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Introduction

On behalf of the organising committee we would like to
Invite you to give a talk on the status and long-term
prospects of CP violation in beauty and charm (with a
focus on charm), assuming that LHCb would increase the
statistics by a factor 100 with respect to Run-1. = 300/fb,

This can easily fill a many year research programme
for several people

Previous editions

http://www.hep.manchester.ac.uk/theatre-of-dreams/index.html
e https://agenda.infn.it/conferenceDisplay.py?confld=12253

: A.lLenz LHCh Upgracle 2018, Annecy
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CP violation in the B! system
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- CPVin Formulae Example | Problems
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* Decay Adarcrr () = 5300 S 7)1 (B0 = f) BS — K T phases+
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Total decay rate can be expanded in inverse powers of mb

Each term in the series can be further expanded in the strong
coupling

Each term is a product of a perturbative function and the matrix
element of Delta B = 0 operators (lattice , sum rules)

Mixing obeys a similar HQE

Now Delta B = 2 operators appear (lattice , sum rules)




Dimension-six matrix elements for meson mixing and lifetimes from sum rules
M. Kirk, A. Lenz, T. Rauh (Durham U. & Durham U., IPPP)

HFLAV: 0.994 + 0.004
~r HQE: 0.9994 +0.0025

(B *)/T(B)
e HFLAV: 1.076 +0.004
v HQE: 1.08213-932

1.15 1.20
Lifetime ratio (B system)
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http://arxiv.org/abs/arXiv:1711.02100
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HQE for B mesons - Mixing

* Most recent lattice results

- HQET sum rules agree

» First steps towards NNLO

Bs-mixing matrix elements from lattice QCD for the Standard Model and beyond
Fermilab Lattice and MILC Collaborations (A. Bazavov (lowa U.) et al.).

Phys.Rev. D93 (2016) no.11, 113016 arXiv:1602.03560 [hep-lat] |

Towards next-to-next-to-leading-log accuracy for the width difference in the B s — system:

Dimension-six matrix elements for meson mixing and lifetimes from sum rules !
M. Kirk, AL, T. Rauh (Durham U. & Durham U., IPPP)
JHEP 1712 (2017) 068 arXiv:1711.02100 [hep-ph]

;

1

H.M. Asatrian, Artyom Hovhannisyan (Yerevan Phys. Inst.), Ulrich Nierste (Karlsruhe ), Arsen Yeghiazaryan

JHEP 1710 (2017) 191 arXiv:1709.02160 [hep-ph] | '
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Observable

Exp.

Theory

AM,

(17.757 £ 0.021)ps~*

One constraint to kill them all?} |

(20 01 4+ 1. 25)ps_ 1 Luca Di Luzio, Matthew Kirk, ALE S

(Durham U., IPPP).

AT,

(0.090 & 0.005)ps !

(0.100 + 0.013)ps ™| | aasestrtziaarz bopon

S
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60 E280) 10

(2 . 27 :t O . 25) : ]_O_ z On the ultimate precision of me%on

mixing observables :
Thomas Jubb, Matthew Kirk, AL, Gilberto
Tetlalmatzi-Xolocotzi (Durham U., IPPP

Observable

Exp.

Theory

Nucl.Phys. B915 (2017) 431-453 §
arXiv:1603.07770 [hep-ph]

(0.5065 4= 0.019)ps~*

(0.615 & 0.053)ps

2010 10 ps

(31L£0.5) 10 Sps !
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https://inspirehep.net/record/1421164
https://inspirehep.net/author/profile/Nierste%2C%20Ulrich?recid=1622282&ln=en
https://inspirehep.net/author/profile/Yeghiazaryan%2C%20Arsen?recid=1622282&ln=en
https://inspirehep.net/record/1434979
https://inspirehep.net/record/1434979
https://inspirehep.net/search?cc=Institutions&p=institution:%22Durham%20U.%2C%20IPPP%22&ln=en
http://arxiv.org/abs/arXiv:1603.07770
https://inspirehep.net/author/profile/Di%20Luzio%2C%20Luca?recid=1643879&ln=en
https://inspirehep.net/author/profile/Kirk%2C%20Matthew?recid=1643879&ln=en
https://inspirehep.net/search?cc=Institutions&p=institution:%22Durham%20U.%2C%20IPPP%22&ln=en
http://arxiv.org/abs/arXiv:1712.06572

One constraint to kill them all?,
Luca Di Luzio, Matthew Kirk, AL (Durham U., IP
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Semileptonic clecays of B mesons

more complicated than HQE, but simpler than hadronic decays
one needs form factors as non-perturbative input é

g oDy TN

CP asymmetries in b -> s mu mu, e.g.

