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() (Q) (Q)
Proton D°
D° = (ic) | Dt = (dc) | DF = (3c) | Ac = (udc)
Mass (GeV) | 1.86486 | 1.86962 | 1.96850 | 2.28646
Lifetime (ps) || 0.4101 1.040 0.500 0.200




Charm Physics

Theoretical Peculiarities of Charm:

W Alexey Petrov and 2 others liked

Marco Gersabeck l @MarcoGersabeck - 7h

@ H#CHARM2020 continuing today with a session on past, present and
future experiments. Here's Prof. Xiaoyan Shen giving an overview of the
BESIII experiment.

1- The Strong COUpling iS StrOng Charm is charming

* Over-constrain the SM, probe for new physics
¥ Precision CKM physics in B sector needs input from charm

* CPV and mixing

a m — O 3 3 O 0 1 ¥ The only up-type quark to form weakly decaying hadrons,
S C e — ® complementary to K and B systems ;
b

* Unique to test QCD in low energy

2. The charm quark is not really heavy P ..o . orvicrialBOD

* Do methods like Heavy Quark Expansion and Factorization work?
* CKM and GIM suppression can be strong ~ low rates > Large data sample

myole = (1.67 + 0.07) GeV , me(me) = (1.27 £ 0.02) GeV , > : )

QO () ) 7

] = Theory

3. There is almost no CPV in charm -

V,=—02247-14-10"%1, V., =0.97354 —3.1-107%I, V,, = 0.0416

ds,b u,ct

Cc - = . - u b—» »— »— S
3 2 2

- _— i (md<> ~0, (mu) ~ 0,
- dsDb . u,ct -— MW’ A/[u/
u - - ‘ F cC S - - S - b o 9 i 2

*) ~13-10°°, (—f’—) ~2.5.1071,
" =t W w 2011.04443
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The charm system is theoretically more difficult than the b system since

AQCD AQCD

a(m.) ~ 0.33 and ~ 3

m

: Alexander Lenz @alexlenz42 - Mar 16
&9 Further fundamental physics questions at #charmingclues - Is charm ugly?

C ny,

Nevertheless the Heavy Quark Expansion might still converge

But things will become very ugly, If in addition cancellations arising

A. No cancellations, e.g. ['(D")
B. Strong cancellations, e.g. I (D™)
C. Crazy cancellations, e.g. D-mixing
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(Os) (Os) - (Og) =~ (On) 2
2 6 7 L0 as(me) L), [as(me) |7 L@
I'D) =T3+T%s 5 L'g 3 + 167“ | I'g 7 I~ = ] , =Ty + =, T, +[ yial ID VR
C mc mc mc
For more details, see
Cq1 Cq ) Cq ) the talk of Maria Laura
| |
e L/a\) e + L B o + ... 4 S 1 + oo @ Wevamenmn
\:_/ \i/ / W .Czizﬂ!:%fn;r;gclugs slome penguins have gone lost........ munich-
| U | g U | U iapp.de/charmingclues |
Missz’ng Penguin Operators 2
i Q’; 'r;vk\'ébliﬂ,’;}"e - . ‘

gl e
g = B ¢ = g . 6

c c c c W i
— e — > — —i— — R F R B R f
Free quark decay % /q X /J/ X Y H

Os Os O Og O \

Kinetic operator ,u,% Darwin operator ,u]% Dimension 7 operators
Chromomagnetic operator /4(2; Vacuum insertion approximation

O 1 0 3 Q 23 & i
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dus= A No Cancellations

[ 2 2 )
0 pz (D) pe(D) .1 Pp(D)
— o]. F o]. : . 1 : ot 1 A
F(D ) - . i 0.48 GeV? e 0.34 GeV? e 0.082 GeV3

5 B4 5 B4 & e
s 00T —=0.005—1 30005 —= 0137 —21 195 —2 .
b Ll 0.02 . 0.02 —0.04 L —0.04+ 0\99
dim—6,VIA dim—7,VIA

—0.0045 r{* — 0.0004 737 — 0.0035 3 + 0.0000 73"

—0.01097;7 — 0.0079 757 — 0.0000 737 + 0.0001 ¢ | .

Revisiting Inclusive Decay Widths of Charmed Mesons

Daniel King (Durham U., IPPP and Durham U.), Alexander Lenz (Siegen U.), Maria Laura Piscopo (Siegen
U.), Thomas Rauh (U. Bern, AEC), Aleksey V. Rusov (Siegen U.) et al. (Sep 27, 2021)

e-Print: 2109.13219 [hep-ph]
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o \/alues of //t]%, ,ucz;, pg almost unknown
e NNLO-QCD corrections to free quark decay in progress

Fael, Steinhauser,...

