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• Anomalies
– What6anomalies?
– How6large?

• Where6from?
• What6developments6in6the6near6future?
• What6implications6for6the6future?
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Preface'(caveat'emptor?)

• Flavour has'become'a'precision'domain'in'
the'last'20<30'years

• Many'fluctuations'&'neglected'systematic'
effects'have'been'inevitably'seen
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Vub and'Vcb
• Long-standing
discrepancy'btw
inclusive'and'excl.
determinations

• Disagreement'is
still'there

• Promising'new
developments'hint'at
forgotten'systematics

3'Jul'2018 A.'Cerri'- Durham 4

Latest'Belle'2'result'[1702.01521]
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The$Moral$of$the$Story
• Precision$gives$more$stringent$tests
• More$opportunities$to$look$for$new$physics
• …housekeeping$is$essential!
• High$statistics$(of$results)$! fluctuations$are$
bound$to$happen

• Until$confirmed$we$should$not$easily$dismiss$nor$
make$incommensurate$jumps
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What%are%these%Flavour Anomalies?

• Two%broad%categories:
– “semi=rare”%b%decays

• Two%anomalies
• ..plus%some%LFU%troubles

– Tree=level LFU%tests
• Somewhat%of%a%LEP%legacy
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Semi%rare(B(decays
• b!sµµ(processes,(loop%suppressed
• Potential(contribution(from(new(heavy(particles(! angles(&(BR
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Semi%rare(B(decays
• b!sµµ(processes,(loop%suppressed
• Potential(contribution(from(new(heavy(particles(! angles(&(BR
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Overall(rate(predictions(~above(data



Semi%rare(B(decays
• b!sµµ(processes,(loop%suppressed
• Potential(contribution(from(new(heavy(particles(! angles &(BR
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LFU$Trouble
• RK/RK*:

– SM:$1$at$the$؉ level
– QED$O(10A2)$[EPJC$76$(2016)$8440]
– Form$factors$mostly$cancel
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Tree$Level$Troubles

• …enter$RD$RD*:

3$Jul$2018 A.$Cerri$> Durham 12

÷

• All exp.$Results$
above$SM$
expectation

• Combined$tension$
~4.1σ

• Theory$inputs$reduce$
tension$[JHEP$11$
(2017)$061]



Tree$Level$Troubles

• …enter$RD$RD*:
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÷

• All exp.$Results$
above$SM$
expectation

• Combined$tension$
~4.1σ

• Theory$inputs$reduce$
tension$[JHEP$11$
(2017)$061]

• Bc decays$show$
tension$too$(2σ>ish)



…other'legacies:
• B!!ν (Belle'2006,'BaBar 2008,'2010,'2013)'

"# " → !% = 1.7+0.56−0.49
+0.46
−0.51 1 10234

Later'Belle'measurement'relaxed'the'tension,'except'with'
BaBar

• LEP'II'CC'universality'tests:

…however'g'anomaly'cannot'be'accommodated'with'EFT'
[Filippuzzi et'al.'1203.2092]

3'Jul'2018 A.'Cerri'S Durham 14

St
ol
en
'fr
om
'A
.'P
ic
h,
'M
as
s'
20
18



…other'legacies:
• B!!ν (Belle'2006,'BaBar 2008,'2010,'2013)'

"# " → !% = 1.7+0.56−0.49
+0.46
−0.51 1 10234

Later'Belle'measurement'relaxed'the'tension,'except'with'
BaBar

• LEP'II'CC'universality'tests:

…however'g'anomaly'cannot'be'accommodated'with'EFT'
[Filippuzzi et'al.'1203.2092]

3'Jul'2018 A.'Cerri'S Durham 15



Flavour Anomalies:/Summary
• Neutral/Current
• b!sµµ

– <4σ Angular/observables/in/
K*µµ

– 3.5σ BR
– 2.6σ LFU/violation/in/RK
– (2.3⊕2.6)σ LFU/violation/in/
RK*

• Several/discrepancies,/some/
debate…

• Charged/Current
• b!c"ν

• Long/standing/tension

3/Jul/2018 A./Cerri/U Durham 16



New$Physics,$at$what$scale?

