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We are living in troubled times

f | strongly hol:)e all O{:you and your families and ]CFICHCIS f |
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are still fine
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Nevertheless/ Because of that we should keel:) up the

| goocl moocl keeP thmgs gomg and make the best out O1C

these times

Here the situation is still ok |

For me the most troublesome clevelopmcnt SO Far was




| ‘ For me the most troublesome clevelopment SO Far was

So lwas immecliatelg

chec King my former
PhD student
Matthew Kirk who is

NOW Post»-cloc in Rome
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Relief from Rome
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My Tasks
k2 Highlyprecise request: Dear Alex,

we would like to invite you to give a talk about

'« Pviolabion gt Ul:)gracle i

i Mang O]C mg t]"ICOTH CO”CBgUCS arc Now cvernl

more soc:ia”y distanced than usua”g
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Llcar x<R,

| was asked to Present a talk about

| "CP violation in Beauty and Charm" at the LHCb Upgracle J -

on APril Ief (nojoke!)

at thc—: NOW virtual Barcelona Worksholo.

Theracore l woulcl like to as|< several experts on What theg
consider to be the (uP to 3) most important future tol:)ics

related to CP violation in beautg and charm.




{1 Replcs from: Andrzcj Buras, Schastian Jager, Yal
| Grosman, Uli Nierste, Marco Ciuclﬂini, Jure ZuPanJ 7
| Gudrun Hiller, Thorsten Feldmann, Zoltan Ligets, Thomas!

- Mannel, Danny van ng, S\je’tlana F‘aj?er, Gino Isidor,

| uca Silvestrini

Mixing induced CPV in charm Il |l

B -> K(*) mu mu and friends: Il

Gamma below 1% |l

A_CP (D_0-> K+K-), A_CP (D_0-> pi +pi-) Il

Sort out penguin pollution for beta, beta_s

B-> 3 bodies |

epsilon’/epsilon -> relation to charm due to SU(2)_L |
A_CP(D_0O>K SK_S),A CP (D _0>K*K_9) Il
A_CP in rare charm decays D-> pi (pi) mu mu.... |l
b-> ¢ \bar{c} s -> non-leptonic (lifetimes)

A_CP in c-> u gamma, Lambda_c -> p gamma

i_fS ilr_1 b->s qq transitions
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REVIEWS OF MODERN PHYSICS, VOLUME 88, OCTOBER-DECEMBER 2016
3 CP violation in the B! system

Marina Artuso
Department of Physics, Syracuse University, Syracuse, New York 13244, USA

/7 /
Guennadi Borissov
i V ’ O a ’ O I I Physics Department, Lancaster University, Lancaster LA1 4YB, United Kingdom
|

Alexander Lenz

TN A

Institute for Particle Physics Phenomenology, Durham University,
South Road, Durham DH1 3LE, United Kingdom
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Theoretical . s
control CPV in Formulae Example Problems |
{..
|
] *okx . L _TEO-D-TEO =D _ . o oo g0 o x| CONVErgENce |
Mixing FTTERD - ) TEN ) e e SR »
(‘,
b
L(BY(1) = ) = T(B(1) > f) Penguin |

** lInterference| " =@~ prao-7n | D s ‘I/ V/(/) pollution

L(BY(r) = F) =T B = /)| RO =rong

((t) = f)=T(B1) = f — oot

* Decay Adn-.('/’._/‘(’) = F(Bﬂ)(’) —>_f')+F(B?(!)—>_/') B.\‘ — K ]Z- phaseS+ v
e penguin/tree i
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CP violation

REVIEWS OF MODERN PHYSICS, VOLUME 88, OCTOBER-DECEMBER 2016 |

~ CP violation in the B system

Marina Artuso
Department of Physics, Syracuse University, Syracuse, New York 13244, USA

Guennadi Borissov
Physics Department, Lancaster University, Lancaster LA1 4YB, United Kingdom

Alexander Lenz

Institute for Particle Physics Phenomenology, Durham University,
South Road, Durham DH1 3LE, United Kingdom
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Theoretical o
o CPV in Problems
Y
12 | ¢in b Convergence of
Mixin | 7s | SN g
g M1, HQE P
b
./21_' . \ /{ ‘;tl"cng ., ,QCD ,QCD ".
o Interference X: R~ —C’_z“"‘g“"{ | —2irsin [arg (f)] } r = i‘(‘ T,’; = o Ppeng = Pree ) L
; N 21| sin ($2P — $9P) Gin proportlo'r:?l to
. o(1) = © . i g
Decay dirCP, f L+ |r? = 2|r] cos (2P — D) cosy pengums.._. not -
: only pollution!!! ﬁ




