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Summary: the main focus is lifetimes and inclusive decays of B and D mesons. Based on the Heavy Quark

Expansion a systematic expansion of the physical quantities is obtained as an expansion in the inverse heavy
quark mass.

I'(Hg) =T3+ ZF3+73< 'rrjj ) - 167 ZI‘g_H' ( 'nj+ > — |n case of only mixing

Non-perturbative matrix elements of four-quark operators of dimension six {0, ) and dimension seven (0-) are
computed with sum rules and lattice QCD and their phenomenological implications are studied.
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C1c | Non-perturbative matrix elements for B-mixing and lifetimes | Robert Harlander, Alexander Lenz, Ulrich Nierste




L
.H

Project C1c - Experimental Status: =V,

b-hadron species average lifetime \ lifetime ratio
BY 1.519 £ 0.004 ps
B* 1.638 £ 0.004ps | B*/BY=1.076 +0.004
B/ 1.520 £0.005 ps | B,%/B’ =1.001 + 0.004
By 1.429 + 0.007 ps
By 1.624 = 0.009 ps
B.* 0.510 = 0.009 ps
Ay, 1.471 £ 0.009 ps | A,/BY =0.969 + 0.006
- 1.572 £+ 0.040 ps
z,0 1480 £0.030 ps | =,"/5," =0.929 +0.028
(0 1.64 +0.18 —0.17 ps

b-hadron average

(weighted by fractions | 1.5672 + 0.0029 ps
in Z decays)
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Disintegration of beauty: a precision study

Alexander Lenz (Siegen U.), Maria Laura Piscopo (Siegen U.), Aleksey V.
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D" D+ Df

7 [ps] 0.4101(15) 1.040(7) 0.504(4)
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(D0 5 Xetu) 1 0.977(26) 0.790(26)
PDG 2023
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' particles and interactions

PARTICLES AND INTERACTIONS | RESEARCH UPDATE

Charmed baryon puzzles particle physicists by living longer
14 Aug 2018

Colliding protons: a collision captured by LHCb. (Courtesy: LHCb/CERN)

The most precise measurement of the lifetime of the QCO particle has been made by
physicists working on the LHCb experiment at CERN. The charmed baryon decays within
femtoseconds after being produced in proton-proton collisions at the Large Hadron Collider
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Project C1c - Theoretical Status:

The total decay rate of a Bq meson can be expressed as

Heavy Quark Expansion:
Shifman, Voloshin 1983,...
For history see: AL 1405.3601

i . b
> & /f;\ b 2 5 7 //;r\\ e & L+ N E / IQ(EP - .""}\}.’!Pﬂ“ﬁ"s
| ‘* * fo n Memoriam INiKolal Uraitseyv
\'—'%3 \\;%3 /q/ \\.U \ZI\

| Ikaros | Bigi = Paolo Gambino « Thomas Mannel

b o 2 ) o 9 ) o 2 0 o 0 0 o 0
O3 Os Og Op O7
Using the optical theorem this can be rewritten as
1
I'(By) = o Im(By|T|B,) , T =i | d*zsT {Het(z), Her(0)} .
q
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The total decay rate of a Bq meson can be expressed as

Os) | s Os) .+ 1672 [ Tg

5 3

I'(By) =T's+ 1T - -
b b

 Perturbative Wilson coefficients Fz — F§O) —|— Z—S 51) —|— (%)2 F,EQ) + e ooy
T

» Non-perturbative matrix elements of 2 quark operators (O.)

* Non-perturbative matrix elements of 4 quark operators (51)
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The total decay rate of a Bq meson can be expressed as

Os) | e Oe) _ ..+ 1672 [ Ty

5 3 !
my my

P(Bq) — Fg + F5

Qo Qs 2
 Perturbative Wilson coefficients Fz — Fg()) + _8 51) + (i) F

Project C1b 47T
Lenz, Nierste, Steinhauser

» Non-perturbative matrix elements of 2 quark operators (O.)

