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» Deviations between measurements and predictions require careful interpretation



Motivation

s
CMS B0+K5u* 4~ ang. obs
—D_m BN R RN R R AR R R 0.4 == 201 LHCD (20251, contig 2 (") wio 16,81 GeV- bin

L —$— CMS (this result) ] — = 20:CMS [2024], P w/o [6,8.68] GeV? bins

1 r ATLAS JHEP10 (2018) 047 | 03 Y
r —#— Belle PRL118 (2017) 111801 ‘:
r i 02
L CMS PLB781 (2018) 517 ] /
L ] J
L —$— LHCb PRL125 (2020) 011802 _| Eua 01 !
o L

0 J -01
[ ] 02
L E : 1 =1 o3
[ I DURE—
L — L 4 04
L ] 04 03 02 01 0o 01

_1F ] 6Co/CSM

L ] [Hurth,Mahmoudi,Monceaux,Neshatpour 2508.09986]
ol b b b b b e 10

0 2 4 6 8 10 12 14 16 18

g% (GeV?)

[CMS 2411.11820]
» Deviations between measurements and predictions require careful interpretation
» How do we use the measurements to constrain Beyond the Standard Model (BSM)
effects?



Possible Explanations 2116

1. QED: mismatch between predicted and measured observables, particularly in
differential observables
» unlikely explanation [Isidori/Nabeebaccus/Zwicky 2009.00929]
» “dangerous hard-collinear logarithms cancel at the differential level in the currently used
experimental treatment”
» not further discussed here
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» quantify potential hadronic and BSM effects (within the Weak Effective Theory)
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Possible Explanations 2116

1. QED: mismatch between predicted and measured observables, particularly in
differential observables
» unlikely explanation [Isidori/Nabeebaccus/Zwicky 2009.00929]
» “dangerous hard-collinear logarithms cancel at the differential level in the currently used
experimental treatment”
» not further discussed here

2. QCD: lack of understanding of the Standard Model long-distance dynamics, which
mimic beyond the Standard Model (BSM) effects

» quantify potential hadronic and BSM effects (within the Weak Effective Theory)
» focus of this presentation
3. BSM: genuine BSM effects in the data?

> interpret potential BSM effects qualitatively
» task for model builders (i.e.: not me!)



Interpretation within the Weak
Effective Theory



Weak Effective Theory: b — s¢¢ SM operators 3/16

» in the SM, only the following set of D = 6 effectlve operators contrlbutes
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» in the SM, only the following set of D = 6 effectlve operators contrlbutes
4Gr .
£SM = l:QCD + l:QED + \/E |:/\t ZC O; + A¢ ZC O S+ A Z Ck Oku:| with )Lq = quVb

j=1
radiative
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Weak Effective Theory: b — s¢¢ SM operators 3/16

» in the SM, only the following set of D = 6 effective operators contrlbutes

4 .
£SM*£QCD+£QED+ Gr |:/\tZCO + Ac ZC OC-Q-/\HZC)( Oku:| WIth)LqEquVb

V2 =

radiative

Oy = — iy (567 Pr 1 b) Oy = S5 my (50 Pp(y) TAb) G

70 T 12 0 R(L)Y)Epm 80 = Tor b(S R(L) un

semileptonic
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four-quark current-current (g = ¢, u)

017 = (§YuPLb) (57" Prq) Oy = (37, PLT"D) (57" PLT"q)
four-quark QCD penguins
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Weak Effective Theory: b — s¢¢ SM operators 3/16

» in the SM, only the following set of D = 6 effective operators contrlbutes

4Gr
£SM = l:QCD + l:QED +

V2 =
radiative
e _
07(/) = me(SU’}WPR“)b)FM
semileptonic
® = ]
Og = — (57, PLb) ({y"0)

4

four-quark current-current (g = ¢, u)

O17 = (§yuPLb) (59" PLq)

four-quark QCD penguins

O35 = (STpPLb) Y (qT"q)
q

» SM contributions to C; () known to high accuracy (NNLL)

{AtZC O; + Ac Zc OF + Mu ch oku} with Ag = ViV,

Og0) = %mb( 501" Pr(1y Tb) Gl

o -
O = (571 PLb) (Cr"7s0)