* NNLO-QCD corrections to spectator effects in progress

Nierste, Steinhauser,...

Revisiting Inclusive Decay Widths of Charmed Mesons

Daniel King (Durham U., IPPP and Durham U.), Alexander Lenz (Siegen U.), Maria Laura Piscopo (Siegen
U.), Thomas Rauh (U. Bern, AEC), Aleksey V. Rusov (Siegen U.) et al. (Sep 27, 2021)

e-Print: 2109.13219 [hep-ph]
L — T —
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2(D) (D) pp (D)
(D) = 6.15T _0.13 | _He Lt
( ) 3.1 O|- . 3O.48GeV2 el 034GeV2+03 0.082 GeV3

0B 0B 3 3
a — 9266 —0.055 =L 4 0.002 222 _ 0.546 —1_ + 0.009 —2

\\ /:*‘\ / din:g(/_m 0.02 0.02 —0.04 —0.04 din:;,(/IA

\% —0.00007%7 — 0.0000 727 + 0.0011 727 + 0.0008 %7
92 92 -

—0.0109 737 — 0.0080 757 — 0.0000 737 + 0.0001 77| |,

Revisiting Inclusive Decay Widths of Charmed Mesons
Daniel King (Durham U., IPPP and Durham U.), Alexander Lenz (Siegen U.), Maria Laura Piscopo (Siegen

H U g e effe Cts d ue to Pa U I i i nte rfe rence U.), Thomas Rauh (U. Bern, AEC), Aleksey V. Rusov (Siegen U.) et al. (Sep 27, 2021)

e-Print: 2109.13219 [hep-ph]
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-— — o — - - = — —_— —_—— — - — e —

|

|

D+ DO _

— — { FS[ /F.Sl ’—?

| I | 1 1 1 | |
0 0.5 1 1.5 2 2.9 3. 3.5 4 0 0.5 1 15 2

—
—

e \/alues of ,u,%, //tcz;, pg almost unknown

e NNLO-QCD corrections to free quark decay in progress
Fael, Steinhauser,...

e NNLO-QCD corrections to spectator effects in progress

Nierste, Steinhauser,...
Daniel King (Durham U., IPPP and Durham U.), Alexander Lenz (Siegen U.), Maria Laura Piscopo (Siegen

° CheCk Of HQET Sum rU|e reSUltS Wlth lattlce U.), Thomas Rauh (U. Bern, AEC), Aleksey V. Rusov (Siegen U.) et al. (Sep 27, 2021)

Black, Witzel,...RBC-UK e-Print: 2109.13219 [hep-ph]
¢ First non-perturbative determination of dimension 7 B — ——

Revisiting Inclusive Decay Widths of Charmed Mesons
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B-mixing

Mo = @ D & A 5 (L)
FhlIECe L el Bt slaieir A AL Fled)

+ Aa ’,\u?(‘\&x} ¥ D BCh e B At ¥g{¢\')

T L - A, AL (L)
4?\{,'/\,*‘:(‘9 \d) * l)\‘oé\s F(\o\$3 B I}\\al ¥Qo\\o_)

= A+ [ELEE IR OES S gV
222 ALUSCs3) - FCavg) + R ) - F (s W\
- TSCsie) -LF(a )+ F (L 0\b N

= ?“}‘ [\"—(c\c\ - 2 Flud) ¢ Fluu))
Y2002 TR Cee) - Flue) + Blud) - Flaed))

o MaT ] [ 0 ¥ ()~ F R

CKM dominant = GIM dominant CKM suppressed = GIM dominant
CKM suppressed = GIM suppresseo CKM dominant = GIM suppressed
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AM
T = FDD = 4.091’8:33 -1

= 6.15102°. 1073 ArpeTE 105 10~ o0

AL, Piscopo, Vlahos

2007.03022
BO: ARG US DO: Bel |e & Ba Ba r DO: L H Cb i222§32021: First observation of the mass difference between neutral charm
Observation of BY oscillations Evidence of DY oscillations Observation of DY mass difference X = (3.98°3%) x 10°
Phys.Rev.Lett. 98 (2007) 211802
Phys.Lett.B 192 (1987) 245 Phys.Rev.Lett. 98 (2007) 211803 LHCb-PAPER-2021-009 " my-m; = 6.4x10°° eV = 0.00000000000000000000000000000000000001 grams (1x10">%g)

$ £ # (m1-m3)/(D%mass) = 3x10°1°

Today, the LHCb Collaboration submitted a paper for publication that reports the first observation of the mass difference
between neutral charm mesons (or rather their mass eigenstates for experts). The result is also presented today at the CERN

seminar and was reported last week at the ‘lroth_lnt,e,rna,tjgna[ Workshop on CHARM Physics. This mass difference determines the

