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Beyond the SM 2

?

2. Yet, many open questions:  
Hierarchy problem 
Flavour puzzle 
Strong CP problem 
Charge quantization 
Dark matter 
Baryon asymmetry    
Neutrino masses 
Inflation 
Dark energy 
Quantum gravity 
…. 
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1. The SM: Experimental success!

Confusing situation?!



SMEFT
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• SM fields & symmetries
• Scale separation 
• Higher-dimensional operators encode short-distance physics:

ΛQ ≫ vEW

ℒ = ∑
Q

CQ

Λ[Q]−4
Q

Q

Solid QFT principles
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NP mass gap?Linear EWSB?

• Constrain 
HEL model  
parameters ci

• related to Wilson coefficient fi, 

where new physics manifest in 
non-zero value 

• Determination of coupling modifier  

• Generic, effective, fundamental vector boson and 
fermion,…


• SMEFT Wilson coefficients


Higgs couplings interpretation
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CMS-PAS-HIG-19-005

ATLAS-CONF-2021-053
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BSM1
BSM2

BSM3

……

UV

IRSM EFT

Renormalisation 
flow

[ultraviolet]

[infrared]



1. No clear preferred BSM: Short-distance direction still the most compelling
2. SMEFT explains why SM works well: limited luminosity and energy so far
3. Experiments headed towards the precision era

BSM1
BSM2

BSM3

……

UV

IRSM EFT

Renormalisation 
flow

SMEFT
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[ultraviolet]

[infrared]

Reinforced by the current state of affairs

Admir Greljo | BSM in rare b decays
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• Challenge: A large number of independent parameters!

• 2499   independent operators
• Why? 3 flavours

• For a single generation, this would be 59

dim[𝒪] = 6 ΔB = ΔL = 0

AG, Thomsen, Palavric; 2203.09561
See also: AG, Palavric; 2305.08898

https://arxiv.org/abs/2203.09561
https://arxiv.org/abs/2305.08898


Theory of weak decays

⟨ℋeff⟩ ∝ ⟨Q(μ)⟩ C(μ)

Effective Field Theory 
Factorisation

Hadronic matrix elements Wilson coefficients
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short-distance contributions E > μlong-distance contributions E < μ

Lattice QCD,  
Heavy quark effective theory,  
Heavy quark expansion, 
QCD factorisation,  
SCET, 
ChPT,  
QCD sum rules, 
Light-cone sum rules, 
…

1308.2627, 
1310.4838, 
1312.2014, 
1709.04486, 
1711.05270, 
1711.10391, 
1710.06445, 
1804.05033, 
1908.05295, 
2010.16341,
2012.08506, 
2012.07851, 
…

http://flag.unibe.ch/2021/2205.15373, 
2205.13952, 
2204.09091, 
2108.05589, 
1904.08731, 
1902.09553, 
1908.09398, 
1912.09335, 
1908.07011, 
2002.00020, 
2006.07287, 
2101.12028, 
2105.09330, 
2106.12168, 
2112.07685, 
2206.11281, 

…
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[See talk by Gambino]
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[See talk by Capdevila:  
WET interpretation of ]b → sℓℓ
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The EFT at LHCb, Belle II, BESIII, …

• Remarkably, short-distance NP enters weak decays through a handful of 
parameters (Wilson coefficients in the WET)

• It is important to take this opportunity, and exploit it maximally!  
More can be done…

[See the LHC EFT WG at the LPCC. LHCb is a part of it.]

Why?

• EFT interpretation of an analysis informs model builders about its 
importance relative to the global data!

• Construction of the global SMEFT likelihood an ideal format to report 
particle physics experiments if NP is short-distance.