Symmetries and Asymmetries of B> K « p+ py-B — K « g + p — Decays in the Standard Model and Beyond
Wolfgang Altmannshofer (Munich, Tech. U.), Patricia Ball (Munich, Tech. U. & Durham U., IPPP & Durham U.), Aoife Bharucha (Durham U., IPPP & Du
Andrzej J. Buras, David M. Straub, Michael Wick (Munich, Tech. U.)
JHEP 0901 (2009) 019 arXiv:0811.1214 [hep-ph]

CP asymmetries in b -> s gamma, e.g.

Time-dependent CP Asymmetry in B ---> K* gamma as a (Quasi) Null Test of the Standard Model
Patricia Ball, Roman Zwicky (Durham U., IPPP).
Phys.Lett. B642 (2006) 478-486 hep-ph/0609037

Next step: b -> d gamma, b -> d mu mu, e.g.

Hadronic effects and observables in B—»>m €+ € -B — 1w € + £ — decay at large recoil
Christian Hambrock, Alexander Khodjamirian, Aleksey Rusov (Siegen U.).
Phys.Rev. D92 (2015) no.7, 074020 arXiv:1506.07760 [hep-ph]

A.lLenz LHCh UPgracle 2018, Annecy



https://inspirehep.net/author/profile/Altmannshofer%2C%20Wolfgang?recid=801892&ln=en
https://inspirehep.net/author/profile/Ball%2C%20Patricia?recid=801892&ln=en
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http://arxiv.org/abs/arXiv:0811.1214
https://inspirehep.net/record/725383
https://inspirehep.net/author/profile/Ball%2C%20Patricia?recid=725383&ln=en
https://inspirehep.net/author/profile/Zwicky%2C%20Roman?recid=725383&ln=en
https://inspirehep.net/search?cc=Institutions&p=institution:%22Durham%20U.%2C%20IPPP%22&ln=en
http://arxiv.org/abs/hep-ph/0609037
https://inspirehep.net/author/profile/Hambrock%2C%20Christian?recid=1377970&ln=en
https://inspirehep.net/author/profile/Khodjamirian%2C%20Alexander?recid=1377970&ln=en
https://inspirehep.net/author/profile/Rusov%2C%20Aleksey?recid=1377970&ln=en
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http://arxiv.org/abs/arXiv:1506.07760
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Hadronic decags of B mesons

Theoretical description of exclusive hadronic decays is much
more complicated - no quark hadron duality available

Promising: QCD-factorisation approach

1

(@) @IQUB®) = £77(0P) [ daT ) (a)
! | A
+ [ dededy T (€2, p)B0©O B @), 3) FO( = |7
J O mb

QCD factorization for B -> pi pi decays: Strong phases and CP violation in the heavy quark limit
M. Beneke, G. Buchalla (CERN), M. Neubert (SLAC), Christopher T. Sachrajda (Southampton U.)
Phys.Rev.Lett. 83 (1999) 1914-1917

hep-ph/9905312 | PDF

Cited by 1198 records

* NNLO QCD analysis underway

e AR W B gy TN

——

P
£
i

* 1/mb might be sizeable, so far not calculable
| A.lLenz e LHCh Upgaclezmc‘}, Arlnecg J
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Hadronic clecags of B mesons

We need the penguin over tree ratio

(m(p’)m(q)
(m(p’)m(q)

{ » a correction for mixin induced CPV
ds

* dominant term for direct CPV

SU(3)F clearly not exac;‘t

fB,/fB = 1.205(7)

How to estimate the size of penguins:
* Penguins via SU(3): Fleischer, Jung, Ciuchini, Mannel.....

