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Motivation

.. this is a continuation of T. Hurth’s talk. A short recap:

@ CP-averaged photon-energy spectrum of B — Xsv decays:

ar - GZalV
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+—2Re G FiErim) + .- |
b i<
() QEC’)-OM interference contribution estimated to be 5.15% =+ 2.55% [Benzke, Hurth '20]

— constitutes the largest uncertainty

@ In addition, large mc-dependence and scale ambiguity ~ 40% (not included in the above estimates)

— NLO analysis and RG treatment cures scale ambiguity

P. Boer resolved-photon contributions to B — Xs~y 1/11



Factorization at Leading Order

+ (ve9).

Optical theorem:
dr’ ~ DisClrestr. [i/d“x (B|7—tlﬁ(x) Heff(0)|B>}

G
Hetr = 7; > Aq(a Q9 + 0\ + C7, Q7 + . )

gq=u,c

Here: Interference of current-current operators 01("2) with Qy., (‘single-resolved photon contribution”)

_ _ _ _ emp v
Q7 = [ablv_alsalv-s, Q7 =[ablv-alSalv-s, Q=5 FBow(l+15)Fb]
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Factorization at Leading Order

+ (v 9).

Kinematic endpoint region Mg — 2E ~ Agcp:
— large energy Ex ~ mg of hadronic final state Xs, but small inv. mass M)Z( = Mg(Mp — 2E)
— jet-like configuration

Factorization = scale separation [Benzke, Lee, Neubert, Paz '10]
_ A duwy m2 — ie . B 2 1

dr(B — Xsv) ~ Re /ﬂxdw 6(w -%—er)/[AJ1 oy [1 = F( 26w, >:|g17(w,w1,u), F(x) = 4xarctan (ﬁ)

— pyf ~me: 1 = LO hard matching coefficients
b 9

— w2 ~ mpAgep: d(w + py) = imag. part of the LO Quark jet function (p+ = mp — 2E)
— p? ~ mpAgep: [1 — F(...)] = LO “anti-jet” (penguin) function (F(0) = 0, m2 ~ Amp)
=~ Nep: g17 = subleading shape function
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Including Radiative Corrections

dr(B— X)) ~HxJQ gz ®J
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Including Radiative Corrections

"

dr(B— X))~ HoJR g7 ®J
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Including Radiative Corrections

¥

dr(B%Xs'y)NH®J®Q17®:/

In Soft-Collinear EFT, we can compute individual gauge-inv. pieces separately
v" Hard Matching known at O(as)

v" Quark jet function known at O(as)
? Task 1: O(«s) (2-loop) corrections to anti-jet function

? Task 2: renormalization of g7 (bi-light-cone matrix element)
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Elements of Soft-Collinear EFT

@ Soft-Collinear Effective Theory (SCET) is designed to describe the long-distance physics

in processes with energetic particles (jets)
h~(1,1,1)m,

he ~ (Ly/X,\)my,

@ relevant degrees of freedom (momentum regions): s~ (A A)my
— “hard” scale: my, = 4.2GeV (A= A/my)
— “soft” scale: A ~ 0.5GeV
— “hard-collinear” scale: /mpA ~ 1.5GeV k_A

hard-collinear \_ hard

my

@ light-cone vectors: nf, = (1,0,0, £ 1)

k_ k
Kkt = ?n‘j + K 4 %nﬁ = (k_, ki, ky)

Agenp 4

@ two-step matching

mp — 00 vVmpA — 0o

QCD —> SCET; —> HQET

>k

A

— T
D Aqgep my
e
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Elements of Soft-Collinear EFT

@ operators in SCET are non-local along the light-cone

— convolution with matching coefficients
— dress fields with Wilson-lines to construct gauge-invariant building blocks, e.g.

pop
€= 4+

0
Yo — x = Whe, with WC(X)—Pexp{igs/

ds n+Ac(X + SI7+)
— 00
@ Interaction terms between soft and collinear sectors can be removed from the
leading-power SCET Lagrangian by a field redefinition (“decoupling transformation”).
— soft-collinear Factorization

0
£(X) = Sa(x_)EO(x) with Sn(x) = Pexp {igs /

—0o0

dsn_As(x + sn)}

@ “physical” (transversely polarized) soft gluons are power-suppressed in A/mg.
Need insertions of sub-leading Lagrangians

—1
£ = xix, 1 [i(n-0) AL, ] %X and £l = ?u([mfmu} [xpLin,aAgL,AuD
; s
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Hard Matching (mp — o0)

Tree-level matching:

A2(0) - 0{9(0) = [rghvlv_a [Rnoxiglv_a,  A52(0) = OP(0) = [Reghujlv—a [RnojXig v —a

Q@ (x) = O7,(x) = = S >‘<(X)%+

e [in— OAT ()] (1 + 98)hy (x-)
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Hard Matching (mp — o)

Tree-level matching:

A2(0) - 0{9(0) = [rghvlv_a [Rnoxiglv_a,  A52(0) = OP(0) = [Reghujlv—a [RnojXig v —a

hy

emp _impv-x _
Q7 () = 07 (x) = — g e~ ™" 300 =

472

L KE A
X X NS

1 - - . -
a9 (0) — /0 du (Hr (u; 1) OP () + Hia(u; ) 6P (), AV (0) — /0 da (g (1:12) O () + a0 1) O ()

@1y (x) = Hyoy (1) Oz (%)

[in— AT ()] (1 + vs)hv (x-)

One-loop matching:

@ singlet/octet mixing — non-vanishing contribution from Q. through hard loops (only!)
@ hard loops delocalize charm-quark fields — convolution (similar to exclusive non-leptonics)
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Quark Jet Function