* Non-perturbative matrix elements of 4 quark operators (51)
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The total decay rate of a Bq meson can be expressed as

(Os5) . (Os)

9 3
my my

~ ~

(Oes)

mb my,

b
\]

...+ 1672 [ Tg

P(Bq) — Fg + F5

 Perturbative Wilson coefficients F — F(O) + 51) ._|_ (

Project C1b 47T
Lenz, Nierste, Steinhauser

r® 4.
47r) T mes

-I'; dependent of B meson

« Non-perturbative matrix elements of 2 quark operators (@i): dependent of B meson

Project C1ic

» Non-perturbative matrix elements of 4 quark operators (0;): dependent of B meson Harlander, Lenz, Nierste

e o 0 NN S TR NN . . N
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Lifetime ratios

o(BT)

7(By) -
(0513, = (O (O, = O {%m%_f O , = (D8, - <@7>B++m} B

1 + [[(By) —T'(BY)| - «(BY)

=14+ |T + 1
5 6 6 7 7
m? m3 BT 3 Bs 4 BT 4

3
my,
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Lifetime ratios

o(BT)

7(By) -
(0513, = (O (O, = O {%m%_f O , = (D8, - <@7>B++m} B

1 + [[(By) —T'(BY)| - «(BY)

=14+ | + I
5 6 6 7 7
m? m? B* 3 By BT 4

3
my,

 Free quark decay | ; cancels exactly
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Lifetime ratios

o(BT)

©(By) -
(Os)p — (Os)p+ (O6)B, = (O p+ T {f6Bd<@6>Bd F (O¢) g+ o (O7)8, P (O7)p: L } . 2(BY)

1 + [[(By) —T'(BY)| - «(BY)

=14+ | + I
5 6 6 7 7
m? m? B* 3 By BT 4

3
my,

 Free quark decay | ; cancels exactly
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Project C1c - Theoretical Status: Ratios

Lifetime ratios

7(B™)
=1+ 1By —-1(B N - 7(BT)
7(B) [ ]
_ (Os)g,— (Os)p+ (O)g, — (Op) g+ . (O, o (Ope -~ O, . (O _ N
=1+ _rs o + T, o +...+16n2{r63d p” — T, ni; +T, - -, n;; +} . 7(B*)

 Free quark decay | ; cancels exactly

o Sizable effects expected due to spectator effects: Pauli interference

o0 TR R TREY T .. T
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7(B™)
7(B,)

Project C1c - Theoretical Status: Ratios

=1+ |[[(By) —[(BY| - «(B")

Free quark decay | ; cancels exactly
Kinetic, chromo-magnetic, Darwin term proportional to isospin violating effects

Sizable effects expected due to spectator effects: Pauli interference

For B: large contribution due to Darwin term, (O;), unknown!,

(O¢)p, extracted from inclusive V,,, fits - 2 different results! Gambino et al. vs Vos et al.

I

Could be dominant for

- (Os)p,~ (Os) . (O6)8,~ (Op) g+

TRR 257 - Particle Physics Phenomenology
after the Higgs Discovery

- 7(BY)

= L s s S )RR TR O\ .
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Phenomenology

B Experiment T'(AY) o
(B o~ , mm HQE Scenario A
° ’ mm HQE Scenario B (=) =]
F{(5a) . I -
| : | () : & : I Experiment
['(Bs) : —" : HQE
1 | | | | | | 0.5 ().55 0.6 0.65 0.7 0.75 0.8 0.85 0.9
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 [ps_l]
[ps™'] |
; I Experiment
T(Ay) o+ HQE
r(B*) " 7(Ba) |
(B ) = P
7 _
’ (2, ) &
7(Bs) e ——e—— B Experiment T(B(C)l>
7(Ba) B HQE Scenario A 7(55) .
B HQE Scenario B 7(Z, ) |
0.98 1.00 1.02 1.04 1.06 1.08 1.10 1.12 | | | | | | | | |
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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)
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Project C1c - Project plans:

Currently
Matthew Black,

1. Calculation of sum rules for () for mixing Soon Martin Lang

2. Calculation of sum rules for (@7) for lifetimes

Matthew Black,
. Perturbative calculation of flowed matching matrix , (f) through NNLO—"_ Robert Harlander,

Fabian Lange,
Oliver Witzel

THE GRADIENT FLOW IN QCD AND
OTHER STRONGLY COUPLED FIELD
THEORIES

3
4. Lattice calculation of flowed matrix elements (én(t))
5

. Extrapolation to zero flow time

6. Phenomenological studies

20 March 2023 — 24 March 2023

O rg an | Zers ECT* - Villa Tambosi
Strada delle Tabarelle, 286
Christopher Monahan (William & Mary, United States) Trento - Italy