 Penguins via QCD factorisation: Nierste m
b £

current theory precision O(1 deg) - difficult to increase!!!
LHCh Upgracle 2018, f\r}hecg J
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Evidence for CP violation in time-integrated D" — h~h™ decay rates
LHCb Collaboration (R. Aaij (NIKHEF, Amsterdam) et al.). Dec 2011. 8 pp.
Published in Phys.Rev.Lett. 108 (2012) 111602

Ch a rm LHCB-PAPER-2011-023, CERN-PH-EP-2011-208
DOI: 10.1103/PhysRevLett.108.111602, 10.1103/PhysRevLett.108.129903

e-Print: arXiv:1112.0938 [hep-ex] | PDF

/tIq . m / ‘D References | BibTeX | LaTeX(US) | LaTeX(EU) | Harvmac | EndNote

noun

1.

CERN Document Server; ADS Abstract Service
Detailed record - Cited by 340 records

the power or quality of delighting, attracting, or fascinating others.
"he was captivated by her youthful charm”
synonyms: attractiveness, beauty, glamour, prettiness, loveliness; More

a small ornament worn on a necklace or bracelet.
"the trinkets were charms from his wife's bracelet"
synonyms: ornament, trinket, bauble; archaic bijou

"he took the charms from his wife's bracelet"

delight greatly.

"the books have charmed children the world over”

synonyms: delight, please, win, win over, appeal to, attract, captivate, allure, lure, draw, dazzle,
fascinate, bewitch, beguile, enchant, enthral, enrapture, enamour, seduce, ravish,
hypnotize, mesmerize, spellbind, transfix, rivet, grip; rare rapture
"he charmed thousands with his singing"

control or achieve by or as if by magic.
"a gesticulating figure endeavouring to charm a cobra"
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What can theorg tell about charm?

Try to save work: poll among worthy colleagues

Q:”’What did we learn from the A A~ p-Saga?” '
...one should not jump on every Jo-effect...

...it is very difficult for me to say what happens in D-decays...
...we need a deeper understanding of QCD ...

gty TR

...AA ¢ p in SM bigger than (.1 is a stretch... ...original justification for considering
enhanced penguins in D decays is somewhat weakened...

e e

...| don’t really know what we can learn from A A p at this moment...

B _since A A p seems now significantly smaller, we believe that this is really a
confirmation of our arguments for the SM origin...

B ...penguins are still very large and currently one cannot not decide if this can be of SM
origin without additional assumptions... '

...\A ¢ p should be at most a few times 10~ in the SM...
...making (reliable) theoretical predictions about /A A p is hard, but so is measuring it...
...a value close to 1/ is very unlikely in the SM...

...the most important thing | (re) learned (over & over again) is that 30 experimental
results are not really reliable! But LHCb did a great job in focusing on D decays

W .. .preliminary data can change a lot... we have to probe 3- and 4-body FS... :
t
Bigi, Brod, Feldmann, Hiller, Isidori, Kagan, Kamenik, Li, Nierste, Silvestrini, Soni, Zupan i

Charm 2013, Manchester A. Lenz, September 3rd 2013 - p. 3 (

A.lLenz LHCh UPgrade 2018, Annecy |
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Heavg Quark Expansion for D mesons

Lifetimes of charmed mesons deviate hugely from each other and charm is not really heavy
=> does it make any sense to apply the HQE?

A/ ‘tllll:HAlIl f[YNMANI
Our approach: o Sl

SHUT UP AND CALCULATE”

N LO _QC D D-meson lifetimes within the heavy quark expansion
AL(Durham U., IPPP), Thomas Rauh (Munich, Tech. U.)

Phys.Rev. D88 (2013) 034004 arXiv:1305.3588 [hep-ph]

Dimension-six matrix elements for meson mixing and lifetimes from sum rules

Matrix elements M. Kirk, AL, T. Rauh (Durham U. & Durham U., IPPP)

JHEP 1712 (2017) 068 arXiv:1711.02100 [hep-ph]

Lifetime ratio (D system)

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

|

!

