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Inclusive H, — X~ decay

Powerful testground of the Standard Model (SM)
1. Occurring at loop-level in SM, sensitive to heavy particle exchanges

2. Hyg ~ >, G O; may be modified by New Physics (NP):

modified coefficients and/or new operators
3. Observables can constrain operators and coefficients

4. Exploit well defined theoretical framework based on controlled expansions:
1/myp (Heavy Quark Expansion (HQE)) and as(mp)

5. Intensively analyzed in theory, several measurements available (B — X; 7y)

What has been studied
1. Ap — Xs~: dependence on the b-baryon spin

2. A way to resum the singular terms of the photon energy spectrum

Conclusions

(e]e]
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Low-energy effective Hamiltonian AB = —1, AS = +1

b — s~ transition

b—sy __
Heff - th Z

SM operators

® Current-current
01 = (5a " PLcg) (&3 vu PL ba)
02 = (59" P c) (€vu P b)

® QCD penguins

O3 = (54" P.b Z (@vuPra)
04 = (50 7" PLbg) Z (@ Y PL o)
Os = (54" P. b) Z Yu Prq)

06 = (50 v PLbg) > (45 7u PR 9a)

q
® Magnetic penguins
e
07 = 15 [50"" (ms P+ my PR) b] Fluy
8s A?
oziga““(—> ms Pp + my, PR) bg] G,
1671-2[a 3 aﬁ(sL b PR) bg] G,

1) O; + C (1) 0]

Doubly Cabibbo-suppressed terms
proportional to V,;, V. neglected

NP operators

® Scalar/tensor structures

0fs = (5Prb) >_ (dPra)
q

06 = (5a Prbg) D (G Pra)
q

0, = (5Pr b) Z (GPL

0fg = (5a Pr bg) Z 43 PLao)
q

0y = (50" Pgb) Z (§ouv PRQ)

0do = (5a 0" Prbg) D (G opv PR da)
q

1+ s

Pr,L =

Primed-operators (all NP)

have opposite chirality 2/18
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b — svin SM

Photon penguin diagrams (U = {u, c, t})

Vi WV Vo, UV,

Magnetic operator O7

e
O7 = o2 [50"" (ms P+ my PR) b] Fuy b—p—
The only operator contributing to ~
lowest order in QCD

Conclusions
(e]e]
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Treatment of the singular terms

00 000 080000 0o 000000
Hp(p, s) = Xs(px) 7(a,€)
Effective Hamiltonian (SM + NP)
Hb‘?s'y - 4 i Vi V [Ceff 07 + C/eﬂ'o ] _4 2F Gr Z CefFJi Frv
e V2 Vﬁ e
Ae = Vi Vi
v — v P; = Pr if i=7
J =50"" [ms (1= P;)) + my Pi] b where {P: _p £ i
Fully differential distribution
GE A e coff (1 d*q
drf[d]Fi & W) lddl = =35>
. T e
| ——
phase space
(WU)MN hadronic tensor FMN electromagnetic tensor

Conclusions
(e]e]
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Heavy Quark Expansion (HQE)

(W7)pn from the discontinuity of the forward amplitude

(T =7 [ d®xe™ % (o, )T {400 440} oo 5)

across the cut
P 1 i
Wy = ; Im [(TU)MN] (optical theorem)

Hadron momentum expressed in terms of the heavy p=myv — p=mpv+k, — K1
quark mass and of a residual momentum

i . i k)-
Redefinition of the QCD field b(x) =e b VX by(x) =e i (mp ) by (0)

(Thmn = (Hp(v, 1By (0) Ty otk —g—m I, by (0)[Hp(v, s))

Ty =0T 4° Ty = o [ms PL+ mp Pg) I = opw [ms Pr+ mp PL]

Series expansion wrt k ~ Aqcp <K mp

- T _ _ . —1)"
(TP = 3 (v, )B(O) Thy (8, + ma) 1D, + ml" Py b @), ) 20 Bo =5} -
n=0 (]

1. 1. Bigi, M. A. Shifman, N. Uraltsev, A. I. Vainshtein, Phys. Rev. Lett. 71 (1993) 496—-499, [hep-ph/9304225].

