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Introduction PfH .

 Lifetimes are fundamental properties of elementary particles. We consider the lifetimes of
hadrons containing one heavy quark, which decays through weak interactions

* Experimentally, we observe

B-mesons D-mesons
By = (bd) BT = (bu) | Bs = (bs) DY = (uc) Dt = (de) Dj = (5¢)
Lifetime (ps) 1.517(4) 1.638(4) 1.516(6) Lifetime (ps) || 0.4103(10) 1.033(5) 0.5012(22)
7(X)/7(Bg) 1 1.076(4) 0.999(6) T(X)/T(DO) 1 2.510(15) 1.222(6)
b-baryons

Ap = (udb) | E) = (usb) | 2, = (dsb) | 2, = (ssb)
Lifetime (ps) || 1.467(9) | 1.477(32) | 1.570(23) 1.64(16) [Lenz, 2014]
(X)/7(By) || 0.964(7) | 0.974(32) | 1.035(23) 1.08(16)

 All lifetimes of the same order (ps)

e Lifetimes of b-hadrons within ~ 10%

« Can we explain this? = Yes! With Heavy Quark Expansion

The B+ — Bd Lifetime Differences @ NNLO 3



https://arxiv.org/abs/2412.13270
https://arxiv.org/abs/1405.3601

Introduction Pl‘H .

* Heavy Quark Expansion (HQE) provides a theoretical framework to systematically study
decays of hadrons containing one heavy quark

« HQE is at the basis of many calculations in Falvour Physics, e.g. Al determination in the
neutral Bs and By system  [Gerlach, Nierste, Reeck, Shtabovenko, Steinhauser 2025]
[Nierste, Reeck, Shtabovenko, Steinhauser 2025]
 Lifetimes ratios are theoretically clean, with more complicated contributions cancelling in the

decay widths difference ™ BSM effects expected to be below 1%. level

* We can use precise theoretical predictions of lifetimes to test the HQE at higher orders in
erturbation theor
P Y +7(BY)/7(Ba)lno = 10361638

+ 7(B1)/7(Bg)|nro = 1.08175 015 ~

7(B™T)
~(Ba) _ T e 7(BY) /7(Bg)|exp. = 1.076 £0.004 >
— Lo = Theory predictions
- [Black, Lang, Lenz, Wiithrich, 2024] are behind

110 | 1.62 | 1.64 | 1.66 | 1.68 | l.iO | 1.i2
[Egner, Fael, Lenz, Piscopo, Rusov, Schénwald, Steinhauser, 2024]
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Experimental Status PfH .

. * Experimental averages from Heavy Flavour
b-hadron species | average lifetime ‘ lifetime ratio Averaging Group (HFLAV 2024)
i 1.517£0.004 ps . B lifetime :
i e B> J/YKs, B— J/YK™
B 1.6380.004ps | © /0 '1-37;0; ATLAS/LHCb/CMS Run 1 data
T « B—DU-7* at Belle Il
B! 1.520 £ 0.005 ps gl = 1 o
$0.0032| <« B lifetime :
* Mostly LHCb Run 1 data from the channel
;] 1.429 +0.006 ps B— J/PK+
BsH 1.622 £ 0.008 ps « Lifetime ratio consinstent with HQE
pedictions
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Recent ATLAS Results PCH .

== Measurement with total uncertainty
| Statistical uncertainty
[ Systematic uncertainty

1.5053 + 0.0012 (stat.) + 0.0035 (syst.)

ATLAS B’— Jiy K™, 140 @13 Tev bed

LHCb B Jhp K

1.504 + 0.013 (stat.) _'I'I'I'I'I'

ATLAS B'— Jhy K7, 4.9 b @7 Ten

1.509 + 0,012 (stat.) £ 0.018 (syst.)

LHCb B"> qu; | &
524 = 0.006 (stat.) il?l](-‘l /st.)

1 fb"'@7 TeV

e ——

1.499 + (0.013 (stat.) & [H](ZIF (syst.)

1} 3
LHCbB'-» K~ 1 1
1.524 £ 0.011 (stat.) = 0.004 (syst.)

0 0 o 0 sama ,
CMSB' > JiyK B> JyK_ 197 b @8 Tev
1.515 £ 0.005 (stat.) £ 0.006 (syst.)

DO B’ Du*v, X, 104 b @1.96 TeV

1.534 £ 0.019 (stat.) £ 0.021 (syst.)

CDF B“—> wa K“’, B“—> .lf\p‘ K\ 4307@196 TeV (A

y (@7 TeV

I_" (syst.)
Belle multiple channels, 140 iv\@v (45)
1.534 £ 0.008 (stat.) £ 0.010 (syst.)