!

| (D *)/T(D°)

i o e HFLAV: 2,536 +0.019

j \ HQE: 2.7+3-34

|

I

« HQE seems also to work for lifetimes of charmed mesons!
- Confirm sum rule results with lattice/ do higher orders in HQE

- Investigate charmed baryon lifetimes

LHCh Upgrade 2018, Annecy :
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https://inspirehep.net/search?cc=Institutions&p=institution:%22Durham%20U.%2C%20IPPP%22&ln=en
https://inspirehep.net/record/1233544
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http://arxiv.org/abs/arXiv:1305.3588

d,s

Figure 1: Contributions to I'1s from operators of dimension 6 (D = 6). The leading order QCD
diagram is shown in the left panel, an example for a, corrections is shown in the right panel.
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Consider only the first term:
HQE 218s s —2 Exp.
|
Do the full expression (use CKM unitarity) |
HQE A e
¢ 2 oorE THlat7 0 0
HQE itself gives not small numbers, but extremely effective GIM cancellation
similar effects in penguin induced charm decays
¢
A.lLenz LHCh UPgrade 2018, Annecg |

What is sPeciaI about Charm?

Huge GIM cancellations in mixing and rare decays - not in lifetimes!

- o —
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wWhat could have gone wrong in the HOQE for D~mixing’?

SRR T IRN TR o) . :
35y
i
i

1. GIM mechanism less effective in higher orders in the HQE

(dd), (ss)

Georgi 1992

Ohl, Ricciardi, Simmons 1993

Bigi, Uraltsev 2000

Bobrowski, Riedl, Rohrwild, AL 201

d s (dd), ()

2. Duality violations that have no/tiny GIM cancellations s

I I:] 6dd = 0 !
0.2- 1 6% = -0.04 1 4

. -w—',"——-—y--v—--c,aﬁ, O W ATy AT T T g

CE 88 88 - . ..
12 = Dip(1+0%) o BZ 1
B, 0.0;
Jubb, Kirk, AL, 011
Y y Iy Tetlalmatzi-Xolocotzi .
[d9d _y Tdd(] 4 §ddy 2016 7
1< 12( ) ’ 0393 02 o1 00 01 02 03
20% of duality violation is sufficient to explain D-mixing! o e
3. HQE simply does not converge at all in the Charm-system -> BUT: lifetimes ﬁ '
£
' . Alenz LHCh UpgraCJCZOIS, Annecy ke
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Hcavg Quark Expansion for D mesons

ad 1. Do D=9 and D=12 calculation

I Ty 5 TN T W ATy -

>y T T e

How Large Can the SM Contribution to CP Violation in DO Mixing Be?
M. Bobrowski (Regensburg U.), AL (Dortmund U. & Regensburg U.), J. Riedl (Regensburg U.), J. Rohrwild (Regensburg U. & RWTH Aachen U.)
JHEP 1003 (2010) 009 arXiv:1002.4794 [hep-ph]
Im (Gamma_12/M_12) up to 0.01! ‘
§
i
] ] ‘
ad 2. Try to do a non-perturbative calculation |
Multiple-channel generalization of Lellouch-Luscher formula
Maxwell T. Hansen, Stephen R. Sharpe (Washington U., Seattle). Apr 2012. 15 pp.
Published in Phys.Rev. D86 (2012) 016007
DOI: 10.1103/PhysRevD.86.016007
e-Print: arXiv:1204.0826 [hep-lat] | PDF
References | BibTeX | LaTeX(US) | LaTeX(EU) | Harvmac | EndNote
ADS Abstract Service; OSTI.gov Server
Detailed record - Cited by 165 records
ad 3. Confirm other charm lifetimes, in particular charmed baryons |
£
. Alenz L HCh Upgrade 2018, Annecy
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Semileptonic clecags of D mesons

more complicated than HQE, but simpler than hadronic decays
one needs form factors as non-perturbative input

!
_ Shedding light on CP violation in the charm system via D to V gamma' decays
- D -> P+P- gamma, omega gamma, rho0 gamma Gino Isidori (CERN & Frascati), Jernej F. Kamenik (Stefan Inst.. Ljubljana & Lj
including CP asymmetries Phys.Rev.Lett. 109 (2012) 171801 arXiv:1205.3164 [hep-ph] g
“Enhanced matrix elements of the electromagnetic dipole operators can partly ':
compensate the long distance dominance in these decays, leading to CP asymmetries
of the order of several percent. If observed at this level, these would provide a clean

signal of physics beyond the SM

: Flavor and new physics opportunities with rare charm decays into leptons
-D>PII : P.= K, Pl Stefan de Boer, Gudrun Hiller (Tech. U., Dortmund)

inCIuding CP asymmetries Published in Phys.Rev. D93 (2016) no.7, 074001 arXiv:1510.00311 [hep-ph]

non-factorisable terms neglected : Wy
D-op2+£0-D—p £+ £ -decays in the QCD factorization approach

