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LHC Run-3 just started  
-> until 2025 (450 ifb)

You are here



https://atlas.web.cern.ch/Atlas/GROUPS/
PHYSICS/PAPERS/SUSY-2018-42/ 
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Some anomalies to keep an eye on

dE/dx - anomaly in ATLAS

• Energy-loss due to ionised radiation 
different from known particles 

• Points towards heavy new particle

• Aim is to measure the masses of long-
lived particles (decaying or not)

➡ Idtify isolated tracks with large pT

➡ reconstruct mass

➡ use data-driven bkgs

• Stat. signfic. 3.6 sigma local and 3.3 sigma global
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Taus in CMS

• Search for vector-like leptons 

➡Comb. 2017/18 -> 96.5 ifb -> 2.8 sigma

•  Di-tau resonances at 0.1 and 1.2 TeV

https://cds.cern.ch/record/
2803736/files/B2G-21-004-

pas.pdf

https://cds.cern.ch/
record/2803739

➡rel. hard (b)-jets, HT > 400 GeV
➡DNN classifier (tt=signal vs tops)

➡final state 4b + 0/1/2 taus (hadr) + jets

➡Selection of leptonic, semileptonic 
and hadronic tau pairs

➡Isolation criteria for muons/electron

➡Transverse/Inv. masses point to two 
excesses:
★100 GeV resonance 3.1 (2.7) local (global) 

(similar excess in 2 photon decay)
★1.2 TeV resonance ~ 3 sigma
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• di-jets in CMS

• CP-violation in ATLAS

https://cds.cern.ch/record/2803669/files/EXO-21-010-pas.pdf

https://arxiv.org/abs/2006.15458

➡Search in events with 4 jets for large 
m_inv and di-jet combinations with m1~m2. 

➡ In non-resonant 4-jet find 3.6 (2.5) sigma local (global) at m2j=0.95 TeV

➡ In resonant 4-jet production

find 3.6 (1.6) sigma local (global) at m4j=8TeV and m2j=2 TeV

➡ Search in ELW Zjj production

➡Leptonic decay of Z boson

➡VBF event selection cuts
➡       sensitive to CP-odd interactions   
➡Disfavours SM ~ 3 sigma
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                       AfterRK⇤
[1704.05340, 1704.05435,
1704.05438, 1705444,
17054446, 1705447]

• RK and RK* observables alone are now sufficient to draw various 
conclusions (without doing fits!)
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Figure 1: Deviations from the SM value RK = RK⇤ = 1 due to the various chiral operators
possibly generated by new physics in the muon (left panel) and electron (right panel) sector.
Bothe the ratio refers to q

2 in [1.1, 6]GeV2. We assumed real coe�cients, and the out-going
(in-going) arrows show the e↵ect of coe�cients equal to +1 (�1). For the sake of clarity we
only show the arrows for the coe�cients involving left-handed muons and electrons (except for
the two magenta arrows in the left-side plot, that refer to C

BSM
9,µ = (CBSM

bLµL
+ C

BSM
bLµR

)/2 = ±1).

BSM corrections. To this end, we define RK⇤ in a given range of q2, in analogy with eq. (8):

RK⇤ [q2min, q
2
max] ⌘

R
q
2
max

q
2
min

dq
2
d�(B ! K

⇤
µ
+
µ
�)/dq2

R
q2max

q
2
min

dq2 d�(B ! K⇤µ+µ�)/dq2
, (16)

where the di↵erential decay width d�(B ! K
⇤
µ
+
µ
�)/dq2 actually describes the four-body

process B ! K
⇤(! K⇡)µ+

µ
�, and takes the compact form

d� (B ! K
⇤
µ
+
µ
�)

dq2
=

3

4
(2Is

1 + I
c

2)�
1

4
(2Is

2 + I
c

2) . (17)

The angular coe�cients Ia=s,c

i=1,2 in eq. (17) can be written in terms of the so-called transversity
amplitudes describing the decay B ! K

⇤
V

⇤ with the B meson decaying to an on-shell K⇤

and a virtual photon or Z boson which later decays into a lepton-antilepton pair. We refer
to [26] for a comprehensive description of the computation. In the left panel of figure 2 we
show the di↵erential distribution d�(B ! K

⇤
µ
+
µ
�)/dq2 as a function of the dilepton invariant

mass q
2. The solid black line represents the SM prediction, and we show in dashed (dotted)

red the impact of BSM corrections due to the presence of non-zero C
BSM
bLµL

(CBSM
bRµL

) taken at the
benchmark value of 1.

We now focus on the low invariant-mass range q
2 = [0.045, 1.1] GeV2, shaded in blue with

diagonal mesh in the left panel of fig 2. In this bin, the di↵erential rate is dominated by
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[1704.05438 ]

• Deviation from the Standard Model, using only the most cleaner observable gives ⇠ 4�

• New Physics in electrons is possible, but cannot explain angular observables and low 
branching ratios….

• New Physics in muons wants destructive interference with the SM

where p ⇡ 0.86 is the polarization fraction [22, 27, 28]. In the chiral-linear limit the expression
for RK⇤ simplifies to

RK⇤ ' RK � 4p
Re C

BSM
bR(µ�e)L

C
SM
bLµL

, (15)

where 4p/CSM
bLµL

⇡ 0.40. The formula above clearly shows that, in this approximation, a devia-
tion of RK⇤ from RK signals that bR is involved at the e↵ective operator level with the dominant
e↵ect still due to left-handed leptons. As already discussed before, eq. (15) is not suitable for a
detailed phenomenological study, and we implement in our numerical code the full expression
for RK⇤ [29]. In the left panel of figure 1, we present the di↵erent predictions in the (RK , RK⇤)
plane due to turning on the various operators assumed to be generated via new physics in the
muon sector. A reduction of the same order in both RK and RK⇤ is possible in the presence
of the left-handed operator C

BSM
bLµL

(red solid line). In order to illustrate the size of the required
correction, the arrows correspond to C

BSM
bLµL

= ±1 (see caption for details). Conversely, as previ-
ously mentioned, a deviation of RK⇤ from RK signals the presence of C

BSM
bRµL

(green dot-dashed
line). Finally, notice that the reduced value of RK measured in eq. (3) cannot be explained by
C

BSM
bRµR

and C
BSM
bLµR

. The information summarized in this plot is of particular significance since
it shows at a glance, and before an actual fit to the data, the new physics patterns implied by
the combined measurement of RK and RK⇤ .

Before proceeding, another important comment is in order. In the left panel of figure 1,
we also show in magenta the direction described by non-zero values of the coe�cient C

BSM
9,µ =

(CBSM
bLµL

+C
BSM
bLµR

)/2. The latter refers to the e↵ective operator O
µ

9 = (s̄�µPLb)(µ̄�
µ
µ), and implies

a vector coupling for the muon. The plot suggests that negative values C
BSM
9,µ ⇡ �1 may also

provide a good fit of the observed data. However, it is also interesting to notice that in the
non-clean observables, the hadronic e↵ects might mimic a short distance BSM contribution in
C

BSM
9,µ . From the plot in our figure 1, it is clear that with more data a combined analysis of RK

and RK⇤ might start to discriminate between C
BSM
9,µ and C

BSM
bLµL

using only clean observables.
However, with the present data, there is only a mild preference for C

BSM
bLµL

, according to the
1-parameter fits of section 3.1 using only clean observables.

It is also instructive to summarise in the right panel of figure 1 the case in which new physics
directly a↵ects the electron sector. The result is a mirror-like image of the muon case since
the coe�cients CbXeY enter, both at the linear and quadratic level, with an opposite sign when
compared to their analogue CbXµY . In the chiral-linear limit the only operator that can bring
the values of RK and RK⇤ close to the experimental data is CbLeL > 0. As before, a deviation
from RK in RK⇤ can be produced by a non-zero value of C

BSM
bReL

. Notice that, beyond the chiral-
linear limit, also C

BSM
bL,ReR

points towards the observed experimental data but they require larger
numerical values.

A closer look to RK⇤ reveals additional observable consequences related to the presence of
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for RK is

RK =
|CbL+RµL�R |

2 + |CbL+RµL+R |
2

|CbL+ReL�R |2 + |CbL+ReL+R |2
. (12)

This is a clean observable, meaning that it is not a↵ected by large theoretical uncertainties,
and its SM prediction is RK = 1. QED corrections give a small departure from unity which,
however, does not exceed few percents [26]. However, it has to be noted that new physics which
a↵ects di↵erently µ and e can induce theoretical errors, bringing back the issue of hadronic
uncertainties.

In the chiral-linear approximation, RK becomes

RK ' 1 + 2
Re C

BSM
bL+R(µ�e)L

C
SM
bLµL

, (13)

indicating that the dominant e↵ect stems from couplings to left-handed leptons. Any chirality
of quarks works, as long as it is not orthogonal to L + R, namely unless quarks are axial.

It is important to notice that the approximation in eq. (13), although capturing the relevant
physics, is not adequate for a careful phenomenological analysis. The same remark remains valid
for the simplified expression proposed in [22], expanded up to quadratic terms in new physics
coe�cients. The reason is that the expansion is controlled by the parameter C

BSM
bX lY

/C
SM
bX lY

, a
number that is not always smaller than 1. This is particularly true in the presence of new
physics in the electron sector in which — as we shall discuss in detail — large values of the
Wilson coe�cients are needed to explain the observed anomalies. For this reason, all the results
presented in this paper make use of the full expressions for both RK [24] and, as we shall discuss
next, RK⇤ .

2.2 Anatomy of RK⇤

Given that the K
⇤ has spin 1 and mass MK⇤ = 892 MeV, the theoretical prediction for the RK⇤

ratio given in eq. (1) is

RK⇤ =
(1 � p)(|CbL+RµL�R |

2 + |CbL+RµL+R |
2) + p

�
|CbL�RµL�R |

2 + |CbL�RµL+R |
2
�

(1 � p)(|CbL+ReL�R |2 + |CbL+ReL+R |2) + p
�
|CbL�ReL�R |2 + |CbL�ReL+R |2

� (14)

where GF is the Fermi constant, �(a, b, c) ⌘ a2 + b2 + c2 � 2(ab+ bc+ ac), MB ⇡ 5.279 GeV, MK ⇡ 0.494 GeV,
|VtbV ⇤

ts| ⇡ 40.58 ⇥ 10�3. Introducing the QCD form factors f+,T (q2) we have

FA(q
2) = (C10 + C 0

10) f+(q
2) , (10)

FV (q
2) = (C9 + C 0

9)f+(q
2) +

2mb

MB + MK
(C7 + C 0

7) fT (q
2)

| {z }
SMelectromagnetic dipole contribution

+ hK(q2)| {z }
non�factorizable term

. (11)

Notice that for simplicity we wrote the Wilson coe�cient C9 omitting higher-order ↵s-corrections [25]. Neglect-
ing SM electromagnetic dipole contributions (encoded in the coe�cients C(0)

7 ), and non-factorizable corrections,

eq. (12) follows from Eqs (8,9) by rotating the coe�cients C(0)
9,10 on to the chiral basis.
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Anomalies in semi-leptonic B-decays

Out of the Higgs Era into the Dark ʹ ����������Peter Cox ʹ Kavli IPMU 2
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b! c⌧⌫

Flavor models for B̄ ! D(⇤)⌧ ⌫̄

Marat Freytsis,1 Zoltan Ligeti,2 and Joshua T. Ruderman3

1Department of Physics, Harvard University, Cambridge MA, 02138
2Ernest Orlando Lawrence Berkeley National Laboratory, University of California, Berkeley, CA 94720

3Center for Cosmology and Particle Physics, Department of Physics, New York University, New York, NY 10003

The ratio of the measured B̄ ! D(⇤)`⌫̄ decay rates for ` = ⌧ vs. e, µ deviate from the Standard
Model (SM) by about 4�. We show that the data are in tension with the SM, independent of
form factor calculations, and we update the SM prediction for B(B ! Xc⌧ ⌫̄)/B(B ! Xc`⌫̄). We
classify the operators that can accommodate the measured central values, as well as their UV
completions. We identify models with leptoquark mediators that are minimally flavor violating in
the quark sector, and are minimally flavor violating or ⌧ -aligned in the lepton sector. We explore
experimental signatures of these scenarios, which are observable in the future at ATLAS/CMS,
LHCb, or Belle II.

I. INTRODUCTION

Measurements of the B̄ ! D⌧ ⌫̄ and B̄ ! D⇤⌧ ⌫̄ decay
rates are now available from BaBar [1, 2] and Belle [3]
with their full datasets. The B̄ ! D⇤⌧ ⌫̄ decay mode
was also observed recently by LHCb [4]. These measure-
ments are consistent with each other and with earlier
results [5, 6], and together show a significant deviation
from Standard Model (SM) predictions for the combina-
tion of the ratios

R(X) =
B(B̄ ! X⌧ ⌫̄)

B(B̄ ! Xl⌫̄)
, (1)

where l = e, µ. The measurements are consistent with
e/µ universality [7, 8]. The R(D(⇤)) data, their aver-
ages [9], and the SM expectations [10–12] are summarized
in Table I. (If the likelihood of the measurements is Gaus-
sian, then the deviation from the SM is more than 4�.)
Kinematic distributions, namely the dilepton invariant
mass q2, are also available from BaBar and Belle [2, 3],
and must be accommodated by any model that modifies
the rates. In the future, Belle II is expected to reduce
the measured uncertainties of R(D(⇤)) by factors of ⇠ 5
or more [13], thereby driving experimental and theory
precision to comparable levels.

In the type-II two-Higgs-doublet model (2HDM), the
B̄ ! D(⇤)⌧ ⌫̄ rate (as well as B� ! ⌧ ⌫̄) receives contribu-
tions linear and quadratic inmb m⌧ tan2 �/m2

H± [14–16],

R(D) R(D
⇤
) Corr.

BaBar 0.440 ± 0.058 ± 0.042 0.332 ± 0.024 ± 0.018 �0.45

Belle 0.375
+0.064
�0.063 ± 0.026 0.293

+0.039
�0.037 ± 0.015 �0.32

LHCb 0.336 ± 0.027 ± 0.030

Exp. average 0.388 ± 0.047 0.321 ± 0.021 �0.29

SM expectation 0.300 ± 0.010 0.252 ± 0.005

Belle II, 50 ab
�1 ±0.010 ±0.005

TABLE I. Measurements of R(D(⇤)) [1, 3, 4], their aver-
ages [9], the SM predictions [10–12], and future sensitiv-
ity [13]. The first (second) experimental errors are systematic
(statistical).

which can be substantial if tan� is large. However, the
R(D(⇤)) data are inconsistent with this scenario [1].

Discovering new physics (NP) in transitions between
the third and second generation fermion fields has long
been considered plausible, since the flavor constraints are
weaker on four-fermion operators mediating such transi-
tions. (Prior studies of B ! Xs⌫⌫̄ [17] and B(s) !
⌧+⌧�(X) [18, 19] decays were motivated by this con-
sideration.) However, B̄ ! D(⇤)⌧ ⌫̄ is mediated by the
tree-level b ! c transition. It is suppressed in the SM
neither by CKM angles (compared to other B decays)
nor by loop factors, with only a modest phase space sup-
pression due to the ⌧ mass. This goes against the usual
lore that the first manifestations of new physics at low
energies are most likely to occur in processes suppressed
in the SM.

The goal of this paper is to explore flavor structures
for NP capable of accommodating the central values of
the R(D(⇤)) data summarized in Table I. To do so, a
sizable NP contribution to semileptonic b ! c decays
must be present, and the NP mass scale must be near
the weak scale. This requires nontrivial consistency with
other constraints, such as direct searches at the LHC and
precision electroweak data from LEP. When NP cou-
plings to other generations are present, constraints from
flavor physics, such as meson mixing and rare decays,
also play a role. For example, any flavor model predicts
some relation between the b̄c ⌫̄⌧ and b̄u ⌫̄⌧ operators, so
models explaining R(D(⇤)) must accommodate the ob-
served B� ! ⌧ ⌫̄ branching ratio, which agrees with the
SM [20, 21]. We show below that despite strong con-
straints some scenarios remain viable and predict signals
in upcoming experiments.

We begin by presenting new inclusive calculations that
demonstrate that the measured central values of R(D(⇤))
are in tension with the SM, independent of form factor
computations. Then, in Sec. II, we perform a general
operator analysis to identify which four-fermion opera-
tors simultaneously fit R(D) and R(D⇤). In Sec. III we
discuss possible mediators that can generate the viable
operators. We identify working models with leptoquark
mediators that are minimally flavor violating in the quark
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• SM predictions are quite robust
• Seen in 3 different experiments in a consistent way, combined significance 4.1σ
• Measurements are consistent with e/mu universality
• In the SM the flavour transition is unsurpassed by loop factor (tree-level charged current)
• Assuming central values, NP has to be large, fits prefer SM structure (left current)
• Data could be fitted by new interactions with mediator at the EW scale
• Various constraints on model building, EWPT, other flavour observables, direct searches

Heff =
GF
p

2
V ⇤

bc (bL�↵cL)(⌧L�↵⌫⌧ )

GFp
2

V ⇤
bc =

1
(1.7 TeV)2

Physics highlights

Lepton Flavor Universality: R(D⇤)

ND⇤⌧⌫ = 1300 ± 85
K (D⇤) = (1.93 ± 0.13 ± 0.17)

B(B0
! D⇤�⌧+⌫⌧ ) = (1.39 ± 0.09 ± 0.12 ± 0.06)%

• LHCb hadronic

R(D⇤) = 0.285 ± 0.019 ± 0.025 ± 0.013

• LHCb muonic
R(D⇤) = 0.336 ± 0.027 ± 0.030

• Preliminary LHCb average
R(D⇤) = 0.306 ± 0.027

• New world average
R(D⇤) = 0.304 ± 0.015 (3.4 � above SM)
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R(D) and R(D⇤) combination at 4.1 � from SM

M. Fontana (INFN Cagliari and CERN) LHCC - CERN 13-09-2017 21 / 27

LHCb-PAPER-2017-017

• Best fit: purely left operator SM(1+30%) 

Flavour anomalies in 
Belle, BaBar and LHCb

Semi-leptonic b to c decays

Charged-current interaction: tree-level effect 
in the SM, with mild CKM suppression


 
LFU ratios:

b

c

ν̄

τ
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Vcb
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• RH & scalar currents disfavoured 


• SM predictions robust: form factors  
cancel in the ratio (to a good extent)


• Consistent results by three very different 
experiments, in different channels


• Large backgrounds & systematic errors

~ 20% enhancement in LH currents 
~ 4σ from SM

RD(⇤) =
BR(B ! D(⇤)⌧ ⌫̄)/SM

BR(B ! D(⇤)`⌫̄)/SM
= 1.237± 0.053

He↵ =
GF
p
2
V ⇤
cb(b̄L�µcL)(⌧̄L�

µ⌫⌧ )
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Charged-current anomalies
b to c transition in τ ν final state. 
Tree-level SM process with Vcb suppression.