ATLAS
~21c

 B— J/WK™ 2.45 million events — Run 2

Simultaneous fit to mass and decay time

7o = 1.5053 £ 0.0012(stat.) + 0.0035(syst.) ps.

e Limited by systematic uncertainty

1507 + 0010 (stat) + 0.008 (syst) * New results expected soon (see Franz
Bell I[B D Kl" b @y (48) . ’

P, { F— Muheim’s talk at FPCP26)

BaBar Bﬂ—thT v]_.“l i"h @Y (45) l___l

= « Experimental uncertainty of 7(B")/7(B")
expected to be reduced by ~ 2

Francesco Moretti

4815
[Eur.Phys.J. C85(2025)7]

L PO T ST T R
1.52 . 1.56

B°) [ps]
HFLAV 2024 average
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Recent LCHb Results PTH

i T L T I Ll L T I T T L L L T I L
LHCDb Preliminary
b1 Measurement with total uncertainty
Statistical uncertainty
0 Systematic uncertainty
! ppoat vy = 13,6 TeV, 2026

IJE(lh H"—afh,h a I||I1.| s work), 4.5
1.51 (LR (HN]

\'HIM ay LI.I. : (HFLAY 2026)
T ps

-’\IIAH‘i = JIEY 140 ppoat T = 13TeV, 2025
0012 410,0038 ps

Hi.III-.IHI"—HJ .h frt, 190
CMS .rr“—rm;\ u“_.,m;.‘ 19,71 pp at V7 =8
| 51510

IJ!IH"—)H I* tx’ 0410 pfial V3= 196 TV, 2015
REEETIREERIR] I|

LHCh BY = JIK™0, 1! ppoat ¥ = TTeV, 2014
| 52 00 AN 4 |||-.:.I||\

H{('h -‘Jq—r.f."a,‘lh'_ll?, | b= ppoat 5 =TTeV, 201
(L0005 ps

IH(hh‘" r.\ =, L pp ot V¥ = TTeV, 20

O 1 0,004 ps
J\T[ AS BV —y_H-'!\” B! ppat v =TTeV, 2013
1,508 0,012 + 0018 s

CDF B" —rll"u‘. ) BY — HPKS, A3 ppoan S

1507 +0 ||||~.|

BJBLrB"—HJ FE T, BT et e = T(45), 2006
1,504 0003501 ps

Belle multiple channels, 1400b" & " e~ = ¥{48), 2005
A

1,534+ 0008+ 000 ps ' _‘I
illlllillll: ||||

Francesco Moretti

1.481.501.521.54 1.56
750 [ps]

* B— J/YK™ Run 3 data
« Simultaneous fit to mass and decay time

* Most precise determination of the B lifetime
in any B modes

Tgo = 1.5145 4+ 0.0020(stat.) & 0.0010(syst.) ps.

* Dominated by statystical uncertainty

Credits: Ozlem Ozcelik’s talk @ ICHEP26
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Recent LCHb Results PCH

1 L ! ! | I ! ! |' ! | 1 ] T !
 B*— J/WK* Run 3 data
EPJC 33 (2004) 307 (DELPHI) | ¢ . : :
St ) « Simultaneous fit to mass and decay time
PRD71(2005) 072003 (BELLE) ’ il * Most precise determination of the B+
| lifetime in this channel
PRL 106 (2011) 121804 (CDF) | ° |
I Tp+ = 1.6370 £ 0.0014(stat.) £+ 0.0014(syst.) ps.
JHEP 04 (2014) 114 (LHCB) ——
THISMEASUREMENT  Preliminary m e Combining the two (preliminary) results
R R T :B; = 1.0809 £ 0.0017(stat.) = 0.0007(syst.) ps.
.58 16 .62 .64 +
T(B") [ps]

Credits: Ozlem Ozcelik’s talk @ ICHEP26

Francesco Moretti
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Weak Annihilation b b Pauli Interference
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Heavy Quark Expansion PTH .

* The first step to compute F(Hb) Is to perform and OPE integrating out the heavy W boson
that mediates the weak decays

L> Effective |AB| = 1 local Hamiltonian (Wl renormalisation scale
H=— Z Vwa {01 Ml)Q (,ul) +C2(M1)Q2 ( )}
d’_g sc

Contributions from penguin operators are not shown
« The Wilson coefficients Ci, encode the physics above the scale (i,

: L o : Mixing under Fierz transformation
« We work in the “historical” basis /J g

QY'Y = (bicj)v—a(@;d})v_a Y0 = (bici)v—a(@yd))v—a

Francesco Moretti
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Heavy Quark Expansion PTH .