: : Thorsten Feldmann, Bastian Milller, Dirk Seidel (Siegen U.).
- more field theoretical JHEP 1708 (2017) 105 arXiv:1705.05891 [hep-ph]

“we have found that in general the contributions from non-factorizable effects
dominate “ |
“we have found that reliable theoretical predictions for the differential decay widths ;

in D = p 171~ within the QCDF approach are almost impossible.” :
A.lLenz LHCh Upgracle 2018, Annecy
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Hadronic clecags of D mesons

i

.~ SU(8)_F analysis seems to be the best one can do - QCD
factorisation seems to be very questionable

O g g AWy

- SU(3) breaking can be as low as 30%, .
but might also be larger o | ; ;
03F E !?

]
—
o 2

- Asymmetries suggested e.g. by Schacht, Nierste :

C e .1
CP Violation in D" = KsKs Sum Rules of Charm CP Asymmetries beyond the SU(3); Limit*

Ulrich Nierste®*| and Stefan Schacht %t

| @ Institut fir Theoretische Teilchenphysik, Karlsruher Institut fiir Technologie, 76128 Karlsruhe, Germany Sarah I\[ﬁllcr“‘bi Ulrich NiCI'SthE and Stefan Schacht bi
The direct CP . air (p° KsKs) invol 1 i hiel nduced ¢ Institut fir Ezperimentelle Kernphysik, Karlsruher Institut fir Technologie, 76021 Karlsruhe, Germany

ne direc asymmeltry acp — KsHKgs) Involves exchange dilagrams which are imduce b s o . -1, o ST |
at tree level in the Standard Model. Since the corresponding topological amnlitnde Ew iz can be Institut fir Theoretische Teilchenphysik, Karlsruher Institut fiir Technologie, 76128 Karlsruhe, Germany E
| large, D — KsKs is a promising discovery channel for charm CP v . . . . |
{ alge, s ,b s ‘15 & .pmnnh%'n ) ISCO_VEI," ,C-li‘m,l,e . O,I .maxlm . \ d new sum rules between direct CP asymmetries in D meson decays with coefficients that -

penguin annihilation amplitude with a perturbative calculation and extrz N tral D — KK* d di h Is f h CP iolati . i g X
Exx from a global fit to D branching ratios. Our results are further eutra ecays as discovery channels 1or charimm violation etermined from a global fit to branching ratio data. Our sum rules eliminate the penguin :
mixing-induced CP violation. We obtain |alip(D° — KsKs)| < 1.1% (9 B 3s P and PA, which cannot be determined from branching ratios. In this way we can make i
applies to the nonuniversal part of the phase between the D — D mixing Ulrich Nier@te"F and Stefan Schacht bt ms about direct CP asymmetries in the standard model without ad hoc assumptions on the B
future date d our predictions, this will point t 7 physics or & a . .. . . . A . .. . oy oui iagrams. W« 7 i rSt- r SU(: aki i i |
tutute data exceec our preciclions, LIS Wil POl 10 new puysics of afl e Institut fiir Theoretische Teilchenphysik, Karlsruher Institut fiir Technologie, 76128 Karlsruhe, Germany ’"&"™ diagrams. We Comlbtcnd} l,ndudc first ordC} SU@3)r breaking m the topologlgal |
annihilation amplitude }’.V QCD dynamics. We briefly discuss the implic b Diparti to di Fisi Uni oy (71 Tori & INFN. Sezi di Tori § 1-10125 Tori ’ Ttal b les extracted from the branching ratios. By confronting our sum rules with future precise |
for other CP asymmetries. tpartimento. v fsica, Umwersita div Lormo ¢ » wezione ar formo, - 0 Lormo, ftaly m LHCb and Belle II one will identify or constrain new-physics contributions to P or :