1% Replies from: Andrzej Buras, Sebastian Jager, Yuval Grosman, Uli Nierste, Marco Ciuchini, Jure Zupan, Gudrun Hiller,
s Thorsten Feldmann, Zsltan Liget, Thomas Mannel, Danny van ng, Svetlana F‘aﬁer) Gino Isidori

- CP violation in mixing and Zamma

Mixing induced CPV in charm Il |

B -> K(*) mu mu and friends: Il

Gamma below 1% |l

A_CP (D_0-> K+K-), A_CP (D_0-> pi +pi-) Il

Sort out penguin pollution for beta, beta_s

B-> 3 bodies |l

epsilon’/epsilon -> relation to charm due to SU(2)_L |
A_CP(D_0>K_SK S),A CP(D_O0>K*K_9S) Il
A_CP in rare charm decays D-> pi (pi) mu mu.... |l
b-> ¢ \bar{c} s -> non-leptonic (lifetimes)

A_CP in c-> u gamma, Lambda_c -> p gamma
%\_fs ilr_1 b->s qq transitions
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?c’u
|Mis|, T'12| and ¢ = arg(—M;2/T"12) can be related to three observables:

B Mass difference: AM := My — My ~ 2|M;s| (off-shell)
|M15| : heavy internal particles: t, SUSY, ...

B Decay rate difference: A" := 'y, — 'y =~ 2|I"12| cos ¢ (on-shell)
IT'12]| : light internal particles: u, c, ... (almost) no NP!!!

B Flavor specific/semi-leptonic CP asymmetries: €.9. B, — X (v (semi-leptonic)

v _T(Bs) > ) ~T(B) > F) _|Tuz
T T T(By(t) = f) + T(By(t) = F) | M

sin ¢




Huge progress in sum rules and lattice

0.70

HFLAV (1 0 XGITOI') . Very active field:
' Flag 19: mostly FNAL-MILC (2/16)

: FLAG"3 P RBC-UK: 12-18

) , Sum rules: Durham 4/19 (based
FLAG '19 - FNAL/MILC'16 -~ 7 on Siegen 16-18, Durham 17)

" RBC/UKQCD '19 HPQCD: 07/19

' 4 ,f'(i’ :
Sum rules "19 p g Sum rules determine

HPQCD 19 B-Tapprox O.]
Avg. 19 Thus a 20% uncertaintg

in B~1 can transform into
a 2% uncertainty of B=O(1)

1/m_b corrections
are estimated to be sma”

aw averages of lattice and sur
Di Luzio, Kirk, AL, Rauh
1909.11087 JHEP
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CP violation in mixing and gamma

T, TR
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AJ\[SSM This work | ABL 2015 | LN 2011 | LN 2006
Central Value || 18.77ps™" | 183ps™ | 17.3ps™' | 19.3ps™" |
5(fp/B7) 3.1% 13.9% | 135% | 341% ¢
0(Vep) 3.4% 4.9% 3.4% 4.9%
d(my) 0.3% 0.7% 1.1% 1.8%
0(avg) 0.2% 0.1% 0.4% 2.0%
0() 0.1% 0.1% 0.3% 1.0%
O(|Ven/Ven|) < 0.1% 0.1% 0.2% 0.5%
o (M) < 0.1% < 0.1% 0.1% — ——
> 0 4.6% 14.8% 14.0% 34.6%
AL, 2019
Thanks to |
Lattice,
Sum rules
The Machine Deck: QCD:Loops,
Hadronic Matrix Elements and all that
Fix V_us and try to use B_s and B_d mixing (independent of V_ub)
to determine V_cb & gamma,.... i

e



Within the SM we get
1911.07856

—{1— —{—
B-o v incl.
~#— CKMfitter (indir.)

fit (indirect) -

80

B

LHCb only - direct

" HFLAV - direct

- PDG - direct

- CKMF - indirect

- UTfit - direct
UTfit — indirect

~ UTfit - combined

— - CKMF - combined

- CKMF - direct
- CKMlive

2




Upper limit on gamma?