* We relate the total decay rateF(Hb) to the Hamiltonian H using the optical theorem

C D
L>F(Hb) = 21\;1{ (Hp|T|Hp) T = Imifd% T{H(z) H(0)}

Non-local correlator !
* HQE exploits the hierarchy of scales m, > Aqcp

mp

A ! | |
T:TO+T?+T‘3+0< QCD) where T ~ 1/m}

* Leading order —> Free b-quark decay — All lifetimes are the same

e — .

> >

\
<
Y

See [ Egner, Fael, Schénwald, Steinhauser, 2024]

Francesco Moretti
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Heavy Quark Expansion PTH .

2
: : : Aqep . :
* First corrections arise at O ( QO from chromomagnetlc Interactions
mp

b V b > b E b
_|_
[(B™) %1—|—(’)<AQCD

« Strong isospin => Negligible contributions to 7(B™)/7(Bg) T(B7)
d

3
« At O (AQCD> '——> weak interaction of b-quarks with (light) valence quarks

my

Weak Annihilation b b Pauli Interference

Francesco Moretti
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Heavy Quark Expansion PTH .

1 ¢ —~V

* Optical theorem: I'(H;) = S (Hy|T|Hy) T =Imi [ d*z e T{H(x) H(0)}
E Hb Non-local Correlator ! \

- L b m >> A ] _\
} ’ aeb Effective |A B|=1 local
Aocp \* Hamiltonian
T:TO+T2+T3+O< - ) G 'y .
my H= "LV 3™ Vi [Cr(u)Q () + Colpn)QY (1)
Same for all hadrons } . V2 ' —mc o
Negligible V—d s (1 renormalisation scale

* We focus on contributions from dimension-6 g, o
operators = 73 :_|_ Weak Annihilation \) [Buras, Weisz 1990] Q% = (bic;)v—a(W;d})y—a

G2m2|Vig |2 Pauli Interference “Historical” basis: . B
T =L 6b7T - [Vadl® (FHQ* + F§Q% + G*T? + GLTS) § = (bic))v—a(Wds)v—_a
+|Vea? (FQ + FEQE + GT + GSTY)]
GZm2|Vip|2 Other CKM suppressed
o7t = ZIF 6b7T CL(FIQ™ + FIQY + GITY + GLTY)] contributions are not shown
The B+ — Bd Lifetime Differences @ NNLO 13
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Heavy Quark Expansion PTH .

« We match the amplitudes onto a set of effective local |A B|=0 operators
Q1= (b q)v—a(d b)v_a L =(q)s—p(@b)s+p
T= (b T)v—a(qd T)y_a Té=(bT)s—p(G Tb)s+p
 Using the isospin relation (B;|Q“¢|B,) = (B*|Q%*|BT)

7(B™T) GEm2 |V |? - - - -
_1=1(B*) [[(By) = T(B+)] = £ Vbl 2 (Vu 2 fu VC2FC—Fd)-B
~(Ba) 7(BT) [[(Bq) — T(BT)] 1o JBMB ([Vaa "E™ + Vel )
Fi(z, uop) i Bag parameters v+
- - = _ | F(2s o) " Bi (o)
Wilson coefficients F'9(z, ug) = ’ [Black, Lang, Lenz, Wiithrich, 2024]
, G (27 MO) % B’( ) . BQ(/,L())
e G%(z, uo) Non-perturbative = 2 HOT =1 €1 (o)
 Hadronic matrix elements e [Black, Harlander, Kohnen, Lange, Rago, Shindler, Witzel, 2026] \ €2 (,LLO) .
(BT|(Q" — Q") (10)|B*) = fEMEB1(110) (BY(Q§ — Q%)(10)|BT) = fEMEBs(110)
(BY|(T" — T%)(110)|B*) = fEMzer (o) (BY|(T§ — T§)(110)|B) = fpMpea(po)

|AB| = 0 renormalisation scale

Francesco Moretti
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Workflow

P€H

[ Nogueira, 1991 |

[ Gerlach, Herren, Lang, 2022 |
[ Seidensticker, 1999 |

[ Vermaseren, 2000 |
[ Reeck, Shtabovenko, Steinhauser, 2024]

[ Lange, Usovitsch, Wu, 2023 |

Co )
TAPIR + EXP

I

FORM

I

KIRA

I

= 2 :
Diagram generation based on
model files

< 2

Implementation of Feynman rules

& mapping over topologies
73
Reduction of Feynman amplitudes
In terms of scalar integrals