Oy = (77, PLTb) (57" PLT"q)

Oy = (TATAPLb) Y (17 TAq)
q

[Bobeth,Misiak,Urban '99; Misiak,Steinhauser '04, Gorbahn,Haisch '04]
[Gorbahn, Haisch, Misiak '05; Czakon, Haisch, Misiak '06]



Weak Effective Theory: Interpretation 4116

» WET makes calculations in the SM possible in the first place
» separates long-distance ((3Tb...)) physics from short-distance physics (C)

» search transparently and model-independently for the effects of physics beyond the
SM
» treat Wilson coefficients C as generalized couplings and fit them from data
» provides an excellent interface to model builders

» “divide and conquer”
» SM WET contributions under excellent theory control (independent of underlying process)
» precision of SM predictions hinges on accurate control of hadronic matrix elements
(process specific)



From the WET to the
Observables



Anatomy of exclusive b — s¢* ¢~ decay amplitudes

nomenclature of the essential hadronic matrix elements

F), local form factors of dimension-three 5y#b & 59" 5b currents
FI local dipole form factors of dimension-three 50/'b currents
‘H, nonlocal form factors of dimension-five nonlocal operators

all three needed for consistent description to leading-order in a,



Variety of Exclusive Processes 6/16

Varying complexity in the description of the exclusive hadronic processes, but also varying
constraining power

b-meson decays b-baryon decays
» B; — uu~: only 1 local matrix element » A, — ApTp~: 10 local & 4 non-local
at leading order in a, form factors
» B— Kutpu~: 3local & 1 non-local form » Ay — A(1520)u"pu—: 14 local & 6
factors non-local form factors

ST i
» B— K*u"p~: 7 local & 3 non-local form less controlled than the meson

factors counterparts, but phenomenologically more

under reasonable theory control constraining!



Local Form Factors 7/16

» local form factors are conceptually “easy”
» yet: substantial source of uncertainties
» functions of 42, require parametrisation
» variety of flexible parametrisations available



Local Form Factors

» local form factors are conceptually “easy”

» yet: substantial source of uncertainties
» functions of 42, require parametrisation
» variety of flexible parametrisations available

» lattice QCD provides results typically at large ¢ for
B—K,B— K" Bs = ¢, \y > A

» caveat: K* is broad state, non-zero width can have

O (100/0) effeCtS [Descotes-Genon,Khodjamirian, Virto "19]
» new lattice results down to 4> = 0 for B — K form
factors [HPQCD '22]
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Local Form Factors

» local form factors are conceptually “easy”

» yet: substantial source of uncertainties
» functions of 42, require parametrisation
» variety of flexible parametrisations available

» lattice QCD provides results typically at large ¢ for
B—K,B— K" Bs = ¢, \y > A

» caveat: K* is broad state, non-zero width can have

O (100/0) effeCtS [Descotes-Genon,Khodjamirian, Virto "19]
» new lattice results down to 4> = 0 for B — K form
factors [HPQCD '22]

» light-cone sum rules anchor results at small 4
» caveat: systematic uncertainties hard to quantify
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Local Form Factors

» local form factors are conceptually “easy” e
. L 0.7 without HPQCD 2022
» yet: substantial source of uncertainties T LQOD (HPQCD 2013)
» functions of 42, require parametrisation ol E oo ram ]
» variety of flexible parametrisations available :3 HOSTE (RTC20IT, not vsed in the ) %
» lattice QCD provides results typically at large ¢ for gg” f %
B—K,B— K*, Bs = ¢, Ay > A 1304 E2
» caveat: K* is broad state, non-zero width can have ‘
O (10%) effects [Descotes-Genon,Khodjamirian,Virto '19] - i
» new lattice results down to > = 0 for B — K form et
factors [HPQCD 22] ¢ [GeV?)
» light-cone sum rules anchor results at small g° Cubernar Aeboud DYDViro 23]
» caveat: systematic uncertainties hard to quantify
» recent joint analysis of all local b — s form factors with

application of dispersive bounds



Local Form Factors 8/16

» global analysis finds good compatibility between
LCSR and lattice QCD results
» dispersive bounds are used to