LFU ratio to reduce QCD uncertainties
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All results since 2012 consistently 
above SM prediction

While μ/e universality tested at % level.

~ 20% enhancement from the SM

~ 4σ from the SM
Robust SM prediction

Physics highlights

Lepton Flavor Universality: R(J/ ) NEW
• Generalization of R(D⇤) to the Bc sector

R(J/ ) =
B(B+

c ! J/ ⌧+⌫⌧ )
B(B+

c ! J/ µ+⌫µ)

• Bc decay form factors unconstrained
experimentally: theoretical prediction not yet
precise 0.25-0.28

• Reconstruct signal with ⌧ ! µ⌫µ⌫⌧ (17%)

• Dataset: Run 1 (3 fb�1)

R(J/ ) = 0.71 ± 0.17 ± 0.18

(about 2 � from SM)

Excellent future prospects:

• Run I + Run II data with extra MC allow finer
binning in missing mass

• Form factors systematics reduced by LQCD
work + dedicated form factor study

• Only LHCb can perform this measurement

M. Fontana (INFN Cagliari and CERN) LHCC - CERN 13-09-2017 22 / 27

LHCb-PAPER-2017-035

P Õ
5.... a closer look to the most tested anomaly (Type-I)

Is this an statistical fluctuation?

P Õ
5 was proposed in DMRV, JHEP 1301(2013)048

P Õ

5 =
Ô

2 Re(AL
0 ALú

‹
≠AR

0 ARú

‹
)

Ò
|A0|2(|A‹|2 + |AÎ|2)

= P Œ

5 (1 + O(–s›‹) + p.c.) .

Optimized Obs.: Soft form factor (›‹) cancellation at LO.

2013: 1fb≠1 dataset LHCb found 3.7‡.
2015: 3fb≠1 dataset LHCb (black) found 3‡ in 2 bins.

∆ Predictions (in orange) from DHMV.
Belle (red) confirmed it in a bin [4,8] few months ago.

Is there a problem with hadronic uncertainties?: Two robust and independent analysis (same as FL):

ORANGE DHMV: using i-QCDF and KMPW FF+ 4 types of corrections.
MAGENTA ASZB: using full FF from BSZ.

.... are in nice agreement and finds the anomaly.

Joaquim Matias Universitat Autònoma de Barcelona Heavy Flavour Anomalies

1 Introduction
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See also talk by  
M. Artuso
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Interplay between Classification, Interpretation and Precision 
makes LHC (high-energy collider) unique discovery tool
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Interplay between Classification, Interpretation and Precision 
makes LHC (high-energy collider) unique discovery tool
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EFT

Connecting measurements with UV physics
Kappa


Framework
Simplified 

Models

Full (UV) 

Model

Complexity/Flexibility

‣ NP models simple 
rescaling of couplings

‣ No new Lorentz 
-structures or 
kinematics

‣ SM degrees of 
freedom and 
symmetries

‣ New kinematics/
Lorentz structures

‣ New low-energy 
degrees of 
freedom 

‣ Subset of states of 
full models, reflective 
at scale of 
measurement

‣ Very complex and often 
high-dimensional 
parameter space

‣ Allows to correlate 
high-scale and low-
scale physics
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!e limits of my language 
mean "e limits of my world

Ludwig Wi#gens$inInterpretation



EFTs currently lingua franca for elw-scale collider pheno

Basis

Precision

Practicality / Assumptions 

Validity

‣Complete
‣ Inspired by UV physics?

‣Manageable number of operators for fit

‣Validity range of EFT set by kinematic of 
measurement

‣RGE improved pert. theory / full NLO
‣At what dimension to truncate

Several available:
Warsaw Basis [1008.4884]

SILH Basis
Primary/Higgs Basis

[hep-ph/070164]
[1405.0181]

hello bonjour
hola

bon giorno

shalom

hej
ni hao

‣bottom up vs top down 
‣ loop-induced operators vs tree-level operators
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A% models are wrong,  
some are use&l

George Box



LHC (or future pp collider) can provide unique view on UV models

SM-EFT regime: tails
• If the New Physics is very heavy the strategy is to look for di-lepton pair at high-pT

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 → !+!− 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 ′!!), 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 → s!+!− 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 → !+!−
39

(! = 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 → !+!− and use the limits obtained in this way 47

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

recent b → s!! 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 → !+!− 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

123

Journal: 10052 MS: 5119 TYPESET DISK LE CP Disp.:2017/8/9 Pages: 9 Layout: Large

A
u

th
o

r 
P

ro
o

f

• Dilepton tails at high-pT
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• CC anomalies 

• SU(2) Flavour 
assumption, bb 
is Vcb enhanced

Flavour at High-pT (theory) -  Admir Greljo, Johannes Gutenberg-Universität Mainz

!33

SM EFT limits

(Zq̄q)ij ⇠

0

@
1 0 0

0 1 V
⇤
ts

0 Vts 1

1

A , CDµ
ij =

0

@
Cdµ 0 0

0 Csµ C
⇤
bsµ

0 Cbsµ Cbµ

1

A . (46)

c
(1)
QL ⇠ g

2
⇤ (47)

c
(1)
QL ⇠ g

2
⇤ (48)

B ! K
(⇤)
⌫⌧ ⌫̄⌧ (49)

pp ! µ
+
µ
�

(50)

pp ! ⌧
+
⌧
�

(51)

10
�9 . |y| . 10

�6
(52)

|y| . 10
�9

(53)

|y| & 10
�6

(54)

ZZ = 1 (55)

✏ZeL 6= ✏ZµL (56)

✏ZeR = ✏ZµR = 0 (57)

 ⌘ (ZZ , ✏ZeL , ✏ZeR , ✏ZµL , ✏ZµR)
T

(58)

L() =

Y

bin

Y

cat

exp (�µbin,cat) (µbin,cat)
Nexp

bin,cat

N
exp
bin,cat!

(59)

µbin,cat = (N
bg,SM
bin,cat +N

sig,SM
bin,cat 

T
Xbin,cat) (60)

 L,R ⌘ (4, 1,2, 0) (61)

(q
0
L, `

0
L, u

0
R, d

0
R, e

0
R) (62)

Yd / �q (63)

6

[Faroughy, AG, F. Kamenik]
1609.07138

Le↵ � �
CT

v2
�
q
ij(Q̄i�µ�

a
Qj)(L̄3�

µ
�
a
L3) (28)

Le↵ � �
Cb⌧

v2
(Q̄3�µ�

a
Q3)(L̄3�

µ
�
a
L3) (29)

CT (Q̄�µ�
a
Q)(L̄�

µ
�
a
L) + CS(Q̄�µQ)(L̄�

µ
L) (30)

(CS + CT ) d̄L�µdL ēL�
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3. operators containing flavour-blind contractions of the light fields have vanishing Wil-

son coefficients.

We first discuss the consequences of these hypotheses on the structure of the relevant effec-

tive operators and then proceed analysing the experimental constraints on their couplings.

2.1 The effective Lagrangian

According to the first hypothesis listed above, we consider the following effective Lagrangian

at a scale Λ above the electroweak scale

Leff = LSM− 1

v2
λq
ijλ

!
αβ

[
CT (Q̄i

Lγµσ
aQj

L)(L̄
α
Lγ

µσaLβ
L) + CS (Q̄i

LγµQ
j
L)(L̄

α
Lγ

µLβ
L)
]
, (2.1)

where v ≈ 246GeV. For simplicity, the definition of the EFT cutoff scale and the nor-

malisation of the two operators is reabsorbed in the flavour-blind adimensional coefficients

CS and CT .

The flavour structure in eq. (2.1) is contained in the Hermitian matrices λq
ij , λ

!
αβ and

follows from the assumed U(2)q × U(2)! flavour symmetry and its breaking. The flavour

symmetry is defined as follows: the first two generations of left-handed quarks and leptons

transform as doublets under the corresponding U(2) groups, while the third generation

and all the right-handed fermions are singlets. Motivated by the observed pattern of the

quark Yukawa couplings (both mass eigenvalues and mixing matrix), it is further assumed

that the leading breaking terms of this flavour symmetry are two spurion doublets, Vq and

V!, that give rise to the mixing between the third generation and the other two [31, 32].

The normalisation of Vq is conventionally chosen to be Vq ≡ (V ∗
td, V

∗
ts), where Vji denote

the elements of the Cabibbo-Kobayashi-Maskawa (CKM) matrix. In the lepton sector we

assume V! ≡ (0, V ∗
τµ) with |Vτµ| % 1. We adopt as reference flavour basis the down-

type quark and charged-lepton mass eigenstate basis, where the SU(2)L structure of the

left-handed fields is

Qi
L =

(
V ∗
jiu

j
L

diL

)
, Lα

L =

(
ναL
%αL

)
. (2.2)

A detailed discussion about the most general flavour structure of the semi-leptonic

operators compatible with the U(2)q×U(2)! flavour symmetry and the assumed symmetry-

breaking terms is presented in appendix A. The main points can be summarised as follows:

1. The factorised flavour structure in eq. (2.1) is not the most general one; however,

it is general enough given that the available data are sensitive only to the flavour-

breaking couplings λq
sb and λ!

µµ (and, to a minor extent, also to λ!
τµ). By construction,

λq
bb = λ!

ττ = 1.

2. The choice of basis in eq. (2.2) to define the U(2)q ×U(2)! singlets (i.e. to define the

“third generation” dominantly coupled to NP) is arbitrary. This ambiguity reflects

itself in the values of λq
sb, λ

!
µµ, and λ!

τµ, that, in absence of a specific basis alignment,

are expected to be

λq
sb = O(|Vcb|) , λ!

τµ = O(|Vτµ|) , λ!
µµ = O(|Vτµ|2) . (2.3)
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Figure 1: Representative Feynman diagrams for a decay of a B+ meson to a K+ meson
in association with two leptons in the SM (upper) and in the EFT described in the text
(bottom). Only muons are considered for the decay within the EFT approach.
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Figure 2: A representative Feynman diagram for a production of one b-jet in association
with two muons within the EFT approach.

where CUµ
ij and CDµ

ij are matrices that carry the flavour structure of the operators. For
the off-diagonal elements only the b� s admixtures are considered, since those are the ones
related to the observed anomalies. The matrices take the form:

CUµ
ij =

0

B@
Cuµ 0 0

0 Ccµ 0

0 0 Ctµ

1

CA , CDµ
ij

0

B@
Cdµ 0 0

0 Csµ C⇤
bsµ

0 Cbsµ Ctµ

1

CA (2.2)

The generality of eq. 2.1 stems from the fact that it can be accommadated by a plethora
of new physics scenarios. A comprehensive EFT analysis including the operators in eq. 2.1
was recently performed in the context of B-meson decays in [35]. The Wilson coefficients

– 3 –

No sensitivity at HL-LHC if 
it is present only
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• There are no studies 
at 27 TeV!

SM-EFT regime: tails
• If the New Physics is very heavy the strategy is to look for di-lepton pair at high-pT

Flavour at High-pT (theory) -  Admir Greljo, Johannes Gutenberg-Universität Mainz
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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 → !+!− 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 ′!!), 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 → s!+!− 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 → !+!−
39

(! = 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 → !+!− and use the limits obtained in this way 47

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

recent b → s!! 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 → !+!− 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

123
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• Dilepton tails at high-pT
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|Cb⌧ | < 0.15(0.03) (73)
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3. operators containing flavour-blind contractions of the light fields have vanishing Wil-

son coefficients.

We first discuss the consequences of these hypotheses on the structure of the relevant effec-

tive operators and then proceed analysing the experimental constraints on their couplings.

2.1 The effective Lagrangian

According to the first hypothesis listed above, we consider the following effective Lagrangian

at a scale Λ above the electroweak scale

Leff = LSM− 1

v2
λq
ijλ

!
αβ

[
CT (Q̄i

Lγµσ
aQj

L)(L̄
α
Lγ

µσaLβ
L) + CS (Q̄i

LγµQ
j
L)(L̄

α
Lγ

µLβ
L)
]
, (2.1)

where v ≈ 246GeV. For simplicity, the definition of the EFT cutoff scale and the nor-

malisation of the two operators is reabsorbed in the flavour-blind adimensional coefficients

CS and CT .

The flavour structure in eq. (2.1) is contained in the Hermitian matrices λq
ij , λ

!
αβ and

follows from the assumed U(2)q × U(2)! flavour symmetry and its breaking. The flavour

symmetry is defined as follows: the first two generations of left-handed quarks and leptons

transform as doublets under the corresponding U(2) groups, while the third generation

and all the right-handed fermions are singlets. Motivated by the observed pattern of the

quark Yukawa couplings (both mass eigenvalues and mixing matrix), it is further assumed

that the leading breaking terms of this flavour symmetry are two spurion doublets, Vq and

V!, that give rise to the mixing between the third generation and the other two [31, 32].

The normalisation of Vq is conventionally chosen to be Vq ≡ (V ∗
td, V

∗
ts), where Vji denote

the elements of the Cabibbo-Kobayashi-Maskawa (CKM) matrix. In the lepton sector we

assume V! ≡ (0, V ∗
τµ) with |Vτµ| % 1. We adopt as reference flavour basis the down-

type quark and charged-lepton mass eigenstate basis, where the SU(2)L structure of the

left-handed fields is

Qi
L =

(
V ∗
jiu

j
L

diL

)
, Lα

L =

(
ναL
%αL

)
. (2.2)

A detailed discussion about the most general flavour structure of the semi-leptonic

operators compatible with the U(2)q×U(2)! flavour symmetry and the assumed symmetry-

breaking terms is presented in appendix A. The main points can be summarised as follows:

1. The factorised flavour structure in eq. (2.1) is not the most general one; however,

it is general enough given that the available data are sensitive only to the flavour-

breaking couplings λq
sb and λ!

µµ (and, to a minor extent, also to λ!
τµ). By construction,

λq
bb = λ!

ττ = 1.

2. The choice of basis in eq. (2.2) to define the U(2)q ×U(2)! singlets (i.e. to define the

“third generation” dominantly coupled to NP) is arbitrary. This ambiguity reflects

itself in the values of λq
sb, λ

!
µµ, and λ!

τµ, that, in absence of a specific basis alignment,

are expected to be

λq
sb = O(|Vcb|) , λ!

τµ = O(|Vτµ|) , λ!
µµ = O(|Vτµ|2) . (2.3)

– 4 –

p

p
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Figure 1: Representative Feynman diagrams for a decay of a B+ meson to a K+ meson
in association with two leptons in the SM (upper) and in the EFT described in the text
(bottom). Only muons are considered for the decay within the EFT approach.
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Figure 2: A representative Feynman diagram for a production of one b-jet in association
with two muons within the EFT approach.

where CUµ
ij and CDµ

ij are matrices that carry the flavour structure of the operators. For
the off-diagonal elements only the b� s admixtures are considered, since those are the ones
related to the observed anomalies. The matrices take the form:

CUµ
ij =

0

B@
Cuµ 0 0

0 Ccµ 0

0 0 Ctµ

1

CA , CDµ
ij

0

B@
Cdµ 0 0

0 Csµ C⇤
bsµ

0 Cbsµ Ctµ

1

CA (2.2)

The generality of eq. 2.1 stems from the fact that it can be accommadated by a plethora
of new physics scenarios. A comprehensive EFT analysis including the operators in eq. 2.1
was recently performed in the context of B-meson decays in [35]. The Wilson coefficients
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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 → !+!− 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 ′!!), 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 → s!+!− 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 → !+!−
39

(! = 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 → !+!− and use the limits obtained in this way 47

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

recent b → s!! 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 → !+!− 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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3. operators containing flavour-blind contractions of the light fields have vanishing Wil-

son coefficients.

We first discuss the consequences of these hypotheses on the structure of the relevant effec-

tive operators and then proceed analysing the experimental constraints on their couplings.

2.1 The effective Lagrangian

According to the first hypothesis listed above, we consider the following effective Lagrangian

at a scale Λ above the electroweak scale

Leff = LSM− 1

v2
λq
ijλ

!
αβ

[
CT (Q̄i

Lγµσ
aQj

L)(L̄
α
Lγ

µσaLβ
L) + CS (Q̄i

LγµQ
j
L)(L̄

α
Lγ

µLβ
L)
]
, (2.1)

where v ≈ 246GeV. For simplicity, the definition of the EFT cutoff scale and the nor-

malisation of the two operators is reabsorbed in the flavour-blind adimensional coefficients

CS and CT .

