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Heavy quarks: charm and bottom

2024: 50 years of charm quarks!
Charm quarks are instable and decay through the weak interactions V — A
= analogy to the muon decay

GZm3 »
M(e)~ {953 “O<1 ps )

Bottom quarks: my, = 3m;.
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Heavy quarks: charm and bottom

2024: 50 years of charm quarks!
Charm quarks are instable and decay through the weak interactions V — A
= analogy to the muon decay

Bottom quarks: m, = 3m.. Does that imply I' (b) = 250T (¢)?

r(c)

2
., GEmy|Voo|

No! CKM mechanism to the rescue, I' (b) ~ ~F 55, S0

r(6)~T(c)

But charm and bottom quarks are not free particles. What about their mesons?
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50 years later

122 o These days, there is a plethora of heavy-
3 ool . ~“"""——- meson data and their lifetimes have been
E”U'%i“ HFLAV measured to extremely high preci-
S ucs o 29 || gjon!
oV R T (Bg) AT (D)
2004 2008 2012 2016 2020 2024

Year ° T(Bs) /T(Bd) ~ 1
[taken from Albrecht, Bernlochner, Lenz, Rusov, '24] So r(HQ) is the same for all hadrons
with same single heavy quark Q...
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- These days, there is a plethora of heavy-
g ol . = === meson data and their lifetimes have been
oo HFLAY measured to extremely high preci-
ol 2o | siont

ol SRR T (By) ~ T (b)

2004 2008 2012 2016 2020 2024

Year ° T(Bs) /T(Bd) ~ 1
[taken from Albrecht, Bernlochner, Lenz, Rusov, '24] So r(HQ) is the same for all hadrons
with same single heavy quark Q...

t th t th LB _ 1 076(4), {2) ~ 252
.. except they are not the same: —z— = 1. (4), (o) ~ 2 (HFLAV, PDG)

Can we formalise this, and to what extent? \
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The heavy-quark expansion



Weak b decays: the effective |AB| = 1 Hamiltonian

Integrating out the W
+ flavour-changing b decays are mediated by W bosons (M, ~ 80 GeV)
 decays of hadrons containing a single b quark release momenta of
pﬁb ~ I\/I,%,b ~ 5GeV

. W- L1 1 Pr,
W-boson propagator: W, W + (9( b)
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The heavy-quark expansion

This leaves us with the effective 7{/28/=" Hamiltonian, #!*8=1 = 3" C;Q;

gl (X )

M (Hp) = Z/ (2m)* 6™ (py, — PX)ZM

Optical theorem

[ (Hp) = Im (Hp|T|Hp)
T=i[d*T {H‘AB|:1 (x) HIABI=1 (0)}

B
e @ 0= — [ i—0 ¢

Martin Lang, TP1, U Siegen, 10 Oct. 2024 4



Operator-product expansion (OPE)

Employing the hierarchy Aqcp < My, =~ mj, allows for the use of an OPE,

Im7 = Cn(x)Qn(0)
P i I UL
s LE—=E — >
1 7

. (0s) . (O
M (Hp) = r3+r5<fn)—5>+r6@+...+167rz <r6< 6>+F7< >+)

2 3 3 4
b mp mp m

we distinguish between non-spectator effects and spectator effects
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The heavy-quark expansion for lifetimes

b b

_(0s) (O
r(Hb)r3+r5%+re<fn)—63>+...+16w2<rg< 6>—|—F7< >—|—)

P
+ the non-perturbative matrix elements (O,) = (Hp|On|Hp) are of O (A’(’Q‘CSD>
+ the free quark decay width,

- the Wilson coefficients are perturbative, T, = ") + & F(” + ( W)z r

G2 m m?
[a~ D, E Vereng - foo | —€

decay channels b b
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Total decay rates in the HQE

] b ! i )
b ® : N ! /f‘;:r\ b+ o+ \/_3\/
7 P AN

o>
>
o>
>
S
>

b b b b
3 3 NN
O ¢ O O-
— [taken from Lenz, Piscopo, Rusov, 2020]
O3 : O3 =bb
Os:  Own = by (iD,) (iD*) by Omag = by (iD,,) (iD,) (—ic"") by
Os:  Os = by (iD,)(iv- D) (iD,) (—-ic**)b,  O,, = by (iD,)(iv-D)(iD")by,
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Hadronic matrix elements: two-quark operators