73
Integration-by-parts reduction
to master integrals

"~ Implementation of mast
mplementation of master
GORM * MATHEMAT'CD integrals & renormalisation

Francesco Moretti
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EFTs Renormalisation Pl‘H

* Physics mediated by heavy particle can be written at low scales as
' “ Wilson coefficients encode the heavy physics

« Wilson coefficients C; mix upon renormalisation according to
k

1
¢ Cf = Z;;C; ©Z;i; = 0ij + E ( ) (k) o 7k _ Z _lZ(k,Z)

1 el T
[=0

» Scale dependence is governed by the anomalous dimension matrix (ADM)

dC; - d 4
= C; < Yij = Zik M@ij

Renormalisation Group Equations (RGES)

L

The anomalous dimension is related to the single 1/¢
poles in the renormalisation matrix

The B+ — Bd Lifetime Differences @ NNLO 17
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EFTs Renormalisation PfH

N
u(’)(zk)dlagra ms ¢ Lower order counter-terms
© Mis from recent projects: _ © Mixing matrix up to O(a?). Appropriate choice of Evanescent
[Reeck, Shtabovenko, Steinhauser, 2024] operators: [Egner, Fael, Schonwald, Steinhauser, 2024]

¢ MS renormalisation of charm quark mass
« on-shell renormalisation of bottom quark mass

+  szW i + 5Z<2>-<

pN|

Log-linear series in x=m./1m;

AB=0

H(’)(lk)diag\@ms ¢ Mlxmg matrix up to O(as). NNLO calculation in:
¢ Mis from recent projects: [FM, Nierste, Reeck, Steinhauser, 2026],
[Reeck, Shtabovenko, Steinhauser, 2024] [Aebischer, Morell, Pesut, Virto, 2025],

[Black, Harlander, Kohnen, Lange, Rago, Shindler, Witzel, 2026]
¢ on-shell renormalisation of bottom quark mass

Francesco Moretti
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Matching & Wilson Coefficients P& H

e All results have been checked within our collaboration

* Additional strong checks such as gauge independence and cancellation of IR
divergences

* We also checked the independence of the Wilson coefficients F.---.Gson p;:

« We perform the matching at i — Fij(x,p1) 72, (773
> [Lo ~ TR (1M

« We use Renormalisation Group Equation F;;(x,u1) — Fj(x,pu1, o)

IR cancellation Q

—)

Gauge independence 9

Francesco Moretti
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Lifetimes Ratio P¢H

* The lifetime ratio is then given
by 7(B™)
T(Bd)

> We take the experimental value from the
—1=7(B") [['(Bq) - I(B")]

Additional CKM

« We recall the formula for the width difference suppressed contributions

r—> CKMfitter

G2V |2 = W o <
I(B,) —T(BY) :/3(1-;1 bl 2 01 (IVaalPlE]+ [Veal?Fe — F* + =) - B

Different choices of scheme: L> FLAG Function of T — me(f1)

@ / My (1)
} Perturbative conversion from Bag parameters from HQET sum rules é

pole scheme to O(a2)

= (M) = 4.163(16 GeVd
We use these for our Ho = 1 () (16) -
The B+ — Bd Lifetime Differences @ NNLO 21
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Lifetimes Ratio P¢H

. i + _
We show the ratio 7(B7)/T(Bg) — 1 014l Overall m2 factor ool
as a function of y;. : A ~a ole
schemes NS
« We estimate the scale uncertainty by 0.12{ ™, — PS
varying i, in [2.1 GeV, 8.4 GeV] _ x::’. Experiment (1)

* We observe an increment in the scale
dependence for both MS and PS:

NLO | NNLO

MS 14% 7 18%
PS 7% ' 20%

* Predictions at NNLO between MS and PS
are much closer together w.r.t. NLO case

p1 = pip = pc [GeV]
Reduction of scheme dependence @ NNLO [Credits: Pascal Reeck]

Francesco Moretti

The B+ — Bd Lifetime Differences @ NNLO 22




Lifetimes Ratio

P€H

 For our final predictions, we combine the
results in MS and PS and obtain

Bt
"B) _ 1 0724+ 0.024 (NNLO)
7(Ba)
* To be compared to the experimental value
Bt
"(BY) _ 1 076 + 0.004 (exp.),
7(Ba) HFLAV 2=

* Good agreement with experimental value, but
larger (~6x) uncertainties in theory predictions

Our results show the validity of the HQE !