The flavour structure in eq. (2.1) is contained in the Hermitian matrices λq
ij , λ

!
αβ and

follows from the assumed U(2)q × U(2)! flavour symmetry and its breaking. The flavour

symmetry is defined as follows: the first two generations of left-handed quarks and leptons

transform as doublets under the corresponding U(2) groups, while the third generation

and all the right-handed fermions are singlets. Motivated by the observed pattern of the

quark Yukawa couplings (both mass eigenvalues and mixing matrix), it is further assumed

that the leading breaking terms of this flavour symmetry are two spurion doublets, Vq and

V!, that give rise to the mixing between the third generation and the other two [31, 32].

The normalisation of Vq is conventionally chosen to be Vq ≡ (V ∗
td, V

∗
ts), where Vji denote

the elements of the Cabibbo-Kobayashi-Maskawa (CKM) matrix. In the lepton sector we

assume V! ≡ (0, V ∗
τµ) with |Vτµ| % 1. We adopt as reference flavour basis the down-

type quark and charged-lepton mass eigenstate basis, where the SU(2)L structure of the

left-handed fields is

Qi
L =

(
V ∗
jiu

j
L

diL

)
, Lα

L =

(
ναL
%αL

)
. (2.2)

A detailed discussion about the most general flavour structure of the semi-leptonic

operators compatible with the U(2)q×U(2)! flavour symmetry and the assumed symmetry-

breaking terms is presented in appendix A. The main points can be summarised as follows:

1. The factorised flavour structure in eq. (2.1) is not the most general one; however,

it is general enough given that the available data are sensitive only to the flavour-

breaking couplings λq
sb and λ!

µµ (and, to a minor extent, also to λ!
τµ). By construction,

λq
bb = λ!

ττ = 1.

2. The choice of basis in eq. (2.2) to define the U(2)q ×U(2)! singlets (i.e. to define the

“third generation” dominantly coupled to NP) is arbitrary. This ambiguity reflects

itself in the values of λq
sb, λ

!
µµ, and λ!

τµ, that, in absence of a specific basis alignment,

are expected to be

λq
sb = O(|Vcb|) , λ!

τµ = O(|Vτµ|) , λ!
µµ = O(|Vτµ|2) . (2.3)
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Figure 1: Representative Feynman diagrams for a decay of a B+ meson to a K+ meson
in association with two leptons in the SM (upper) and in the EFT described in the text
(bottom). Only muons are considered for the decay within the EFT approach.

g s
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g2⇤
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b

Figure 2: A representative Feynman diagram for a production of one b-jet in association
with two muons within the EFT approach.

where CUµ
ij and CDµ

ij are matrices that carry the flavour structure of the operators. For
the off-diagonal elements only the b� s admixtures are considered, since those are the ones
related to the observed anomalies. The matrices take the form:

CUµ
ij =

0

B@
Cuµ 0 0

0 Ccµ 0

0 0 Ctµ

1

CA , CDµ
ij

0

B@
Cdµ 0 0

0 Csµ C⇤
bsµ

0 Cbsµ Ctµ

1

CA (2.2)

The generality of eq. 2.1 stems from the fact that it can be accommadated by a plethora
of new physics scenarios. A comprehensive EFT analysis including the operators in eq. 2.1
was recently performed in the context of B-meson decays in [35]. The Wilson coefficients
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No sensitivity at HL-LHC if 
it is present only

1

(30 TeV)2
(b�s) (µ�µ)
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• There are no studies 
at 27 TeV!

valid when E < M
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Resonances that could induce LUV



What is the new physics scale?

4

b → s µ+ µ-  vs.  b → s e+ e-

The LHCb experiment measured:

Semi-leptonic b to s decays
FCNC: occurs only at loop-level in the SM 
            + CKM suppressed


Semi-leptonic effective Lagrangian:

L =
4GF
p
2

↵

4⇡
V ⇤
tbVts

X

i

CiOi + C 0
iO

0
i

Deviations from SM in several observables

• Angular distributions in B → K*µµ 

• Various branching ratios B(s) → Xs µµ 

• LFU in R(K) and R(K*) (very clean prediction!)


~ 20% NP contribution to LH current

Globally 5-6σ

b s

!

!̄

Vtb V ∗

ts

W

Z, γ

2

Coe↵. best fit 1� 2� pull

Cµ
9 �1.59 [�2.15, �1.13] [�2.90, �0.73] 4.2�

Cµ
10 +1.23 [+0.90, +1.60] [+0.60, +2.04] 4.3�

Ce
9 +1.58 [+1.17, +2.03] [+0.79, +2.53] 4.4�

Ce
10 �1.30 [�1.68, �0.95] [�2.12, �0.64] 4.4�

Cµ
9 = �Cµ

10 �0.64 [�0.81, �0.48] [�1.00, �0.32] 4.2�

Ce
9 = �Ce

10 +0.78 [+0.56, +1.02] [+0.37, +1.31] 4.3�

C0µ
9 �0.00 [�0.26, +0.25] [�0.52, +0.51] 0.0�

C0µ
10 +0.02 [�0.22, +0.26] [�0.45, +0.49] 0.1�

C0 e
9 +0.01 [�0.27, +0.31] [�0.55, +0.62] 0.0�

C0 e
10 �0.03 [�0.28, +0.22] [�0.55, +0.46] 0.1�

TABLE I. Best-fit values and pulls for scenarios with NP in
one individual Wilson coe�cient.

and the corresponding Wilson coe�cients C
`
i , with ` =

e, µ. We do not consider other dimension-six operators
that can contribute to b ! s`` transitions. Dipole oper-
ators and four-quark operators [46] cannot lead to vio-
lation of LFU and are therefore irrelevant for this work.
Four-fermion contact interactions containing scalar cur-
rents would be a natural source of LFU violation. How-
ever, they are strongly constrained by existing measure-
ments of the Bs ! µµ and Bs ! ee branching ra-
tios [47, 48]. Imposing SU(2)L invariance, these bounds
cannot be avoided [49]. We have checked explicitly that
SU(2)L invariant scalar operators cannot lead to any ap-
preciable e↵ects in RK(⇤) (cf. [50]).

For the numerical analysis we use the open source code
flavio [51]. Based on the experimental measurements
and theory predictions for the LFU ratios RK(⇤) and
the LFU di↵erences of B ! K

⇤
`
+
`
� angular observ-

ables DP 0
4,5

(see below), we construct a �
2 function that

depends on the Wilson coe�cients and that takes into
account the correlations between theory uncertainties of
di↵erent observables. The experimental uncertainties are
presently dominated by statistics, so their correlations
can be neglected. For the SM we find �

2
SM = 24.4 for 5

degrees of freedom.
Tab. I lists the best fit values and pulls, defined as thep
��2 between the best-fit point and the SM point for

scenarios with NP in one individual Wilson coe�cient.
The plots in Fig. 1 show contours of constant ��

2 ⇡
2.3, 6.2, 11.8 in the planes of two Wilson coe�cients for
the scenarios with NP in C

µ
9 and C

µ
10 (top), in C

µ
9 and

C
e
9 (center), or in C

µ
9 and C

0 µ
9 (bottom), assuming the

remaining coe�cients to be SM-like.
The fit prefers NP in the Wilson coe�cients corre-

sponding to left-handed quark currents with high sig-
nificance ⇠ 4�. Negative C

µ
9 and positive C

µ
10 decrease

both B(B ! Kµ
+
µ

�) and B(B ! K
⇤
µ

+
µ

�) while pos-

FIG. 1. Allowed regions in planes of two Wilson coe�cients,
assuming the remaining coe�cients to be SM-like.

Altmannshofer, Stangl, Straub 2017

➡ see Nazila’s talk
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Experimental hints on NP in FCNC B-decays
 B → K*μμ angular analysis 

S. Bifani

Branching Fractions

“Clean” LFU ratios b → s μ μ anomalies

- Differential distributions in B → K* µ+µ- 

- Branching ratios of b → s µ+µ-transitions
Challenging SM prediction

R(K(⇤)) =
B(B ! K

(⇤)
µ
+
µ
�)

B(B ! K(⇤)e+e�)
(1)

�1,s⌧ ⇠ ��3,s⌧ ⇠ (few)⇥ Vcb (2)

(CT + CS)�bs(b̄L�µsL)(⌧̄L�
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⇤
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⇤
⌧⌫)SM

B(B ! D⇤`⌫)exp/B(B ! D⇤`⌫)SM
= 1.25± 0.08 , (19)

R
⌧/`

D
=

B(B ! D⌧⌫)exp/B(B ! D⌧⌫)SM
B(B ! D`⌫)exp/B(B ! D`⌫)SM

= 1.32± 0.17 , (20)

1

Lepton Flavour Universality ratios

Clean SM prediction

Figure 1: Deviations from the SM value RK = RK⇤ = 1 due to the various chiral operators
possibly generated by new physics in the muon (left panel) and electron (right panel) sector.
Both ratios refer to the [1.1, 6] GeV2

q
2-bin. We assumed real coe�cients, and the out-going

(in-going) arrows show the e↵ect of coe�cients equal to +1 (�1). For the sake of clarity we
only show the arrows for the coe�cients involving left-handed muons and electrons (except for
the two magenta arrows in the left-side plot, that refer to C

BSM
9,µ = (CBSM

bLµL
+ C

BSM
bLµR

)/2 = ±1).

BSM corrections. RK⇤ , in a given range of q
2, is defined in analogy with eq. (8):
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q
2
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q
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where the di↵erential decay width d�(B ! K
⇤
µ
+
µ
�)/dq

2 actually describes the four-body
process B ! K

⇤(! K⇡)µ+
µ
�, and takes the compact form

d� (B ! K
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µ
+
µ
�)

dq2
=

3

4
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1 + I
c

2) �
1

4
(2Is

2 + I
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The angular coe�cients I
a=s,c

i=1,2 in eq. (17) can be written in terms of the so-called transversity
amplitudes describing the decay B ! K

⇤
V

⇤ with the B meson decaying to an on-shell K
⇤

and a virtual photon or Z boson which later decays into a lepton-antilepton pair. We refer
to [29] for a comprehensive description of the computation. In the left panel of figure 2 we
show the di↵erential distribution d�(B ! K

⇤
µ
+
µ
�)/dq

2 as a function of the dilepton invariant
mass q

2. The solid black line represents the SM prediction, and we show in dashed (dotted)
red the impact of BSM corrections due to the presence of non-zero C

BSM
bLµL

(CBSM
bRµL

) taken at the
benchmark value of 1.

We now focus on the low invariant-mass range q
2 = [0.045, 1.1] GeV2, shaded in blue with

diagonal mesh in the left panel of fig 2. In this bin, the di↵erential rate is dominated by
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Anomaly O FSQ FSL ⇤A[TeV] |⇤O| [TeV] ⇤U [TeV] M?[TeV]

b ! c⌧⌫ Q23L33 1 1 3.4 3.4 9.2 43
b ! c⌧⌫ Q33L33 |Vcb| 1 3.4 0.7 1.9 8.7
b ! sµµ Q23L22 1 1 31 31 84 390
b ! sµµ Q33L22 |Vts| 1 31 6.2 17 78
b ! sµµ Q33L33 |Vts|

‡
mµ/m⌧ 31 1.5 4.1 19

b ! sµµ Q33L33 |Vts|
⇤(mµ/m⌧ )2 31 0.4 1.0 4.7

Table 1: Summary of the di↵erent new physics scales associated with the B-flavour anomalies
in the EFT analysis: ⇤A is the scale of the e↵ective operator needed to fit the low-energy
observable, ⇤O is that required by a SMEFT, ⇤U is the scale of unitarity violation and M?

is the NDA mass scale of the operator in the strongly coupled regime. O denotes the flavour
structure of the triplet operator in Eq. (113), while FSQ and FSL are flavour suppression
factors in the quark and lepton sector which rescale the aligned entries (those corresponding to
FSQ,L = 1) by a factor

p
FSQ ⇥ FSL. The cases marked by ‡ and ⇤ correspond respectively to

the ansatz of left-right symmetric partial compositeness and minimal flavour violation in the
charged lepton sector (see Sect. 3 for details).

3 On the flavour structure of the e↵ective operators

The RD(⇤) and RK(⇤) anomalies can be interpreted via new physics contributions in quark flavour
transitions involving the third and second generation, respectively b ! c for FCCC and b ! s

for FCNC. In models with motivated flavour structures, it is natural to expect sizable e↵ects
in channels not directly related to the flavour anomalies. In particular, it may happen that
operators involving fermions of the third family are enhanced compared to flavour violating
ones. This implies that a stronger unitary bound can be derived from 2 ! 2 scatterings of
fermions of the third generation. For example, when considering the channel related to the
anomaly in b ! c⌧⌫⌧ we always get a unitarity bound from the scattering bc ! ⌧⌫⌧ , but we
can reasonably expect that scatterings of the form bb ! ⌧⌧ give stronger unitarity constraints.
In order to create a link between the di↵erent channels, a flavour structure has to be assumed.
In the following, we review some well-known frameworks:

1. Minimal Flavour Violation (MFV)

The MFV hypothesis [27] states that the strength of new physics e↵ects are linked to the
SM Yukawa couplings, which act as sources of breaking of the enlarged symmetry of the
gauge-kinetic terms for fermions, SU(3)3 for quarks. In particular, for quark doublets we
get that flavour violating interactions are generated at the leading order (in powers of
Yukawas) by

Qi

⇣
a YUY

†

U + b YDY
†

D

⌘

ij
Qj , (123)

where we omitted SU(2)L and Lorentz indices. Here, a and b are coe�cients of similar
size. This implies a suppression of flavour violating quark currents compared to flavour
conserving ones

cL�
µ
bL

tL�
µbL

⇠
Vcb

Vtb
' Vcb ,

sL�
µ
bL

bL�
µbL

⇠
V

⇤

ts

V ⇤

tb

' V
⇤

ts . (124)
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“Fermi constant” 
of the process  
[SU(3)C x U(1)EM 
invariant EFT]

 Scale of the SMEFT 
operator  
[SU(3)C x SU(2)L x 
U(1)EM invariant EFT]

As we will discuss in detail in Sect. 3, depending on the specific flavour ansatz, the scale
⇤O can be e↵ectively reduced with respect to the “Fermi constant” of the process. For
example, the transition b ! c⌧⌫ could originate from the operator O = Q33L33, where
the 3 ! 2 transition in the up sector is due to a CKM mixing (in the basis where
Qi = (V †

iju
j
L, d

i
L)

T ), which yields ⇤Q33L33/
p

|Vcb| = ⇤R
D(⇤) .

3. ⇤U : the scale of unitarity violation.
This is the scale where the EFT description breaks down. The important point is that
it can be expressed in terms of the scale ⇤O, without passing through the ambiguous
separation between coupling and mass. Using the results of Sect. 5 (which are based on
a non-trivial calculation of the scattering amplitude, including gauge group multiplicity
factors) we obtain

⇤U =

s
4⇡
p
3

��⇤QijLkl

�� , (123)

which yields

⇤U = 9.2 TeV (O = Q23L33 case) , (124)

⇤U = 84 TeV (O = Q23L22 case) . (125)

These are the most conservative bounds on the scale of new physics responsible for the
anomalies in b ! c⌧⌫ and b ! sµµ.

4. M?: the NDA mass scale in the strongly coupled regime.
This is the mass scale associated with the e↵ective operator when saturating perturba-
tivity. After reintroducing ~ in the NDA (see e.g. [24–26]), one can formally distinguish
among scales (⇤), masses (M) and couplings (g), and set M = g⇤. By naively saturating
perturbativity at |g?| = 4⇡, we can write

1

|⇤O|
=

4⇡

M?
, (126)

which leads to

M? = 43 TeV (O = Q23L33 case) , (127)

M? = 390 TeV (O = Q23L22 case) . (128)

Note that M? is a factor 5 larger than the scale of unitarity violation in Eqs. (124)–(125).

Our results for the EFT analysis are summarized in Table 1 (cf. also Sects. 3–5 for more details
on the flavour structure of the e↵ective operators and the unitarity bounds), where we report
the values of the four di↵erent scales discussed above for the anomalies in either b ! c⌧⌫ or
b ! sµµ transitions, and depending on the flavour structure of the operator O. The two main
points to be observed are the following: i) ⇤U is sizably smaller than M? and ii) depending
on the flavour structure of the operator O, the scale ⇤U approaches the energy reach of LHC.
This motivates an interesting interplay of the flavour anomalies with direct searches, which is
further explored in Sect. 6 by employing simplified models.
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As we will discuss in detail in Sect. 3, depending on the specific flavour ansatz, the scale
⇤O can be e↵ectively reduced with respect to the “Fermi constant” of the process. For
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3. ⇤U : the scale of unitarity violation.
This is the scale where the EFT description breaks down. The important point is that
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Note that M? is a factor 5 larger than the scale of unitarity violation in Eqs. (124)–(125).

Our results for the EFT analysis are summarized in Table 1 (cf. also Sects. 3–5 for more details
on the flavour structure of the e↵ective operators and the unitarity bounds), where we report
the values of the four di↵erent scales discussed above for the anomalies in either b ! c⌧⌫ or
b ! sµµ transitions, and depending on the flavour structure of the operator O. The two main
points to be observed are the following: i) ⇤U is sizably smaller than M? and ii) depending
on the flavour structure of the operator O, the scale ⇤U approaches the energy reach of LHC.
This motivates an interesting interplay of the flavour anomalies with direct searches, which is
further explored in Sect. 6 by employing simplified models.
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separation between coupling and mass. Using the results of Sect. 5 (which are based on
a non-trivial calculation of the scattering amplitude, including gauge group multiplicity
factors) we obtain

⇤U =

s
4⇡
p
3

��⇤QijLkl

�� , (124)

which yields

⇤U = 9.2 TeV (O = Q23L33 case) , (125)

⇤U = 84 TeV (O = Q23L22 case) . (126)

These are the most conservative bounds on the scale of new physics responsible for the
anomalies in b ! c⌧⌫ and b ! sµµ.