Admir Greljo | BSM in rare b decays



Towards a global SMEFT likelihood

smelli v1.1.1: Flavor + EWPT Aebischer, Kumar, PS, Straub, arXiv:�8��.��6�8

LFV
FCNC

FCCC
Z

W

τ

μ
b→s

b→d

b→u

b→c

s→u

s→d
d→u

∆F=2

EWPT
LE

Peter Stangl (University of Bern) HEFT ����, Granada, �6 June ���� ��/�8

• SMEFT - the low-energy limit of a generic microscopic new physics 

• Correlated deviations expected — global approach needed
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Implementing the global SMEFT likelihood

I Based on these tools, we have started building the SMEFT LikeLIhood
I smelli https://github.com/smelli/smelli

Aebischer, Kumar, PS, Straub, arXiv:�8��.��6�8

I L(~C) ⇡
Q

i L
i
exp(~Oth(~C, ~✓�)) ⇥ L̃exp(~Oth(~C, ~✓�))

where
I ~C WET or SMEFT Wilson coef�cients
I ~✓� �xed nuisance parameters

I ~Oth(~C, ~✓�) observable predictions

I Liexp(~O) experimental likelihood from
measurement i for observables ~O

I L̃exp(~O) modi�ed exp. likelihood:

�� ln L̃exp(~O) = ~DT(⌃exp + ⌃th)
��~D ,

with ~D = ~O� ~Oexp and covariance
matrices ⌃exp,th (Gaussian approx.)

Peter Stangl (University of Bern) HEFT ����, Granada, �6 June ���� ��/�8
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EWPO

QFV

LFV

MDM

Peter Stangl (University of Bern) HEFT ����, Granada, �6 June ���� ��/�8

Aebischer, Kumar, Stangl, Straub,1810.07698

Basis for implementation

I Computing hundreds of relevant �avour observables properly accounting for
theory uncertainties
I �avio https://flav-io.github.io Straub, arXiv:�8��.�8���

I Already used in O(���) papers since ���6

I Representing and exchanging thousands of Wilson coef�cient values, different
EFTs, possibly different bases
I Wilson coef�cient exchange format (WCxf) https://wcxf.github.io/

Aebischer et al., arXiv:����.����8

I RG evolution above and below the EW scale, matching from SMEFT to the
weak effective theory (WET)
I wilson https://wilson-eft.github.io Aebischer, Kumar, Straub, arXiv:�8��.�����

based on
SMEFT RGE: Alonso, Jenkins, Manohar, Trott, arXiv:���8.�6��, arXiv:����.�8�8, arXiv:����.����

(ported from DsixTools: Celis, Fuentes-Martin, Vicente, Virto, arXiv:����.�����)
SMEFT! WET matching: Jenkins, Manohar, Stoffer, arXiv:����.���86

WET RGE: Jenkins, Manohar, Stoffer, arXiv:����.�����
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Aebischer, Kumar, Straub,1804.05033 

Basis for implementation

I Computing hundreds of relevant �avour observables properly accounting for
theory uncertainties
I �avio https://flav-io.github.io Straub, arXiv:�8��.�8���

I Already used in O(���) papers since ���6

I Representing and exchanging thousands of Wilson coef�cient values, different
EFTs, possibly different bases
I Wilson coef�cient exchange format (WCxf) https://wcxf.github.io/

Aebischer et al., arXiv:����.����8

I RG evolution above and below the EW scale, matching from SMEFT to the
weak effective theory (WET)
I wilson https://wilson-eft.github.io Aebischer, Kumar, Straub, arXiv:�8��.�����

based on
SMEFT RGE: Alonso, Jenkins, Manohar, Trott, arXiv:���8.�6��, arXiv:����.�8�8, arXiv:����.����

(ported from DsixTools: Celis, Fuentes-Martin, Vicente, Virto, arXiv:����.�����)
SMEFT! WET matching: Jenkins, Manohar, Stoffer, arXiv:����.���86

WET RGE: Jenkins, Manohar, Stoffer, arXiv:����.�����

Peter Stangl (University of Bern) HEFT ����, Granada, �6 June ���� ��/�8

Straub,1810.08132 

See also:
https://hepfit.roma1.infn.it
Blas et al, 1910.14012

https://eos.github.io
van Dyk et al, 2111.15428

…

Admir Greljo | BSM in rare b decays
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The SMEFT correlations

• How realistic is it to discover short-distance NP in a given 
observable given the global data?