• NC • CC
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?
EFT$and$GPD

Off-shell$(now-ish)$!On-shell$(future)
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Flavour at High-pT (theory) -  Admir Greljo, Johannes Gutenberg-Universität Mainz

!11

SM EFT @ High-pT

EFT validity
q2 << MX
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Figure 1: Distributions of (a) dielectron and (b) dimuon reconstructed invariant mass (m``) after selection, for data
and the SM background estimates as well as their ratio before and after marginalisation. Selected Z0

� signals with a
pole mass of 3, 4 and 5 TeV are overlaid. The bin width of the distributions is constant in log(m``) and the shaded
band in the lower panels illustrates the total systematic uncertainty, as explained in Sec. 7. The data points are
shown together with their statistical uncertainty.

A search for Z0
� signals as well as generic Z0 signals with widths from 1% to 12% is performed utilising

the LLR test described in Ref. [54]. This second approach is specifically sensitive to narrow Z0-like
signals, and is thus complimentary to the more general BH approach. To perform the LLR search, the
Histfactory [55] package, together with RooStats [56] and RooFit [57] packages are used. The p-value
for finding a Z0

� signal excess (at a given pole mass), as well as variable width generic Z0 excess (at a
given central mass and with a given width), more significant than the observed, is computed analytically,
using the test statistic q0. The test statistic q0 is based on the logarithm of the profile likelihood ratio �(µ).
The test statistic is modified for signal masses below 1.5 TeV to also quantify the significance of potential
deficits in the data. As in the BH search the SM background model is constructed using the modes of
marginalised posteriors of the nuisance parameters from the MCMC, and these nuisance parameters are
not included in the likelihood at this stage. Starting with mZ 0 of 150 GeV, multiple mass hypotheses are
tested in pole mass steps corresponding to the histogram bin width to compute the local p-values — that
is p-values corresponding to specific signal mass hypotheses. Simulated experiments (for mZ 0 > 1.5 TeV)
and asymptotic relations (for mZ 0 < 1.5 TeV) in Ref. [54] are used to estimate the global p-value, which
is the probability to find anywhere in the m`` distribution a Z0-like excess more significant than that
observed in the data.

10 Results

The data, scrutinised with the statistical tests described in the previous section, show no significant ex-
cesses. The LLR tests for a Z0

� find global p-values of 58%, 91% and 83% in the dielectron, dimuon,
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Abstract We investigate the impact of flavor-conserving,1