Hadronic matrix elements of non-spectator operators

(BelBb|Bg) _ . ﬂi(B@—Mé(Bq)w(g)

2Mp, N 2Mp, P
2mg, 15 (Bq) = — (BqlOwin|Bg)
2mBqMG( Bg) = (Bg|Omag|Bg) chromomagnetic operator
2mquLS (Bq) = (Bq|OLs|Bg)
2mg,p3 (Bg) = (B4|0,,|Bg) Darwin term

Including only the non-spectator operators, we have ' (B%) ~ I (BT) ~ I (Bs) to
excellent approximation
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Spectator effects: four-quark operators

At dimension 6 spectator operators of the form bI'q gr’b become possible.

Qf =by, (1 —5)qgr" (1 —5) b, QI =b(1-15)qq(1+15)b,
Ty =by,(1-75) T2qa" (1 —9s) T%,  TJ =b(1 —5) T°qq(1 +5) T
| fl

b ‘ b
\ /_\ / Hadronic matrix elements of spectator operators

/d/\fz#/\d\ for lifetime ratios: Q; = Q' — Q,‘-’, Ti=TH - T,.d

(Qi(n) = 5, Mg Bi (1),  Bi(u)~1

2 ; : : (Ti(p)) ~ fngéqE/ (n) , ¢; (1) much smaller
AR NN
Og 07
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Improving HQE predictions: generalities

Improving predictions within the HQE

« Perturbative: higher-order a corrections to I';, I
* Aqcp/mp: include higher-dimensional operators from the OPE

* Non-perturbative: more precise matrix element determinations (lattice, sum
rules)
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Status of the HQE for meson
lifetimes




Status: Early 2024

eXpeI‘Iment: HFLAV, PDG theory: Albrecht, Bernlochner, Lenz, Rusov, 24, Lenz, Piscopo, Rusov, '22

r(8*)=0611(2)ps™" T (B*) = (05884 ) ps~!
[(B5)=0658)ps™ (g, — (0.63+23}) ps~"
[ (Bs) = 0.657(2)ps |

(o TR e (0saig)

= 1.076(4) B+

T((/Zd; T((B )) = 1.086(22)

T S T g

By~ 1.002(4) 7 (Bs)
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Short-distance coefficients, early 2024

semileptonic decays:
. ng): Fael, Schénwald, Steinhauser, 21, .
Czakon, Czarnecki, Dowling, '21
o F(51): Alberti, Gambino, Nandi, '14, Mannel, ©

Pivovarov, Rosenthal, '15

1
O I'é )Z Mannel, Moreno, Pivovarov, '22, Moreno, O
22
~(1
. Fé ). Lenz, Rauh, '13 .

0
° F(7 )Z Dassinger, Mannel, Turczyk, '07

0
. rg ): Mannel, Turczyk, Uraltsev, '10

Martin Lang, TP1, U Siegen,

nonleptonic decays:

2) /m
Fé ) (incomplete): Czarnecki, Slusarczyk,
Tkachov, '06

1
F(5 ) (massless): Mannel, Moreno,

Pivovarov, '23

0
I'é )Z Lenz, Piscopo, Rusov, ‘20, Mannel,

Moreno, Pivovarov, '20, Moreno, ‘21

~(1
ré )Z Beneke, Buchalla, Greub, Lenz, Nierste,

‘02, Franco, Lubicz, Mescia, Tarantino, '02
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Theoretical uncertainties, early 2024

I'(BY)

7(B")/7(Ba)

e g ’ s # (Og) p+
My 2o
CKM "
(O6)+ CKM

W other m other

[taken from Albrecht, Bernlochner, Lenz, Rusov, '24]

+ total decay rates are dominated by the scale uncertainty p4 of I's
« for 7 (B*) /7 (By), the current HQET sum rules determination is still the
dominant source of uncertainty = lattice results on the way
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What has happened in 2024?