0.7

0.5 | 1911.07856

0.5
0.4
<
0.3/
0.2/

0.1

0.8 j 0.4 0.6
3

o * BSM in mixing
< 66.9 5
°r .BSMin non-leptonic tree-level decays




' The ultimate theoretical error on Yy from B — DK decays

Joachim Brod (Cincinnati U.), Jure Zupan (Cincinnati U.) (Aug 26, 2013)

Published in: JHEP 01 (2014) 051 « e-Print: 1308.5663 [hep-ph]

Model-independent bounds on new physics effects in non-leptonic tree-level decays of B-mesons

Alexander Lenz (Durham U., IPPP), Gilberto Tetlalmatzi-Xolocotzi (Siegen U. and Nikhef, Amsterdam) (Dec 16, 2019)

e-Print: 1912.07621 [hep-ph]

Universal Fit

-20 -15 -1.0 -0.5 0.0

Re AC, (My, )

New physics effects in tree-level decays and the precision in the determination of the quark mixing angle y

Joachim Brod (Mainz U. and U. Mainz, PRISMA), Alexander Lenz (Durham U. and Durham U., IPPP), Gilberto Tetlalmatzi-
Xolocotzi (Durham U. and Durham U., IPPP), Martin Wiebusch (Durham U. and Durham U., IPPP) (Dec 3, 2014)

Published in: Phys.Rev.D 92 (2015) 3, 033002 « e-Print: 1412.1446 [hep-ph]

Universal Fit

155 20 —15 -1.0 —05 0.0

Re AC, (My, )

On new physics in AI'g #14

Christoph Bobeth (TUM-IAS, Munich), Ulrich Haisch (Oxford U., Theor. Phys. and CERN), Alexander Lenz (Durham U., IPPP), Ben
Pecjak (Durham U., IPPP), Gilberto Tetlalmatzi-Xolocotzi (Durham U., IPPP) (Apr 9, 2014)

Published in: JHEP 06 (2014) 040 « e-Print: 1404.2531 [hep-ph]



What does

Im AC, (My, )

—1.5 —i.O -0.5 0.0 . =y} -1.5 -1.0 -0.5

Re AC, (M) Re AC, (M)




Unlversal F|t

......... H_u.g.e ...................... . ................ |
4 potential

modlflcatlon | . _______ _

—06 -04 —-02 00 0.2

Re AC, (My,)
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UTfit - direct

UTfit - indirect

incl.
CKMfitter (indirect)

—{—
UTfit (indirect)
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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)
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CP violation in mixing and gamma

o P(fz AT s - Decay constants cancel
q e completely
M 12 AM q - Bag parameter cancel
F({Q . largely
C¥ ol
- MC] )
12

ATSM2019 — (9,091 4 0.013) ps Con

CMS 19.7 fb !

ATHFEAVZ019 — (9 088 + 0.006) ps |
> LHCb 3 fb~!
0.06 ATLAS 19.2 fb !
AFS\I 2019 (2 6 + O 4) 10_3 I’)S_1 -0.4 -0.2 -0.0 0.2 0.4
6% [rad]

AF(IIH‘L AV 2019 — (_13 :t 66) . 10—3 I)S—l

« Strong test of HQE
- Violation of Quark hadron duality must be small

- e

e S T W

k WWM R R P E e o

ot



e i .2 Lt A

s i il -
ot “etg g

PEPCORREIR  I  SP L o L

CP violation in mixing and Zamma

q
o F12 AT s - Decay constants cancel
Mq = A M completely
12 q - Bag parameter cancel
F6112 , largely
QY S
. Mq R asl
12 30 —
251 68% C.L. contours
20 " Upgrade II (300/fb)
s, SM 2019 _5 151 " * ‘
a;. = (2.06 £ 0.18) - 107" 10} N :
[s ( ) j: sl A S:/tandard Model .
CHET AV - 5 = 0r e
S 1ol LHCDb Run 1 (3/1b)
—;g r BaBar+Belle Run 1-3 (23/fb)
SM 201 ‘ . 20k
ap >N = —(4.73£0.42) - 107 b N L
-30 . L L . : . L - 1
M AV S -80 -70 -60 -50 40 =30 =20 -10 0 10 20

- Very sensitive to BSM effects!
- In particular to CPV BSM effects in tree-level decays
* Experimental number needed

