| CDF 9.6 b™"

ATLAS 19.2 fb™'

\s=7TeV, 49 fb"’
\s=8TeV,20fb’

lllllllllllllll

Contours for -2 Aln(L) = 2.3,
6.2, 11.8 from maximum of L

B(Bs — u* p)[107

—nmer 2015

CZ'\(A)Sfb"' 68% CL contours
(Alog £ = 1.15)
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Consequences for theorg:

higher Precision needed :
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e revisit common assuml:)tions
A. How arge are Penguins’?

B. How arge can clualitg violation be?

C. How arge can new Phgsics etects

in tree-level clecays be?
D. How well does QCD factorisation work?
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On the ultimate Precision of meson mixing observables

160%.07770

Thomas Jubb) Matthew Kir|<, AL, Gilberto Tetlalmatzi-Xolozcotzi

Bounds on clualitg violation in " 9 and agl
Connect these bounds with ! (Bs)/! (Byg)

How can you be sure that you found new Phgsics s kS y

agl and/or in ! (Bs)/! (Bq) 7 (ComPare Pé and ! Acp )

D-mixing: could clualitg violation solve the clisc:repancg

between experiment and theory?

How Precise will the theorg of the mixing quantities be in the

near future? An aggressive numerical estimate.
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What is dualitg (violation)?

1970 Blom) Gilman for e-p scattering

1979 Poggjo, Quinn, Weinberg for e+e- to hadrons
Basic idea: Sum overall hadrons = c]uark level

Our definition: clualit9 violation is deviation from HQE
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Actual expansion Parameter is momentum release

MZ2L M
Taylor expansion of in x does gjve zero

Channel| Expansion parameterx ,|Numerical valug  exp[l 1/x]

b" ces||#——$ L 1+27¢ | 0054/ 058 |9.4410°! 0.18
mﬁ! 4m2 Mp mb#

b" cas|#——$ L 1+1M | 0045! 049 |1.9410 °! 0.13
mZ! m2 b my

b" uwes B = 0.042! 048 |4.2410 ! 0.12

mg! 4mg M

Best candidate: b! cec<




Old hints for dua

litg violations

* missing charm Puzzle, 5emi~lePtonic branching ratio

solvec ]39 experiment and theorg Krinner, AL, Rauh arXiv:1505.5390
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o Bg— li?@timé, about g -

e Di-muon asymmetry 0.90,

2003

DO co”aboration) about 3 !

i{:étiméj solved bg exp. 1.00}

0.98
mostly LHCh, AL arXiv:1305.5590 &€ 445
2 094

0.92-

2009 2011 2013 2015

Year

2005 2007

sti“ not completelg settlecl: more tlﬁeorg wor\< and experimental values of:

d S

Ug| 4 Qg and !" d needed



http://arxiv.org/abs/arXiv:1305.5390
http://arxiv.org/abs/arXiv:1305.5390

Meson Mixing

1C1u

IM 12|, |'! 12| @and ¢ = arg(! M5/! 15) can be related to three observables:

B Mass difference: " M = My ! M| " 2|M 3] (off-shell)
IM 15| : heavy internal particles: t, SUSY, ...

B Decay rate difference: "! =1, 1 14" 2! 15] coS¢o (on-shell)
|! 12| : light internal particles: u, c, ... (almost) no NP!!!

B Flavor specibc/semi-leptonic CP asymmetries:  €.9. Bq # Xl v (semi-leptonic)

I I
(B # )L I Bg)# ) iy,
B e e e
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Calculation mixing observables

Calculating the box diagram with an internal top-quark yields

G2 y
M2, F!Fz(v;qvtb)zlvl iSo(X¢)B B, f 3, M 5, 6
m 1 loop calculation Sp(x; = m2/M 3,) Inami, Lim,f>81
m 2-loop perturbative QCD corrections 6g Buras, Jamin, Weisz, 090
® Hadronic matrix element: %BquéqMBq = 18 |89 v+ 4(BYv- 4|B," FLAG

Decay rate difference: Second OPE = Heavy Quark Expansion (HQE)

! " ! 3# $ I " ) 4# $ I " " 5#
| 5 = R S 1 A T O
' | 47 3 m, ° mp, >

+ ...