st o - . . B} : dir 0 - Do o

- . i - Lo . 0 0 . 0 40 e first sum rule correlates the CP asymmetries acp in D — K"K~, D° - n7n~, and B
We PomF out that the CP asymmetries in the' dec'dys D" — KsK™ and Dv — KsK™ are 970 We study the region of the adi(D® — m+a)-adif(D® — 7°7%) plane allowed by F
potential discovery channels for charm CP violation in the Stf\n?ald Model. We stress that no lata and find that our sum rule excludes more than half of the allowed region at 95% C.L. |
flavor tagging is necessary, the untagged CP asymmetry a@h(D — KsK*°) is essentially equal Hid Sum rule correlates the direct CP asymmetries in D™ — K°K*, D — K°z", and i
to the tagged ome, so that the untagged measurement comes with a significant statistical gain. A X
Depending on the relevant strong phase, \a‘é’;‘ U28| can be as large as 0.003. The CP asymmetry is é
dominantly generated by exchange diagrams and does not require non-vanishing penguin amplitudes. 14
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While the CP asymmetry is smaller than in the case of D’ — KgKs, the experimental analysis 3
*0

3 is more efficient due to the prompt decay K*° — K7 ~. One may further search for favourable b C:l i
i A’ L'an' strong phases in the Dalitz plot in the vicinity of the K*° peak. LHC U Pgra c 20]8) Annec9 :
i s =
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ABSTRACT

We present the first QCD-based calculation of hadronic matrix elements with penguin topology
determining direct CP-violating asymmetries in D — 77+ and D® — K~ K* nonleptonic decays. The
method is based on the QCD light-cone sum rules and does not rely on any model-inspired amplitude
decomposition, instead leaning heavily on quark-hadron duality. We provide a Standard Model estimate
of the direct CP-violating asymmetries in both pion and kaon modes and their difference and comment
on further improvements of the presented computation.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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| - Investigation of baryon lifetimes (bottom and charm)
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- Lattice confirmation of mixing results from Fermilab/MILC
- Lattice determination of lifetime matrix elements

- Non-perturbative determination of form factors

- NNLO-QCD precision

- Alternatives to QCD factorisation (sum rules) and 1/mb in QCDF
- Lattice determination of hadronic D decays...
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- More precise values of Delta Gamma_s,d; a_sl”*s,d; tau Bs/tau Bd o
- More precise lifetimes of charm baryons e
- CPV in semi-leptonic decays like b ->s mu mu, butalsob ->d ...
* CPV in charmed semi-leptonic decays

- Hadronic control channels for penguin pollution in B system
« CPV in hadronic charm channels - based on SU(3)
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| Outline: an Cnarm»-l:)ngsics’:’

What is special about charm?

- Mass: charm is neither neavg nor lig]‘nt; do tlﬁeoxy tools (€0 HOE, factorisation,..) work?
- very strong GIM cancellations

- lots of data for uP-tgPe quarks and B- and K-mesons are alreaclg very well studied
Understanding of QCD: f
-Spectroscopy, exotics: Cheung, Cleven, Burns,Fernandez, Gonzalez, Pilloni, Ryan, Brambilla |
~ heavg Ions: quark~g|uon Plasma Geurts, Arleo, Berardo, Vairo g
- Charm Production: Perturbative (DC D Haiclenbauen Zhao) Wang z
~ Ieptonic, scmi~|el:>tonic decags: clecag constants, form factors (Lattice, sum rules) El-Khadra
- hadronic clecags: SU(3)r Santorelli, Lattice Moir, Dalitz Loiseau, Nakamura Maga”waes

- MIXINg; do any of our tneorg tools work? Martinelli, Ciuchini HQE? Compare to lifetimes!
Determination of Standard model parameters:

- CKM elements, most|9 Y- and ¥ Derkach

- Quark mass M

Search for new Pngsics: New Pngsics mignt be neavg and tneorg tools could work

~ D-meson deca95 (leptonic, semi~|eptonic, hadronic ones) Kosnik, Paul, de Boer

= H = e DN couplecl to up-type quark sector, ...

- indirect charm contributions (g~7_ on the lattice, ePsilonwK on the lattice,...) ?

Understancling of Quantum Mechanics Briere ¢

A.lenz CHARM 2016, Bologna
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What is sPecial about Charm?