non-universal quark-lepton contact interactions on the dilep-2

ton invariant mass distribution in p p → ℓ+ℓ− processes at3

the LHC. After recasting the recent ATLAS search performed4

at 13 TeV with 36.1 fb−1 of data, we derive the best up-to-date5

limits on the full set of 36 chirality-conserving four-fermion6

operators contributing to the processes and estimate the sen-7

sitivity achievable at the HL-LHC. We discuss how these1 8

high-pT measurements can provide complementary infor-9

mation to the low-pT rare meson decays. In particular, we10

find that the recent hints on lepton-flavor universality viola-11

tion in b → sµ+µ− transitions are already in mild tension12

with the dimuon spectrum at high-pT if the flavor structure13

follows minimal flavor violation. Even if the mass scale of14

new physics is well beyond the kinematical reach for on-shell15

production, the signal in the high-pT dilepton tail might still16

be observed, a fact that has been often overlooked in the17

present literature. In scenarios where new physics couples18

predominantly to third generation quarks, instead, the HL-19

LHC phase is necessary in order to provide valuable infor-20

mation.21

1 Introduction22

Searches for new physics in flavor-changing neutral currents23

(FCNC) at low energies set strong limits on flavor-violating24

semileptonic four-fermion operators (qq ′ℓℓ), often pushing25

the new physics mass scale " beyond the kinematical reach26

of the LHC [1]. For example, if the recent hints for lepton-27

flavor non-universality in b → sℓ+ℓ− transitions [2–5] are28

confirmed, the relevant dynamics might easily be outside the29

LHC range for on-shell production.30

In this situation, an effective field theory (EFT) approach31

is applicable in the entire spectrum of momentum transfers32

in proton collisions at the LHC, including the most energetic33

a e-mail: marzocca@physik.uzh.ch

processes. Since the leading deviations from the SM scale 34

like O(p2/"2), where p2 is a typical momentum exchange, 35

less precise measurements at high-pT could offer similar (or 36

even better) sensitivity to new physics with respect to high- 37

precision measurements at low energies. Indeed, opposite- 38

sign same-flavor charged lepton production, p p → ℓ+ℓ−
39

(ℓ = e, µ), sets competitive constraints on new physics when 40

compared to some low-energy measurements [6–8] or elec- 41

troweak precision tests performed at LEP [9]. 42

At the same time, motivated new physics flavor structures 43

can allow for large flavor-conserving but flavor non-universal 44

interactions. In this work we study the impact of such contact 45

interactions on the tails of dilepton invariant mass distribu- 46

tion in p p → ℓ+ℓ− and use the limits obtained in this way 47

to derive bounds on class of models which aim to solve the 48

recent b → sℓℓ anomalies. With a similar spirit, in Ref. [10] 49

it was shown that the LHC measurements of pp → τ+τ−
50

already set stringent constraints on models aimed at solv- 51

ing the charged-current b → cτ ν̄τ anomalies. The paper is 52

organized as follows. In Sect. 2 we present a general parame- 53

terization of new physics effects in p p → ℓ+ℓ− and perform 54

a recast of the recent ATLAS search at 13 TeV with 36.1 fb−1
55

of data [11] to derive present and future-projected limits on 56

flavor non-universal contact interactions for all quark fla- 57

vors accessible in the initial protons. In Sect. 3 we discuss 58

the implications of these results on the rare FCNC B meson 59

decay anomalies. The conclusions are found in Sect. 4. 60

2 New physics in the dilepton tails 61

2.1 General considerations 62

The discussion on new physics contributions to dilepton pro- 63

duction via Drell–Yan will be started by listing the gauge- 64

invariant dimension-six operators which can contribute at 65

tree-level to the process. We opt to work in the Warsaw 66

basis [12]. Neglecting chirality-flipping interactions (e.g. 67
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Figure 5. Present and future-projected LHC constraints on the vector leptoquark model of
section 3.1. The 1σ and 2σ preferred regions from the low-energy fit are shown in green and
yellow, respectively.

3.2 Scenario II: scalar leptoquarks

We introduce two scalar leptoquarks S1 = (3,1, 1/3) and S3 = (3,3, 1/3). The relevant

interaction Lagrangian is given by [46]

L ⊃ g1β1 iα(Q̄
c i
L ϵLα

L)S1 + g3β3 iα(Q̄
c i
L ϵσaLα

L)S
a
3 + h.c., (3.5)

where ϵ = iσ2, Qc
L = CQ̄T

L, and Sa
3 are the components of the S3 leptoquark in SU(2)L

space. A model with the same field content was recently proposed in [26] as a possible

solution of the B-physics anomalies. However, the flavour structure postulated in [26]

leads to large cancellations in b → sνν̄ and potential tuning also in b → u charged-

current transitions. Contrary to the vector LQ case, baryon number conservation is not

automatically absent in the renormalisable operators built in terms of S1,3 and must be

imposed as an additional symmetry of the theory.