1955 1987 2006 2007 2013 2021

5 % 5 Exclusive approaches

0 0 . 0. \ Estimate phase space effects for y: Falk et al. 0110317
K B g* CDF D . LHCb - assume pert. SU(3)F breaking y 1%
Behavior of neutral particles Observation of B0 oscillations Observation of D° oscillations - neglect 3rd family _ _
e.g. Phys.Rev. 97 (1955) 1387 Phys.Rev.Lett. 97 (2006) 242003 Phys.Rev.Lett. 110 (2013) 101802 - neglect SU(3)F breaking in matrix elements - no QCD calculation

Mass difference from a dispersion relation Falk et al. 0402204 r~1Y

Exp. data Cheng, Chiang 1005.1106 & < 0(0.1%) y < O(few 0.1%)
U-Spin sum rule Gronau, Rosner 2012

Factorisation-assisted topological amplitude approach

Jiang et al. 1705.07335 Yy & 0_2%

2012: AI", by LHCb




1 BT oY Crazy Cancellations MIAPP

The HQE is successful in the B system and for D meson lifetimes

=> apply it for D-mixing

o

//g(QE ~ /\S (I‘\\ - I‘s(] rtll ) 1()— [/[-*)\p

How can this be?

Look only at a single diagram:

¥ A re = 3.7 10" % = B.0y,™

pert. calculation: Bobrowski et al 1002.4794
lattice input: ETM 1403.7302; 1505.06639; FNAL/MILC 1706.04622
HQET sum rules: Kirk, AL, Rauh 1711.02100

The problem seems to originate in the extreme GIM cancellations
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C: Crazy Cancellations MiAPP

CPV

GIM cancellation vs CKM hierarchy: |\;| < |\4|, but complex!!!

ds,Db
C B B > U
survives in
SU(3)F limit!
T o dominant for
_ 'S0 - B mixing
u | = < C R
'Y = 2@ 20t L) + 200 (Ts, —T2) — AzI‘ffd,

M= 22 (M5 —2M 3 + Mg+ 22\ [Mya — Myg— Mag + Mz + ,\,, {Mblg 2Myq + M) .
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1. Duality violations - break down of HQE = ... A 1) Vary u*9 and p
%5 — I'5(1+6%),  20% of duality violation e independently between
) ) ) is sufficient to e;(plain B L i 45 1 GeVand 2 m,_
s s s experimen o 002 - o
Iz = Tip(1+07) i e R _0,17 pa N\ / = uncertainty increases
Y — I'Y%(1 + 6%, Tetlalmatzi-Xolocotzi 2016 02 %’ (\\3_18 / /// 223;;5 value is
. . . AR 2) Choose scales somehow
2. ngher dimensions Georgi 9209291; Ohl, Ricciardi,Simmons 9301212; Bigi, Uraltsev 0005089 ohase space inspired as
Idea: GIM cancellation is lifted by higher orders in the HQE PN
- overcompensating the 1/mc suppression.

Partial calculation of D=9 yields an enhancement - but not 7
to the experimental value sobrowski, AL, Rauh 2012

Ol

3. Renormalisation scale setting: AL, Piscopo, Viahos 2020 T XXX X XK
O on o ow on on _ AR
By = ufcd = ,ngd Implicitly assumes a precision of 10*-5! DX XK XX ARX XX RX

4. New Physics is present and we cannot prove it yet:-) /% /= X A%
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Exclusive approach

I = > pn(DOIHEST n) (n|HEG T DY),
. = (DO HZss ) (n|H oy | D)
M@ = Z(DO‘HGAJCC;—Q‘DO>+PZ 1) I ,

/ m?, — E2

Cannot be calculated yet

Estimate phase space effects for y: Falk et al. 0110317

- assume pert. SU(3)F breaking - 1(7

- neglect 3rd family Yy~ 170

- neglect SU(3)F breaking in matrix elements - no QCD calculation

Mass difference from a dispersion relation Falk et al. 0402204 r =1

Exp. data Cheng, Chiang 1005.1106 % < O(0.1%) y o< O(few 0.1%)
U-Spin sum rule Gronau, Rosner 2012

Factorisation-assisted topological amplitude approach

Jiang et al. 1705.07335 Y = 02%
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Direct lattice determination

Multiple-channel generalization of Lellouch-Luscher formula
Maxwell T. Hansen (Washington U., Seattle), Stephen R. Sharpe (Washington U., Seattle) (Apr, 2012)
Published in: Phys.Rev.D 86 (2012) 016007 - e-Print: 1204.0826 [hep-lat]