NNLO corrections to hadronic b-quark decays (aka news from Karlsruhe)

The dominant uncertainty by varying p1 can be reduced with the calculation of
higher perturbative corrections to the free b-quark decay

= NNLO QCD Egner, Fael, Schonwald, Steinhauser, '24

* higher evanescent operators

B =(f7‘ 130203 Py LY (G591 P ) — (16 — de + Age?) O,
W B — (g P (s PL) — (16 — e+ Aze?)OPT,
E;?Jr-nq‘qs (‘j\ Hip s 3 (=
(@

I P ) (Vs peapganes PLt) — (256 — 2246 + Bye?) O,
© B (g2t Py (G, i Prds) — (256 — 2246 + Bae? )O3,
2 il 42 Vprpapapans L3 2

%@ * master integrals computed using the
“expand and match” approach
()

Emax JHd Mmax

L(,l') F) = Cig m.n(':J (ﬁ - J""’U‘J“’j-3 ](’gm (,0 - ,ﬂ[;]
[taken from Egner, Fael, Schonwald, Steinhauser, '24] Z Z Z

j=—4Am=0n=n,;,
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NNLO corrections to hadronic b-quark decays

Complexity:

+ O(1300) diagrams per
hadronic decay channel =
hundreds of four-loop Mls

T/Th/ [Vl

+ expansion points depend on
the decay channel Lo mps =47 Gev

m?% = 1.3 Gev

This necessitates a high degree of " : ‘
automatisation! 6]

[taken from Egner, Fael, Schénwald, Steinhauser, '24]

Extensive phenomenological analysis to appear soon = Stay tuned!
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NLO corrections to 1/m2

* O(as)tob— cud at 1/m§, including m; dependence Mannel, Moreno, Pivovarov, ‘24
 the NLO results do not have the same strong cancellation as the LO results
* 2% enhancement of the total b — cud decay rate

u (GeV)

w

[p = m2/m2, taken from Mannel, Moreno, Pivovarov, '24]

Martin Lang,
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Further room for future improvement of the SM predictions

Future improvement of the SM prediction?
« b— cts @ NLO QCD @ #
b
- hadronic contributions to the Darwin term (1/mg) @ NLO QCD

lattice determination of <ée>
Fs (1/m%) @ NNLO QCD

* matrix elements of dimension-7 operators beyond the vacuum insertion
approximation

Martin Lang, TP1, U Siegen, 10 Oct. 2024 17



New physics effects in the HQE




New physics in lifetimes

Standard Model:

B ,
=roriR = gyt oa]

Including some generic BSM effects: I' (Bq) = 'p + oIy + org>M
7(Bg) _ 147 (By) [5FSM _ 5rSM} +7(By) [5rBSM _ 5rBSM}
. ( Bq’) q By Bq q By Bq

=147 (By) [org — o] + | B (By =¥ x) G (B %% v)

7 (By)
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BSM contributions to the dimension-6 spectator effects

(in collaboration with M. Black, A. Lenz, Z. Wiithrich)

« Spectator effects at dimension-6 are the main reason for I' (By) # I (BT)

* NP in the |AB| = 1 Hamiltonian would give rise to additional |AB| = 0
operators in the HQE = What are their matrix elements?

+ We want to compute them via heavy-quark effective theory (HQET) sum rules

Why sum rules (and not lattice QCD)?...
... because sum rules are an independent systematic approach, computationally

cheaper and rather flexible
... but they are intrinsically rather imprecise and it is non-trivial to systematically

refine them

Martin Lang, TP1, U Siegen, 10 Oct. 2024 19



Bag parameters

Vacuum saturation/insertion approximation (VSA/VIA)
Take the operator Q (1) = 4by,PL.ggy*Pband 1 = 3, |X) (X|, then

(B|Q|B) =4 (B|bv.P.q|X) (X|g"P.b|B)
X

= 4(B|b.P.q|0) (01gy*PLbIB) +4 ) (B|bv.P.q|X) (X|gy"P.b|B)
|X)#10)
= fEMz+4 > (B|by.PLq|X) (X|gy"PLb|B) = EMZB ()
|X)#(0)

The bag parameter B (1) incorporates the deviations from the VIA!

QCD: <O’Bvu’y5q’8(p)> = —ifgPy, HQET: <0\I_77ﬂ5q]8(v)> = —iF (p) v,

Martin Lang, TP1, U Siegen, 10 Oct. 2024 20



HQET sum rules for bag parameters

Consider the three-point correlator for an HQET operator @
K (w1, w2) = / a%x1d%xeP 7% (0| T {t () @(0)] (x1) } |0)
with ):5 = 7775q and Wi =P12-V

* Kq is analytic in wy o except for discontinuities at positive real wy > =
dispersion relation

Ky (w1, w2) = / dnydng plwrwe) + subtraction terms
0 (m —w1) (72 — w2)
* at large negative w1 2 compute K5 through an OPE:

— _ as 2
KgPE (w1,w2) = ngrt (w1, w2) +Ké;qq> (w1, w2) <QQ>+Ké “ (w1, w2) (@sG?)+. ..