[See Gudrun’s talk: SMEFT bounds from charged lepton processes on ]c → uνν

An example on the next slide =>

Admir Greljo | BSM in rare b decays



Drell-Yan versus Weak Decays
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Figure 5. Sample Feynman diagrams for the partonic processes relevant at hadron colliders. For
the scalar leptoquark S3 one should exchange q $ q̄.

CL limits that define the targeted parameter space for all considered models to be explored
at future colliders.

3.1 Di-muon: pp ! µ
+
µ
�

Following Ref. [15], a short-distance new physics above the electroweak scale contributing to
the (semi)leptonic B-meson decays, generically predicts a correlated effect in the Drell–Yan
(DY) process (pp ! µ

+
µ
�). This applies to all tree-level mediators considered in this work.

In particular, a Z
0 would show up as an s-channel resonance, while a leptoquark would lead

to a non-resonant effect via a t-channel contribution, see Fig. 5 for the respective Feynman
diagrams. Should the mass of these mediators be above the accessible di-muon invariant
mass spectrum, their impact would be described by a four-fermion quark-lepton interaction
considered in Section 4. Such interactions modify the high-invariant mass tails of the DY
process [15, 66, 68–92]. After specifying the quark flavour structure for a given operator,
the sensitivity in the tails can be compared to those from the low-energy flavour physics.

The production cross section depends crucially on the quark flavours involved in the
initial state. For example, quark-flavour universal Z 0 models with B/Lµ ⇠ O(1) and MFV
in the quark sector are already very well tested by current DY data at LHC. The dominant
production channel in these models is due to the valance quarks, and it is enhanced because
of their large PDFs. In this work, we only consider models in which the dominant couplings
are with the heavy flavours and which can evade LHC searches thanks to the suppression
from the sea quark PDFs. In Section 5.1 we investigate the U(1)B3�L2 gauge extension of
the SM where the Z

0 primarily interacts with the third generation of quarks and second
generation of leptons. The dominant DY channel in this model is the bb̄ fusion. In Section 6,
we derive the DY limits on the leptoquark models. While the main results are summarised

– 10 –

*eg, a heavy LQ

AG, Marzocca; 1704.09015
Example:  vs Drell-Yanb → sμμ Implementation and 

systematic study in flavio
AG, Salko, Smolkovic, Stangl; 2212.10497

Admir Greljo | BSM in rare b decays

https://arxiv.org/abs/1704.09015
https://arxiv.org/abs/2212.10497


[C(1)
lq ](l)

st (l̄lγμll)(q̄sγμqt)

[C(1)
lq ](ℓ) ≡ [C(1)

lq ](e) = [C(1)
lq ](μ)

14

SMEFT example

AG, Salko, Smolkovic, Stangl; 2212.10497
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Q(1)
lq = (l̄pγμlr)(q̄sγμqt)

https://arxiv.org/abs/2212.10497
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A large class of models ruled out!
AG, Marzocca; 1704.09015

https://arxiv.org/abs/2212.10497
https://arxiv.org/abs/1704.09015


SMEFT: Systematic BSM

New Physics
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• Strongly coupled
Yet, SMEFT works provided the mass gap

• Perturbative

1. Tree-level
Finite number of topologies, classified at dim-6. 

2. Loop-level

To get a large effect in 
weak decays:

• a large coupling • a small mass
Perturbativity Direct searches

Infinite but countable.



Q: LFU NP in ?b → sℓℓ

• The  global fits prefer universal b → sℓℓ C9

22

Admir Greljo | BSM in rare b decays

AG, Salko, Smolkovic, Stangl; 2212.10497

[See talk by Capdevila]

[See talk by Gubernari]

• Based on the symmetries, looks 
like a QCD, but the size of the 
effect is (maybe) too big?

Anatomy of   decaysb → sℓ +ℓ −

13

[Figure from Uli Haisch]

s̄b̄

ℓ+ ℓ−

B K(*)u, d

b̄
B K(*)

c̄

s̄

γ

ℓ+ ℓ−

Short-distance 
(semileptonic int.)

Long-distance 
(four-quark int.)