4. M?: the NDA mass scale in the strongly coupled regime.
This is the mass scale associated with the e↵ective operator when saturating perturba-
tivity. After reintroducing ~ in the NDA (see e.g. [24–26]), one can formally distinguish
among scales (⇤), masses (M) and couplings (g), and set M = g⇤. By naively saturating
perturbativity at |g?| = 4⇡, we can write

1

|⇤O|
=

4⇡

M?
, (127)

which leads to

M? = 43 TeV (O = Q23L33 case) , (128)

M? = 390 TeV (O = Q23L22 case) . (129)

Note that M? is a factor 5 larger than the scale of unitarity violation in Eqs. (124)–(125).

Our results for the EFT analysis are summarized in Table 1 (cf. also Sects. 3–5 for more details
on the flavour structure of the e↵ective operators and the unitarity bounds), where we report
the values of the four di↵erent scales discussed above for the anomalies in either b ! c⌧⌫ or
b ! sµµ transitions, and depending on the flavour structure of the operator O. The two main
points to be observed are the following: i) ⇤U is sizably smaller than M? and ii) depending
on the flavour structure of the operator O, the scale ⇤U approaches the energy reach of LHC.
This motivates an interesting interplay of the flavour anomalies with direct searches, which is
further explored in Sect. 6 by employing simplified models.
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UV
(10)

µ2
⇠ (100 GeV)2 ⌧ ⇤2

UV
(11)

mc = 1.2 GeV (12)

mt̃ =??? (13)

⇤UV = 500 GeV (14)

⇤UV = 2 GeV (15)

⇤2

UV
(16)

�m2

H
=

3GFm2

t
p
2⇡2

⇤2

UV
(17)

3

1 Introduction

� �
1

⇤2

RD

2 cL�
µ
bL⌧L�µ⌫L +

1

⇤2

RK

sL�
µ
bLµL�µµL (1)

p
sRD

< 9.2 TeV (1.9 TeV) (2)

p
sRK

< 84 TeV (17 TeV) (3)

bL (4)

cL (5)

⌧L (6)

⌫L (7)

sL (8)

µL (9)

µL (10)

X

i=1,2,3

g
i
4

p
2
Q

i
�
µ
L
i
U

i
µ (11)

ytop ⇠ y⌫3�Dirac (12)

(422)3 (13)

�̂
†
�̂ = 1 (14)

�
†

LL
�LL 6= 1 (15)

�̂ =

✓
�LL �LH

�HL �HH

◆
(16)

LPS �
g4
p
2
D

A
�̂AB�µE

B
U

µ
1

(17)

�
†
� 6= 1 (18)

3

1 Introduction

� �
1

⇤2

RD

2 cL�
µ
bL⌧L�µ⌫L +

1

⇤2

RK

sL�
µ
bLµL�µµL (1)

p
sRD

< 9.2 TeV (1.9 TeV) (2)

p
sRK

< 84 TeV (17 TeV) (3)

bL (4)

cL (5)

⌧L (6)

⌫L (7)

sL (8)

µL (9)

µL (10)

X

i=1,2,3

g
i
4

p
2
Q

i
�
µ
L
i
U

i
µ (11)

ytop ⇠ y⌫3�Dirac (12)

(422)3 (13)

�̂
†
�̂ = 1 (14)

�
†

LL
�LL 6= 1 (15)

�̂ =

✓
�LL �LH

�HL �HH

◆
(16)

LPS �
g4
p
2
D

A
�̂AB�µE

B
U

µ
1

(17)

�
†
� 6= 1 (18)

3

and No-loose for HE/HL LHC?
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Inferring UV quantum numbers with precision observables
<latexit sha1_base64="FwTPf0bSO08m6u38EPB1kKRW5SU="></latexit>

BSM field Spin
SM quantum numbers

Mass
SU(3)C SU(2)L U(1)Y

S 0 1 1 0 mS

� 0 1 3 0 m�

S1 0 1 1 1 mS1

S2 0 1 1 2 mS2

�1 0 1 3 1 m�1

H2 0 1 2 �
1
2 mH2

⌃ 0 1 4 1
2 m⌃

'1 0 3 1 �
1
3 m'1

'2 0 3 1 �
4
3 m'2

⇥1 0 3 2 1
6 m⇥1

⇥2 0 3 2 7
6 m⇥2

⌦ 0 3 3 �
1
3 m⌦

�1 0 6 3 1
3 m�1

�2 0 6 1 4
3 m�2

�3 0 6 1 �
2
3 m�3

�4 0 6 1 1
3 m�4

• Can we infer the 
quantum numbers of 
the UV model from 
EFT constraints from 
l o w - e n e r g y 
observables?

Scalars elw. 
singlet/multiplet, 

color singlet

• Each UV resonance 
realisation will only 
induce a subset of 
effective operators

• Shows a completely 
agnostic bottom-up 
approach often not 
useful

Scalar 
Leptoquarks, 

color non-singlet

re
al

co
m
pl

ex
tr

ip
le
t

se
xt

et
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Electroweak precision obs Flavour precision obs

Baryon/Lepton Nr violation

Higgs measurements

H

W,Z

W,Z

,Zγ

γ

H H

etc



<latexit sha1_base64="CD+BZFRvStT0y1Xla34vML3tWX0="></latexit>

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

Heavy

BSM

fields

G3,2,1 QHD Qll QHu QHd QHe Q(1)
Hq

Q(1)
Hl

Q(3)
Hl

Q(3)
Hq

QHWB QH⇤ QHB QHW QH QG QHG QeH QuH QdH

S (1,1,0) HL 7 7 7 7 7 7 7 7 HL T HL HL T 7 7 HL HL HL

S2 (1,1,2) HH HH HH HH HH HH HH 7 7 7 HH HH 7 HH 7 7 7 7 7

� (1,3,0) T HH 7 7 7 7 7 HH HH HL T HL HH T 7 7 T T T

H2 (1,2,�
1
2) HH HH HH HH HH HH HH HH HH HH HH HH HH T 7 7 T T T

�1 (1,3,1) T T HH HH HH HH HH HH HH HH T HH HH T 7 7 T T T

⌃ (1,4,
1
2) HH HH HH HH HH HH HH HH HH HH HH HH HH HH 7 7 HH HH HH

'1 (3,1,�
1
3) HH HH HH HH HH HH HH 7 7 7 HH HH 7 HH HH HH 7 7 7

'2 (3,1,�
4
3) HH HH HH HH HH HH HH 7 7 7 HH HH 7 HH HH HH 7 7 7

⇥1 (3,2,
1
6) HH HH HH HH HH HH HH HH HH HH HH HH HH HH HH HH HH HH HH

⇥2 (3,2,
7
6) HH HH HH HH HH HH HH HH HH HH HH HH HH HH HH HH HH HH HH

⌦ (3,3,-
1
3) HH HH HH HH HH HH HH HH HH HH HH HH HH HH HH HH HH HH HH

�1 (6,3,
1
3) HH HH HH HH HH HH HH HH HH HH HH HH HH HH HH HH HH HH HH

�2 (6,1,
4
3) HH HH HH HH HH HH HH 7 7 7 HH HH 7 HH HH HH 7 7 7

�3 (6,1,-
2
3) HH HH HH HH HH HH HH 7 7 7 HH HH 7 HH HH HH 7 7 7

�4 (6,1,
1
3) HH HH HH HH HH HH HH 7 7 7 HH HH 7 HH HH HH 7 7 7

EWPO-LO
EWPO-NLO-I

       Higgs signal strengths 

16    PHENO 2022                 Pittsburgh      Michael Spannowsky            11.05.2022                  

T HH HL

etc

[Dawson, Giardino ’19]

[Bagglio et al. ’20]
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EWPO-
LO HSS EWPO-

NLO-II BLV
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<latexit sha1_base64="xPjBkPT/81bXgWBqWRqueEKIeEM=">AAAB8HicbVDLSsNAFL2pr1pfVZduBovgqiQ+0GXRjcsK9iFtCJPppB06MwkzE6GEfIUbF4q49XPc+TdO2yy09cCFwzn3cu89YcKZNq777ZRWVtfWN8qbla3tnd296v5BW8epIrRFYh6rbog15UzSlmGG026iKBYhp51wfDv1O09UaRbLBzNJqC/wULKIEWys9NgnIxZkwXkeVGtu3Z0BLROvIDUo0AyqX/1BTFJBpSEca93z3MT4GVaGEU7zSj/VNMFkjIe0Z6nEgmo/mx2coxOrDFAUK1vSoJn6eyLDQuuJCG2nwGakF72p+J/XS0107WdMJqmhkswXRSlHJkbT79GAKUoMn1iCiWL2VkRGWGFibEYVG4K3+PIyaZ/Vvcu6e39Ra9wUcZThCI7hFDy4ggbcQRNaQEDAM7zCm6OcF+fd+Zi3lpxi5hD+wPn8AaqxkFE=</latexit>�3

<latexit sha1_base64="d1G5i3I+dOopDXI/QIv+g5BvC+M=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ie0IWy2m3bp7ibsboQS+iu8eFDEqz/Hm//GbZqDtj4YeLw3w8y8MOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8SaciZp2zDDaS9RFIuQ0244uZ373SeqNIvlg5km1Bd4JFnECDZWehyQMQuyoDELqjW37uZAq8QrSA0KtILq12AYk1RQaQjHWvc9NzF+hpVhhNNZZZBqmmAywSPat1RiQbWf5QfP0JlVhiiKlS1pUK7+nsiw0HoqQtspsBnrZW8u/uf1UxNd+xmTSWqoJItFUcqRidH8ezRkihLDp5Zgopi9FZExVpgYm1HFhuAtv7xKOhd177Lu3jdqzZsijjKcwCmcgwdX0IQ7aEEbCAh4hld4c5Tz4rw7H4vWklPMHMMfOJ8/rDaQUg==</latexit>�4

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="LF+HG+B+z9UyHi1x9Et9Cc7DePE=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LGoB48V7Ae0oWy2m3btZjfsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8MBHcoOd9O4WV1bX1jeJmaWt7Z3evvH/QNCrVlDWoEkq3Q2KY4JI1kKNg7UQzEoeCtcLRzdRvPTFtuJIPOE5YEJOB5BGnBK3U7N4ygaRXrnhVbwZ3mfg5qUCOeq/81e0rmsZMIhXEmI7vJRhkRCOngk1K3dSwhNARGbCOpZLEzATZ7NqJe2KVvhspbUuiO1N/T2QkNmYch7YzJjg0i95U/M/rpBhdBRmXSYpM0vmiKBUuKnf6utvnmlEUY0sI1dze6tIh0YSiDahkQ/AXX14mzbOqf1H17s8rtes8jiIcwTGcgg+XUIM7qEMDKDzCM7zCm6OcF+fd+Zi3Fpx85hD+wPn8AWHejwA=</latexit>

�

<latexit sha1_base64="PNJnud1uZZwqVorGoqzI2E8zTDo=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVRY9FLx4r2A9pl5JNs21okg1JtlCW/govHhTx6s/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vfXmFtfWNzq7hd2tnd2z8oHx41TZJqQhsk4YluR9hQziRtWGY5bStNsYg4bUWju5nfGlNtWCIf7UTRUOCBZDEj2DrpqTvGWg1ZL+iVK37VnwOtkiAnFchR75W/uv2EpIJKSzg2phP4yoYZ1pYRTqelbmqowmSEB7TjqMSCmjCbHzxFZ07pozjRrqRFc/X3RIaFMRMRuU6B7dAsezPxP6+T2vgmzJhUqaWSLBbFKUc2QbPvUZ9pSiyfOIKJZu5WRIZYY2JdRiUXQrD88ippXlSDq6r/cFmp3eZxFOEETuEcAriGGtxDHRpAQMAzvMKbp70X7937WLQWvHzmGP7A+/wBpviQTg==</latexit>'1
<latexit sha1_base64="P6/rAnZy8SjqbXChgjW2AF1dkuk=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4KrtF0WPRi8cK9kPapWTTbBuaZEOSLZSlv8KLB0W8+nO8+W9M2z1o64OBx3szzMyLFGfG+v63t7a+sbm1Xdgp7u7tHxyWjo6bJkk1oQ2S8ES3I2woZ5I2LLOctpWmWESctqLR3cxvjak2LJGPdqJoKPBAspgRbJ301B1jrYasV+2Vyn7FnwOtkiAnZchR75W+uv2EpIJKSzg2phP4yoYZ1pYRTqfFbmqowmSEB7TjqMSCmjCbHzxF507pozjRrqRFc/X3RIaFMRMRuU6B7dAsezPxP6+T2vgmzJhUqaWSLBbFKUc2QbPvUZ9pSiyfOIKJZu5WRIZYY2JdRkUXQrD88ippVivBVcV/uCzXbvM4CnAKZ3ABAVxDDe6hDg0gIOAZXuHN096L9+59LFrXvHzmBP7A+/wBqHyQTw==</latexit>'2

<latexit sha1_base64="3EitPF9sNrRWhJZb4hrQ0on2/0Q=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF48V7Ie0IWy2m3bp7ibsboQS+iu8eFDEqz/Hm//GbZqDtj4YeLw3w8y8MOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8SaciZp2zDDaS9RFIuQ0244uZ373SeqNIvlg5km1Bd4JFnECDZWehyQMQuyoDELqjW37uZAq8QrSA0KtILq12AYk1RQaQjHWvc9NzF+hpVhhNNZZZBqmmAywSPat1RiQbWf5QfP0JlVhiiKlS1pUK7+nsiw0HoqQtspsBnrZW8u/uf1UxNd+xmTSWqoJItFUcqRidH8ezRkihLDp5Zgopi9FZExVpgYm1HFhuAtv7xKOo26d1l37y9qzZsijjKcwCmcgwdX0IQ7aEEbCAh4hld4c5Tz4rw7H4vWklPMHMMfOJ8/qSyQUA==</latexit>�2

<latexit sha1_base64="xPjBkPT/81bXgWBqWRqueEKIeEM=">AAAB8HicbVDLSsNAFL2pr1pfVZduBovgqiQ+0GXRjcsK9iFtCJPppB06MwkzE6GEfIUbF4q49XPc+TdO2yy09cCFwzn3cu89YcKZNq777ZRWVtfWN8qbla3tnd296v5BW8epIrRFYh6rbog15UzSlmGG026iKBYhp51wfDv1O09UaRbLBzNJqC/wULKIEWys9NgnIxZkwXkeVGtu3Z0BLROvIDUo0AyqX/1BTFJBpSEca93z3MT4GVaGEU7zSj/VNMFkjIe0Z6nEgmo/mx2coxOrDFAUK1vSoJn6eyLDQuuJCG2nwGakF72p+J/XS0107WdMJqmhkswXRSlHJkbT79GAKUoMn1iCiWL2VkRGWGFibEYVG4K3+PIyaZ/Vvcu6e39Ra9wUcZThCI7hFDy4ggbcQRNaQEDAM7zCm6OcF+fd+Zi3lpxi5hD+wPn8AaqxkFE=</latexit>�3

<latexit sha1_base64="d1G5i3I+dOopDXI/QIv+g5BvC+M=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ie0IWy2m3bp7ibsboQS+iu8eFDEqz/Hm//GbZqDtj4YeLw3w8y8MOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8SaciZp2zDDaS9RFIuQ0244uZ373SeqNIvlg5km1Bd4JFnECDZWehyQMQuyoDELqjW37uZAq8QrSA0KtILq12AYk1RQaQjHWvc9NzF+hpVhhNNZZZBqmmAywSPat1RiQbWf5QfP0JlVhiiKlS1pUK7+nsiw0HoqQtspsBnrZW8u/uf1UxNd+xmTSWqoJItFUcqRidH8ezRkihLDp5Zgopi9FZExVpgYm1HFhuAtv7xKOhd177Lu3jdqzZsijjKcwCmcgwdX0IQ7aEEbCAh4hld4c5Tz4rw7H4vWklPMHMMfOJ8/rDaQUg==</latexit>�4

<latexit sha1_base64="lu10O1Rzj1+pqb8zabBCWRqJXOs=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqswURZdFNy4r2ge0Q8mkmTY0k4xJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uScniDnTxnW/ncLa+sbmVnG7tLO7t39QPjxqaZkoQptEcqk6AdaUM0GbhhlOO7GiOAo4bQfj28xvT6jSTIpHM42pH+GhYCEj2FjJ70XYjAjm6cOsX+uXK27VnQOtEi8nFcjR6Je/egNJkogKQzjWuuu5sfFTrAwjnM5KvUTTGJMxHtKupQJHVPvpPPQMnVllgEKp7BMGzdXfGymOtJ5GgZ3MQuplLxP/87qJCa/9lIk4MVSQxaEw4chIlDWABkxRYvjUEkwUs1kRGWGFibE9lWwJ3vKXV0mrVvUuq+79RaV+k9dRhBM4hXPw4ArqcAcNaAKBJ3iGV3hzJs6L8+58LEYLTr5zDH/gfP4AvCCSEg==</latexit>

S2

<latexit sha1_base64="7DyvmyWbcZNmzY9vNPldGZo/nis=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKosegF29GMA9IljA76U3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqWaQoMqrnQ7IgY4k9CwzHJoJxqIiDi0otHN1G89gTZMyQc7TiAUZCBZzCixTmp27wQMSK9c8av+DHiZBDmpoBz1Xvmr21c0FSAt5cSYTuAnNsyItoxymJS6qYGE0BEZQMdRSQSYMJtdO8EnTunjWGlX0uKZ+nsiI8KYsYhcpyB2aBa9qfif10ltfBVmTCapBUnni+KUY6vw9HXcZxqo5WNHCNXM3YrpkGhCrQuo5EIIFl9eJs2zanBR9e/PK7XrPI4iOkLH6BQF6BLV0C2qowai6BE9o1f05invxXv3PuatBS+fOUR/4H3+AGCDjv8=</latexit>