Treatment of the singular terms Conclusions
(e]e]

2

mg
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Operator Product Expansion (OPE)

Trace formalism

(Hu(v, 5)|By(0) T, (p,+ms) iB(p,+ms)...i0(p, +ms) [y by,(0)|Hs(v,s)) =

n times

= [ e, m) TT [ 6+ m)] Th] (ol IB0)iD"2 .. iD"" b (O) o, )y
k=1

= ab

(Mra k),

The higher the order of the expansion, the greater the number of the parameters

—2 My ji2 = (Hp|by iD" iD,, b,|Hp)

2 My [i2 = (Hp|by (—ioy,) iDH iDY b, |Hp)
2 My f}, = (Hp|b, iD* (iv - D) iD,, b,|Hp)

2 My p}s = (Hp|by (—ic ) iD* (iv - D) iD" by|Hp)

O(1/mj)

omy... 4 OA/m)

Dependence on the spin four-vector s;, must be kept for baryons
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Hadronic matrix elements

~3 ~3 ~3 ~3
P b b 2 J
MPIX = My K—BD nPA Vo py 4+ —is VO iePraB sﬁ) - (—BD nPA Vo st s, —:5 VI iePreB s e )]
~2 "2 53 53
i i p +
MPT = My K—s nPo P, + TG icPTB 554 LR TLS PLS 4 (jePoB S5 — v v7 )+

24 my,

2
[

+vp(2—yo+Y’va*’YUY)+VG(2“/”+V’YP*’Yp)‘)])Jr(fT’rﬂ’mP-p#ver

3

D [Gigpauﬁv

12m,

2
i

R T s (P THOB o praByy sy
2 5 ‘

+5P v s+ P s7 (295 + ¥ vs) T2V Ty — VP T =0T 4P st

.3

p p
+ LS [gjeroeB sg+i(vP coHaB o ppafy, sg Yt
8 my :

+ (P vT 4P sT) g + (2P vy — P 4T 7V"w”)#w5]>]

A2 _ n2 53 53
mP =y [(FZZE8 (P a5y —297) = LRIILS a0y — o))+

12my 12m?
A2 "2

*(‘ BT [P (3455) —297) f s + 45 Pyvs] + - [P (3 429) — 7P) §vs + s vs]+
12my amy

53 p3

# D[P ap) = 2y) s 45 @ = A)as] + LES [(3uP Y — oP) £ g + 5 ] )]

12mb Smb
~2

_ a2 22 22 53
Momy[(Pe - EEC Y h (Pt T rasy) - S ) - SRR ) o]
4mb 24mb Smb ﬁmb

P. Colangelo, F. De Fazio, FL, JHEP 11 (2020) 032, [arXiv:2006.13759]. [Erratum: JHEP 12, 098 (2022)]. 7715
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Hp(p,s) — Xs(px) (g, €)

Double differential decay distribution

421 ® y =2Ey/my: photon energy
——  =T1+T2 cosOp ) s-q
dy d cos 6p ® 0Op: angle between hadron spin s and photon momentum q: cos0p = sTal
Photon energy spectrum
~2 -2 ~3
LR PG R L R
ro dy 2m2  2m? 1-z 3md 1-z
~2 ~2 53 53
a a 45 2p
+ [7”(1_2)_ L6 3482 — D ay2z)4 75(1+z)} 51—z — )+
2m2 6 m?2 3m3 3m3
b b b b
.2 53 3
a p p
+ [—"2(17z)2 - %(171)(11»21){» #53(173)} 81—z — y)+
6m 3m 6m
b b b
) 2
"
- 1T-2"1+28" (1-2z-y) a G2 [A¢]?
18 m3 o = F md (1 — 2)3 [\C‘“|2 4 \Cf“\z]
b b T
3274
. . e 2
Angular differential distribution _m off _ off reff reff _ off | seff
z=— = vzgy st = vzt v oy
dr(Hp — Xs v b
Mo = X0 j 1 g cosop
dcosp
eff 2 reff |2 02 02 53
A:lr(Hb_,xsa,) Bz_iw 1_%_3ﬁ2_"70m
2 2 |csffi2 o cieff2 12m2  4m2 1-z 6md 1-z
Decay width 2 2 R
n A2 3+5z 1053 14z
M(Hp = Xs ) =To 1—7"'2—7527—73[’
Zmb Zmb 1—z Smb 11—z
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Photon polarization asymmetry: Ap

Relative abundance of the LH photons wrt the RH ones (+ VS — polarization)

dry dr_ -080
dcosOp ~ dcos@
AP(COS 0p) =2=7P “>P 085
dry dr _ AN
dcosbp + dcos6p P 0%
-0.95
. 100
In SM: Ap(cosfp) ~ —1 = - = 5 o
cosfp
0s
a0
s
1o / W cossp =1
=03 -0.2 =01 0.0 0.1 0.2 03
c;eﬂlc;ﬂ
Deviations of Ap from SM can be obtained Largest effects for cos0p ~ 1