Integrating out the leptoquark states at tree-level and matching to the effective theory,

we find the following semi-leptonic operators

Leff ⊃ − 1

v2
(
C1β1,iββ

∗
1,jα − C3β3,iββ

∗
3,jα

)
(Q̄i

Lγµσ
aQj

L)(L̄
α
Lγ

µσaLβ
L)

− 1

v2
(
−C1β1,iββ

∗
1,jα − 3C3β3,iββ

∗
3,jα

)
(Q̄i

LγµQ
j
L)(L̄

α
Lγ

µLβ
L) ,

(3.6)

where C1,3 = v2|g1,3|2/(4M2
S1,3

) > 0. Enforcing a minimally broken U(2)q × U(2)ℓ flavour

symmetry the two mixing matrices β1,iα and β3 iα follow the decomposition presented in

appendix A and have a hierarchical structure similar to the βiα of the vector LQ case.

These two flavour matrices are, in general, different. However, for the sake of simplicity, in

the fit we fix β3,sµ = β1,sµ and β1,bµ = β3,bµ, keeping only the two s− τ elements different

– 13 –

1803.10972

Vector LQ
U1=(3,1,2/3)

1706.07808

What is the 
CLIC @3TeV 

reach in this plane?

Present

Pair-production of vector LQ is model-dependent.

1706.07808
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Good%model/probe%for%
both%anomalies

• µµ,$!! [1609.07138]
• Better$gauged$at$CC$
anomalies,$since$for$NC:

1

(30 TeV)2
(b�s) (µ�µ)
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27$TeV…$maybe?

Z’$@$ATLAS
[1607.03669]

[CMS-PAS-EXO-12-041]Take-Home Message
• Drell-Yan, 𝑝 𝑝 → 𝑍′ → 𝜇+𝜇−

• Pair production, 𝑝 𝑝 → 𝐿𝑄 𝐿𝑄 → 𝜇+𝜇−𝑗 𝑗

• Single production, 𝑝 𝑝 → 𝐿𝑄 → 𝜇+𝜇−𝑗

100 TeV 10 ab-1

18 TeV8 TeV

33 TeV 10 ab-1

100 TeV 10 
ab-1

40 TeV12 TeV
33 TeV
10 ab-1

5 TeV

100 TeV 10 ab-1

40 TeV21 TeV
33 TeV
10 ab-1

LQ coupling strength  

6 TeV

n.b. Sensitivity for 
the most 
conservative and
pessimistic scenario

13
Based$on$CMS$1703.03995,$1803.02864,
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EFT$and$GPD

Off-shell$(now-ish)$!On-shell$(future)
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both%anomalies

• µµ,$!! [1609.07138]
• Better$gauged$at$CC$
anomalies,$since$for$NC:

27$TeV…$maybe?

Z’$@$ATLAS
[1607.03669]

[CMS-PAS-EXO-12-041]

Based$on$CMS$1703.03995,$1803.02864,
CMS-PAS-SUS-18-001,$CMS-PAS-EXO-17-029
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p• Non-exhaustive$picture,$but$hopefully$conveying$the$

importance$of$these$anomalies$– if$confirmed$– for$GPD$
searches

• Didn’t$distinguish$EFT$and$concrete$motivated$models$
addressing$SM$‘issues’:
• Naturalness
• Origin$of$flavour
• Renormalizability
• …

• (…maybe$we$shouldn’t$even$start$by$trying$to$catch$too$
many$experimental$birds$with$the$same$stone)
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Off-shell$(now-ish)$!On-shell$(future)
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• µµ,$!! [1609.07138]
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27$TeV…$maybe?

Z’$@$ATLAS
[1607.03669]
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p• Non-exhaustive$picture,$but$hopefully$conveying$the$

importance$of$these$anomalies$– if$confirmed$– for$GPE$
searches

• Didn’t$distinguish$EFT$and$concrete$motivated$models$
addressing$SM$‘issues’:
• Naturalness
• Origin$of$flavour
• Renormalizability
• …

• (…maybe$we$shouldn’t$even$start$by$trying$to$catch$too$
many$experimental$birds$with$the$same$stone)

• OTOH$EFT$predictions$may$overlook$obvious$direct$
signatures….