⌦
<latexit sha1_base64="6A2w7+8esSdOMECDiv+MvVZvlU4=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cK/YI2lM120y7dbOLuRCihf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLEikMuu63U1hb39jcKm6Xdnb39g/Kh0ctE6ea8SaLZaw7ATVcCsWbKFDyTqI5jQLJ28H4bua3n7g2IlYNnCTcj+hQiVAwilbq9BojjrTv9csVt+rOQVaJl5MK5Kj3y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5vfOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8MbPhEpS5IotFoWpJBiT2fNkIDRnKCeWUKaFvZWwEdWUoY2oZEPwll9eJa2LqndVdR8uK7XbPI4inMApnIMH11CDe6hDExhIeIZXeHMenRfn3flYtBacfOYY/sD5/AGdeY+w</latexit>

⇥1
<latexit sha1_base64="RHj9DoR+UD0FLCp0AAhs5P1kSHo=">AAAB73icbVBNS8NAEN34WetX1aOXxSJ4KklR9Fj04rFCv6ANZbOdtEs3m7g7EUron/DiQRGv/h1v/hu3bQ7a+mDg8d4MM/OCRAqDrvvtrK1vbG5tF3aKu3v7B4elo+OWiVPNocljGetOwAxIoaCJAiV0Eg0sCiS0g/HdzG8/gTYiVg2cJOBHbKhEKDhDK3V6jREg61f7pbJbceegq8TLSZnkqPdLX71BzNMIFHLJjOl6boJ+xjQKLmFa7KUGEsbHbAhdSxWLwPjZ/N4pPbfKgIaxtqWQztXfExmLjJlEge2MGI7MsjcT//O6KYY3fiZUkiIovlgUppJiTGfP04HQwFFOLGFcC3sr5SOmGUcbUdGG4C2/vEpa1Yp3VXEfLsu12zyOAjklZ+SCeOSa1Mg9qZMm4USSZ/JK3pxH58V5dz4WrWtOPnNC/sD5/AGe/Y+x</latexit>

⇥2
<latexit sha1_base64="6hT1zpL0JLqnfV9BLfA0wCeo5nA=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RTIwkyzI7mU2GzGOZmRXCkq/w4kERr36ON//GSbIHTSxoKKq66e6KU86M9f1vr7Syura+Ud6sbG3v7O5V9w/aRmWa0BZRXOlOjA3lTNKWZZbTTqopFjGnD/HoZuo/PFFtmJL3dpzSUOCBZAkj2DrpsUeGLMqjYBJVa37dnwEtk6AgNSjQjKpfvb4imaDSEo6N6QZ+asMca8sIp5NKLzM0xWSEB7TrqMSCmjCfHTxBJ07po0RpV9Kimfp7IsfCmLGIXafAdmgWvan4n9fNbHIV5kymmaWSzBclGUdWoen3qM80JZaPHcFEM3crIkOsMbEuo4oLIVh8eZm0z+rBRd2/O681ros4ynAEx3AKAVxCA26hCS0gIOAZXuHN096L9+59zFtLXjFzCH/gff4Ap6eQTw==</latexit>�1

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="LF+HG+B+z9UyHi1x9Et9Cc7DePE=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LGoB48V7Ae0oWy2m3btZjfsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8MBHcoOd9O4WV1bX1jeJmaWt7Z3evvH/QNCrVlDWoEkq3Q2KY4JI1kKNg7UQzEoeCtcLRzdRvPTFtuJIPOE5YEJOB5BGnBK3U7N4ygaRXrnhVbwZ3mfg5qUCOeq/81e0rmsZMIhXEmI7vJRhkRCOngk1K3dSwhNARGbCOpZLEzATZ7NqJe2KVvhspbUuiO1N/T2QkNmYch7YzJjg0i95U/M/rpBhdBRmXSYpM0vmiKBUuKnf6utvnmlEUY0sI1dze6tIh0YSiDahkQ/AXX14mzbOqf1H17s8rtes8jiIcwTGcgg+XUIM7qEMDKDzCM7zCm6OcF+fd+Zi3Fpx85hD+wPn8AWHejwA=</latexit>

�

<latexit sha1_base64="mSTwgVRtwk2mJ8i52/dYse7dfdo=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWaKosuimy4r2Ae0Q8mkmTY0kxmTTKEM/Q43LhRx68e482/MtLPQ1gOBwzn3ck+OHwuujeN8o8LG5tb2TnG3tLd/cHhUPj5p6yhRlLVoJCLV9YlmgkvWMtwI1o0VI6EvWMef3Gd+Z8qU5pF8NLOYeSEZSR5wSoyVvH5IzJgSkTbmg9qgXHGqzgJ4nbg5qUCO5qD81R9GNAmZNFQQrXuuExsvJcpwKti81E80iwmdkBHrWSpJyLSXLkLP8YVVhjiIlH3S4IX6eyMlodaz0LeTWUi96mXif14vMcGtl3IZJ4ZJujwUJAKbCGcN4CFXjBoxs4RQxW1WTMdEEWpsTyVbgrv65XXSrlXd66rzcFWp3+V1FOEMzuESXLiBOjSgCS2g8ATP8ApvaIpe0Dv6WI4WUL5zCn+APn8Aq1OSBw==</latexit>

H2
<latexit sha1_base64="c+HfibovVKewSOJz+7l10e1kimI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNRDx4r2A9oQ9lsJ+3SzSbuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1Fip3b1FYWjP65UrbtWdgSwTLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCJ6VuqjGhbEQH2LFU0gi1n83unZATq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwis/4zJJDUo2XxSmgpiYTJ8nfa6QGTG2hDLF7a2EDamizNiISjYEb/HlZdI8q3oXVff+vFK7zuMowhEcwyl4cAk1uIM6NICBgGd4hTfn0Xlx3p2PeWvByWcO4Q+czx+K9o+k</latexit>

�1
<latexit sha1_base64="XQR7X0YH+SyaImQx9E361CjrIGs=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzQOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTP3WE9WGKflgxwkNBR5IFjOCrZOa3Xs2ELhXrvhVfwa0TIKcVCBHvVf+6vYVSQWVlnBsTCfwExtmWFtGOJ2UuqmhCSYjPKAdRyUW1ITZ7NoJOnFKH8VKu5IWzdTfExkWxoxF5DoFtkOz6E3F/7xOauOrMGMySS2VZL4oTjmyCk1fR32mKbF87AgmmrlbERlijYl1AZVcCMHiy8ukeVYNLqr+3Xmldp3HUYQjOIZTCOASanALdWgAgUd4hld485T34r17H/PWgpfPHMIfeJ8/bLGPBw==</latexit>

⌃

<latexit sha1_base64="PNJnud1uZZwqVorGoqzI2E8zTDo=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVRY9FLx4r2A9pl5JNs21okg1JtlCW/govHhTx6s/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vfXmFtfWNzq7hd2tnd2z8oHx41TZJqQhsk4YluR9hQziRtWGY5bStNsYg4bUWju5nfGlNtWCIf7UTRUOCBZDEj2DrpqTvGWg1ZL+iVK37VnwOtkiAnFchR75W/uv2EpIJKSzg2phP4yoYZ1pYRTqelbmqowmSEB7TjqMSCmjCbHzxFZ07pozjRrqRFc/X3RIaFMRMRuU6B7dAsezPxP6+T2vgmzJhUqaWSLBbFKUc2QbPvUZ9pSiyfOIKJZu5WRIZYY2JdRiUXQrD88ippXlSDq6r/cFmp3eZxFOEETuEcAriGGtxDHRpAQMAzvMKbp70X7937WLQWvHzmGP7A+/wBpviQTg==</latexit>'1
<latexit sha1_base64="P6/rAnZy8SjqbXChgjW2AF1dkuk=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4KrtF0WPRi8cK9kPapWTTbBuaZEOSLZSlv8KLB0W8+nO8+W9M2z1o64OBx3szzMyLFGfG+v63t7a+sbm1Xdgp7u7tHxyWjo6bJkk1oQ2S8ES3I2woZ5I2LLOctpWmWESctqLR3cxvjak2LJGPdqJoKPBAspgRbJ301B1jrYasV+2Vyn7FnwOtkiAnZchR75W+uv2EpIJKSzg2phP4yoYZ1pYRTqfFbmqowmSEB7TjqMSCmjCbHzxF507pozjRrqRFc/X3RIaFMRMRuU6B7dAsezPxP6+T2vgmzJhUqaWSLBbFKUc2QbPvUZ9pSiyfOIKJZu5WRIZYY2JdRkUXQrD88ippVivBVcV/uCzXbvM4CnAKZ3ABAVxDDe6hDg0gIOAZXuHN096L9+59LFrXvHzmBP7A+/wBqHyQTw==</latexit>'2

<latexit sha1_base64="3EitPF9sNrRWhJZb4hrQ0on2/0Q=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF48V7Ie0IWy2m3bp7ibsboQS+iu8eFDEqz/Hm//GbZqDtj4YeLw3w8y8MOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8SaciZp2zDDaS9RFIuQ0244uZ373SeqNIvlg5km1Bd4JFnECDZWehyQMQuyoDELqjW37uZAq8QrSA0KtILq12AYk1RQaQjHWvc9NzF+hpVhhNNZZZBqmmAywSPat1RiQbWf5QfP0JlVhiiKlS1pUK7+nsiw0HoqQtspsBnrZW8u/uf1UxNd+xmTSWqoJItFUcqRidH8ezRkihLDp5Zgopi9FZExVpgYm1HFhuAtv7xKOo26d1l37y9qzZsijjKcwCmcgwdX0IQ7aEEbCAh4hld4c5Tz4rw7H4vWklPMHMMfOJ8/qSyQUA==</latexit>�2

<latexit sha1_base64="xPjBkPT/81bXgWBqWRqueEKIeEM=">AAAB8HicbVDLSsNAFL2pr1pfVZduBovgqiQ+0GXRjcsK9iFtCJPppB06MwkzE6GEfIUbF4q49XPc+TdO2yy09cCFwzn3cu89YcKZNq777ZRWVtfWN8qbla3tnd296v5BW8epIrRFYh6rbog15UzSlmGG026iKBYhp51wfDv1O09UaRbLBzNJqC/wULKIEWys9NgnIxZkwXkeVGtu3Z0BLROvIDUo0AyqX/1BTFJBpSEca93z3MT4GVaGEU7zSj/VNMFkjIe0Z6nEgmo/mx2coxOrDFAUK1vSoJn6eyLDQuuJCG2nwGakF72p+J/XS0107WdMJqmhkswXRSlHJkbT79GAKUoMn1iCiWL2VkRGWGFibEYVG4K3+PIyaZ/Vvcu6e39Ra9wUcZThCI7hFDy4ggbcQRNaQEDAM7zCm6OcF+fd+Zi3lpxi5hD+wPn8AaqxkFE=</latexit>�3

<latexit sha1_base64="d1G5i3I+dOopDXI/QIv+g5BvC+M=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ie0IWy2m3bp7ibsboQS+iu8eFDEqz/Hm//GbZqDtj4YeLw3w8y8MOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8SaciZp2zDDaS9RFIuQ0244uZ373SeqNIvlg5km1Bd4JFnECDZWehyQMQuyoDELqjW37uZAq8QrSA0KtILq12AYk1RQaQjHWvc9NzF+hpVhhNNZZZBqmmAywSPat1RiQbWf5QfP0JlVhiiKlS1pUK7+nsiw0HoqQtspsBnrZW8u/uf1UxNd+xmTSWqoJItFUcqRidH8ezRkihLDp5Zgopi9FZExVpgYm1HFhuAtv7xKOhd177Lu3jdqzZsijjKcwCmcgwdX0IQ7aEEbCAh4hld4c5Tz4rw7H4vWklPMHMMfOJ8/rDaQUg==</latexit>�4

<latexit sha1_base64="lu10O1Rzj1+pqb8zabBCWRqJXOs=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqswURZdFNy4r2ge0Q8mkmTY0k4xJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uScniDnTxnW/ncLa+sbmVnG7tLO7t39QPjxqaZkoQptEcqk6AdaUM0GbhhlOO7GiOAo4bQfj28xvT6jSTIpHM42pH+GhYCEj2FjJ70XYjAjm6cOsX+uXK27VnQOtEi8nFcjR6Je/egNJkogKQzjWuuu5sfFTrAwjnM5KvUTTGJMxHtKupQJHVPvpPPQMnVllgEKp7BMGzdXfGymOtJ5GgZ3MQuplLxP/87qJCa/9lIk4MVSQxaEw4chIlDWABkxRYvjUEkwUs1kRGWGFibE9lWwJ3vKXV0mrVvUuq+79RaV+k9dRhBM4hXPw4ArqcAcNaAKBJ3iGV3hzJs6L8+58LEYLTr5zDH/gfP4AvCCSEg==</latexit>

S2

<latexit sha1_base64="7DyvmyWbcZNmzY9vNPldGZo/nis=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKosegF29GMA9IljA76U3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqWaQoMqrnQ7IgY4k9CwzHJoJxqIiDi0otHN1G89gTZMyQc7TiAUZCBZzCixTmp27wQMSK9c8av+DHiZBDmpoBz1Xvmr21c0FSAt5cSYTuAnNsyItoxymJS6qYGE0BEZQMdRSQSYMJtdO8EnTunjWGlX0uKZ+nsiI8KYsYhcpyB2aBa9qfif10ltfBVmTCapBUnni+KUY6vw9HXcZxqo5WNHCNXM3YrpkGhCrQuo5EIIFl9eJs2zanBR9e/PK7XrPI4iOkLH6BQF6BLV0C2qowai6BE9o1f05invxXv3PuatBS+fOUR/4H3+AGCDjv8=</latexit>

⌦
<latexit sha1_base64="6A2w7+8esSdOMECDiv+MvVZvlU4=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cK/YI2lM120y7dbOLuRCihf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLEikMuu63U1hb39jcKm6Xdnb39g/Kh0ctE6ea8SaLZaw7ATVcCsWbKFDyTqI5jQLJ28H4bua3n7g2IlYNnCTcj+hQiVAwilbq9BojjrTv9csVt+rOQVaJl5MK5Kj3y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5vfOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8MbPhEpS5IotFoWpJBiT2fNkIDRnKCeWUKaFvZWwEdWUoY2oZEPwll9eJa2LqndVdR8uK7XbPI4inMApnIMH11CDe6hDExhIeIZXeHMenRfn3flYtBacfOYY/sD5/AGdeY+w</latexit>

⇥1
<latexit sha1_base64="RHj9DoR+UD0FLCp0AAhs5P1kSHo=">AAAB73icbVBNS8NAEN34WetX1aOXxSJ4KklR9Fj04rFCv6ANZbOdtEs3m7g7EUron/DiQRGv/h1v/hu3bQ7a+mDg8d4MM/OCRAqDrvvtrK1vbG5tF3aKu3v7B4elo+OWiVPNocljGetOwAxIoaCJAiV0Eg0sCiS0g/HdzG8/gTYiVg2cJOBHbKhEKDhDK3V6jREg61f7pbJbceegq8TLSZnkqPdLX71BzNMIFHLJjOl6boJ+xjQKLmFa7KUGEsbHbAhdSxWLwPjZ/N4pPbfKgIaxtqWQztXfExmLjJlEge2MGI7MsjcT//O6KYY3fiZUkiIovlgUppJiTGfP04HQwFFOLGFcC3sr5SOmGUcbUdGG4C2/vEpa1Yp3VXEfLsu12zyOAjklZ+SCeOSa1Mg9qZMm4USSZ/JK3pxH58V5dz4WrWtOPnNC/sD5/AGe/Y+x</latexit>

⇥2
<latexit sha1_base64="6hT1zpL0JLqnfV9BLfA0wCeo5nA=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RTIwkyzI7mU2GzGOZmRXCkq/w4kERr36ON//GSbIHTSxoKKq66e6KU86M9f1vr7Syura+Ud6sbG3v7O5V9w/aRmWa0BZRXOlOjA3lTNKWZZbTTqopFjGnD/HoZuo/PFFtmJL3dpzSUOCBZAkj2DrpsUeGLMqjYBJVa37dnwEtk6AgNSjQjKpfvb4imaDSEo6N6QZ+asMca8sIp5NKLzM0xWSEB7TrqMSCmjCfHTxBJ07po0RpV9Kimfp7IsfCmLGIXafAdmgWvan4n9fNbHIV5kymmaWSzBclGUdWoen3qM80JZaPHcFEM3crIkOsMbEuo4oLIVh8eZm0z+rBRd2/O681ros4ynAEx3AKAVxCA26hCS0gIOAZXuHN096L9+59zFtLXjFzCH/gff4Ap6eQTw==</latexit>�1

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="LF+HG+B+z9UyHi1x9Et9Cc7DePE=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LGoB48V7Ae0oWy2m3btZjfsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8MBHcoOd9O4WV1bX1jeJmaWt7Z3evvH/QNCrVlDWoEkq3Q2KY4JI1kKNg7UQzEoeCtcLRzdRvPTFtuJIPOE5YEJOB5BGnBK3U7N4ygaRXrnhVbwZ3mfg5qUCOeq/81e0rmsZMIhXEmI7vJRhkRCOngk1K3dSwhNARGbCOpZLEzATZ7NqJe2KVvhspbUuiO1N/T2QkNmYch7YzJjg0i95U/M/rpBhdBRmXSYpM0vmiKBUuKnf6utvnmlEUY0sI1dze6tIh0YSiDahkQ/AXX14mzbOqf1H17s8rtes8jiIcwTGcgg+XUIM7qEMDKDzCM7zCm6OcF+fd+Zi3Fpx85hD+wPn8AWHejwA=</latexit>