Martin Lang, TP1, U Siegen, 10 Oct. 2024 21



Bag parameter: perturbative part
00
AT N T S SR

* non-factorisable diagrams contribute to B (x) — 1

* the “eye diagrams” mix into lower-dimensional operators (difficult)

« for decay rate differences (ratios) we can focus on the left class of diagrams
(with a gluon exchanged)

Martin Lang, TP1, U Siegen, 10 Oct. 2024 22



Lifetimes: BSM operators

|AB| = 0 operators (HQET)

Of = Qf = 4bv,PLqay" P.b, Of = G = 4bPLqqPRb,

O = T9 = 4by,P.T2qgy"P. T2, OJ = T3 =4bP,T3qqPsT?b,
O = 4bv,P.q g+ Prb, OJ = 4bP.qgP.b,

09 = 4bv,P, TG Gy PrT?b, Of = 4bP,TeqqP,T%b

Operators 59’(10) = 4/_70—u,,PL(Ta)q qo*” P (T?)h are not independent in HQET!
(Lenz, Mdiller, Piscopo, Rusov, ’23])

renormalised correlator:

(1) _ gebare | T [(520)5 | 2(0) | j(0) , (0) ,A0)
K = K™ + 5 [(27 5,,+ya_éj> Ky +75EKe
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Current status

Current status:

* HQET Feynman rules, IBP reduction, master integrals v'[Grozin, Lee, '09]
= bare correlation function v

double discontinuity v/

* V57

* operator mixing computed, final renormalisation: WIP

» comparison to the first SM HQET SR determination: WIP [Kirk, Lenz, Rauh, '17]

* sign of &7

Martin Lang, TP1, U Siegen, 10 Oct. 2024 24
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https://arxiv.org/abs/1711.02100

Recent progress, in particular higher-order perturbative calculations, have made
the HQE an increasingly powerful framework, not only for lifetime ratios, but also
for absolute lifetimes!

« future NLO corrections to 1/m§ (ccs), 1/mf; (NL) operators will further
increase its power

« first lattice (and more precise HQET SR) determinations of the dimension-6
and -7 matrix elements will reduce uncertainties of lifetime ratios

» these recent advances enable us to use the HQE as a probe of new physics
these days

Martin Lang, TP1, U Siegen, 10 Oct. 2024 25



Backup




If b(x) is the QCD b-quark field, then b (x) = e~ 1M"%X"p, (x), where
p, = mpv* +iD*, such that b, carries “momentum” pj, — mpv*

Hadronic matrix elements, numerically:

O u% (Bq) = 0.332(62) G(%'V2 (semileptonic fits), D mesons: similar size (spectroscopy)

* 2 (Bg) = 0.465(68) GeV? (semileptonic fits), uncertainties in D system
somewhat larger

. p% (Bq) = 0.170(38) GeV® (semileptonic fits); D MES0ONS: various different estimates

Martin Lang, TP1, U Siegen, 10 Oct. 2024
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Hadronic matrix elements, 4-quark operators (SM)

B (1 E () +0.020 _ +0.000 7y +0.020 +0.002 +0.000
Bi(1.5 GeV) = 1.000 Sggo0 = 1.000 Z500(A) Z5zn(intr.) 2550z (cond.) Z507 (kp).
B 1 E (U +0.020 _ +0.000 0y +0.020 +0.002 +0.000
By(1.5 GeV) = 1.000 Z5 50 = 1.000 UU(]('\} Zo.020(intr.) Zpg03(cond.) Tgo0y (41p).
: 15 eV — 0.021 _ 0.007 () +0.020 +0.003 0.003
&1(1.5 GeV) = —0.016 T{o5 = —0.016 Z50(A) T g5 (intr.) Z5g0 (cond.) £o663 (1),
Z (1.5 QeV) — 40022 _ 1 +0.007 (T +0.020 ) $0.004 0.002
&(1.5 GeV) = 0.004 75535 = 0.004 T5565(A) T30 (intr.) T55g3 (cond.) tu_u[}z(ﬂp)-
5 — : +0.064 +0.019 +0.061
Bi(p=mp(my)) = 10287500 = 1.028 7 g(sum rule) Ty -3 (matching),
yel — +0.087 +0.020 +0.085
Bo(p =mms(M,)) = 0988 15025 = 0.988 T 5p(sum rule) 7022 (matching).
- S — 17 +0.028 : 0.023 0.015 :
eilp = () = —0.107 7555 = —0.107 T 154 (sum rule) t[)_[}”(mntchmg},
- — +0.021 +0.013 +0.011 N
€a(p = My(M,)) = —0.033 T3, = —0.033 T s (sum rule) T (matching).
[Kirk, Lenz, Rauh, 17]
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Uncertainties, early 2024

