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» How should we interpret these deviations?



Possible Explanations for the discrepancy 2/24

1. Experiment: problems with measurements?

» unlikely explanation since data comes from several experiments (LHCb, Belle, CDF,
Babar, CLEO)



Possible Explanations for the discrepancy 2/24

1. Experiment: problems with measurements?

» unlikely explanation since data comes from several experiments (LHCb, Belle, CDF,
Babar, CLEO)

2. Underestimated theoretical uncertainties?

» SM calculation relies on QCD factorisation, and these decays are expected to be
a perfect test case



Possible Explanations for the discrepancy 2/24

1. Experiment: problems with measurements?

» unlikely explanation since data comes from several experiments (LHCb, Belle, CDF,
Babar, CLEO)

2. Underestimated theoretical uncertainties?

» SM calculation relies on QCD factorisation, and these decays are expected to be
a perfect test case

3. Beyond the Standard Model physics?

» Can think about this using a low energy EFT (WET) — work by Stefan
» Orin ferms of a high energy EFT (SMEFT) — work by Matthew



Understanding non-leptonic
decays



Overview of collinear factorisation

» Framework for calculating non-leptonic decays
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» In the heavy-quark limit, heavy meson decays factorise into form factors,
LCDAs and perturbative scattering kernels:

-0
(L-DE| 0By = F‘M / AU TH(U)®, (1) + O(Aaco/Ms)

[Beneke, Buchalla, Neubert, Sachrajda 0006124]

where L~ € {r—, K~ }.
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Overview of collinear factorisation

» Framework for calculating non-leptonic decays

» In the heavy-quark limit, heavy meson decays factorise into form factors,
LCDAs and perturbative scattering kernels:

_ =0
D3101B = B2 (mD) [ auTi(eu(w) + Olhaco/ms),
J
[Beneke, Buchalla, Neubert, Sachrajda 0006124]

where L~ € {r—, K~ }.
» Non-factorisable corrections are major source of uncertainties, which can
come from e.g. annihilation, penguin and dipole topologies


https://arxiv.org/abs/hep-ph/0006124
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» Look at meson decays where the underlying
quark decay involves four different flavours in
b c the final state = no annihilation topologies

» Soft corrections o QCDF estimated 1o be

SI’T‘IO” [Bordone, Gubernari, Huber, Jung, van Dyk 2007.10338]

} D+ » LCSR estimate of matrix elements agrees with
data, but ICIrge uncertainties ricopo, rusov 2307075041
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Interpretation within the Weak
Effective Theory
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» Integrate out all the particles above the W mass from the SM (matching)

L Lwer
b c b c
w —
u q u q
» Add all the operators invariant under the broken symmetry group
SU3)c @ U(1)em

b
Lwer = Lacp+aep + L9V
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WET summary

» Effective Lagrangian for b — cuq decays (g = d, $):

EQDCU _ 4% Vcb Vqu Z (C! Ql + C2 QQ) ’

with
0} = [e"rip?| [g’roue| , @) = [ ribe] [g°rhu?] .

» Set of fen independent r 1/2 CAN be chosen in some for the problem
convenient way

» BMU basis for computation (as in literature) and the Bern basis for pheno
» Here: WC flavour universal and real



Hard-scattering kernels 7/24

(LD 0y [Bg) = X5, F2°(mP) J3 duTH(L) ®.(U) + O(Aaco/mb)

e/

» Recalculated all twenty
hard-scattering kernels and found
agreement with literature

[Cai, Deng, Li, Yang 2103.04138]
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Hard-scattering kernels

(LD 0y [Bg) = X5, F2°(mP) J3 duTH(L) ®.(U) + O(Aaco/mb) ]

a S » Recalculated all twenty

hard-scattering kernels and found
agreement with literature

[Cai, Deng. Li, Yang 2103.04138]
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» Checked MmMe — O limit [Beneke, Neubert 0308039],

[Beneke, Buchalla, Neubert, Sachrajda 0104110]
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Three-particle States 8/24

Contribution from three-particle light meson state .
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Non-zero contributions only for vector and tensor operators:

» Vector: m. — O limit differs by 1/N compared tfo literature
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Three-particle States 8/24

Contribution from three-particle light meson state .

u sg gu s
d——<—d d——<—d

Non-zero contributions only for vector and tensor operators:

» Vector: m. — O limit differs by 1/N compared tfo literature

[Beneke, Buchalla, Neubert, Sachrajda 0006124]
» Conftribution to SM prediction more suppressed than assumed and numerically
negligible
» Tensor: contributions are highly suppressed


https://arxiv.org/abs/hep-ph/0006124
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» Constrain WCs using the four BRs
B(B — D+K~=) and B(Bs — D 7~

» Difficult fo constrain many WCs
simultaneously = use global lifetime
constraint

» Compute contribution of our gbcu operators
to the lifetime:

g =0 |szq|2 Z (CiqbcwC}gbcu+cﬁbcu*cjs;bcu> G
iJ

» Constrain using Mg + s < Fexp—Ty

» No blind directions = defines a
20-dimensional ellipsoid in the space of WCs
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Fit models 10/24

» For all models, we vary the four form factors within their priors and keep the rest
of the input parameters fixed

» SM: Keep WCs fixed to SM values
» SM+PC): Like SM but allowing for power corrections of the form:

O](D(S)P) — O](D(S)P) X (] + (5/3), c’](DEks)’D) — O](DEFS)P) X (] —|—(5\/).

» In Bern basis ADM breaks set of 20 operators into four groups of operators that

mix with each other:
» WET-1: Vary ¢{°%, (SM coefficients)
» WET-2: Vary ¢°* while keeping SM coefficients fixed to their SM values

,,,,,

,,,,,
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» SM does not provide a good fit (logZ ~ 9)
» SM+PC only slightly better (logZ ~ 9.7)
» SM+PC’ decisively favoured over SM, but requires very large PC (logZ ~ 29)

» All BSM scenarios feature two separate modes (A and B), which are all
decisively favoured over SM

» WET-1 and WET-3 modes indistinguishable (log Z ~ 22)

» WET-2 and WET-4 modes show hierarchy between A and B modes, but
indistinguishable between WET-2 and WET-4 (log Za ~ 18.5, log Zg ~ 16.5)

» Scenarios with four WCs preferred, but chiralities are indistinguishable
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Bounds on WC 12/24

» Bounds on WC in terms of posterior
distribution
» Two distinct modes:

» mode A closer fo SM
» mode B farther away from SM

» SM point seems to be included, buft it
is not (hollow shell)

02

0.1

0.0

ReCI

~0.1

» Lifetime constraints very important
for some combinations of WCs =
directions are poorly constrained by
exclusive BRs
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» We add to the SM all operators consistent with the SM gauge group
(SU3)e ® SU(2), @ U(1)y) and field content (Q,u, d, L, e, H)

C
Loverr = Lsm + /TQIOI
i

» Connects different observables together, partly through RG running, partly
through structure of SMEFT ...



Top-boftom connection 14724

» Since the SMEFT is written in terms of the SU(2) quark doublet ; = (u;, d;), any
NP involving LH bottom quarks will necessarily bring in effects in fop physics

» We studied (as a sort of proof of concept) how measurements of top pair
production can constrain four quark SMEFT operators
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Top-boftom connection 14724

» Since the SMEFT is written in terms of the SU(2) quark doublet ; = (u;, d;), any
NP involving LH bottom quarks will necessarily bring in effects in fop physics

» We studied (as a sort of proof of concept) how measurements of top pair
production can constrain four quark SMEFT operators
» ATLAS 2023 measured o (1) to 1.8 % precision (2us1s30]
» CMS 2014 measured the top width to 10 % (14042202


https://arxiv.org/abs/2303.15340
https://arxiv.org/abs/1404.2292

Collider vs flavour

» Is this good enough o be competitive with other low energy flavour
measurements?

» Use SMEFTsim and MadGraph to simulate effect of BSM in top production, and
place limits on our WCs



Collider vs flavour

» After LHC, the other main
component of our study is
the global likelihood from
smelli

» Now more than 500
observables are included
across many sectors

[Figure courtesy of David Straub & Peter Stangl]
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» Top bounds are (roughly) flavour blind

» A handful where these top collider measurements are the leading constraint!