�

<latexit sha1_base64="mSTwgVRtwk2mJ8i52/dYse7dfdo=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWaKosuimy4r2Ae0Q8mkmTY0kxmTTKEM/Q43LhRx68e482/MtLPQ1gOBwzn3ck+OHwuujeN8o8LG5tb2TnG3tLd/cHhUPj5p6yhRlLVoJCLV9YlmgkvWMtwI1o0VI6EvWMef3Gd+Z8qU5pF8NLOYeSEZSR5wSoyVvH5IzJgSkTbmg9qgXHGqzgJ4nbg5qUCO5qD81R9GNAmZNFQQrXuuExsvJcpwKti81E80iwmdkBHrWSpJyLSXLkLP8YVVhjiIlH3S4IX6eyMlodaz0LeTWUi96mXif14vMcGtl3IZJ4ZJujwUJAKbCGcN4CFXjBoxs4RQxW1WTMdEEWpsTyVbgrv65XXSrlXd66rzcFWp3+V1FOEMzuESXLiBOjSgCS2g8ATP8ApvaIpe0Dv6WI4WUL5zCn+APn8Aq1OSBw==</latexit>

H2
<latexit sha1_base64="c+HfibovVKewSOJz+7l10e1kimI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNRDx4r2A9oQ9lsJ+3SzSbuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1Fip3b1FYWjP65UrbtWdgSwTLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCJ6VuqjGhbEQH2LFU0gi1n83unZATq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwis/4zJJDUo2XxSmgpiYTJ8nfa6QGTG2hDLF7a2EDamizNiISjYEb/HlZdI8q3oXVff+vFK7zuMowhEcwyl4cAk1uIM6NICBgGd4hTfn0Xlx3p2PeWvByWcO4Q+czx+K9o+k</latexit>

�1
<latexit sha1_base64="XQR7X0YH+SyaImQx9E361CjrIGs=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzQOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTP3WE9WGKflgxwkNBR5IFjOCrZOa3Xs2ELhXrvhVfwa0TIKcVCBHvVf+6vYVSQWVlnBsTCfwExtmWFtGOJ2UuqmhCSYjPKAdRyUW1ITZ7NoJOnFKH8VKu5IWzdTfExkWxoxF5DoFtkOz6E3F/7xOauOrMGMySS2VZL4oTjmyCk1fR32mKbF87AgmmrlbERlijYl1AZVcCMHiy8ukeVYNLqr+3Xmldp3HUYQjOIZTCOASanALdWgAgUd4hld485T34r17H/PWgpfPHMIfeJ8/bLGPBw==</latexit>

⌃

<latexit sha1_base64="PNJnud1uZZwqVorGoqzI2E8zTDo=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVRY9FLx4r2A9pl5JNs21okg1JtlCW/govHhTx6s/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vfXmFtfWNzq7hd2tnd2z8oHx41TZJqQhsk4YluR9hQziRtWGY5bStNsYg4bUWju5nfGlNtWCIf7UTRUOCBZDEj2DrpqTvGWg1ZL+iVK37VnwOtkiAnFchR75W/uv2EpIJKSzg2phP4yoYZ1pYRTqelbmqowmSEB7TjqMSCmjCbHzxFZ07pozjRrqRFc/X3RIaFMRMRuU6B7dAsezPxP6+T2vgmzJhUqaWSLBbFKUc2QbPvUZ9pSiyfOIKJZu5WRIZYY2JdRiUXQrD88ippXlSDq6r/cFmp3eZxFOEETuEcAriGGtxDHRpAQMAzvMKbp70X7937WLQWvHzmGP7A+/wBpviQTg==</latexit>'1
<latexit sha1_base64="P6/rAnZy8SjqbXChgjW2AF1dkuk=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4KrtF0WPRi8cK9kPapWTTbBuaZEOSLZSlv8KLB0W8+nO8+W9M2z1o64OBx3szzMyLFGfG+v63t7a+sbm1Xdgp7u7tHxyWjo6bJkk1oQ2S8ES3I2woZ5I2LLOctpWmWESctqLR3cxvjak2LJGPdqJoKPBAspgRbJ301B1jrYasV+2Vyn7FnwOtkiAnZchR75W+uv2EpIJKSzg2phP4yoYZ1pYRTqfFbmqowmSEB7TjqMSCmjCbHzxF507pozjRrqRFc/X3RIaFMRMRuU6B7dAsezPxP6+T2vgmzJhUqaWSLBbFKUc2QbPvUZ9pSiyfOIKJZu5WRIZYY2JdRkUXQrD88ippVivBVcV/uCzXbvM4CnAKZ3ABAVxDDe6hDg0gIOAZXuHN096L9+59LFrXvHzmBP7A+/wBqHyQTw==</latexit>'2

<latexit sha1_base64="3EitPF9sNrRWhJZb4hrQ0on2/0Q=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF48V7Ie0IWy2m3bp7ibsboQS+iu8eFDEqz/Hm//GbZqDtj4YeLw3w8y8MOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8SaciZp2zDDaS9RFIuQ0244uZ373SeqNIvlg5km1Bd4JFnECDZWehyQMQuyoDELqjW37uZAq8QrSA0KtILq12AYk1RQaQjHWvc9NzF+hpVhhNNZZZBqmmAywSPat1RiQbWf5QfP0JlVhiiKlS1pUK7+nsiw0HoqQtspsBnrZW8u/uf1UxNd+xmTSWqoJItFUcqRidH8ezRkihLDp5Zgopi9FZExVpgYm1HFhuAtv7xKOo26d1l37y9qzZsijjKcwCmcgwdX0IQ7aEEbCAh4hld4c5Tz4rw7H4vWklPMHMMfOJ8/qSyQUA==</latexit>�2

<latexit sha1_base64="xPjBkPT/81bXgWBqWRqueEKIeEM=">AAAB8HicbVDLSsNAFL2pr1pfVZduBovgqiQ+0GXRjcsK9iFtCJPppB06MwkzE6GEfIUbF4q49XPc+TdO2yy09cCFwzn3cu89YcKZNq777ZRWVtfWN8qbla3tnd296v5BW8epIrRFYh6rbog15UzSlmGG026iKBYhp51wfDv1O09UaRbLBzNJqC/wULKIEWys9NgnIxZkwXkeVGtu3Z0BLROvIDUo0AyqX/1BTFJBpSEca93z3MT4GVaGEU7zSj/VNMFkjIe0Z6nEgmo/mx2coxOrDFAUK1vSoJn6eyLDQuuJCG2nwGakF72p+J/XS0107WdMJqmhkswXRSlHJkbT79GAKUoMn1iCiWL2VkRGWGFibEYVG4K3+PIyaZ/Vvcu6e39Ra9wUcZThCI7hFDy4ggbcQRNaQEDAM7zCm6OcF+fd+Zi3lpxi5hD+wPn8AaqxkFE=</latexit>�3

<latexit sha1_base64="d1G5i3I+dOopDXI/QIv+g5BvC+M=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ie0IWy2m3bp7ibsboQS+iu8eFDEqz/Hm//GbZqDtj4YeLw3w8y8MOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8SaciZp2zDDaS9RFIuQ0244uZ373SeqNIvlg5km1Bd4JFnECDZWehyQMQuyoDELqjW37uZAq8QrSA0KtILq12AYk1RQaQjHWvc9NzF+hpVhhNNZZZBqmmAywSPat1RiQbWf5QfP0JlVhiiKlS1pUK7+nsiw0HoqQtspsBnrZW8u/uf1UxNd+xmTSWqoJItFUcqRidH8ezRkihLDp5Zgopi9FZExVpgYm1HFhuAtv7xKOhd177Lu3jdqzZsijjKcwCmcgwdX0IQ7aEEbCAh4hld4c5Tz4rw7H4vWklPMHMMfOJ8/rDaQUg==</latexit>�4

<latexit sha1_base64="lu10O1Rzj1+pqb8zabBCWRqJXOs=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqswURZdFNy4r2ge0Q8mkmTY0k4xJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uScniDnTxnW/ncLa+sbmVnG7tLO7t39QPjxqaZkoQptEcqk6AdaUM0GbhhlOO7GiOAo4bQfj28xvT6jSTIpHM42pH+GhYCEj2FjJ70XYjAjm6cOsX+uXK27VnQOtEi8nFcjR6Je/egNJkogKQzjWuuu5sfFTrAwjnM5KvUTTGJMxHtKupQJHVPvpPPQMnVllgEKp7BMGzdXfGymOtJ5GgZ3MQuplLxP/87qJCa/9lIk4MVSQxaEw4chIlDWABkxRYvjUEkwUs1kRGWGFibE9lWwJ3vKXV0mrVvUuq+79RaV+k9dRhBM4hXPw4ArqcAcNaAKBJ3iGV3hzJs6L8+58LEYLTr5zDH/gfP4AvCCSEg==</latexit>

S2

<latexit sha1_base64="7DyvmyWbcZNmzY9vNPldGZo/nis=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKosegF29GMA9IljA76U3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqWaQoMqrnQ7IgY4k9CwzHJoJxqIiDi0otHN1G89gTZMyQc7TiAUZCBZzCixTmp27wQMSK9c8av+DHiZBDmpoBz1Xvmr21c0FSAt5cSYTuAnNsyItoxymJS6qYGE0BEZQMdRSQSYMJtdO8EnTunjWGlX0uKZ+nsiI8KYsYhcpyB2aBa9qfif10ltfBVmTCapBUnni+KUY6vw9HXcZxqo5WNHCNXM3YrpkGhCrQuo5EIIFl9eJs2zanBR9e/PK7XrPI4iOkLH6BQF6BLV0C2qowai6BE9o1f05invxXv3PuatBS+fOUR/4H3+AGCDjv8=</latexit>

⌦
<latexit sha1_base64="6A2w7+8esSdOMECDiv+MvVZvlU4=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cK/YI2lM120y7dbOLuRCihf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLEikMuu63U1hb39jcKm6Xdnb39g/Kh0ctE6ea8SaLZaw7ATVcCsWbKFDyTqI5jQLJ28H4bua3n7g2IlYNnCTcj+hQiVAwilbq9BojjrTv9csVt+rOQVaJl5MK5Kj3y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5vfOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8MbPhEpS5IotFoWpJBiT2fNkIDRnKCeWUKaFvZWwEdWUoY2oZEPwll9eJa2LqndVdR8uK7XbPI4inMApnIMH11CDe6hDExhIeIZXeHMenRfn3flYtBacfOYY/sD5/AGdeY+w</latexit>

⇥1
<latexit sha1_base64="RHj9DoR+UD0FLCp0AAhs5P1kSHo=">AAAB73icbVBNS8NAEN34WetX1aOXxSJ4KklR9Fj04rFCv6ANZbOdtEs3m7g7EUron/DiQRGv/h1v/hu3bQ7a+mDg8d4MM/OCRAqDrvvtrK1vbG5tF3aKu3v7B4elo+OWiVPNocljGetOwAxIoaCJAiV0Eg0sCiS0g/HdzG8/gTYiVg2cJOBHbKhEKDhDK3V6jREg61f7pbJbceegq8TLSZnkqPdLX71BzNMIFHLJjOl6boJ+xjQKLmFa7KUGEsbHbAhdSxWLwPjZ/N4pPbfKgIaxtqWQztXfExmLjJlEge2MGI7MsjcT//O6KYY3fiZUkiIovlgUppJiTGfP04HQwFFOLGFcC3sr5SOmGUcbUdGG4C2/vEpa1Yp3VXEfLsu12zyOAjklZ+SCeOSa1Mg9qZMm4USSZ/JK3pxH58V5dz4WrWtOPnNC/sD5/AGe/Y+x</latexit>

⇥2
<latexit sha1_base64="6hT1zpL0JLqnfV9BLfA0wCeo5nA=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RTIwkyzI7mU2GzGOZmRXCkq/w4kERr36ON//GSbIHTSxoKKq66e6KU86M9f1vr7Syura+Ud6sbG3v7O5V9w/aRmWa0BZRXOlOjA3lTNKWZZbTTqopFjGnD/HoZuo/PFFtmJL3dpzSUOCBZAkj2DrpsUeGLMqjYBJVa37dnwEtk6AgNSjQjKpfvb4imaDSEo6N6QZ+asMca8sIp5NKLzM0xWSEB7TrqMSCmjCfHTxBJ07po0RpV9Kimfp7IsfCmLGIXafAdmgWvan4n9fNbHIV5kymmaWSzBclGUdWoen3qM80JZaPHcFEM3crIkOsMbEuo4oLIVh8eZm0z+rBRd2/O681ros4ynAEx3AKAVxCA26hCS0gIOAZXuHN096L9+59zFtLXjFzCH/gff4Ap6eQTw==</latexit>�1

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="LF+HG+B+z9UyHi1x9Et9Cc7DePE=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LGoB48V7Ae0oWy2m3btZjfsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8MBHcoOd9O4WV1bX1jeJmaWt7Z3evvH/QNCrVlDWoEkq3Q2KY4JI1kKNg7UQzEoeCtcLRzdRvPTFtuJIPOE5YEJOB5BGnBK3U7N4ygaRXrnhVbwZ3mfg5qUCOeq/81e0rmsZMIhXEmI7vJRhkRCOngk1K3dSwhNARGbCOpZLEzATZ7NqJe2KVvhspbUuiO1N/T2QkNmYch7YzJjg0i95U/M/rpBhdBRmXSYpM0vmiKBUuKnf6utvnmlEUY0sI1dze6tIh0YSiDahkQ/AXX14mzbOqf1H17s8rtes8jiIcwTGcgg+XUIM7qEMDKDzCM7zCm6OcF+fd+Zi3Fpx85hD+wPn8AWHejwA=</latexit>

�

<latexit sha1_base64="mSTwgVRtwk2mJ8i52/dYse7dfdo=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWaKosuimy4r2Ae0Q8mkmTY0kxmTTKEM/Q43LhRx68e482/MtLPQ1gOBwzn3ck+OHwuujeN8o8LG5tb2TnG3tLd/cHhUPj5p6yhRlLVoJCLV9YlmgkvWMtwI1o0VI6EvWMef3Gd+Z8qU5pF8NLOYeSEZSR5wSoyVvH5IzJgSkTbmg9qgXHGqzgJ4nbg5qUCO5qD81R9GNAmZNFQQrXuuExsvJcpwKti81E80iwmdkBHrWSpJyLSXLkLP8YVVhjiIlH3S4IX6eyMlodaz0LeTWUi96mXif14vMcGtl3IZJ4ZJujwUJAKbCGcN4CFXjBoxs4RQxW1WTMdEEWpsTyVbgrv65XXSrlXd66rzcFWp3+V1FOEMzuESXLiBOjSgCS2g8ATP8ApvaIpe0Dv6WI4WUL5zCn+APn8Aq1OSBw==</latexit>

H2

<latexit sha1_base64="c+HfibovVKewSOJz+7l10e1kimI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNRDx4r2A9oQ9lsJ+3SzSbuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1Fip3b1FYWjP65UrbtWdgSwTLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCJ6VuqjGhbEQH2LFU0gi1n83unZATq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwis/4zJJDUo2XxSmgpiYTJ8nfa6QGTG2hDLF7a2EDamizNiISjYEb/HlZdI8q3oXVff+vFK7zuMowhEcwyl4cAk1uIM6NICBgGd4hTfn0Xlx3p2PeWvByWcO4Q+czx+K9o+k</latexit>

�1
<latexit sha1_base64="XQR7X0YH+SyaImQx9E361CjrIGs=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzQOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTP3WE9WGKflgxwkNBR5IFjOCrZOa3Xs2ELhXrvhVfwa0TIKcVCBHvVf+6vYVSQWVlnBsTCfwExtmWFtGOJ2UuqmhCSYjPKAdRyUW1ITZ7NoJOnFKH8VKu5IWzdTfExkWxoxF5DoFtkOz6E3F/7xOauOrMGMySS2VZL4oTjmyCk1fR32mKbF87AgmmrlbERlijYl1AZVcCMHiy8ukeVYNLqr+3Xmldp3HUYQjOIZTCOASanALdWgAgUd4hld485T34r17H/PWgpfPHMIfeJ8/bLGPBw==</latexit>

⌃

<latexit sha1_base64="PNJnud1uZZwqVorGoqzI2E8zTDo=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVRY9FLx4r2A9pl5JNs21okg1JtlCW/govHhTx6s/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vfXmFtfWNzq7hd2tnd2z8oHx41TZJqQhsk4YluR9hQziRtWGY5bStNsYg4bUWju5nfGlNtWCIf7UTRUOCBZDEj2DrpqTvGWg1ZL+iVK37VnwOtkiAnFchR75W/uv2EpIJKSzg2phP4yoYZ1pYRTqelbmqowmSEB7TjqMSCmjCbHzxFZ07pozjRrqRFc/X3RIaFMRMRuU6B7dAsezPxP6+T2vgmzJhUqaWSLBbFKUc2QbPvUZ9pSiyfOIKJZu5WRIZYY2JdRiUXQrD88ippXlSDq6r/cFmp3eZxFOEETuEcAriGGtxDHRpAQMAzvMKbp70X7937WLQWvHzmGP7A+/wBpviQTg==</latexit>'1

<latexit sha1_base64="P6/rAnZy8SjqbXChgjW2AF1dkuk=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4KrtF0WPRi8cK9kPapWTTbBuaZEOSLZSlv8KLB0W8+nO8+W9M2z1o64OBx3szzMyLFGfG+v63t7a+sbm1Xdgp7u7tHxyWjo6bJkk1oQ2S8ES3I2woZ5I2LLOctpWmWESctqLR3cxvjak2LJGPdqJoKPBAspgRbJ301B1jrYasV+2Vyn7FnwOtkiAnZchR75W+uv2EpIJKSzg2phP4yoYZ1pYRTqfFbmqowmSEB7TjqMSCmjCbHzxF507pozjRrqRFc/X3RIaFMRMRuU6B7dAsezPxP6+T2vgmzJhUqaWSLBbFKUc2QbPvUZ9pSiyfOIKJZu5WRIZYY2JdRkUXQrD88ippVivBVcV/uCzXbvM4CnAKZ3ABAVxDDe6hDg0gIOAZXuHN096L9+59LFrXvHzmBP7A+/wBqHyQTw==</latexit>'2