[m] [l = =

= DA
9/15
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Photon energy spectru m

R oL T R
1
k=n mg mg
Moments M, (computed up to l/mg in our case)
.2 a2 3 53
4 25
Mo =1 My= 2T 12— Fe 3i82) - 2D (1 4254 ZPS (14 4
2m§ 6m§ 3m2 3mb
~2 23 A3 A3
2 p
Ma= a2 Pt B a2 ms=-LBia-22@sz)
2m§ 3mz 3mi 3mb
Photon energy moments VS M,
. M =0Q-2)+M
1 Ymax dr k _
G=i [ ar Sy (Da-a Ty 63 = (=2 +2(1—2) My + M2
y i— J
Jj=0
op = (%) — (0 =Mz — M]
1dr N
LO - ——=56(1-z—y) = Mito=1-2 oylLo =0
r dy v
M 1dr X Ma >
o/my) — =—=3 —s"1-z-y) = (WIn=1-z+M(N) o,In >0
I dy —o n!

For any order in the 1/m; expansion: photon energy spectrum <> monochromatic line
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Fermi motion

The spectrum obtained by the short distance OPE does not account for the Fermi motion of
the b quark due to soft interactions with the light degrees of freedom in the hadron.

Important close to the end point region of the photon energy spectrum
Fermi motion has the effect of smearing the spectrum
Taken into account introducing a shape function:
® is a non perturbative quantity
® produces the smearing through convolution
® provides an interpretation of the singular terms in the photon energy spectrum

oo

M
55()/) = Z T‘" 5(n)(1 —Z— y) <——— Resum all the singular terms
n=0 "
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Shape function

Spectral function VS Shape function

k
Siy) = /dk+ 5(1 —y—z+ i) [f(ks) + O(my )]
Shape function

Convolution with f(ky) has the effect of smearing the spectrum

Conclusions
(e]e]

ar /dk Flk) L7 B
— = — m m, =m
dy + + dy b b b +
2E,
k+€[—mb,MH—mb] = y—sy=—— = EWE[O,MH/2]
mp + ki N~

physical endpoint (ms = 0) 1
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Shape function: our ansatz
Notice that
lim = =1-z lim o2y =02|lLo =0
im_ WIn = (y)lo olim oyl = ojlio
Exploit
_ b=y
5(b—y) lim ! e 29 b=1-—z=(y)|
— = - =1—z= Lo
oy =0 \2mway,
Ansatz
b—y)?
1 &M, [ —1 \" — 52 by
Ep p——— T o (Y
V2mo, — " \fZ(ry ﬁay
————
Hermite polynomials
S A B R Lo e
> ©
;)1. o(img) g y ——— o(1im})
————— otim) & ===== 0(1/m})
-------- ¥=T o
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Comparison with other approaches

Previous approaches

® Shape function modelled to reproduce the experimental photon spectrum (SIMBA
Collaboration for B — Xs )

® Parameters set by the first computed moments M, (not guaranteed that higher moments
are reproduced)

® Moments M, generally increase with the order n
Our approach
® All moments M, can be included
® Any shape function moment is obtained by M, which starts at O(1/myj)
® Expansion in Hermite polynomials not arbitrary

® No parameters

SIMBA Collaboration, F. U. Bernlochner, H. Lacker, Z. Ligeti, I. W. Stewart, F. J. Tacl and K. Tack
Phys. Rev. Lett. 127 (2021) 102001, [arXiv:2007.04320].
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Conclusions

Results

® HQE to compute the inclusive decay width induced by b — s~y transition for beauty
baryons (e.g. Ap)

® O(1/m}) for non-vanishing s-quark mass, using the baryon matrix elements A#1 - #n
® NP operator O.; affects the photon polarization asymmetry

® Treatment of the singularities (from 1/mj expansion) systematically improved:

5 distributions in the spectrum replaced with smooth distributions

15 /15



Back-up



Outline

b — s~ effective Hamiltonian



b — s~ effective Hamiltonian Inclusive decays Treatment of the singular terms
oeo (e]e]e} 000000

Wilson coefficient Gy

Renormalization Group Evolution

At pp ~ O(my) involves Og and Os,... 6

® the mixing generates large logarithms (strong enhancement of the rate)