» reduce extrapolation error
» turn hard-to-quantify systematic uncertainties into
parametric uncertainties



Local Form Factors

» global analysis finds good compatibility between
LCSR and lattice QCD results

» dispersive bounds are used to
» reduce extrapolation error

» turn hard-to-quantify systematic uncertainties into
parametric uncertainties

» commonly used BSZ parametrization surprisingly
efficient

[Bharucha/Straub/Zwicky '15]

» dispersive bound and BSZ very compatible for qz >0

» no concern to change parametrisation as of yet

» looking ahead: treatment of non-locals can require
local form factors at qz < 0, where BSZ
underestimates uncertainties

normalized fB=K

= =
o ©
3 &

=
»
&

LQCD (HPQCD 2022) %
I ------ %_ I3

-—- BSZN=2
This work N = 2
3
This work N = 4
T LQCD (HPQCD 2013)
T LQCD (FNAL+MILC 2016)
E3

This work 1

[Gubernari,Reboud,DvD,Virto '23]



Non-Local Form Factors: Spectrum

H, = P(A Hs|/d4xe”’x7'{lem ,[C105 + C208](0) } | Hy)

1
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interference
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[sketch from Blake, Gershon, Hiller 1501.03309] q?[GeVZ/cH

source of dominant systematic uncertainties in theoretical predictions!
perturbative treatment does not reflect hadronic spectrum!



Non-Local Form Factors: Spectrum

4. iq-x c
Ha = Py (Hel [ de T{ Jln(x), [C10f + C205)(0) } |Hy)
E,.[GeV] 2 1
. | |
QCDF <4 > OPE
photon - broad ct
/pole resonances - _ |
», » Of, ~ [5T'D] [eT'c]
Z < narrow cC —>
07 - Og 7 resonances
interference
L] A . PR 2 L
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[sketch from Blake, Gershon, Hiller 1501.03309] q2[GeVZcH

» leading contributions expressed through local form factors 7,

» corrections to this, suppressed by 1/ (g2

4m?), can by systematically obtained



Non-Local Form Factors: Spectrum

H/\ = P Hs /d4x€lq X T{ ]em C]O( + CZOZ } |Hh>

1
|

resonances

» Of , ~ [3Tb] [cT'c]

<— [parow cT
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interference
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2 _ : * o
> for g ]/w and ¢? ( 5)» spectrum dominated by B — K Y(— pTu~) decays

» experimental measurements provide additional information about # ,



Ha = Py (Hel [ de T{ Jln(x), [C10f + C205)(0) } |Hy)

E,.[GeV] 2 1
. . | _ |
2
QCDF « #—» OPE
photon 7 - broad ct
pole 7 resonances
07- Oy
interference
B -
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new strategy [sketch from Blake, Gershon, Hiller 1501.03309] q2[GeVZcH

» compute H, at spacelike g2

» extrapolate to timelike > < 4M? using suitable parametrization

» Of , ~ [3Tb] [cT'c]

[Bobeth,Chrzaszcz,DvD,Virto '17]

» include information from hadronic decays to narrow charmonia [/ and (25)



Extrapolate Parametrisation of the Non-Local Form Factors

E,.[GeV] 2
» map 4> to new variable z that develops ‘
branCh CUt at qz — 4M2D [Bobeth/Chrzaszcz/DvD/Virto *17] QCDF < —> OPE
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Extrapolate Parametrisation of the Non-Local Form Factors

» map 4> to new variable z that develops
branch cut at 4> = 4M?,

[Bobeth/Chrzaszcz/DvD/Virto '17]

» branch cut is mapped onto unit circle in z
» real-valued ¢> < 4M? is mapped to real-valued z
» data and theory live insides the unit circle

E,.[GeV] 2
| |
QCDF < — OPE
photon 7 broad cc
pole resonances
< narow cc —»
07- 09 ‘esonances
interference
| Lo L L
5 10 20
Biake, Gershon, Hiller 1501.03309] q?[GeVZcd
Imz




Extrapolate Parametrisation of the Non-Local Form Factors

E,.[GeV] 2 1

» map 4> to new variable z that develops ‘

branCh CUt at qz = 4M2D [Bobeth/Chrzaszcz/DvD/Virto *17] QCDF « —> OPE
e broad cc