* Theoretical uncertainty mainly coming from
scale and bag parameters 1%

0,
W Scale 37%

B Bag
Inputs

Francesco Moretti

O. 14 7 ““““
.. | schemes

0.121

62%

Overall m? factor

~ Pole

— MS

— PS
| Experiment (10)

p1 = pip = pc [GeV]

[Credits: Pascal Reeck]

The B+ — Bd Lifetime Differences @ NNLO
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New Lattice Results

P€H

Heavy-Meson Bag Parameters using Gradient Flow

Matthew Black®,!2-* Robert V. Harlander®.* Jonas T. Kohnen®,*

o) - 4.5 . 3 < I 17 ~7: Fe 2
Fabian Lange®,*® Antonio Rago®.® Andrea Shindler®.*7* and Oliver Witzel®?

' Higgs Centre for Theoretical Physics, School of Physics and Astronemy,
University of Edinburgh, Edinburgh EHS 3JZ, UK
2 Theoretische Physik 1, Center for Particle Physics Siegen,
Naturwissenschaftlich- Technische Fakultdt, Universitdt Siegen, 57068 Siegen, Germany
# Institute for Theoretical Particle Physics and Cosmology,
RWTH Aachen University, 52056 Aachen, Germany
' Physik-Institut, Universitit Zirich, Winterthurerstrasse 190, 8057 Ziirich, Switzerland
5PSI Center for Neutron and Muon Sciences, 5232 Villigen PS1, Switzerland
SIMADA and Quantum Theory Center, University of Southern Denmark, Odense, Denmar
" Nuclear Seience Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, US.
=<Ur.'p::r.i“‘t)‘nenﬁ of Physics, University of California, Berkeley, CA 94720, USA
(Dated: March 31, 2026)

Siegen

We demonstrate the use of the gradient flow combined with the short flow-time Aachen

(GF+SFTX) as a renormalization procedure for four-quark operator matrix elements and associ-
ated bag parameters relevant to neutral heavy-meson mixing (AQ = 2) and heavy-meson lifetimes
(AQ = 0). Using six RBC/UKQCD 2+1-flavor domain-wall fermion ensembles, we caleulate for a
charm-strange system with physical quark masses flowed bag parameters and match them to the
MS scheme using perturbative SFTX coefficients up to next-to-next-to-leading order in QCD. We
employ a multi-scale matching strategy and a renormalization-group improved flow-time evolution
which allows for a reliable estimate of systematic uncertainties. For a fictitious neutral D, me-
son, we obtain the A() = 2 MS bag parameter B3 GeV) = 0.7673(123), consistent with existing
short-distance D" mixing determinations. For the AQ = 0 lifetime-ratio operator basis, we find
the NS results Bi™(3 GeV) = 1.0524(97), BF{_S GeV) = 0.9621(71), a7 (3 GeV) = —0.2275(76).
and @T(B GeV) = —0.0005(8). We provide conversion formulae to re-express these results for an
arbitrary choice of evanescent operators. These results demonstrate that GF+SFTX can deliver
precise determinations of dimension-six four-quark operators and establish a framework for future
lattice computations including more complex operator bases, where the challenge of power-divergent
mixing is shifted to the continuum and handled in the SFTX.

Synergies

CRC!

Karlsr

Next-to-next-to-leading QCD corrections to the
B'-BY, D"-DY, and D/-D" lifetime ratios

Francesco Moretti,” Ulrich Nierste,” Pascal Reeck,” Matthias Steinhauser®

@ Institut fir Theoretische Teilchenphysik, Karlsruhe Institute of Technology (KIT), Wolfgang-
Guaede Strafle 1. 76131 Karlsruhe, Germany

BSTRACT: The total decay widths of heavy mesons can be systematically calculated
in_tgrms of an expansion in the two parameters 1/mg and a.(mg), where Q = ¢,b de-
u&eheav‘v quark. The dominant contributions to meson lifetime splittings stem
from terms which are suppressed by 1 /mé) with respect to the leading universal contri-
bution to the total decay width. We caleulate three-loop contributions of order a2 /m}
to the lifetime ratios 7(B7)/7(BY), 7(DT)/7(D"), and 7(D})/7(D") in the limit of exact
isospin and V-spin symmetry, respectively. Furthermore, we present new (].s/m; cor-
rections to the Cabibbo-suppressed terms in 7(B¥)/7(Bj). Combining our perturba-
tive coefficients with hadronic matrix elements calculated from Heavy Quark Effective
Theory sum rules, we find 7(B7)/7(B}) = 1.072 £ 0.024. Using hadronic matrix ele-
ments from a recent lattice QCD caleulation we find 7(D¥)/7(D") = 2.344 £ 0.170 and
(D7) /(D) = 1.289 £ 0.042. We find good agreement of our predictions with experi-
mental data, which constitutes a successful probe of the calculations of hadronic matrix
elements and permits estimates of the unknown 1/ mﬁé contributions as well as the V-spin
breaking terms in r(DF)/7(D").