0 Show map == Getdirections

cjmonahan@wm.edu
Robert Harlander (Aachen University, Germany) The gradient flow field transformation is a continuous smoothing transformation that

b lar d @} ik r h ! i removes ultraviolet fluctuations. It can serve as a tool to renormalize quantum field theories,
narianaer@p "ySI rwth-aachen.ae allowing numerical studies of strongly coupled systems. The flow has been used extensively in

Anna Hasenfratz (University Of Colorado, BOUIder, United States) lattice gauge theory calculations, both in QCD and in beyond the standard model settings

for applications including scale setting, the determination of the running coupling canstant
anna.hasenfratz @'CO| orado.edu and the corresponding renormalization group beta function, and the topalogical structure of
I. . | . . . the vacuum. Many of the newly emerging applications of the gradient flow depend on the
Oliver Witze (Slegen Ur“verSIty' Germany) perturbative connection of the aradient flow and continuum renormalization schemes,
O“VQI'.\NitZCI(@:Uni'SngC‘n.dO requiring difficult perturbative calculations that match the non-perturbative lattice

methods. This workshop will bring together experts in lattice and perturbative QCD to discuss
recent progress in the application of the gradient flow, develop common ideas, identify needs
and possibilities for the gradient flow and to spark collaborative efforts.

DFG Deutsche
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Lifetimes and mixing parameter to test the SM and extensions of it

Improved knowledge of the values of the matrix elements of dimension-6 and -7 four-quark operators will considerably increase the
precision of the SM predictions for B meson lifetimes and B mixing parameter, providing crucial tests of the SM. Within the SM such an

increased precision can further be used to directly determine CKM parameters involving the top quark, or V_,indirectly. Extensions of

the SM can significantly modify the theory predictions for lifetimes and mixing, and we will investigate the impact of our results on
different BSM approaches, which are studied within the CRC.
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- FNAL/MILC 16
Previous work of the participating scientists:
o FNAL/MILC 12
» HQET sum rule: calculation of dimension six matrix | ——"
elements (O) for B, and D mixing and for lifetimes of B, ' .
4
B+, DO and D+mesons and of m, corrections to describe @ | Y o

B, mixing and lifetimes and D" lifetimes

- Gradient flow: software framework for perturbative
calculations in the gradient flow formalism / various
applications / flowed coefficients of dimension-6 current-
current operators

. Lattice: calculation of dimension six matrix elements {0, )
for B, mixing within RBC-UKQCD
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Sum rule determination of matrix elements of dimension-7 operators for mixing

We will calculate the perturbative three-loop correction to the three-point sum rules with an insertion of the dimension-7 four-quark

AB = 2 operators. This work proceeds analogously to the calculations performed in (Kirk, Lenz, Rauh, 2017) for dimension-6
operators. First the case of massless spectator quarks will be considered and then extended to massive spectator quarks by
expanding in light quark masses, as done in (King, Lenz, Rauh, 2019).

msg _ =
Rl — b Sa(l +’Y5)ba Sﬂ(l — ’)’5)1)5
L 5w op =
By = —53aDp7"(1 —75)Da 5p7u(1 —75)bs
b
1 _ 5 o
R3 = —5 Sa ,0(1 +’}’5)D ba 85(1 +")/5)b13
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Sum rule determination of matrix elements of dimension-7 operators for lifetimes

For the lifetimes we plan to calculate non-perturbative and perturbative three-loop corrections to the three-point sum rules with an
insertion of the dimension-7 four-quark operators. Again, we will start with the massless spectator quark case and later also expand in

light spectator quark masses, following the calculations performed for dimension-6 operators (Kirk, Lenz, Rauh, 2017) (King, Lenz,
Rauh, 2022). In addition we will study the size of eye-contractions at dimension seven.

P = mg (¢(1 —5)q)(q(1 — 7y5)c) ,

1« o
Pf = —(eDyyu(1—15)D"q)(a7*(1 = 75)c)
q L oot v o\(A
P3 — m_(CDv(l —75)D Q)(Q(l +75)C)a




Project C1c - Overview 3:

Role within the CRC

« C1b: perturbative Wilson coefficients
- Cla: Parameter of HQE

« A3a, B3a, C3b: BSM models
« C2b: constraints on BSM in non-leptonic decays
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