3
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| CP violation in mixiNg and gamma
'~ Further HQE tests from study of hadron lifetimes
1. HQE with Bag parameter from HQET sum rules works well!
t 2. Lattice confirmation urgently needed
1 3. Still higher experimental accuracy for Bs lifetime needed
. 4. Soon some theory surprises |
f Motivation ‘}
j * Current experimental status:
. ‘1? Credit M. Kirk :
i ; 1.00 - :
! . . /J/
? E 0.96 - /J \ /
(1.0024 £0.0041) 1
_’ o (0.9829 £ 0.0040) (a71:
i 0.92(())03 2005 2007 2009 2011 2013 2015 2017 2019
{ Year
f Maria Laura Piscopo (IPPP) Comprehensive study of 7(Bs)/7(Ba) 2 /13 f
Bs/Bd lifetime ratios gjves strong constraints on BSM etfects inC 1,2 ;

- TPy 7 TR

"W ‘ i ye—— ———— -
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CP violation in mixing and Zamma

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

Ao NG FEYNMAN B
Our approach: ., Dy

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

i

i

| (D *)/T(D9

i o e HFLAV: 2.536 +0.019

i N HQE: 2.7+974

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

. TP atP - T N N W AT O T O T i T, TN

Y N ST c
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https://inspirehep.net/author/profile/Rauh%2C%20T.?recid=1634844&ln=en
https://inspirehep.net/search?cc=Institutions&p=institution:%22Durham%20U.%22&ln=en
https://inspirehep.net/search?cc=Institutions&p=institution:%22Durham%20U.%2C%20IPPP%22&ln=en
https://inspirehep.net/record/1233544
https://inspirehep.net/search?cc=Institutions&p=institution:%22Durham%20U.%2C%20IPPP%22&ln=en
https://inspirehep.net/author/profile/Rauh%2C%20Thomas?recid=1233544&ln=en
https://inspirehep.net/search?cc=Institutions&p=institution:%22Munich%2C%20Tech.%20U.%22&ln=en
http://arxiv.org/abs/arXiv:1305.3588

Figure 1: Contributions to I';2 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.




CP violation in mixing and Zamma

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

.~ Consider only the first term:

IR TP, =37 10 BB

Do the full expression (use CKM unitarity)

PR i i i

s s Aty

o e N (P - T = 1710y

HQE itself gives not small numbers, but extremely effective GIM cancellation
similar effects in penguin induced charm decays

GIM is overshadowmg everythlng

WW TN P e T I e T T e D P TT  r  U  R T 7 - - e — — o~y
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e

. ‘ What could have gone wrong in the HQE for D-mixing?

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

(dd), (8s) (dd), (ss)

Georgi 1992

Ohl, Ricciardi, Simmons 1993
Bigi, Uraltsev 2000 =
Bobrowski, Riedl, Rohrwild, AL 2010;* g

e W ATy AN AT T Vg 0

- v gLt oy :
e i i iy N LTI B LD i

d.5 (dd), (3s) ; o

i 2. Small (20%) duality violations that have no/tiny GIM cancellations |

;
5 {
4

b & 5 i PR« g

SS SS SS | Dd":=0 } ;
12 12(1 +0 ) , 2 Dl e
ST, <
d sd sd
['[s > I'5(1+0 b oo
| 12 12( ) Jubb, Kirk, AL, N
1o y dd dd Tetlalmatzi-Xolocotzi N
2016 0.2,
120% of duality violation is sufficient to explain D-mixing! 0r ez et op or oz e

»I? 3. ?Consider different scales for the 3 different contributions? Partial lifting of GIM |
e 4. HQE simply does not converge at all in the Charm-system -> BUT: lifetimes ¢
. one has to use different approaches e s = |

28
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Hcavg Quar|< Expansion For D mesons
ad 1. Do D=9 and D=12 calculation

How Large Can the SM Contribution to CP Violation in D° — D’ Mixing Be?

M. Bobrowski (Regensburg U.), A. Lenz (Dortmund U. & Regensburg U.), J. Riedl (Regensburg U.), J. Rohrwild (Regensburg U. & RWTH Aachen U.).
Published in JHEP 1003 (2010) 009

DO-TH-10-04, TTK-10-2

DOI: 10.1007/JHEP03(2010)009

e-Print; arXiv:1002.4794 [hep-ph] | PDF I m (G amma 1 2/M 1 2)
References | BibTeX | LaTeX(US) | LaTeX(EU) | Harvmac | EndNote — _
ADS Abstract Service 0 0 1 '

Detailed record - Cited by 112 records u p to m n

ad 2. Try other approaches/to do a non-perturbative calculation

Multiple-channel generalization of Lellouch-Luscher formula

Falk, GI‘Ossman, Ligeti, Petl"OV Maxwell T. Hansen, Stephen R. Sharpe (Washington U., Seattle). Apr 2012. 15 pp.