\/:
pole resonances

» branch cut is mapped onto unit circle in z

» real-valued g> < 4M2D is mapped to real-valued z or-0n + farowe > \\
. . a q q interference
» data and theory live insides the unit circle

L P I | IS |
5 10 20

» eXpand inz {sketoh from Biake, Gershon, Hiler 1501.03309] 2 [GeV?/c’]

+ resonances |/, ¥(2S) can be included (via explicit Imz
poles/Blaschke factors) JRCTa AR

+ easy to use in a fit to theory and data § 3

+ COmpat'bIe W|th ana|ytICIty [assuming absence of anomalous cut; for ongoing

research see Hoferichter,Kubis,Mutke 2406.14608 & 2604.01284]

expansion coefficients unbounded % £




Extrapolate New Parametrisation w/ Dispersive Bound 11/16

matrix elements H arise from two-point operator

W~ (KIOHQ)IB)  OF(Qix) ~ [ dy @Y T{Jn(x +), [C101 + C202)(x)}

construct four-point operator to derive a dispersive bound (Gubernari,DvD, Virto "20]
» define matrix element of “square” (i.e., hermitian) operator

QrQY
QZ

[ atze@ ol T{OM @m0 (@0} 0 = | L - g | ()
» T1(Q?) has two types of discontinuities

» from intermediate unflavoured states (cc, ccce, .. .)
» from intermediate bs-flavoured states (b3, bsg, bscc, ...)

» construct dispersive bounds from discontinuity due to b3-flavoured states



Extrapolate New parametrisation w/ dispersive bounds

» expand in polynomials f,(z) of degree n
» choose f,(z) to be orthogonal on arc

+ integral on arc produces dispersive bound on
each parameter v
[Gubernari/DvD/Virto '20]
» turns (so far!) hardly quantifiable systematic theory
uncertainties into parametric uncertainties

Rez




SM Predictions: Comparing to Previous Works
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» predictions mutually compatible; slight change to the slope in B; — ¢ due to local FFs
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SM Predictions: Challenging Data
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» substantial tensions in B(B — Ku*u~) and B(Bs — ¢utu~),
lower significance in B(B — K*u*tu™)
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» substantial tensions in B(B — Ku*u~) and B(Bs — ¢utu~),
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lower significance in B(B — K*utpu™)
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Updated BSM Interpretation 15/16

2.5 ' » no global fit yet
“+ sMm .

- W B Kup+ Be o | > large # of nuisance params makes
B K global fit difficult

151 B B, — dup L » instead, three individual fits
/ » mutually compatible results!

i i » compatible with previous analyses

i » fitB— Kutpu~ &Bs — utu~,

B — K*u"u~,and B; — ¢utu~ data

individually (incl. angular obs.)

BSM
Re Cy;

» substantial tensions in B — K and
Bs — ¢, slightly lower in B — K*

—1.5




Summary




Summary and Outlook 16/16

» phenomenology of rare b-hadron decays is a complicated business

» WET under good control
» local form factors see revitalized interest from lattice QCD
» non-local form factors are a topic of active research

» anomalies persist: consistent picture of tensions across different decay modes

» however, no consensus on the theory side
» ultimate arbiter: lattice QCD analyses of the non-local form factors [Frezzoti et al. 2508.03655]

» theory needs to catch up with impressive performance by the experiments
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» widely used tool of theoretical physics Energy
» used to predict observable in SM and "z &
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Weak Effective Theory

» widely used tool of theoretical physics Energy
» used to predict observable in SM and "z &
interpret measurements w/o assuming a (ZF
concrete model beyond SM Eine W ) "
u/c/t
» replaces dynamical d.o.f. (here: t, W, Z) b
with coefficients C; and local operators
. [& Vi M; +
(here: [STD][¢T"¢]) th 1
» local operators must respect remaining -
U(1)gm x SU(3)¢ symmetry M % o+
il 4
» for b — s/ we find in general P C—
» 10 semileptonic [5I'b] [¢I"¢] ops My | Y G x [5T;b] x [2T/ 1)

» 20 four-quark [3I'b] [¢I”c] ops

>...