Within The
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Lifetimes Ratio P¢H

* We can adapt our matching coefficients to study lifetime ratios in the D mesons system

+ 0 + 0
T(D7)/7(D”) -1 T(D7)/7(D”) — 1
 Isospin doublet, like (B*, B,) = Cancellation of * Incontrast, (D#, D°) is a V-spin doublet=- Singlet
Isospin singlet contributions contributions do not cancel exactly
« Aqcp/me ~ 0.3, so that higher orders in the
HQE are expected to give sizeable contributions « SU(3)-breaking corrections as m, — m,, ~ 0.3 Aqcp

in addition to the dimension-7 contributions

Dimension-7 operators (—J
* We estimate their combined size comparing our

* We estimate their size comparing our predictions predictions with data
with data
(D) /7(D°) = 1.737 £ 0.228 (NNLO) 7(DF)/7(D°%) =1.135 £ 0.131 (NNLO)
(D7) /7(D") = 2.510 £ 0.015 (exp.) 7(DF)/7(D") = 1.222 £ 0.006 (exp.)

Bag parameters from HQET sum rules results

The B+ — Bd Lifetime Differences @ NNLO 26
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Lifetimes Ratio P¢H

* We can adapt our matching coefficients to study lifetime ratios in the D mesons system

+ 0 + 0
T(D7)/7(D”) -1 T(D7)/7(D”) — 1
 Isospin doublet, like (B*, B,) = Cancellation of * Incontrast, (D#, D°) is a V-spin doublet=- Singlet
Isospin singlet contributions contributions do not cancel exactly
« Aqcp/me ~ 0.3, so that higher orders in the
HQE are expected to give sizeable contributions « SU(3)-breaking corrections as m, — m,, ~ 0.3 Aqcp

in addition to the dimension-7 contributions

Dimension-7 operators (—J
* We estimate their combined size comparing our

* We estimate their size comparing our predictions predictions with data
with data
7(D1)/7(D°) = 2.344 £ 0.170 (NNLO) (D) /(DY) = 1.289 + 0.042 (NNLO)
(D7) /7(D") = 2.510 £ 0.015 (exp.) 7(DF)/7(D") = 1.222 £ 0.006 (exp.)

Bag parameters from recent lattice results
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Lifetimes Ratio P¢H

o I P oo 2.50 - ® NNLO+Lattice+GF
000 g NNLO+Sum Rules
‘ : 2.25 A
—0.10 1
—0.151 2“0 i
—0.201
—0.251 ®
B —1 By —1 W e 1.75 -
1.50
«€; and e Bag parameters are
smallest in size, but have 195 - +
largest Wilson coefficients
1.00 1 | .
(D) /(D) 7(D7)/7(D")nad
Credits: Matthew Black’s theory talk @ FPCP26
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Summary & Conclusions PCH

Lifetimes ratios provide a clean theoretical ground to test HQE and compare with precise experimental
results

We focus on the dimension-6 operators contribution coming from spectator effects and perform matching
to | A B|=0operators to NNLO accuracy in QCD

Our results show the validity of the framework and support the HQE as the correct method to calculate
lifetime differences between heavy hadrons

Application of the method to observable with high sensitivity to BSM: Ba,s — Ba,s

Future outlooks: Include penguin-like contributions @ NNLO and study 7(B;)/7(Bg)

Francesco Moretti
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Summary & Conclusions ~ P@H

Lifetimes ratios provide a clean theoretical ground to test HQE and compare with precise experimental
results

We focus on the dimension-6 operators contribution coming from spectator effects and perform matching
to | A B|=0operators to NNLO accuracy in QCD

Our results show the validity of the framework and support the HQE as the correct method to calculate
lifetime differences between heavy hadrons

Application of the method to observable with high sensitivity to BSM: Ba,s — Ba,s

Future outlooks: Include penguin-like contributions @ NNLO and study 7(B;)/7(Bg)

What'’s next? Extending predictions to even higher orders of a,and Aqcp/mgin combination with better
hadronic matrix element with the aim to bridge the gap between theoretical and experimental uncertainties
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Summary & Conclusions ~ P@H

Lifetimes ratios provide a clean theoretical ground to test HQE and compare with precise experimental
results

We focus on the dimension-6 operators contribution coming from spectator effects and perform matching
to | A B|=0operators to NNLO accuracy in QCD

Our results show the validity of the framework and support the HQE as the correct method to calculate
lifetime differences between heavy hadrons

Application of the method to observable with high sensitivity to BSM: Ba,s — Ba,s

Future outlooks: Include penguin-like contributions @ NNLO and study 7(B;)/7(Bg)

What'’s next? Extending predictions to even higher orders of a,and Aqcp/mgin combination with better
hadronic matrix element with the aim to bridge the gap between theoretical and experimental uncertainties

Thank You!
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Heavy Quark Expansion PTH .