r ( B d ) . .
7(Bs)/7(Bq) Scenario A

L ) ! "

Mp.c <00> B
| 2
CKM Ha
2
other H

m other

[taken from Albrecht, Bernlochner, Lenz, Rusov, '24]
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HQET sum rules for lifetimes: evanescent operators

In HQET, the o, operators are not independent (Lenz, Miller, Piscopo, Rusov, 23]):

- _ - - _ — _ _ _ 1
ho,.,qgo*” h = -2 [hq gh — hy,q gv*h + hysq Gysh + hy.vsq Gy ysh]|+O (mb> -
evanescent operators:

Eq:,_h/;wp(‘l —75)67577’"'“(1 _’75)h _(4+a16) é?,

E]=hyu(1—7)qay™ (1 +15)h  — (4 + ae) O,

E] = Pyup (1 —75) T3q@y"" (1 —5) T3h  — (4 + a1e) C

EY =Py, (1 —75) T3qay"* (1 +15) T?h  — (4 + ape) OF

Ed =Py, (1 —75)qay™ (1 +75) b — (16 + aze) O,

Ed =Py, (1 —75) T2q@y"™* (1 +v5) T?h  — (16 + aze) OF

Martin Lang, TP1, U Siegen, 10 Oct. 2024 29
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D-meson lifetimes

D-meson lifetimes (PDG) b-baryon lifetimes (HFLAV, (PDG))
T (DO) — 0.4103(10) ps 7 (Ap = udb) = 1.471(9) ps
T (D-i-) — 1.033(5) ps T (E; = UUb) = 1.572(40) ps
7 (DF) = 0.5012(22) ps ~ (=5 = usb) = 1.480(30) ps
(D7) 7(Q, = ssb) = (1.647518) ps
T(DO)N252 (2 A)) ( 70.17)1’
7 (D) T17%0) _ 0.964 + 0.007
(D9 ~1.22 7 (By)

theory: :ggzg =0.955+0.014 [GLMNPR, 23]
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Spectator effects: topologies

Spectator effects: topologies

Fig. 5 Diagrams describing the weak exchange (left), Pauli interference (middle) and weak annihilation (right) topologies, at
LO-QCD. Here, g1 o = c,u, gz =d.s, fy =c.uf, and fo =d s vy, with ¥ = e, p 7.

[taken from Albrecht, Bernlochner, Lenz, Rusov, '24]
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o

had
pac (M. 1)
K5 (w0, wy) = /ff??ldfiz Q {- [subtraction terms],
@ ) (??1 - w‘l)(&z — ws)
P wr,wn) = F2(u){Q(1))d (wy — N)d(ws — A) H P (Wi, wa). (28)

We use a double Borel transformation with respect to wy s to remove the contribution
1.2

from the integration over the circle at infinity and to suppress the sensitivity to the

continuum part ;3:5’“‘ of the spectral function, which yields the sum rule

oo O

== gp w1 )
/dwlf.f:,dg{: oot pglE(u}l.u}g) = /du"lr}fu,'gr.’ £ r>p::121d(u.l Wa). (29)
0 0

[Kirk, Lenz, Rauh, ’17]
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1 3 I—u.l "L_d-:l
_ — o TR & f.l
ABy, Ay Fp)? dundune T Apg, (wi, w2)
-4 QI’ &
L
AR wnws)
Q F g
twe (wl':*‘lzjl er JeT 3 (IL“’)
“ R w)i (wn) N dm' @

we can remove the integration in altogether and find the simple result

- Cr aglp,) 2
.-‘i\.Bl?('u _ AL 1.1 F’
Qi ”[p) .'n\"';:-f"lf:}r dn ?Q’ R -115.

[Kirk, Lenz, Rauh, '17]
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