; Published in Phys.Rev. D86 (2012) 016007
Phys.Rev. D65 (2002) 054034  Cited by 276 records. ~ potsfed b mnvs-Rev. O88 @07,

e-Print: arXiv:1204.0826 [hep-lat] | PDF
References | BibTeX | LaTeX(US) | LaTeX(EU) | Harvmac | EndNote

Falk, Grossman, ngetl, Nir, Petrov ADS Abstract Service; OSTI.gov Server
Phys.Rev. D69 (2004) 114021  Cited by 231 records  Detailed record - Cited by 165 records

D meson mixing as an inverse problem
Hsiang-Nan Li, Hiroyuki Umeeda (Taiwan, Inst. Phys.), Fanrong Xu (Jinan U.), Fu-Sheng Yu (Lanzhou U.).
e-Print: arXiv:2001.04079 [hep-ph] | PDF

Dispersive and Absorptive CP Violation in D’ — D° Mixing
Alexander L. Kagan (Cincinnati U.), Luca Silvestrini (CERN & INFN, Rome). Ja
CERN-TH-2020-011

e-Print: arXiv:2001.07207 [hep-ph] | PDF

ad 3. Analysis in progress
ad 4. Confirm other charm lifetimes, in particular charmed baryons

e i e )
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1% Replies from: Andrz? ,
Thorsten Feldmann, Zoltan Liget, Thomas Mannel, Danny van ng, Svetlana F‘aﬁer) Gino Isidori

Buras, Sebastian Jager, Yuval Grosman, Uli Nierste, Marco Ciuchini, Jure Zupan, Gudrun Hiller,

Delta A CP and friends

Mixing induced CPV in charm llliI |

B -> K(*) mu mu and friends: Il

Gamma below 1% |lI

A_CP (D_0-> K+K-), A_CP (D_0-> pi +pi-) Il

Sort out penguin pollution for beta, beta_s

B-> 3 bodies |l

epsilon’/epsilon -> relation to charm due to SU(2)_L |
A CP(D_O0>K_SK S),A CP(D_O0>K*K_9S) Il
A_CP in rare charm decays D-> pi (pi) mu mu.... |l
b-> ¢ \bar{c} s -> non-leptonic (lifetimes)

A_CP in c-> u gamma, Lambda_c -> p gamma
i_fS ilr_1 b->s qq transitions

30
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Delta A CP and friends

Due to lack of time,just three comments:

D Experiment = 10 times naive SM

“'"‘M‘.N AL DT AL L s 4

e.g. nice overview + references in Nierste 2003.01788
2) BSM explanations ditficult because of strong D~

mixing constraints, but not impossible

A A cp within the Standard Model and beyond

e-g " Mikael Chala, Alexander Lenz, Aleksey V. Rusov, Jakub Scholtz (Durham U., IPPP).
Published in JHEP 1907 (2019) 161
IPPP/19/25

e & Bt e R et M i " Ll i Sl s

DOI: 10.1007/JHEP07(2019)161
e-Print: arXiv:1903.10490 [hep-ph] | PDF

. Implications of the LHCb discovery of CP violation in charm decays
and many more Avital Dery (Cornell U., LEPP), Yosef Nir (Weizmann Inst.). Sep 24, 2019. 12 pp.
Published in JHEP 1912 (2019) 104
DOI: 10.1007/JHEP12(2019)104
e-Print: arXiv:1909.11242 [hep-ph] | PDF

e :

, o) Iry to measure more Precise and control channels

e T

~ v~
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What-to-do
- Stay healthy and in good mood!
- Continue to improve precision in gamma, beta, beta_s, Delta A_CP, |
(including control channels)
 Try to measure CPV in mixing: D_0,B_d,B_s *1}
- Continue to improve precision in tau(B_s), charm lifetimes, Delta
Gamma_d
’ - Study also CPV observables in b -> s Il and b-> dlI
;?  Study CPV in rare charm decays
1
e e = e