® anomalous dimension matrix turns out to be regularization scheme dependent

® Co(up) — C;“(ub): effective coefficient (contributions of Os,...6)

07 dominant contribution to b — s+ [in SM Ci(mp) known at O(a2)]*

Physics beyond SM can produce a sizable effect

For a quantitative insight on the possible deviation from SM, we consider ranges for

® Assumption: both coefficients are real 7’3“
® Exploiting the results of a global fit of the b — s transitions’ C;“

*M. Misiak, Acta Phys. Polon. B 49 (2018) 1291 - 1300.
T A. Paul, D. M. Straub, JHEP 04 (2017) 027, [arXiv:1608.02556].

€[-0.3,0.3]
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Scheme dependence for my,

) ) 1S scheme (*)
r(B — X ted
( s¥) computed using mj in {kinetic scheme (*)

For E,, > 1.6 GeV

(3.15 £ 0.23) 104 (*)

(3.55 = 0.24 + 0.09) 10~ 4 (1)
(3.26 +0.24) 104 (*) *

B — Xsv) =
BB = X ) { (3.50 £ 0.17) 10~ %

B(E = Xsv) = {
Agreement with SM at 1.2 ¢
Measurements (rates and moments) aimed at constraining C7

Numerics

mp = 4.62 GeV ms = 0.150 GeV

22 =0.5Gev? A% = 0Gev? ph = 0.17 Gev? pZs = 0GeV?

*M. Misiak, H. M. Asatrin, K. Bieri, M. Czakov, A. Czarnecki, Phys. Rev. Lett. 98 (2007) 022002, [arXiv:0609232].
*P.Gambino, P. Giordano, Phys. Lett. B 669 (2008) 69-73, [arXiv:0805.0271].

THFLAV Collaboration, Y. S. Amhis et al, Phys. Rev. D 107 (2023) 052008, [arXiv:2206.07501].
M. Artuso, E. Barberio, S. Stone, PMC Phys. A 3 (2009) 3, [arXiv:0902.3743].
2/0
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Outline of the calculation

Electromagnetic tensor

® Summing and averaging on the photon polarization

FMN — ]_—;Luu/u/ _ Z 4q” ql/ e
e

® Specifying the photon polarization

!
]-"Ai/w =4q"q" e with

(THmn ~ (Hy(v, s)|b,(0) iD*1 ... iD"n b,(0)|Hp(v, s))

k=n — h, is taken into account

0< k<n — b, istaken into account

— EoM: (iv-

—  EoM: (iv-

= _4q” qu' g”w

1
€4 ::FE(O,laih
D)h, =0
D)bvzflw’wbv
2mb

0)

— (HQET)

— (QCD)
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Outline of the calculation

Full decomposition

> g T FY = [mF w2 (1G 2 1617 + 4 my me Relcs® ¢ )] T+

ij=7,7"
2 2 ff 2 ff 2, =
+(my —m)) (16712 = 16713 S
4 4
~ m n . m no_
T:IGMH(v-q)ZZ (—b> Th and 5:16MH(v~q)(q-s)Z (—b> Sp
— JAY) — Ag
i=1 i=1
a2 a2 3
ﬁ:HE[Lw_LG]_E[PD PA]
6 mi mi 3 mZ mg
- 7v-q [1.2 4mp —5v-q ﬂ.z 2 [)3 [)3
T2 = —= 7—§+7 (4mb73v<q)—2+(2mb73v-q)%
3 my 3 mj 3 my my
Fo_ 40 9? pn 4(m—v-9)(v-q) »Pb , Pis i 8m—v 9 (v a? 5h
3= 2 3 3 4= 3
3 m 3 my my 3 my
a2 a2 ~3
= i I3 15
5171+—[—’2’+—g]+——§
my my 6 my
. Tv-q p? % 2(4m, —3v-q) B}
$ = t@m v 5+ o
3 my my 3 m
- 4(v-a? p2 8(my—v-a)(v-q) 5D s _8m—v-a(v-9? pp
b . = b

0y
w
|
o N
w
3
oW
w
3
oTw

Treatment of the singular terms
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000