Difficult to estimate

Induces a vectorial 
and lepton-universal 
contribution

“Easy” to compute

"ℓ
9 = (s̄L γμ bL)(ℓ̄ γμ ℓ)

Long-distance effects cannot induce:

• Breakings of lepton universality

• Axial-current contributions 

( no effect in  )Bs → μ+μ−

g

u, d

… but in reality

   Javier Fuentes-Martin | Reading the footprints of the flavor anomalies

“If it looks like a duck, walks like a duck and quacks like a duck, then it just may be a duck.”
leptoquark

Disclaimer: My exercises is academic — NP in  and co while  — there is still a room for LFUV, …P′￼5 RK = 1

https://arxiv.org/abs/2212.10497


Systematic approach

Admir Greljo | BSM in rare b decays

Perturbative UV completion: 
1. Tree-level models (leading operator)

b

s

ℓ

ℓ
WET:

SMEFT:

NP:
b

s

ℓ

ℓ

Z′￼ b

s

ℓ

ℓ
LQ

Or  vertex correctionsZ



LFU models: Z′￼

24

CQ = f( , , M)

b

s

b

s

Z′￼

e

e

ℓ

ℓ

Z′￼

b

s

ℓ

ℓ

Z′￼

Q(1)
qq = (q̄pγμqr)(q̄sγμqt)

s s

b b

s ℓ

b ℓ

e ℓ

e ℓ

Q(1)
lq = (l̄pγμlr)(q̄sγμqt)

Qll = (l̄pγμlr)(l̄sγμlt)

integrate out

…

…

…

prst - flavor

Admir Greljo | BSM in rare b decays



LFU models: Z′￼
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b̄

s

Z′￼

•The bounds from

b

s̄

e

e

ℓ

ℓ

Z′￼

+ 

LEP IIMeson mixing

are too constraining

b

s

ℓ

ℓ

Z′￼

!

Admir Greljo | BSM in rare b decays



LFU models: Z′￼
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Tension!
1042 £ 103 3 £ 1034 £ 103 6 £ 103 2 £ 104

mX/gX [GeV]

°4
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0
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4

∑

flavio

B ° L, case (i)

ee ! `` 1æ

pp ! `` 1æ

¢F = 2 1æ

b ! sµµ 1æ

1042 £ 103 3 £ 1034 £ 103 6 £ 103 2 £ 104

mX/gX [GeV]

°4

°2

0

2

4

∑

flavio

3B3 ° L, case (i)

pp ! `` 1æ

ee ! `` 1æ

¢F = 2 1æ

b ! sµµ 1æ

U(1)B−L U(1)3B3−L

Jμ = Jμ
B−L +

1
3

ϵij q̄iγμqj ϵij = − κ |Vts | (δi2δj3 + δi3δj2) Jμ = Jμ
3B3−L +

1
3

ϵij q̄iγμqj

Admir Greljo | BSM in rare b decays

AG, Salko, Smolkovic, Stangl; 2212.10497

https://arxiv.org/abs/2212.10497


LFU leptoquark
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• First of all, no single leptoquark representation gives  onlyC9
Doršner, Fajfer, AG, Kamenik, Košnik; 1603.04993

AG, Salko, Smolkovic, Stangl; 2212.10497

+

• Perhaps:

[See talk by Capdevila]

Admir Greljo | BSM in rare b decays

https://arxiv.org/abs/1603.04993
https://arxiv.org/abs/2212.10497


LFU leptoquark
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• In addition, excluded by cLFV!

Admir Greljo | BSM in rare b decays

μ

γ

e

b

s

μ

μ
LQ

b

s

e

e
LQ

= + other cLFV



LFU leptoquark

29

• Solution: Leptoquark as  flavor multiplet SU(2)

Admir Greljo | BSM in rare b decays

U(1)e × U(1)μ × ZLFU
2

LQe LQμ
e μ

Mass/Coupling degeneracy

LQe LQμ+

Figure 14: The best-fit regions at 1� for all relevant constraints for the LFU leptoquark
model. The global fit is shown at 1 and 2�. See Section 6.3 for details.

predicts the left-handed rotations to dominate over the right-handed ones.11 The important
effect is that the leading Xµ interactions in the mass basis are associated with the current

Jµ
X = Jµ

3B3�L +
1

3
✏ij q̄i�

µqj , (6.15)

where |✏ij | ⌧ 1. The rest of the matching calculation proceeds as in Section 6.1. The
matching results in Eqs. (6.8)–(6.13) stay the same after the replacement of �ij ! 3 �i3�j3
for all quark indices. We again choose the down-aligned basis.