Can the non-leptonic anomalies be explained in SMEFT? 18/24

» Take one WC at a fime, and see if
1. a non-zero value can explain the discrepancy in the non-leptonic decays, while
also
2. not being ruled out by other constraints



Lifetime ratio 1924

» As mentioned earlier, B meson lifetimes are
sensitive to our four-quark operators
» In the SMEFT study, we use 7(B™)/7(By)

» Contributions are known for the full set of BSM
operators in the case of

> (Sb)(CC) wager ik, Lenz Leslie 170101983, 1910.12924]
> (§b)(5u) Ond (ab)(éu) [Lenz, MUller, Piscopo, Rusov 2211.02724]
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Lifetime ratio 1924

» As mentioned earlier, B meson lifetimes are
sensitive to our four-quark operators
» In the SMEFT study, we use 7(B™)/7(By)

» Contributions are known for the full set of BSM
operators in the case of

> (Sb)(CC) wager ik, Lenz Leslie 170101983, 1910.12924]
> (§b)(5u) Ond (ab)(éu) [Lenz, MUller, Piscopo, Rusov 2211.02724]

u,d u,d

» This observable turns out to be very important
in a few cases (but negligible in others)


https://arxiv.org/abs/1701.09183
https://arxiv.org/abs/1910.12924
https://arxiv.org/abs/2211.02724
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» Our inifial study identified 9 SMEFT coefficients which lead to a large reduction
of the fotal y?

» By large | mean a pull of more than 3 o relative to our SM predictions

> Showcase three: [Cilasas. [Chigalaizs. [Clglinse
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Potential SMEFT explanations: [CS?I]QggQ 21/24

0%) = (Gv,t99)(d"t°d)

non-leptonic smelli » Some weak constraints from top

combined

— top . .
» Non-leptonic tension can be

highly reduced

» Quark flavour improvement
enters via 1-loop matching

> —101 » Correlations between AF =2

and b — s¢¢ are crucial here,

demonstrating importance of

doing a global fit!

—201

-30

(OO ]/ TV



Potential SMEFT explanations: [Cé]Jqd]Q)]QS 22/24

08 = (@ruu)e(@rd)

non-leptonic smelli » No flavour (i.e. smelli)
o tep combined constraints
101 » Top measurements are the main
constraint on NP in the
0 non-leptonics
04
510
_204
_304
-3 —'2 —1 0



Potential SMEFT explanations: [CE,B] 1232 23/24

0') = (Ty,u)(dy d)

combined

non-leptonic —— lifetime ratio

» Non-leptonic favours a
o \_/ relatively large coupling
» Lifetime ratio becomes
powerful in this case

Ay?

—101

—201

[c@)} / Tev2

U [ 1232
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Summary and Outlook 24724

» In supposedly well understood non-leptonic decays, large discrepancies exist

» What needs to be done fo convinced ourselves (and others!) that these
discrepancies are signs of BSM physics?

» WET analysis favours NP

» Can we simultaneously constrain all WCs by using more observables?
» Can we understand power corrections in a more systematic way?

» SMEFT analysis shows promising directions, and LHC bounds are becoming
important
» What future precision is available, from both theory and experiment?
» What flavour assumptions should we be making?
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Choice of WET bases: BMU basis

Q' = [CamuPibs] [@pn"Pra] Q5" = [CauPrba] [Gs7"Prs]
O = [EaPubs] [,Pea] | 95" = [CaPLba] [GsPeus]
QY™ = [CauPrbg] [T PLla] Q3" = [CavuPrba] [G57"PLls]
QO = [CaPrbg] [GsPrU] Q3" = [CaPrbal [G5PRUS]

QgRR - E{ya;tupﬁbﬂ] [agUWPI?Ua] ) QSRR [Caauu'D/?ba] [Q[sff” P/?UB]



Choice of WET bases: Bern basis

O = [qPev,b] [Ev U] ,
03P = [GPryw,b] [Cr7u] |
0 = [gPrb] [cu]

0F°° = [GPro,ub] [Co U] .