Inclusive decays
000

0O@0000

Photon energy moments

¢ distribution

Treatment of the singular terms

oo k
My B a B k i
S =3 LePu-z-y = [aysn-=3 () a-amy
n—0 ™ j=0 ™
First N + 1 moments: {Mo, My, ..., My}
Iy XN: Mpk  Mnn  Mpnia My N Mo ()
= = : 4 =
T ms omy o mpt mf! ’
3
Up to O(1/my,) Lo o@/m?) O(1/md)
~2 ~2 ~3 ~3
—(1— AT PG 345z _ 4PD 1427 | 2P1s 14z
) =1 -2z) [1+ 2 anE Ao T 3e8 At 33 1 0.999 1.011 1.008
2y _ g 20y a2 A% 3is; 196} 1127 5Pfs 14z 0.998 1.020 1.023
OH=0=27 14 38 — 302 37 ~ 558 iz T aed 12 O ‘ :
~3
2 _ 2| A 2/p 142 Pls 1+
o2 =(1-2) [3% 3o Tz Tappis 0 0.008 0.007

mp — oo (fixed order of the expansion)

k
k
. k o
o O IN = i D (,)

j=0

-2 M) = (1 - 2" = ¥l
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b — s v effective Hamiltonian
000 (e]e]e} [e]e] le]e]e]
Photon energy moments
N distribution
o I CE
S(y) = —— %( -1 )"e 20 (ﬂ) N
° \/27ro'y —0 n! \/Eo'y " \/Eo'y

max KOk i & i—n
o= [y s =3 () B M (—VEa, ) "

—
j=0 M
1 L2 0" aaml jtn—2m+1 5 jtn—2mi1_(Jtn—2m+1 5
Ojn=— —2 S e ) — (Y Y| *min
VT m=o m(n—2m)! 2 2 2
b — : b —
#Re(+n—2m > —1 ~(s, %) = [(s) — (s, %) max = M g s o 2 VM
V2ay V2oy
From N to ¢
®; , depends on oy, M  Xax(min) = +(—)o0 lim ), = 0 for n #J:
oy—0 1 forn=j

J —_—
only through X (min) oy—0

k .
=3 (o Tmro(omm) — 00w = 6N
Jj=0 My

6/9
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Leading order in HQE

Shape function in HQET

Considering the process Hp, — X; v, one defines the spectral function Ss(y)

q _ (Hp(v)[hy O hy|Hp(v))

s)=([toy-ze poman]) a= o= AR

Introducing the vector n, + § n, (in the shape function region)

ng+dén, =2(v—4§)|y-1—2 =0 ven=1 n-én~ O(Aqcp/mp)

ss(y):<6[1—y—z+ﬂ]>:/dk+6(1—y—z+,%> [F(k) + O(my )] ko=n-

mp

Treatment of the singular terms

k
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Broadening of the spectrum

Perturbative gluon bremsstrahlung AND Motion of the b quark in the hadron

Difficulties
1. Singular terms appear at higher orders in the HQE

dr
9E. ~ Z Cn 5(n)(E~, - E:,"ax) Endpoint: partonic (h_ad—roﬁf) kinematics!
v n
Gap governed by nonperturbative physics responsible of bound state effects

® related to the Fermi motion of the heavy quark in the decaying hadron
® accounted for introducing a shape function which encodes information on the
distribution of the b quark residual momentum in the hadron

2. Resolved photon contribution (RPC) related to the photon couplings different from the
effective weak interaction vertex

2.1 most important contribution: operators O> and Og
2.2 effects at O(1/my) not explainable by HQE (but with subleading shape functions)

8/9
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Other models of the shape function

ExampIeJr
1. Only the most singular terms in the M, expansion are considered
2. A single Gaussian distribution is obtained

3. Symmetric shape function is established

Examplei

1. Based on a choice of a functional representation able to reproduce the photon spectrum,
with parameters set by the first computed moments M,

2. Such representations generally do not guarantee that higher moments are reproduced

3. In such models the moments M, generally increase with the order n

Example*
1. Shape function assumed positive
2. Arbitrary complete set of orthonormal function is used (Legendre polynomials)

3. Parameters required to reproduce the shape function

T M. Neubert, Analysis of the photon spectrum in inclusive B — Xs v decays, Phys. Rev. D 49 (1994) 4623-4633,
[hep-ph/9312311].

fr.m |, Inclusive Semi-Leptonic B Decays, in Pushing the Limits of the Theoretical Physics, Mainz, 08-12
May 2023, indico.mitp.uni-mainz.de/event/341.

* Z. Ligeti, I. W. Stewart, and F. J. Tackmann, Treating the b quark di:
uncertainties, Phys. Rev. D 78 (2008) 114014, [arXiv:0807.1926].

o Jiab

with
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