<latexit sha1_base64="3EitPF9sNrRWhJZb4hrQ0on2/0Q=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF48V7Ie0IWy2m3bp7ibsboQS+iu8eFDEqz/Hm//GbZqDtj4YeLw3w8y8MOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8SaciZp2zDDaS9RFIuQ0244uZ373SeqNIvlg5km1Bd4JFnECDZWehyQMQuyoDELqjW37uZAq8QrSA0KtILq12AYk1RQaQjHWvc9NzF+hpVhhNNZZZBqmmAywSPat1RiQbWf5QfP0JlVhiiKlS1pUK7+nsiw0HoqQtspsBnrZW8u/uf1UxNd+xmTSWqoJItFUcqRidH8ezRkihLDp5Zgopi9FZExVpgYm1HFhuAtv7xKOo26d1l37y9qzZsijjKcwCmcgwdX0IQ7aEEbCAh4hld4c5Tz4rw7H4vWklPMHMMfOJ8/qSyQUA==</latexit>�2

<latexit sha1_base64="xPjBkPT/81bXgWBqWRqueEKIeEM=">AAAB8HicbVDLSsNAFL2pr1pfVZduBovgqiQ+0GXRjcsK9iFtCJPppB06MwkzE6GEfIUbF4q49XPc+TdO2yy09cCFwzn3cu89YcKZNq777ZRWVtfWN8qbla3tnd296v5BW8epIrRFYh6rbog15UzSlmGG026iKBYhp51wfDv1O09UaRbLBzNJqC/wULKIEWys9NgnIxZkwXkeVGtu3Z0BLROvIDUo0AyqX/1BTFJBpSEca93z3MT4GVaGEU7zSj/VNMFkjIe0Z6nEgmo/mx2coxOrDFAUK1vSoJn6eyLDQuuJCG2nwGakF72p+J/XS0107WdMJqmhkswXRSlHJkbT79GAKUoMn1iCiWL2VkRGWGFibEYVG4K3+PIyaZ/Vvcu6e39Ra9wUcZThCI7hFDy4ggbcQRNaQEDAM7zCm6OcF+fd+Zi3lpxi5hD+wPn8AaqxkFE=</latexit>�3

<latexit sha1_base64="d1G5i3I+dOopDXI/QIv+g5BvC+M=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ie0IWy2m3bp7ibsboQS+iu8eFDEqz/Hm//GbZqDtj4YeLw3w8y8MOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8SaciZp2zDDaS9RFIuQ0244uZ373SeqNIvlg5km1Bd4JFnECDZWehyQMQuyoDELqjW37uZAq8QrSA0KtILq12AYk1RQaQjHWvc9NzF+hpVhhNNZZZBqmmAywSPat1RiQbWf5QfP0JlVhiiKlS1pUK7+nsiw0HoqQtspsBnrZW8u/uf1UxNd+xmTSWqoJItFUcqRidH8ezRkihLDp5Zgopi9FZExVpgYm1HFhuAtv7xKOhd177Lu3jdqzZsijjKcwCmcgwdX0IQ7aEEbCAh4hld4c5Tz4rw7H4vWklPMHMMfOJ8/rDaQUg==</latexit>�4

<latexit sha1_base64="lu10O1Rzj1+pqb8zabBCWRqJXOs=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqswURZdFNy4r2ge0Q8mkmTY0k4xJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uScniDnTxnW/ncLa+sbmVnG7tLO7t39QPjxqaZkoQptEcqk6AdaUM0GbhhlOO7GiOAo4bQfj28xvT6jSTIpHM42pH+GhYCEj2FjJ70XYjAjm6cOsX+uXK27VnQOtEi8nFcjR6Je/egNJkogKQzjWuuu5sfFTrAwjnM5KvUTTGJMxHtKupQJHVPvpPPQMnVllgEKp7BMGzdXfGymOtJ5GgZ3MQuplLxP/87qJCa/9lIk4MVSQxaEw4chIlDWABkxRYvjUEkwUs1kRGWGFibE9lWwJ3vKXV0mrVvUuq+79RaV+k9dRhBM4hXPw4ArqcAcNaAKBJ3iGV3hzJs6L8+58LEYLTr5zDH/gfP4AvCCSEg==</latexit>

S2

<latexit sha1_base64="7DyvmyWbcZNmzY9vNPldGZo/nis=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKosegF29GMA9IljA76U3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqWaQoMqrnQ7IgY4k9CwzHJoJxqIiDi0otHN1G89gTZMyQc7TiAUZCBZzCixTmp27wQMSK9c8av+DHiZBDmpoBz1Xvmr21c0FSAt5cSYTuAnNsyItoxymJS6qYGE0BEZQMdRSQSYMJtdO8EnTunjWGlX0uKZ+nsiI8KYsYhcpyB2aBa9qfif10ltfBVmTCapBUnni+KUY6vw9HXcZxqo5WNHCNXM3YrpkGhCrQuo5EIIFl9eJs2zanBR9e/PK7XrPI4iOkLH6BQF6BLV0C2qowai6BE9o1f05invxXv3PuatBS+fOUR/4H3+AGCDjv8=</latexit>

⌦

<latexit sha1_base64="6A2w7+8esSdOMECDiv+MvVZvlU4=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cK/YI2lM120y7dbOLuRCihf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLEikMuu63U1hb39jcKm6Xdnb39g/Kh0ctE6ea8SaLZaw7ATVcCsWbKFDyTqI5jQLJ28H4bua3n7g2IlYNnCTcj+hQiVAwilbq9BojjrTv9csVt+rOQVaJl5MK5Kj3y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5vfOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8MbPhEpS5IotFoWpJBiT2fNkIDRnKCeWUKaFvZWwEdWUoY2oZEPwll9eJa2LqndVdR8uK7XbPI4inMApnIMH11CDe6hDExhIeIZXeHMenRfn3flYtBacfOYY/sD5/AGdeY+w</latexit>

⇥1
<latexit sha1_base64="RHj9DoR+UD0FLCp0AAhs5P1kSHo=">AAAB73icbVBNS8NAEN34WetX1aOXxSJ4KklR9Fj04rFCv6ANZbOdtEs3m7g7EUron/DiQRGv/h1v/hu3bQ7a+mDg8d4MM/OCRAqDrvvtrK1vbG5tF3aKu3v7B4elo+OWiVPNocljGetOwAxIoaCJAiV0Eg0sCiS0g/HdzG8/gTYiVg2cJOBHbKhEKDhDK3V6jREg61f7pbJbceegq8TLSZnkqPdLX71BzNMIFHLJjOl6boJ+xjQKLmFa7KUGEsbHbAhdSxWLwPjZ/N4pPbfKgIaxtqWQztXfExmLjJlEge2MGI7MsjcT//O6KYY3fiZUkiIovlgUppJiTGfP04HQwFFOLGFcC3sr5SOmGUcbUdGG4C2/vEpa1Yp3VXEfLsu12zyOAjklZ+SCeOSa1Mg9qZMm4USSZ/JK3pxH58V5dz4WrWtOPnNC/sD5/AGe/Y+x</latexit>

⇥2
<latexit sha1_base64="6hT1zpL0JLqnfV9BLfA0wCeo5nA=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RTIwkyzI7mU2GzGOZmRXCkq/w4kERr36ON//GSbIHTSxoKKq66e6KU86M9f1vr7Syura+Ud6sbG3v7O5V9w/aRmWa0BZRXOlOjA3lTNKWZZbTTqopFjGnD/HoZuo/PFFtmJL3dpzSUOCBZAkj2DrpsUeGLMqjYBJVa37dnwEtk6AgNSjQjKpfvb4imaDSEo6N6QZ+asMca8sIp5NKLzM0xWSEB7TrqMSCmjCfHTxBJ07po0RpV9Kimfp7IsfCmLGIXafAdmgWvan4n9fNbHIV5kymmaWSzBclGUdWoen3qM80JZaPHcFEM3crIkOsMbEuo4oLIVh8eZm0z+rBRd2/O681ros4ynAEx3AKAVxCA26hCS0gIOAZXuHN096L9+59zFtLXjFzCH/gff4Ap6eQTw==</latexit>�1

AdOps

<latexit sha1_base64="cgziEgfdtrWHaEOm3chkmVzvJpo=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIoseiF48VrS2koWy223bpJht2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88GpVqxltMSaU7ITVcipi3UKDknURzGoWSt8PxTe63n7g2QsUPOEl4ENFhLAaCUbSS340ojhiV2f20V625dXcGsky8gtSgQLNX/er2FUsjHiOT1BjfcxMMMqpRMMmnlW5qeELZmA65b2lMI26CbBZ5Sk6s0icDpe2LkczU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSbiJEUes/lHg1QSVCS/n/SF5gzlxBLKtLBZCRtRTRnaliq2BG/x5GXyeFb3Luru3XmtcV3UUYYjOIZT8OASGnALTWgBAwXP8ApvDjovzrvzMR8tOcXOIfyB8/kDjPqRbQ==</latexit>

S
<latexit sha1_base64="LF+HG+B+z9UyHi1x9Et9Cc7DePE=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LGoB48V7Ae0oWy2m3btZjfsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8MBHcoOd9O4WV1bX1jeJmaWt7Z3evvH/QNCrVlDWoEkq3Q2KY4JI1kKNg7UQzEoeCtcLRzdRvPTFtuJIPOE5YEJOB5BGnBK3U7N4ygaRXrnhVbwZ3mfg5qUCOeq/81e0rmsZMIhXEmI7vJRhkRCOngk1K3dSwhNARGbCOpZLEzATZ7NqJe2KVvhspbUuiO1N/T2QkNmYch7YzJjg0i95U/M/rpBhdBRmXSYpM0vmiKBUuKnf6utvnmlEUY0sI1dze6tIh0YSiDahkQ/AXX14mzbOqf1H17s8rtes8jiIcwTGcgg+XUIM7qEMDKDzCM7zCm6OcF+fd+Zi3Fpx85hD+wPn8AWHejwA=</latexit>

�

<latexit sha1_base64="mSTwgVRtwk2mJ8i52/dYse7dfdo=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWaKosuimy4r2Ae0Q8mkmTY0kxmTTKEM/Q43LhRx68e482/MtLPQ1gOBwzn3ck+OHwuujeN8o8LG5tb2TnG3tLd/cHhUPj5p6yhRlLVoJCLV9YlmgkvWMtwI1o0VI6EvWMef3Gd+Z8qU5pF8NLOYeSEZSR5wSoyVvH5IzJgSkTbmg9qgXHGqzgJ4nbg5qUCO5qD81R9GNAmZNFQQrXuuExsvJcpwKti81E80iwmdkBHrWSpJyLSXLkLP8YVVhjiIlH3S4IX6eyMlodaz0LeTWUi96mXif14vMcGtl3IZJ4ZJujwUJAKbCGcN4CFXjBoxs4RQxW1WTMdEEWpsTyVbgrv65XXSrlXd66rzcFWp3+V1FOEMzuESXLiBOjSgCS2g8ATP8ApvaIpe0Dv6WI4WUL5zCn+APn8Aq1OSBw==</latexit>

H2

<latexit sha1_base64="c+HfibovVKewSOJz+7l10e1kimI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNRDx4r2A9oQ9lsJ+3SzSbuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1Fip3b1FYWjP65UrbtWdgSwTLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCJ6VuqjGhbEQH2LFU0gi1n83unZATq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwis/4zJJDUo2XxSmgpiYTJ8nfa6QGTG2hDLF7a2EDamizNiISjYEb/HlZdI8q3oXVff+vFK7zuMowhEcwyl4cAk1uIM6NICBgGd4hTfn0Xlx3p2PeWvByWcO4Q+czx+K9o+k</latexit>

�1
<latexit sha1_base64="XQR7X0YH+SyaImQx9E361CjrIGs=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzQOSJcxOZpMx81hmZoWw5B+8eFDEq//jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTP3WE9WGKflgxwkNBR5IFjOCrZOa3Xs2ELhXrvhVfwa0TIKcVCBHvVf+6vYVSQWVlnBsTCfwExtmWFtGOJ2UuqmhCSYjPKAdRyUW1ITZ7NoJOnFKH8VKu5IWzdTfExkWxoxF5DoFtkOz6E3F/7xOauOrMGMySS2VZL4oTjmyCk1fR32mKbF87AgmmrlbERlijYl1AZVcCMHiy8ukeVYNLqr+3Xmldp3HUYQjOIZTCOASanALdWgAgUd4hld485T34r17H/PWgpfPHMIfeJ8/bLGPBw==</latexit>
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Going beyond SMEFT

SM-EFT regime: tails
• If the New Physics is very heavy the strategy is to look for di-lepton pair at high-pT

Flavour at High-pT (theory) -  Admir Greljo, Johannes Gutenberg-Universität Mainz
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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 → !+!− 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 ′!!), 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 → s!+!− 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 → !+!−
39

(! = 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 → !+!− and use the limits obtained in this way 47

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

recent b → s!! 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 → !+!− 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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• Dilepton tails at high-pT
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• CC anomalies 

• SU(2) Flavour 
assumption, bb 
is Vcb enhanced

Flavour at High-pT (theory) -  Admir Greljo, Johannes Gutenberg-Universität Mainz
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SM EFT limits
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3. operators containing flavour-blind contractions of the light fields have vanishing Wil-

son coefficients.

We first discuss the consequences of these hypotheses on the structure of the relevant effec-

tive operators and then proceed analysing the experimental constraints on their couplings.

2.1 The effective Lagrangian

According to the first hypothesis listed above, we consider the following effective Lagrangian

at a scale Λ above the electroweak scale

Leff = LSM− 1

v2
λq
ijλ

!
αβ

[
CT (Q̄i

Lγµσ
aQj

L)(L̄
α
Lγ

µσaLβ
L) + CS (Q̄i

LγµQ
j
L)(L̄

α
Lγ

µLβ
L)
]
, (2.1)

where v ≈ 246GeV. For simplicity, the definition of the EFT cutoff scale and the nor-

malisation of the two operators is reabsorbed in the flavour-blind adimensional coefficients

CS and CT .

The flavour structure in eq. (2.1) is contained in the Hermitian matrices λq
ij , λ

!
αβ and

follows from the assumed U(2)q × U(2)! flavour symmetry and its breaking. The flavour

symmetry is defined as follows: the first two generations of left-handed quarks and leptons

transform as doublets under the corresponding U(2) groups, while the third generation

and all the right-handed fermions are singlets. Motivated by the observed pattern of the

quark Yukawa couplings (both mass eigenvalues and mixing matrix), it is further assumed

that the leading breaking terms of this flavour symmetry are two spurion doublets, Vq and

V!, that give rise to the mixing between the third generation and the other two [31, 32].

The normalisation of Vq is conventionally chosen to be Vq ≡ (V ∗
td, V

∗
ts), where Vji denote

the elements of the Cabibbo-Kobayashi-Maskawa (CKM) matrix. In the lepton sector we

assume V! ≡ (0, V ∗
τµ) with |Vτµ| % 1. We adopt as reference flavour basis the down-

type quark and charged-lepton mass eigenstate basis, where the SU(2)L structure of the

left-handed fields is

Qi
L =

(
V ∗
jiu

j
L

diL

)
, Lα

L =

(
ναL
%αL

)
. (2.2)

A detailed discussion about the most general flavour structure of the semi-leptonic

operators compatible with the U(2)q×U(2)! flavour symmetry and the assumed symmetry-

breaking terms is presented in appendix A. The main points can be summarised as follows:

1. The factorised flavour structure in eq. (2.1) is not the most general one; however,

it is general enough given that the available data are sensitive only to the flavour-

breaking couplings λq
sb and λ!

µµ (and, to a minor extent, also to λ!
τµ). By construction,

λq
bb = λ!

ττ = 1.

2. The choice of basis in eq. (2.2) to define the U(2)q ×U(2)! singlets (i.e. to define the

“third generation” dominantly coupled to NP) is arbitrary. This ambiguity reflects

itself in the values of λq
sb, λ

!
µµ, and λ!

τµ, that, in absence of a specific basis alignment,

are expected to be

λq
sb = O(|Vcb|) , λ!

τµ = O(|Vτµ|) , λ!
µµ = O(|Vτµ|2) . (2.3)
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• NC anomalies [1704.09015,180511402]
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Figure 1: Representative Feynman diagrams for a decay of a B+ meson to a K+ meson
in association with two leptons in the SM (upper) and in the EFT described in the text
(bottom). Only muons are considered for the decay within the EFT approach.
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Figure 2: A representative Feynman diagram for a production of one b-jet in association
with two muons within the EFT approach.

where CUµ
ij and CDµ

ij are matrices that carry the flavour structure of the operators. For
the off-diagonal elements only the b� s admixtures are considered, since those are the ones
related to the observed anomalies. The matrices take the form:

CUµ
ij =

0

B@
Cuµ 0 0

0 Ccµ 0

0 0 Ctµ

1

CA , CDµ
ij

0

B@
Cdµ 0 0

0 Csµ C⇤
bsµ

0 Cbsµ Ctµ

1

CA (2.2)

The generality of eq. 2.1 stems from the fact that it can be accommadated by a plethora
of new physics scenarios. A comprehensive EFT analysis including the operators in eq. 2.1
was recently performed in the context of B-meson decays in [35]. The Wilson coefficients
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No sensitivity at HL-LHC if 
it is present only

1

(30 TeV)2
(b�s) (µ�µ)
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• There are no studies 
at 27 TeV!