Weak Effective Theory: b — s¢¢ BSM Operators

» in the presence of NP effects

L = LS+ 4G\/§F At ;Ci Oi‘|
semileptonic
Oy = (57, Prb) (21"0) Ory = 4 (57, Prb) (1"750)
Os = . (Prb) () Og = 1—(3P.b) (2¢)
Op = ﬁ(ngb)(Z%g) Op = ﬁ(S_PLb)(Z'YSe)
Or = o (50"b) (T ) Ors = £ (57" PLb) (Lot

» regularly considered in the literature!



Weak Effective Theory: b — s¢¢ BSM Operators

» in the presence of NP effects

4G
reft _ peft | 2OF
BSM = ~sM T 5

MY G (911

v

add further 2 x 18 operators with g = c, u

v

add further “QCD-penguin” operators with g = d, s, b

v

these operators are routinely ignored in the literature! [except by Jager Kirk Lenz,Lesle '17]

v

for a truly model-independent analysis of data, would need to fit coefficients of all
operators!



Compute Light-Cone OPE

2 2 2 E,.[GeV] 2 1
dme —q° > Npagr, | ‘
A . . . . ) QCDF «~ » OPE
» expansion in operators at light-like distances x= ~ 0 photen broad ¢
le resonances
[Khodjamirian, Mannel, Pivovarov, Wang 2010] ”
» employing light-cone expansion of charm propagator o, « o -
interference
[Balitsky, Braun 1989]
5 1 %
q? [GeVZcY]

/ d*x e T Jhn (x), [C1O5 + C205](0) }

b
N
yaw,

b + (coeff #2) x [5,9%(in - D)"Gp, by ]

\O llxxw
Py,

2] 2)
T I (Ga) g e

coeff #1
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Compute Light-Cone OPE

2 2 2
4mg —q° > Ajaqr,

» expansion in operators at light-like distances x2 ~ 0

» employing light-cone expansion of charm propagator

[Balitsky, Braun 1989]

¥

E,.[GeV] 2 1

QCDF « —» OPE

photon broad ¢t
pole resonances

<« narow . —>
07- 0y resonances
interference

| | |
5 10

[Khodjamirian, Mannel, Pivovarov, Wang 2010]

qZ[Gevzz/gé]
= H, = coeff #1 x F) + H*%
+ coeff #2 x V

» leading part identical to QCD Fact. results
[Beneke, Feldmann, Seidel '01&’04]
» subleading coefficient computed previously
[Khodjamirian, Mannel, Pivovarov, Wang ’10]
» we find full agreement, also cast result in convenient form

[Gubernari,Virto,DvD "20]

» next step: determine “subleading form factor” V



Compute Soft gluon matrix elements

Transition V(g% = 1GeV?) GvDV2020 KMPW2010
B—K A (+4.9+28)-1077 (-13%19)-107*
Y (—44+£36)-107GeV (—15732) 1074 GeV
B — K* V, (+33+£2.0)-1077GeV (+7.371%)-107°GeV
Vs (+1.1+1.0)-10°°GeV  (+24735)-107*GeV
v, (—44+56)-1077 GeV —
Bs — ¢ V, (+4.3+3.1)-1077 GeV —
A (+1.74£2.0) - 10 °GeV —

reduction by a factor of ~ 200
» new structures in three-particle LCDAs account for factor 10 (due to cancellations!)
» updated inputs that enter the sum rules account for further factor 10
» similar relative uncertainties, but absolute uncertainties reduced by O (100)



Extrapolate Dispersion relation for I1

dispersive representation of the b5 contribution to a derivative of I'1

2 © q
(@) = = {d} L[ a2l Lo i<

20 1dQ2| 2im s— Q2
(my+ms)?
» Discy; [T can be computed in the » Discy; IT can be expressed in terms
local OPE of the nonlocal form factors |H, |2
— X8 (Q) — X"(Q%)

v

global quark hadron duality suggests that y°PE(Q?) = x"d(Q?)

» parametrize H, « Y, a, , f» with orthonormal functions f,
= dispersive bound: x°FE > " |y ,|?
n

v

first application of such a bound to nonlocal form factors

v

technically more challenging than for local form factors
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