.. known since the early days of SCET
— appears e.g. in l.p. B — Xsy [Bauer et al. 02], or exclusive B — ~fv decays [Lunghi et al. '02]

Definition:

4 .
TG0 = i(5) . e 0k i)

\
Perturbative result:

2 2 2
J(n-k k% p) = ! {1+°‘SCF(2| 27"_3|n K +7——>}+0(a§)
n-k 47 12 u? 3

— ininclusive decays need imag. part (cut)
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Task 1: “Anti-det” Function at O(«s)

Defined through T-products

Sample 2-loop diagrams:

— delocalized quark-fields in qu)

)

— Feynman Rule for operator is ~ §(n- k — 2E,u)

— contribution from qu vanishes after summing all diagrams

— expect smooth limit me¢ — 0
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Task 2: Renormalization of Subleading Shape Function

Subleading shape function:

—1 ar _; at _;
e — — gl r 73_“‘”
g17(w,wii p) 2mg | 2n o

(B(PvSn)(tn) P(1 + 75) (S5S3)(0)(i71- 9.As 1 )(r)(Shv)(0)|B)

A o
g17(w,wi; p) = / dw'/ dw} Zyz(ww wi wi; 1) g (w’ wh)
— 00 — 00
@ g7 is real and fulfills
/dw g17(w,wi; p) = /dw G17(w, — wii i)

@ sensitivity to two distinct light-cone directions nand n

— renormalization of such objects first understood in QED
in [Beneke, PB, Toelstede, Vos '22] (see also [Huang et al. '23])

— modified plus-distributions [. .. ], and [... ], mix
positive and negative w-values
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Task 2: Renormalization of Subleading Shape Function

e

R
N :f: = %t r[—nfzﬁ”+x"ﬂ J'g(u_n.w&u‘,n[)
oo
L7 ok
' 2 oke
S = (G TET Swnto S —ms-ml) oAt
u L

varlaoars o]
‘g;ﬁ‘ké Comnlor EE'}I (QUA/,—@/‘LEA)-SM—EE))

*-Ctu S(W—Wﬁ)ﬁ(guuvmu—nﬂ)< g(wwd«))f + (l<‘>2)

e ok
£
AP o ec
20,
u k

bl »
> g f (—‘,’Q‘T' fZ (Saumu-nf,) ~ Soen u))
* g St - g-mh) (Aa7)
J
+ WEZLEZQf +Km3] (S(w,fmé/x/;)—g(u‘-nﬂ))

- %@ [-rgxr s 7] (Su,/,_w/,a@—&u-mﬁn)%

o b Lo
+ @7 ([ oot + fodod ] Sevnlentin
J a1
LT E Seonlen ) - € Tl Seonlin )

o b boja
ke ] Seen)

£ [—R-E,)Za A’JK] Cwa-nle + pownkdons

P. Boer resolved-photon contributions to B — Xs 9/11



Task 2: Renormalization of Subleading Shape Function

Subleading shape function:

—1 ar at
1 — =g lwir 7eflw!
g17(w,w1; 1) omg | 2r o
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Status of the Calculation

Task 2: Renormalization of gy47:

? Certain terms seem to violate special properties of the forward matrix element
(for example, the partonic matrix element contains rescattering phases)

— Pole-cancellation of all 1/ singularities in the full process should help to understand these
terms
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Task 2: Renormalization of gy47:

? Certain terms seem to violate special properties of the forward matrix element
(for example, the partonic matrix element contains rescattering phases)

— Pole-cancellation of all 1/ singularities in the full process should help to understand these
terms

Task 1: 2-loop anti-jet function:

— To understand the subtleties in gy7, we first study the simpler case of m¢ — m, = 0.
(in progress)
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Status of the Calculation

Task 2: Renormalization of gy47:

? Certain terms seem to violate special properties of the forward matrix element
(for example, the partonic matrix element contains rescattering phases)

— Pole-cancellation of all 1/ singularities in the full process should help to understand these
terms

Task 1: 2-loop anti-jet function:

— To understand the subtleties in gy7, we first study the simpler case of m¢ — m, = 0.
(in progress)

Once all conceptual issues are resolved:
@ include m¢ dependence
@ evolve all functions to a common scale with RG techniques (cures scale ambiguity)
@ improved numerical estimate of power-corrections
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Summary and Outlook

o 01(”)-(2)77 interference provides dominant uncertainty in B — Xsv.
— improve estimates through NLO calculation which reduces scale ambiguity

@ Two main challenges:

1.) 2-loop calculation of anti-jet (penguin) function
2.) renormalization of sub-leading shape function (“bi-light cone” matrix element)

@ First step: establish consistent framework (pole cancellation/scale evolution) for me — 0.
@ Second step: include m; dependence, pheno implications

@ Outlook: generalize to B — Xs¢*¢—, applications to exclusive modes, . . .
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QED-generalized B-Meson LCDA

o g
iFaar (12) / dwe “ldg | (wip) =

r © g (tn_)[tn_ 0] D pr_~shy(0) (S}, SI)(0)|Bv) J

@ different objects compared to standard QCD B-meson LCDA = “Soft functions”
— process dependent as soft photons feel charge+direction of final-state particles
— imag. parts from final-state rescattering
— different support properties: w € (—oo,00) if anti-coll. meson is charged

PIDED AP ED I

(0w =2 (= 2 e = o) = Heww)]

Oem 5 “ 5 27rl> , 1 , 1 /:|
+ -2 — 2 T s(w - w') = —Hyp(ww) + ~H_ (0w
[( oMo 0 3 3 )0 W) gHlww) it gH (b

@ modified plus-distributions [... ], and [...], mix positive and negative w
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