In Fig. 13, we show the best-fit regions for different data sets assuming the two cases
for ✏ij as in the previous section, see Eq. (6.5). The only difference with respect to the
U(1)B�L case is that the high-mass Drell-Yan bound is less stringent (dominant couplings
are with b quarks) and now compatible with the intersection of �F = 2 and b ! s`+`�.
However, the four-lepton contact interactions are inconsistent with this parameter space at
the 1� level. This is a general feature of the LFU Z 0 models — the e+e� ! `+`� becomes
a critical constraint. This is in contrast to the LFU violating models such as Lµ�L⌧ , where
the analogous bound was a neutrino trident production, and thus much weaker [129].

6.3 LFU leptoquark

Let us consider a triplet of scalar leptoquarks S↵ (↵ = 1, 2, 3) in the same SM gauge
representation (3̄,3, 1/3).12 The flavor index ↵ refers to the lepton flavor, and leptoquarks

11For the explicit realization of the left-handed dominance with vector-like quarks, see a closely related
model in Section 2.3 in Ref. [118]. By choosing appropriate representations, operators of the type 1

⇤ q̄3H�†di

are absent, while 1
⇤ q̄iH�d3 is present.

12Adding n copies of scalars in the (anti)fundamental representation of SU(3)c and the adjoint represen-
tation of SU(2)L modifies the SM beta functions of both gS and g2. While the strong coupling gS stays

– 37 –

x 2 = 

b

s

ℓ

ℓ
LQℓ



LFU leptoquark
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1042 £ 103 3 £ 103 4 £ 103 6 £ 103

m/|∏|

°3

°2

°1

0

1
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∑

flavio

LFU Leptoquark

pp ! `` 1æ

b ! sµµ 1æ

ℒ ⊃ (DμSα)†(DμSα) − m2Sα†Sα − (λi q̄c
i lαSα + h . c.)

λi = λ (κVtd, κVts,1)

 at tree level

 and  loop suppressed

2q2ℓ
4q 4ℓ

b

s

ℓ

ℓ

LQℓ

https://arxiv.org/abs/2212.10497


Systematic approach

Admir Greljo | BSM in rare b decays

Perturbative UV completion: 
1. Tree-level models (but subleading operator)

b

s

c

c
WET:

SMEFT:

NP:
b

s

c

c

Z′￼

• Direct searches for a dijet resonance?
(Likely end up as Gudrun’s model for U-spin breaking)

See, e.g., Bordone, AG, Marzocca; 2103.10332

Jäger et al, 1701.09183, 1910.12924

See Gudrun’s talk

https://arxiv.org/abs/2103.10332


Systematic approach
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Perturbative UV completion: 
1. Loop-level (large RGE effects)

WET:

SMEFT:

NP:

b

s

ℓ

ℓ

b

s

τ

τ
RGE

 vector leptoquarkU1

Crivellin et al, 
1807.02068

Aebischer et al, 2210.13422v2



Systematic approach
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Perturbative UV completion: 
1. Loop-level

WET:

SMEFT:

NP:

b

s

ℓ

ℓ

Box diagrams, again LFV, lower scale, direct searches, …

Etc…



Thank you for your attention



Backup



The WET analysis
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• WET at the  scaleb

• Operators:

AG, Salko, Smolkovic, Stangl; 2212.10497

https://arxiv.org/abs/2212.10497
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LFU

AG, Salko, Smolkovic, Stangl; 2212.10497

WET fit: 1D

https://arxiv.org/abs/2212.10497


WET fit: 2D μ

38

(Slight) tension!