What%are%the%next%steps?
• Are%these%anomalies%real?

– Run%2%data%and%Belle%2%hold%the%verdict!
– Everyone%and%their%sibling%in%the%flavour community%
are%waiting%for%RD,%RD*,%RK,%RK* from%LHCb &%Belle%2

– Additional%input%from%related%observables%in%Bc,%bJ
baryons,%! → ### and%co.

– Are%there%any%hints%in%GPD%of%EFT%mediators?
• If%they%are%real%and%they%stay%where%they%are,%
new%physics%might%be%within%reach!

• …however%there’s%no%guaranteed%‘threshold’

3%Jul%2018 A.%Cerri%J Durham 21



Near%Future
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Great%potential%from%LHCb,%but%definitely%not%the%only%player%in%

probing%these%NP%effects!



Other&things&to&keep&an&eye&on:
• !!3µ

– SM&(through&ν osc.):&~10>14

– BSM:&up&to&10>8

• !!π/K&ν
– Possible&direct&searches!

• Z!!l
– !µ:&<1.2/1.3&10>5 [Delphi’97,&ATLAS&1804.09568]
– !e:&<10>5,&<5.8×10>5 2.3σ excess

3&Jul&2018 A.&Cerri&> Durham 23

Eur.%Phys.%J.%C76%(2016)%5,%232

Expt. Limit&[1058] Ref.
Now HL Now HL

Belle/Belle&2 2.1 0.04 PLB687(2010)139 PoS FPCP2015&(2015)&049

BaBar 3.3 5 PRD81(2010)11101 >

LHCb
Hadronic

4.6 0.6 JHEP02(2015)121 Extr.&From&Run&1&@&3fb>1

ATLASW!!ν
Run&1

38 0.9 EPJC76(2016)5,232 Naïve&Extr.&From&Run&1

CMS Run&2 Soon 0.4 > Simulated&Ds!!ν

ATLAS,%PRL%120%(2018)%161802[Opal’95],&[ATLAS&1804.09568]&



Belle$2$and$! LFV
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HFLAV$summary$of$! LFV$with$Belle$2$reach$(07background$assumed)$



Other&things&to&keep&an&eye&on:
• Rare&B&decays&(µµ,&ee,&µe)

– Probe&axial&component!complement
vector&term&of&b!sµµ

– Probe&directly&LFU&through&e.g.&eµ
– With&lifetime:&Probe&NP&structure
– Clean&observables&accessible&also&to&GPE

3&Jul&2018 A.&Cerri&S Durham 25



Rare%B%Decays
• Both%LHCb and%GPE%contribute

– BR
– BR%ratio:%Bs/Bd has%clean%predictions
– Lifetime:%no%reason%GPE%shouldn’t%perform%well

3%Jul%2018 A.%Cerri%K Durham 26
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Rare%B%Decays
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– BR%ratio:%Bs/Bd has%clean%predictions
– Lifetime:%no%reason%GPE%shouldn’t%perform%well
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[ATLKPHYSKPUBK2018K005]
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Now Future?

ATLAS
CMS
LHCb

My%Naïve%calculations,%based%on%HL%extrapolations%
[CMSKPASKFTRK14K015,%C.Langenbruch@HL/HEKLHC%workshop]



Summary
• Heavy+Flavour studies+are+the+prime+probe+of+the+flavour
structure+of+NP+at+colliders

• Significant+combined+anomalies
– “Long+standing+fluctuations”?
– Systematic+effects?
– New+physics?
– The+jury+is+still+out,+but+due+back+in+soon

• If+confirmed
– NP+could be+near
– GPE+can+contribute+to+the+onIgoing+investigation
– GPE+in+an+excellent+position+to+probe+new+physics+scenarios
– Strong+implications+for+future+colliders

• Else…+next+talk!
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