* The first step to compute F(Hb) Is to perform and OPE integrating out the heavy W boson
that mediates the weak decays

L> Effective |AB| = 1 local Hamiltonian (Wl renormalisation scale
H=="2Vi3 Y Vwa {01 (12)QY * (1) + Ca(u) QY (1 )}
d’_g sc

We focus on current-current operators only

« The Wilson coefficients Ci, encode the physics above the scale (i,

: L o : Mixing under Fierz transformation
« We work in the “historical” basis /J g

QY'Y = (bicj)v—a(@;d})v_a Y0 = (bici)v—a(@yd))v—a

Francesco Moretti
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Heavy Quark Expansion PTH .

* We relate the total decay rateF(Hb) to the Hamiltonian H using the optical theorem

C D
L>F(Hb) = 21\;1{ (Hp|T|Hp) T = Imifd% T{H(z) H(0)}

Non-local correlator !
* HQE exploits the hierarchy of scales m, > Aqcp

mp

A ! | |
T:TO+T?+T‘3+0< QCD) where T ~ 1/m}

* Leading order —> Free b-quark decay — All lifetimes are the same

L - -

»
> >

v See [ Egner, Fael, Schénwald, Steinhauser, 2024]

Francesco Moretti
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https://arxiv.org/abs/2406.19456

Heavy Quark Expansion PTH .

. . . A 2 o .
* First corrections arise at O ( QCD) from chromomagnetlc Interactions
mp

T~

n r(B™) Agep
« Strong isospin —> Negligible contributions to 7(B™)/7(Bq) T (B0 ~14+0 < )
d

3
« At O (AQCD> '——> weak interaction of b-quarks with (light) valence quarks

my

Weak Annihilation b b — Pauli Interference
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Heavy Quark Expansion PTH .

« We match the amplitudes onto a set of effective local |A B|=0 operators

Q1= (bq)v-a(gbv_a L=0qs-p(@b)sip
T9=0Tqv-a(@Tb)v-a Té=(bT%)s-p(G Tb)stp
[Beneke, Buchalla, Greub, Lenz, Nierste, 2002]

Weak Annihilation

* The decay rate is then decomposed as 7° =|74-+H7T¢

Pauli Interference

GEmi|Ve|?

T = = [[Vaal? (FQT + FEQS + GMTY + G4 T)
+|Vea|? (FCQ? + FEQL + GT + GLTE)]
G2 m2 V. 2
o ¢ = & 6b7l | [(FdQu + FIQY + GIT" + G%Tgﬂ Matching to |AB|=1
The B+ — Bd Lifetime Differences @ NNLO 37



https://arxiv.org/abs/hep-ph/0202106

Heavy Quark Expansion PTH .

Bg) = (BT|Q""|BY)

* Hadronic matrix elements l// (BY|Q

(BH(Q" = Q) (no)|B) = fEMEB1 (o) (BY(Q% — Q) (10)|BY) = f5ME Ba(ho)
(BT = T%)(1o)|B*) = fEMer(po) (BY|(T§ — T§)(no)|B™) = fpMpea(uo)

|AB| = 0 renormalisation scale

* Non-perturbative evaluation of the bag parameters \

Isospin-breaking combinations

= 7 Preliminary studies Lattice QCD HQET Sum Rules
( [Di Pierro, Sachrajda, 1998] [Kirk, Lenz and Rauh, 2017]
[Di Pierro, Sachrajda ,Michael, 1999] | [Black, Lang, Lenz, Wiithrich, 2024] |We use this
[Becirevic, 2001] [King, Lenz, Rauh, 2021]

[Lin, Detmold, Meinel, 2022]
[Black, Harlander, Lange, Rago, Shindler, Witzel, 2023]
[Black, Harlander, Lange, Rago, Shindler, Witzel, 2024]
| [Black, Harlander, Kohnen, Lange, Rago, Shindler, Witzel, 2026] | We use this for D mesons

Francesco Moretti The B+ — Bd Lifetime Differences @ NNLO 38


https://arxiv.org/abs/1711.02100
https://arxiv.org/abs/2412.13270
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https://arxiv.org/abs/2212.09275
https://arxiv.org/abs/2310.18059
https://arxiv.org/abs/2409.18891
https://arxiv.org/abs/2603.28517