AG, Salko, Smolkovic, Stangl; 2212.10497

https://arxiv.org/abs/2212.10497
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WET fit: LFU vs LFUV

[For other fits see the paper]

AG, Salko, Smolkovic, Stangl; 2212.10497

• LFU Z′￼ • LFU LQ

https://arxiv.org/abs/2212.10497
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WET fit:  versus b → d b → s
AG, Salko, Smolkovic, Stangl; 2212.10497

[For other fits see the paper]

https://arxiv.org/abs/2212.10497
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• LFU Z′￼

• LFU LQ

AG, Salko, Smolkovic, Stangl; 2212.10497

LFU models for b → sℓℓ

https://arxiv.org/abs/2212.10497


NP in the Drell-Yan Tails
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AG, Salko, Smolkovic, Stangl; 2212.10497

https://arxiv.org/abs/2212.10497


AG, Palavric; wip

43

Drell-Yan in the SMEFT



SMEFT fit: 1D

AG, Salko, Smolkovic, Stangl; 2212.1049744

4F SMEFT operators with arbitrary flavor

Drell-Yan data used

https://arxiv.org/abs/2212.10497


↵ |✏↵↵
Vi

|
|✏↵↵

SLL,RR
(µ)| |✏↵↵

TL,R
(µ)|

µ = 1 TeV µ = 2 GeV µ = 1 TeV µ = 2 GeV

e 13 (3.9) 15 (4.5) 32 (9.5) 6.5 (2.0) 5.2 (1.6)

µ 7.0 (3.4) 8.1 (3.9) 17 (8.3) 3.5 (1.7) 2.8 (1.4)

⌧ 25 (12) 29 (13) 60 (28) 14 (6.6) 11 (5.2)

Table 6. 95% CL limits on the neutral-current WCs from pp ! e
↵
ē
↵ at the LHC, with i =

LL,RR,LR,RL. We also show in parenthesis the naive projections of the expected limits for the HL-
LHC (3 ab�1), assuming that the error will be statistically dominated.

Figure 4. Exclusion limits at 95% CL on c ! u`
+
`
� transitions in the (✏eeVi

, ✏
µµ
Vi

) plane, where i =
LL,RR,LR,RL. The region outside the red contour is excluded by D meson decays, while the region
outside the blue contour is excluded by high-pT LHC.

chiral enhancement in D ! `
+
`
� compared to the corresponding SM contribution. Furthermore,

the c ! u⌧
+
⌧
� transition is only accessible at high-pT , since the corresponding low-energy decays

are kinematically forbidden. Similar conclusions have been reached in the LFV channels [48].
Namely, the high-pT bounds on the µe channel are stronger than those from low-energy, with
the exception of the scalar operators, while for ⌧e and ⌧µ channels, high-pT tails offer the only
available limits.

Concerning the possible caveats to the high-pT limits, there are two major differences with
respect to the discussion for charge currents in Section 4.3. Firstly, the c ! u`

+
`
� SM amplitude

is extremely suppressed, as mentioned before. Thus, the dimension-8 interference with the SM
is negligible and unable to affect the leading dimension-6 squared contribution, even though the
two are formally of the same order in the EFT expansion. Nonetheless, semileptonic operators
with flavor-diagonal quark couplings which negatively interfere with the SM background can be
used to tune a (partial) cancellation between NP contributions in the tails. Secondly, most UV

– 20 –

Fuentes-Martin, AG, Camalich, Ruiz-Alvarez; 2003.12421

Rare  decaysc → uℓ+ℓ−

BR(D0 → μ+μ−)SM ∼ 𝒪(10−13)

• Efficient GIM suppression
• Long-distance dominated

Drell-Yan cu → ℓ+ℓ−

Example

BR(D0 → μ+μ−) ≲ 6 × 10−9

LHCb, 1305.5059

Theory:

Experiment:

Null test of the SM sensitive to NP

Example:

Systematic exploration of the low-  / high-  interplaypT pT
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ℒΔC=1
NP ≈

ϵℓℓ
V

(15 TeV)2
(ūRγμcR)(ℓ̄RγμℓR)

p p

u c̄

ℓ+ ℓ−

1609.07138, 1704.09015, 1811.07920, 1805.11402, 1912.00425, 2002.05684, 2008.07541, 2104.02723, 2111.04748, …

• Energy enhancement
• PDF suppression 

CMS-PAS-EXO-19-019