05 = [@Prupeb] [€77U] |

qgbcu
CDQ

gbcu
C?A

gbcu
696

qgbcu
698

gbcu
6910

:apm TAb} [@ﬂ TAu} ,
[apmwpr*‘b} [@Wﬂ#‘u} ,

:GP,? TAb} [ETA u} ,

GPeo T4b| [Cor AU

[apmmrf‘b} [aW"TAu}



Bayesian framework

» Object of interest is the posterior distribution:
P(X|D,M) o P(D|X,M)Po(X | M),

with likelihood P(D | X, M) and prior Py(X | M)
Model comparison using evidences:

v

Z=P(D|M) = /d)?P(D|)?, M) Po(X | M;).

v

Ratio of evidences of two models gives the Bayes’ factor

K(Mh,Mz) = P(D|M)/P(D|My)

v

If K(My, My) > (<)1 M1 (M2) is preferred
1 < K < 3: barely worth mentioning, 3 < K < 10: substantial, 10 < K < 100:
strong, 100 < K: decisive

v



Likelihood

» Using PDG values is inconsistent
. = construct likelihood from auxiliary
}40 004 ObSGI’VOb|eS [Bordone, Gubernari, Huber, Jung, van Dyk

S 00
T 2007.10338]
15 0.002 ;

» Complicated likelihood

=, = Gaussian approximation with a
total of four observations
= 0.4
EZ 0.2 \ \
0.002  0.004 0.006 0.902 0.004 0.2 0.4 0.6

B(B, — D7*) B(B, — D7) Tl Faloen ey


https://arxiv.org/abs/2007.10338

Form factor prior

Parameter Value £ uncertainty Comments
f P (m2) 0.669 +0.011 Gaussian
f8=D(m2) 0.675+0.011 Gaussian
AP (m2) 0.688 + 0.056 Gaussian
AE=P"(m3) 0.704 +0.035 Gaussian

Full FF prior including correlations can be found in EOS under

B_(s)->D_(s)"(*)::FormFactors[f_0(Mpi2),f_0(MK2),A_0(Mpi2),A_0(MK2)I@BGIvD:2019A



Model comparison

Fit model M Labelled mode X2 log P(D, M)
SM — 26.69 9.04 +0.03
SM+PC — 25.18 9.71+0.10
SM+PC’ — 1.58 29.12+0.04
WET-1 A 1.61 21.75+0.03
WET-1 B 1.67 21.77 £0.03
WET-2 A 1.57 18.40 +0.03
WET-2 B 1.34 16.35+0.03
WET-3 A 1.62 21.60+0.03
WET-3 B 1.32 21.50+0.03
WET-4 A 1.54 18.48 +-0.03
WET-4 B 1.69 16.62 +0.03




/
FN\S

~
—
LLI
=
O
cC
O
N
[
LLl
=
&
O
(0}
)
—
©)
O



Corner plots: WET-1 and WET-3
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Potential SMEFT explanations: [CSJQO,L 123

08 = (Grut)=(Gr*d)

non-leptonic — lifetime ratio combined
» Non-leptonic favours a large
01 coupling

» Lifetime ratio present but

o weak
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SM predictions by AEKT-X

with

Channel Experiment SM Pull
R¢ |B°— DK~ 0058+:0004 0082202 ~56,

/?57‘— ES — D;_']T_
Re- | B2 = DK
B’

— D*tK~

Es — D*Jrﬂ—i

-0
(s)L

=0 (%) + p——
Ry =T (B — D L) / e = P £ 7)
- S

0.71+£006  1.0673%  ~50
0.136+0.023 0.14739]  ~0.160
0.064+0.003 0.0767992 ~3.60

0.5216.18 1.05+0%  ~3.10

(s) dqQ

—m2
q?=m?



Experimental data

» ATLAS is full run 2 data sample (140 fo—)
» CMSisrun 1, only 19.7 fo~!



Naive NP scale

Given an allowed range fora WC —a < C < b, where a,b > 0, and a, b, C all have
dimension of inverse mass squared, convert to a naive scale as

Anp = ]/\/ max(o, b)



NP favoured by SMEFT?

v

Some of our SMEFT coefficients run into operators that affect AM; (and some
other AF =2

Correlation between b — si¢ (via V) is cruciall

v

v

Without correlations, overall the fit gets worse!

v

But with correlations, actually improvement!



NP favoured by SMEFT? Rough numerical example

» Consider two observables O, , which have deviations P, , relative to
experiment (deviation = (theory - exp) / error)

» One ("bstt™) has a deviation of around 4¢ in both the SM and a given NP
point: PM = PP = 4

» The other ("AM;") is slightly below experiment in the SM, quite a bit above at
the same NP point: P{M = —0.5, PNP = 2

» Assuming no correlation, the x2 for this NP point is slightly worse than the SM:
AXZ ~4

» But if the two observables have a 50% correlation, Ax2 ~ —10! NP point is
favoured!
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