Mass of charm: charm is neither heavg nor light; do theorg tools like HQE work?
HQE works very nicelg n 5~Ph95ics |

A2 AS A4
e e
i g ST oA

I —
Comparison with Experiment (HFAG=ATLAS, CMS, LHCh, CDF DO vs. ABL 2015)

AT Exp. AT SM.
= — 0.083 4+ 0.006ps ™" - — 0.088 & 0.020ps ™+
F BO F BO

Does this also work in the charm system?

e in. =88

A.lenz CHARM 2016, Bologna
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FIG. 1: (a) D% D° Mixing, (b) D° — p*pu~.
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Understandi ng QCD
Spectroscopg, exotics: Cheung, Cleven) Bums,f:emanclez, Gonzalez,
Pilloni, Ryan, Brambilla
Heavg jons: quarl«-gluon Plasma Geurts, Arleo) Berarclo, Vairo
Charm Procluction: Perturbative QCD Haidenbauar, Zhao, Wang
|el:>tonic, semi~|eptonic clecags: clecag constants, form factors (Lattice,
sum rules) El-kKhadra
hadronic clecags: Santorelli, Lattice Moir, Dalitz Loiseau, Nakamura
Magalhaes
miXINg; do any of our theorg tools work? Martinelli, Ciuchini HQE?

Coml:)are to lifetimes!

A.lenz CHARM 2016, Bologna
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Hadronic dccags

What have we learnt in theory from the AA-p

Alexander Lenz
IPPP Durham

Charm 2013, Manchester A. Lenz, September 3rd 2013 - p. 1

A.lenz CHARM 2016, Bologna
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e Cabiblbo favouve

sSnaly Calbilbbo suppressed e.a D'oT W

A

e Doclly Cabibbo suppwssed e.a. D° >«
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Hadronic clecags

How to treat hadronic &ecags N theorg?

e Factorisation like in B-decags IS unlikely to work - but test!
* Tryto use symmetries, ke SU(®) F-> experimental test channels!

e Can lattice say something?

1. Multiple-channel generalization of Lellouch-Luscher formula
Maxwell T. Hansen, Stephen R. Sharpe (Washington U., Seattle). Apr 2012. 15 pp.
Published in Phys.Rev. D86 (2012) 016007
DOI: 10.1103/PhysRevD.86.016007
e-Print: arXiv:1204.0826 [hep-lat] | PDF

References | BibTeX | LaTeX(US) | LaTeX(EU) | Harvmac | EndNote
ADS Abstract Service

Detailed record - Cited by 125 records

Generalisation to
o multi~boclg decays

o bargonic clecags
A.lenz CHARM 2016, E)ologna
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D-mixin g
do any of our theorg tools work? Heavg Quar|< E‘xpansion’?

0 | _ 1 (D°| HIAC=Yn) (n|HIACI=Y DY)
M~—-=T — DO H|AC|—2 DO ot w w
( 2 )21 2MD< | v | >+2MD Z Mp — E,, + i€

n

o the first term is short-distance, it can be treated like in the B-system
- need matrix elements of 4~quar|< operators
currentlg done on the lattice c.g Fermilab-MILC SE TGS
- hea\/g new Phgsics contributes here!
o the second term looks like |ong—~clistance
- try to determine with modelsj symmetries,.... e.g. I:an<, Grossman, Ligeti, Petrov heP-
Ph/ O110%17; Falk, Grossman, Ligeti, Nir, Petrov hep-l:)h/ 0402204 numerical size of
experiment s reProclucecL but not a first Principle calculation
- try to determine on the lattice: very difficult! Hansen, Sharpe?
Ly HIOE (magbe failure of HQE is mimicked bg extreme GIM cancellation)

e.g. Digj, Uraltsev can be “tested via charm lifetimes”

ey
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A.lenz CHARM 2016, Bologna
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- ETM:

nf=2+1+1 =
arXiv:1505.06639

« Fermilab/MILC:

ng=2+1 n

- ETM:

ng=2 O
arXiv:1403.7302
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Test of VallClltH of HQFE in the charm sgstem
e Charmed meson lifetime ratios are very well measured
(DT
DY) _ 9536 = 0.019
T
looks like 150% correction in the HQE, but it could be onlg 40%:(1+0.4) /(1-0.4) = 2.3%! |
e The corresl:)oncling theorg Precliction is not atfected bg GIM cancellations ’
(a) Pauli Interference (b) Weak Annihilation in D°
£
A.lLenz CHARM 2016, Bologna |



Q? = evu(1 — 15)q ¢y (1 —7s)c, & =¢(1—75)q q(1 +s)c,
T9=eyu(1—v5)T% gy*(1 —v5)T%,  Tg=¢c(1—v5)T% q(1 + v5)T .