’96: Beneke, Buchalla; ’98: Beneke, Buchalla, Greub, A.L., Nierste;
’03: Beneke, Buchalla, A.L., Nierste; '03: Ciuchini, Franco, Lubicz, Mescia, Tarantino;
’06; '11: A.L., Nierste; '07 Badin, Gabianni,Petrov
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Current status of mixing

observables
Observable SM Experiment
SV (I8 S Qs (17.757 £ 0.021) ps™*
e (0.088 £ 0.020) ps~* (0.082 = 0.006) ps™*
ag) (2.22+ 0.27) a10~ (=750 £ 410) &10~°
e a MEARTT (R 073 ) a1 07 46.2 (1£ 0.073) a10~*
" My (0.528 = 0.078) ps~! (0.5055 = 0.0020) ps~*
alhey (2.61 = 0.59) 4107 % ps~*|0.657895(1 £ 10) 410 % ps~*
al (—4.7% 0.6) 41074 (=15 17) &10—*
"l g/" Mgyl 49.4(1£ 0.172) a10~* 13.0147 (1 £ 10) a10~*

New numerical analgsis In
Artuso, Borissov, AL; arXiv:1511.094-66 [hep»—l:)h]

_.-'-?‘.a_‘,w—._'\___ R ——— - ——— = B e — e P — e - —— SRS ——————————— NS


http://arxiv.org/abs/arXiv:1511.09466
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Error ComPosition

TaR this work | LN 2011 | LN 2006
Central Value ||0.088 ps *[0.087 ps *|0.096 ps *
| (Bg,) 14.8% 17.2% 15.7%
' (fa. VB) 13.9% 13.5% 34.0%
I () 8.4% 7.8% 13.7%
| (Vep) 4.9% 3.4% 4.9%
1 (Bs) 2.1% 4.8% 3.1%
| (Br,) 2.1% 3.4% 3.0%
1 (2) 1.1% 1.5% 1.9%
| (1) 0.8% 0.1% 1.0%
| (Bg,) 0.7% 1.9% L
| (Bg,) 0.6% 05005 e
1 (BR,) 0.5% 0.8% S
1 (Br,) 0.2% 0.2% s
| (ms) 0.1% 1.0% 1.0%
| (#) 0.1% 0.3% 1.0%
(" s) 0.1% 0.4% 0.1%
L (|Vib /Viep|) 0.1% 0.2% 0.5%
| (@ (m01) 0.0% 0.0% 0.0%
il 228% | 245% | 40.5%

R S ——



W-“N\‘.-Mﬂv.v TR ¢ e

b ’ q b ’ q

We have three contribution (cc,uc=cu,uu) with CKM factors

In the ratio | 9 /M Y many theory uncertainties cancel
12 pa ety Y

St Al
NG A
-
S L al
M, l

The ratio can be further modified to (using CKM unitaritg)

I R R L P e
M1 AZM 5,

s,cc s,cc s,uc 2 1s,ce s,uc s,uu
'35 ATy =195 A\ 1 =21 4+ 1)
+2 i

M1, At M1,

It I ~S
At M7,




lml:)lementing clualitg violation

We exl:)ect dualitg violations to be more Pronounced
it the final state Phase space 1S becoming smaller

our ansatz: H350 _ §SSO(1 44" |

HEAS 5 (L4 ),

L

We get the Fo”owing clel:)enclence of mixing observables

Observable B B
- | 481(1+3.95)410 4| 495(1+3.76) 410 *

", | 0.0880(1 +395 ) ps T[2.61(1 +3.759) 410 3ps !
aj  |2225(1—2231) 410 5] —4.74(1—245!) 410 *

R~ “ra — e - . —_—— e —— T T T el < — e S e e - —_—— A . e . .. I et —— =~
DR T8y et . e - T — .
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Dualitg violation in B-mixing
AT, Exp AE. SM+DV
AM: = RV
46.2(1 £ 0.073) - 107 * = 48.1(1 £ 0.173) - 10" *(1 + 3.950)
= § € [—0.0583, +0.0380]

0.1

10.2-

10.3"

03830802 -+ 071500 =0l S PR 3
6CC
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What do these bounds mean?

Is it NP or QCD if we find a deviation in a.; and AT's7 |

m Future Scenario
1 SM

" Duality Violation
W Experiment

Dualit9 violation cannot explain dimuon asgmmetrgl

0.01

-0.02

s Sy T T T s I T

-0.01}

How can the clualitg bounds be imProvccl?

T
S,exp
d,exp
d,theory
Ag|
d,future
= }
i
\ \ | | *
-0.01 0.01
d ';
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Complementarg clualitg bounds

'Yy and T(BS)/T(Bg) have very similar contributions

1.000; \\

0.995

I

[] Current experiment
1 Scenario |

| Scenario |l

[] Theory

0.990 |

1(Bs)/t(Ba)

0.985"

0.980

— S~ 4 — e - e TR N -
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lmProve Precision 18 mixing for

more Precise clualitg bounds

dominant uncertainty of the cluali’tg violating bounds

stem Currentlg from the theorg uncertainty in | sz / M fz

I

Non~]:>erturbative matrix elements of dim 7

oPerators: assume VIA,1.e. B =1+0.5

Non~l:>erturbative mart elements of dimension 6
operators, e.g. | £ B

Renormalisation scale clel:)enclence

| attice + NNLO QCD needed




Recent lattice 5tucl9

Fermilab-MILC 1602.0%560
I. Precise values for 5 ditferent dim 6~oPera’cors
Turns out that VIA works Per’r‘ectlg for all of them: all B’s are within [0.8,1.2]