Matching (@ NLO PfH

* Next-to-Leading order calculation of the Wilson coefficients

e \ Feynman diagrams
\ %

[Ciuchini, Franco, Lubicz, Mescia, 2001] L

 [Franco, Lubicz, Mescia, Tarantino, 2002]

C.
( [Beneke, Buchalla, Greub, Lenz, Nierste, 2002] >®<
>

No contribution from cc mtermedlate states at NLO
: : : Dio b: :b ¢ D b:

11

0.7 +

0.2 -

Francesco Moretti
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https://arxiv.org/abs/hep-ph/0110375
https://arxiv.org/abs/hep-ph/0203089
https://arxiv.org/abs/hep-ph/0202106

Matching & Wilson Coefficients P& H

AB|=1 theory and the effective |AB|=0

* We perform the matching between the “full”
theory in d=4—2¢

« We set p.,=0 and p;/=m¢ = We generate IR spurious divergences
« The IR behaviour of the two theories is the same = cancellation of 1 /e poles

. Yet, spurious poles give finite contributions when they multiply O(¢) parts of evanescent

structures — Evanescent operators must be included in the matching

d d
Uncancelled
m— big)  Upeancelled
b b

The B+ — Bd Lifetime Differences @ NNLO 40
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l

Vanishing in DIMREG »

d
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|AB|=1 Preliminaries PTH

Leading CKM contribution @ NNLO — |V, =0

“Full theory” given by |AB|=1 contributions ——>“Historical” basis operators (1 .
We can define Q7%% = (biq])v_a(Gd)v -4 QI = (bigh)y_a(Bad)v-a

1 Gr|A |) . -
[419293 — Bazasl ) ofCTm / dtze® (Hy | T{QI™ % ()Q7 9% (0)}| H
I Z( usel) cle, (H T{QI™ % (@)@ %% (0} )
> )‘qmzq?, — Vq*lbquq3
We want to match onto an operator basis with (b---q) ®

(q ca b)
—~ N =
b b3 b \

F|erzed operators

Pl M M I\/Iore complicated
to evaluate
The B+ — Bd Lifetime Differences @ NNLO 41




|AB|=1 Preliminaries PTH

* We actually compute the following amplitude

3 1 Gr| g -

919293 — 5 § : ( F‘\;%QQQS|) C’JCjIm i/d4xezqa:<Hb|T{Q;rQ3Q2Q1 (CB)Q?qu% (0)}’Hb>
Mpy, . - ~

v i,5=1,2 C; Wilson coefficient of Qe

How do we recover the expression for ['919293?

s Ind=4  QP"" = (V'q)v-a(Bas)v-a = O'a3)v-a(Bal)v-a = QF"" \

q142493 __ ~6116]2(13 - -
F T F |Cl—>02,02—>01

* What about d # 4 ?

Francesco Moretti
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|AB|=1 Preliminaries PTH

Wilson coefficients C > mix upon renormalisation according to

00 k
b_ as\* k (k) L (kD)
o Cj =2;;C; ©Zij =5m'+2(ﬂ) z;;) © Zi :Z—zz
k= =
* We define the anomalous dimension matrix (ADM)
dC; — (. forij=1,2 Yii = Zij ,uiZ_-l
H i = Y505 =4 ~— vJ ik du kj

As shown in [ Buras, Weisz, 1990 |, Fierz symmetry can be restored order by order in o
by imposing

Y11 = 722 & Y12 = 721

How do we fix these conditions?

Francesco Moretti
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https://inspirehep.net/literature/279445

/A B|=1 Preliminaries PTH

* In DIMREG we have the presence of the so-called Evanescent operators

» Their d— 4 limit is fixed, but they can be defined up to arbitrary choices of O(e)terms

« At NNLO, we encounter the following first and second generation evanescents
M QN2 = (g;i MMMPLQ{)(qg’YulumgPng) — (16 — de + Ay) Q192
E(l) glCIQCIS (bz ,ul,uz,ugp Q1>(Q27M1/J2,UJ3PLQS> (16 e + A ) g2
E®) QT "] = ( MMW?’M%PL%)(%7#1#2#3#4#5 Png) — (256 — 224e + B1)QT' "
(b

E(2): glngg_ M1M2M3H4M5PLQ71:>(g%7M1M2M3M4M5 PLQB) (256 o 2246 T B ) g2

Ay = —4 B = _@ By = — 115056 [ Egner, Fael, Schonwald, Steinhauser, 2024]
115 115
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