Still a very long way!
But not completely crazy

!
danymore: odf @ DOl [E cite 2 259 citation:

Status of multi-hadron matrix elements in LQCD...

physical system Method to get it from LQCD
T — T, /5 < AM, <:’ Liischer (1986, 1991)
(P # 0 in finite-volume frame)* ® Rummukainen and Gottlieb (1995)*

K — 7 (relies on My < 4M,) ® . Lellouch.and Liischer (2001) )
(P # 0 in finite-volume frame)* . s Kim, Sachrajda and Sharpe (2005)",

® Christ, Kim and Yamazaki (2005)*

T @
mr — KK, Vs <d4M, ><: Bernard et al. (2011), Fu (2012),
®

(not possible for physical masses) Bricefio and Davoudi (2012)

— ® e
D= rmr, KK Q_,<: ,< MTH and Sharpe (2012)
® @

(ignores four-particle states)

p’ Detmold and Savage (2004)
NN — NN, Nm— N« f><: Gockeler et al. (2012)
@

(energies below three-particle production) Bricefio (2014)
Y = wm, Yy — 7, “9 ® Meyer (2011),
« <: Bernard et al. (2012),
N’)’ — N " ,.’ A. Agadjanov et al. (2014),
B — K*(— Kr)t¢l Bricefio, MTH and Walker-Loud (2014)
(energies below three-particle production) Bricefio and MTH (2015)

slide by Max Hansen
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T1 You Retweeted

VIAPP

M G beck (he/him)@@ @M G beck - Mar 17 Alexander Lenz @alexlenz42 - Mar 19
arco Gersabeck (he/him arcoGersabeck - Mar
. _ : — Alexander Lenz @alexlenz42 - Mar 16 o OMG! Friday morning at #charmingclues in Munich - what is going on?
Glad to witness the first seminar of my PhD student Holly McGrath B Is CPviolation in decays of D mesons a sign of physics beyond the ‘ WHite Sausages?
@UoMparticle, which she gave at the #CharmingClues programme at Standard Model? Patricia says no at #charmingclues

MIAPP. Great job! i Pity | couldn't join in person.

Charm Decays in Beautiful Places

Semileptonic B Decays at LHCb

Adam Davis, Marco Gersabeck, Martha Hilton, Tamaki Holly McGrath

(from Pelaez Parametrizarion

The University of Manchester Lo i :
(1.90 £ 0.53) x 10

MIAPP - Charming Clues for Existence
17th March, 2022

MAN(’H!;GI:ER I,yi Iéé

p(KK) (0.68 +0.19) x 10

Alexander Lenz @alexlenz42 - Mar 10

Is this the charming clue for existence?
@MIAPP #charmingclues
munich-iapp.de/charmingclues

Alexander Lenz @alexlenz42 - Mar 15 T3 You Retweeted

Serious physics discussions about the fundamental laws of physics all night Alaxey Fatroy @AlexeyPetrov “Mari= . _ ) "
long @MIAPP #charmingclues | gave a collogumm at TUM as part of the “Charming clues for eX|stenc.e
program. | think I’ll use this color scheme from now on, what do you think?
#charmingclues

Q 4 (Y QO 123 Ty 1 9)/

Alexander Lenz @alexlenz42 - Mar 11

Back to real life meetings with a charming dog, 27 charming colleagues and
myself @MIAPP
#charmingclues

munich-iapp.de/charmingclues

Charming colloquium
The ugly side of c;harm

Alexey A. Petrov
Wayne State University

Charming clues for the existence
TUM, 11 March, 2022
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Charm mixing - Theory

Renormalisation scale setting?

Cip =Y T9% (uf'®, J3)(Q) (ug™) 5 + ..

d1 QZ:SSanadd

€

|

AC = 1 Wilson coefficients AC = 1 Wilson coefficients

M1 and U, cancel within the ss, sd and dd contributions independently

s there any requirement to set exactly :“1 = /41 = //t1 (also during scale variation)”

ss and dd might be related via re-scattering, but sd is physically different from ss!



Charm mixing - Theory

Renormalisation scale setting?
SM

211,

0.028ps—!

A’ > 0.028ps~! = Q = = Q ~ 1 means HQE can describe Experiment

TwWO scenarios:

1.Vary u*, 1>, u? independently around m,. between 1GeV and 2 m. .

l T T I T I I T T I I T T I T I I T T I [ T T I 1 T T T T T

Qe4.6-107°,1.3

2.Phase space Iinspired scale choice

(2

3 — 0.01¢
ur =m,—2e
_ ,:/'/ e
sd __ ]
pu=m.—e€ o]
%
¢ 0.00 0.05 0.10 0.15 0.20 0.25 0.30