3. Overall normalisation of their results seems to be hig]'x

This lattice stuclg is the basis of an aggressive new numerical estimate

Take the dim & values from Fermilab-MILC
Assume a smaller uncertainty for the dim 7 operators: BR — 1 +0.2

ek
*

Use uPdatecl CKM input comparecl to Artuso, Borissov, AL

AN

. Use exact ec]uations of motion for dim 7 operators

—— T e e T i, I T e e

Observable SM - conservative SM - aggressive Experiment
AM, (183% 2.7)ps* (20.31+ 1.34)ps! (17.757+ 0.021)ps!
AT, (0.088+ 0.20)ps!| (0.1001+ 0.0134)ps! (0.082+ 0.006) ps!

as (2.22+ 0.27)410°| (2.272+ 0.249)410° (-75+ 4.1)410°°
!!" 0 481(1+ 0.173)a10 493 (1+ 0.117) 46.2(1+ 0.073)a10
AM, (0.528+ 0.078)ps! (0.615+ 0.053)ps! (0.5055+ 0.0020) ps*
ATy (2.61+ 0.59)410 3 ps1{(3.10+ 0.49)410 ° ps !{(0.658+ 6.579)410 3 ps!
a?) (—4.7+ 0.6)410%| (—4.88+ 0.54)410* (-15+ 1.7)410°°
e 494 (1+ 0.172)a10* 504 (1+ 0.130) 130147 (1+ 10)a10°3

————



Aggressive MIX] ng, estimate

MSMagr.
AM}EXP = 1.144(1 = 0.0659)(1 % 0.0012)
— 1.144(1 £ 0.066),
FSMagr.
AA;—EXP = 1.22(1 £ 0.134)(1 £ 0.073)
=1 L SRR 5 e
(&)Exp.
e e = 0.937(1 £ 0.117)(1 % 0.073)
AT :
(85%)
= 0.937(1 £ 0.138)
SMagr.
S = i 1.2173(1 £+ 0.0867)(1 £ 0.0040)
AM?

— 12322 1:0°09)%
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Aggressive MIX| ng, estimate

lnterl:)retation

I. Lattice artefact... has to be determined bg ditferent groups
2. VIAfordim7 operators might not be valid - calculate clirectlg
0 Ver9 Iarge NNLO-QCD corrections - calculate them

4. New Phgsics in M 32

1

New Phgsics/ clualit9 violation/ experimental fluctuation in F%Q
6. New effects have to cancel roughlg in 1—%112 /M1q2

Write many papers with NP efHects in mixing.
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Charm mixirxg: status

‘.ixl:)erimenta”g well established

AMp = (DY) = 0.00902ps !,
ATp = 27(%0) _oospst.  TIFAG 2015
T]’)eorgz

I.  HQE based aPProaclﬁ gives results 3_4 orders below exl:)erimentl
2. Exclusive estimate gives results in the cxPerimental ballpark

l:alk, Grossman, Ligeti, Nir, Petrov, 2002, 2004

best estimate, but not a first Principle aPProach

=> HQE in charm does not work?
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Peculiarities of the charm 595tem
Pio= =X (I55= 2B LR + 23 Ne(Ihs —ERr— AT

Severe GIM cancellation CKM hierarch9

e SR B R e IO A2 = 4.81733 - 1072 = 3.00433 - 10°-°F,
[sd _ 14 — 9765 4 22Xy = 2.49872 - 107" + 5.90908 - 10~°1 ,
12 12 o . cee o
Pdd _ 1 8606 Ap = —1.48814-107° + 1.53241 - 107°I.
Db

ke,

Wlﬂy does the HQE not work?

1. Hadronic effect? Test with charm lifetimes AL, Rauh arXiv:1305.3588

2 Higher dimension terms in HQE are not GIM suPPressecJ: Bigi) Uraltsev hepph/
0005089; Bobrowski, AL, Riedl, Rohrwild 1002.4794

3. New Phgsicsl
Use our clualitg model

-~ — - - — -
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Charm mixing VS. Dualitg violation
R e e
s lii . U
i %9 = 0.04
0-1:‘ M 6% =0.08

Y Y

Dualitg violation as low as 20%, sutficient to explain

the experimental value of charm mixing!

Ry W g s T e W, A Wy P -~ e T -
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Conclusion+Outlook

° Dualitg violations can be constrained best bﬂ AFS /AMS
more Precise measurements of AL sneeded
more precise theorg values: dim7, dim 6, NNLO-QCD
o Dualitg violations in semi~|el:>tonic asymmetries cannot be arbitrarilg large

measure Clzl more Preciselg to find unambiguousl NP

0 Complementarg information from T(Bg)/T(Bg)
measure T(Bg)/T(Bg) more Preciselg
lattice values for T(BY) /T(BY)

o New lattice results Point towards slight deviations in B-mixing
new inclepenclent lattice results

o Charm~mixing might be explainecl bg small dualit9 violation

Test with charm -lifetimes: lattice values needed