• Response to 750 GeV excess shows the way:

New particle added to SM + effective operators

• Expand the SM particle 
content by new degrees 
of freedom

• Expand Lagrangian 
consistently by effective 
interactions

! ?
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Automation progressed tremendously in recent years

• CoDEx:

• MatchingTools:

• STrEAM:

• Matchmakereft:

• SuperTracer:

[Das Bakshi, 
Chakrabortty, 

Patra ’18]

[Criado ’17]

[Cohen, Lu, 
Zhang ’20]

[Carmona, Lazopoulos, 
Olgoso, Santiago ’21]

[Fuentes-Martin 
et al. ’20]

Calcs EFT operators, up to 1 loop, 
automatically integrating out BSM fields,

RGE evolution

Python package, Integrates out heavy degrees up 
to tree level, removes oper. redundancies

Mathematica package to calculate functional 
supertraces to match UV model onto EFT.

Mathematica package to calculate 
functional supertraces to match UV 
model onto EFT up to 1 loop.

fully automated tool to compute the tree-level 
and one-loop matching of arbitrary models onto 
arbitrary effective theories 
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Classification

• Benefits of exclusive phase 
space and novel 
reconstruction methods often 
neglected in studies, see eg. 
‘Input to European Strategy’

• Many new methods to improve signal/background discrimination:

➡ (Quantum) Machine Learning methods

➡ Matrix Element Methods:  
       HYTREES, Shower/Event Deconstruction etc

[De Blas, Cepeda, D’Hondt, Ellis, 
Grojean, Heinemann, Maltoni, Nisati, 

Petit, Rattazzi, Verkerke ’19]



Energy <-> Precision

LHC can match LEP accuracy in high E regime

[Farina et al ’16] 

• at high goldstone equivalence allows to 
test Higgs dynamics

Higgs dynamics at high energies

• Interference between the SM and new-physics (at dim-6 level) only at longitudinal 

growth at high energy
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• Boosted Higgs (H->bb)Z analysis

[Franceschini 
et al ’17]

[Banerjee, Englert, 
Gupta, MS ’18]

300 ifb (light)
3000 ifb (dark)

7

Discussion

Considering only the SM-BSM interference term, we
find the per-mille level bounds,

g
h

Zp 2 [�0.003, 0.003] (300 fb�1)

g
h

Zp 2 [�0.001, 0.001] (3000 fb�1). (11)

Using Eq. (10) the above bounds can be translated to
a lower bound on the scale of new physics given by 2.4
TeV (4.4 TeV) at 300 fb�1 (3000 fb�1). One can now
compare the above projections with existing LEP bounds
by turning on the LEP observables contributing to g

h

Zp in
Eq. (8) one by one. This is equivalent to assuming that
there are no large cancellations in Eq. (8) so that each
individual term is bounded by Eq. (11). The results are
shown in Tab. IV. We see that our projections are much
stronger than the LEP bounds for the TGCs �g

Z

1 and
�� and comparable in the case of the Z-pole observables
�g

Z

f
, that parametrize the deviations of the Z coupling

to quarks.
For the universal case, the EFT directions presented in

Table II can be visualized in the ��� Ŝ vs. �gZ1 plane as
shown in Fig. 2 for the interesting class of models where
W = Y = 0 [18]. The flat direction related to the pp !

FIG. 2: We show in light blue (dark blue) the projection
for the allowed region with 300 fb�1 (3 ab�1) data from the
pp ! Zh process for universal models in the �� � Ŝ vs �g

Z

1

plane. The allowed region after LEP bounds are imposed is
shown in grey. The pink (dark pink) region corresponds to the
projection from the WZ process with 300 fb�1 (3 ab�1) data
derived in Ref. [18] and the purple (green) region shows the
region that survives after our projection from the Zh process
is combined with the above WZ projections with 300 fb�1 (3
ab�1) data.

Zh interference term, i.e., gh
Zp = 0, Eq. (7), is shown by

the dashed blue line, where the direction g
h

Zp is now given
by the second line of Eq. (8). The grey shaded area shows
the allowed region after the LEP II bounds [53] from the
e
+
e
�

! W
+
W

� process are imposed. The results of
this work are shown in blue (light (dark) blue for results
at 300 (3000) fb�1). To understand the shape of the
blue bands, note that along the dashed line, the SM-BSM
interference term vanishes. If the interference was the
only dominant e↵ect, the projected allowed region would
be a band along this direction. The BSM squared term
thus plays a role in determining the shape of the blue
region. To the left of the dashed blue line, the squared
and the interference terms have the same sign while there
is a partial cancellation between these two terms on the
right hand side of the dashed line. This results in the
curvature of the blue band with stronger bounds to the
left of the dashed line and weaker bounds to its right.
We see that, as we move further from the origin, the

e↵ect of the squared term becomes more pronounced.
This is expected, as along the dashed line, the interfer-
ence term is accidentally zero, even for energies below
the cut-o↵, and thus, the parametrically sub-dominant
squared term is larger. To achieve a partial cancellation
between these two terms one needs to deviate more and
more from the dashed line. While EFT validity has been
carefully imposed to derive our bounds, the fact that the
interference term vanishes along the flat direction and
the squared term becomes important, does imply that for
weakly coupled UV completions our bounds are suscep-
tible to O(1) dimension 8 deformations in this direction.
In the orthogonal direction shown by the dotted line, on
the other hand, our projections are more robust and not
sensitive to such e↵ects.
As we have emphasized already, V V production con-

strains the same set of operators as the V h production.
In Fig. 2, we also show the projected bound from the
WZ process at 300 fb�1 obtained in Ref. [18]. When
both these bounds are combined, only the purple region
remains. At 3000 fb�1, this region shrinks further to
the green region shown in Fig. 2. Thus, we see a dras-
tic reduction in the allowed LEP region is possible by
investigating pp ! Zh at high energies.

Conclusions

As hints for new physics beyond the SM remain elusive
with the LHC entering a new energy territory, model-
independent approaches based on the assumption of no
additional light propagating degrees of freedom are gain-
ing ground. The power of e↵ective field theory is that the-
oretical correlations between independent measurements
can be exploited to formulate tight constraints on the
presence of new physics, solely based on the SM symme-
tries and matter content.

WZ production

HZ / HW production

22    PHENO 2022                 Pittsburgh      Michael Spannowsky            11.05.2022                  



Global fit including differential distributions

2

narrow width approximation calculations,

�(pp! H ! X) = �(pp! H)BR(H ! X) . (2)

Therefore, we can divide the simulation of the underlying
dimension six phenomenology into production and decay

of the Higgs boson. We discuss our approach to these
parts in the following.

We consider the set of operators known as the strongly-
interacting light Higgs basis in bar convention (for details
see Refs. [9, 11, 42, 43])

LSILH =
c̄H
2v2

@µ
�
H†H

�
@µ

�
H†H

�
+

c̄T
2v2

⇣
H† !DµH

⌘⇣
H† !D µH

⌘
�

c̄6�

v2
�
H†H

�3

+
⇣ c̄u,iyu,i

v2
H†Hū(i)

L Hcu(i)
R + h.c.

⌘
+
⇣ c̄d,iyd,i

v2
H†Hd̄(i)L Hd(i)R + h.c.

⌘

+
ic̄W g

2m2

W

⇣
H†�i !DµH

⌘
(D⌫Wµ⌫)

i +
ic̄Bg0

2m2

W

⇣
H† !DµH

⌘
(@⌫Bµ⌫)

+
ic̄HW g

m2

W

(DµH)†�i(D⌫H)W i
µ⌫ +

ic̄HBg0

m2

W

(DµH)†(D⌫H)Bµ⌫

+
c̄�g0

2

m2

W

H†HBµ⌫B
µ⌫ +

c̄gg2S
m2

W

H†HGa
µ⌫G

aµ⌫ .

(3)

In particular we assume flavour-diagonal dimension six
e↵ects and in order to directly reflect the oblique cor-
rection subset of LEP measurements of S, T we decrease
the number of degrees of freedom in the fit by identifying
(see also [9, 11, 21, 44])

c̄T = 0 , c̄W + c̄B = 0 . (4)

We do not include anomalous triple gauge vertices to our
fit [21].

A. Higgs Production and Decay

We rely on eHdecay to include the correct Higgs
branching ratios in the dimension six extended Standard
Model [45]. We sample a broad range of dimension six
parameter choices and interpolate them using the Pro-

fessor method detailed in the appendix A. This also
allows us to identify already at this stage a “meaningful”
Wilson coe�cient range with a positive-definite Higgs de-
cay phenomenology.

We find an excellent interpolation of the eHdecay out-
put (independent of the interpolated sample’s size and
choice) and we typically obtain per mille-level accuracy
of the Higgs partial decay widths and branching ratios,
which is precise enough for the limits we can set. Inter-
polation using Professor is key to performing the fit in
the high dimensional space of operators and observables
in a very fast and accurate way.

For the production we rely on an implementation of
dimension six operators analogous to [46], which we have
cross checked and introduced in [47]. The Monte-Carlo
integration of the Higgs production processes is per-
formed with a modified version ofVbfnlo [48] that inter-

faces FeynArts, FormCalc, and LoopTools [49, 50]
using a model file output by FeynRules [51–53] and we
only consider “genuine” dimension six e↵ects that arise
from the interference of the dimension six amplitude with
the SM. Writing

M = MSM +Md=6 , (5)

we obtain a squared matrix element of the form

|M|
2 = |MSM|

2 + 2Re{MSMM
⇤
d=6

}+O(1/⇤4) , (6)

and we consistently neglect the dimension eight contribu-
tions that arise from squaring the dimension six e↵ects.
Similar to higher order electroweak or QCD calculations,
the di↵erential cross sections are not necessarily positive
definite in this expansion, but negative bin entries pro-
vide a means to judge the validity of the Wilson coe�-
cient and the dimension six approach in general.
For parameter choices close to the SM, including

|Md=6|
2 is typically not an issue and the parameters c2i

are often numerically negligible for inclusive observables
such as signal strengths. However, to obtain an inclusive
measurement, we marginalise over a broad range of ener-
gies at the LHC and a positive theoretical cross section
might be misleading as momentum dependencies of some
dimension six operators violate a naive scaling c2i < ci in
the tails of momentum-dependent distributions. For this
reason, we choose to calculate cross sections to the exact
order ⇠ 1/⇤2 and later reject Wilson coe�cient choices
that lead to a negative di↵erential cross section for in-
tegrated bins of a given LHC setting when this part of
the phase space is resolved; such negative cross sections
signal bigger contributions of the d = 6 terms than we
expect in the SM, and we cannot justify limiting our anal-
ysis to dimension six operators if new physics becomes as
important as the SM in observable phase space regions.
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Focus on linear contribution 
of EFT for theory prediction:

Wilson coefficients can be (over) constraint in many decay and production 
processes:

Decays:

Production:
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We assume that production and decay factorise to good approximation

4

and the luminosity L of the particular analysis:

Nth = �(H +X)⇥ BR(H ! Y Y )

⇥ L⇥ BR(X,Y ! final state) (7)

This number is then multiplied by the e�ciency to mea-
sure the production channel ✏p and the e�ciency to mea-
sure the decay products ✏d, to obtain the measured num-
ber of events

Nev = ✏p✏dNth. (8)

For the e�ciency to reconstruct a specific final state, we
rely on experimental results from run 1, where avail-
able. The e�ciencies used are ✏p,tt̄h = 0.10 [68–71],
✏p,ZH = 0.12, ✏p,WH = 0.04, ✏p,VBF = 0.30 [4, 72–74].
We assume a value of ✏p,H+j = 0.5 [75] (see also [76])
where no experimental results targeting this production
mode are available so far. In order to simplify the as-
sumptions and the background estimates, we consider
only leptonic channels for the V H and tt̄H production
modes. Here only final states with electrons and muons
are used. These are however allowed to originate from
⌧ -decays. In case of the gluon fusion production mode,
analyses targeting di↵erent final states have di↵erent re-
construction e�ciencies. We use the following e�ciencies
for the process pp ! H: ✏p,GF = 0.4 for H ! �� [72, 74],
✏p,GF = 0.01 for H ! ⌧+⌧� [77, 78], ✏p,GF = 0.25 for
H ! 4l [4, 79], ✏p,GF = 0.10 for H ! 2l2⌫ [80, 81],
✏p,GF = 0.10 for H ! Z� [82, 83], and ✏p,GF = 0.50 for
H ! µµ [84, 85]. The H ! bb̄ decay is not considered for
the gluon fusion production mode. Taking a conservative
approach we assume the same reconstruction e�ciencies
for measurements at 14 TeV, independent of the Higgs
transverse momentum.

In the reconstruction of the Higgs boson we include
reconstruction and identification e�ciencies of the final
state objects:

H ! bb̄: We assume a flat b-tagging e�ciency of 60%,
i.e. ✏d,bb̄ = 0.36.

H ! ��: For the identification and reconstruction of iso-
lated photons we assume respectively an e�ciency
of 85%. Hence, we find ✏d,�� ' 0.72.

H ! ⌧+⌧�: We consider ⌧ -decays into hadrons
(BRhad = 0.648) or leptons, i.e. an electron
(BRe = 0.178) or muon (BRµ = 0.174). For the
reconstruction e�ciency of the hadronic ⌧ we
assume a value of 50% and for the electron and
muon we use 95%. Thus, the total reconstruction
e�ciency is ✏d,⌧⌧ ' 0.433.

H ! ZZ⇤
! 4l: We consider Z decays into electrons

and muons only, also taking into account ⌧ decays
into lighter leptons. For each lepton we assume a
reconstruction e�ciency of 95%, which gives a total
reconstruction e�ciency of ✏d,4l ' 0.815.

production process decay process

pp ! H 10 H ! bb̄ 25
pp ! H + j 30 H ! �� 20
pp ! H + 2j 100 H ! ⌧

+
⌧
� 15

pp ! HZ 10 H ! 4l 20
pp ! HW 50 H ! 2l2⌫ 15
pp ! tt̄H 30 H ! Z� 150

H ! µ
+
µ
� 150

TABLE II: Relative statistical uncertainties for each produc-
tion and decay channel in %.

H ! WW ⇤
! 2l2⌫: Only lepton decays into electrons

and muons are considered and for each visible lep-
ton we include a 95% reconstruction e�ciency, i.e.
✏d,2l2⌫ = 0.9025

H ! Z�: Again, we include separately an 85% identi-
fication and reconstruction e�ciency for isolated
photons and a 95% reconstruction e�ciency for
each electron and muon. As a result we find
✏d,Z� ' 0.767.

H ! µ+µ�: Each muon is assumed to have a reconstruc-
tion e�ciency of 95%, resulting in ✏d,µµ = 0.9025.

Owing to the di↵erent selections made in the various
experimental analyses, each channel has a unique back-
ground composition, resulting in di↵erent additional sta-
tistical uncertainties on the measurements. We approx-
imate those by adding uncertainties from the produc-
tion and decay channels in quadrature. The uncertainties
used are given in Tab. II.
Beyond identification and reconstruction e�ciencies

for production channels and Higgs decays, each channel
is plagued by individual experimental systematic uncer-
tainties. For the individual channels studied at a center-
of-mass energy of 8 TeV, we adopt flat systematic uncer-
tainties as published by the experiments [3, 4, 68, 72, 74,
77–88], see Tab. III. In channels where no measurement
has been performed or no information is publicly avail-
able, e.g. pp ! H+2j, H ! Z�, we choose a conservative
estimate of systematic uncertainties of 100%. In addition
to the uncertainties listed in Tab. III, we include a sys-
tematic uncertainty of 30% for the H ! 2l2⌫ channel for
di↵erential cross sections. This uncertainty is due to the
inability of reconstructing the Higgs transverse momen-
tum accurately.
During future runs, systematic uncertainties are likely

to improve with the integrated luminosity. Hence for
our results at 14 TeV we use the 8 TeV uncertainties
as a starting point, as displayed in Tab. III, and rescale
them by

p
L8/L14 for a given integrated luminosity at

14 TeV L14. This results in a reduction of statistical
and systematic uncertainties by a factor of about 0.3 for
L14 = 300 fb�1 and about 0.1 for L14 = 3000 fb�1.
We only consider measurements with more than 5 sig-

nal events after the application of all e�ciencies and a
total uncertainty smaller than 100%. The pseudo-data
are constructed using the SM hypothesis, i.e. all Wil-

Number of predicted events:

Each channel has own prod. and decay efficiencies:

4
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used are given in Tab. II.
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for production channels and Higgs decays, each channel
is plagued by individual experimental systematic uncer-
tainties. For the individual channels studied at a center-
of-mass energy of 8 TeV, we adopt flat systematic uncer-
tainties as published by the experiments [3, 4, 68, 72, 74,
77–88], see Tab. III. In channels where no measurement
has been performed or no information is publicly avail-
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to the uncertainties listed in Tab. III, we include a sys-
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to improve with the integrated luminosity. Hence for
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them by
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14 TeV L14. This results in a reduction of statistical
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We only consider measurements with more than 5 sig-

nal events after the application of all e�ciencies and a
total uncertainty smaller than 100%. The pseudo-data
are constructed using the SM hypothesis, i.e. all Wil-

signal strength:
36 indep. meas. (300 ifb)
46 indep. meas. (3000 ifb)
differential:
88 indep. meas. (300 ifb)
123 indep. meas. (3000 ifb)

[Englert, Kogler, Schulz, MS ‘15]

23    PHENO 2022                 Pittsburgh      Michael Spannowsky            11.05.2022                  



Coefficients multiplied by 10

1

gc
20− 0 20

6−10×

d3c

40−

20−

0

20

40

3−10×

gc
20− 0 20

6−10×

d3c

40−

20−

0

20

40

3−10×

γc
0.4− 0.2− 0 0.2 0.4

3−10×

d3c

40−

20−

0

20

40

3−10×

Hc
40− 20− 0 20 40

3−10×

d3c

40−

20−

0

20

40

3−10×

Wc
10− 5− 0 5 10

3−10×

d3c

40−

20−

0

20

40

3−10×

HWc
10− 0 10

3−10×

d3c

40−

20−

0

20

40

3−10×

HBc
10− 0 10

3−10×

d3c

40−

20−

0

20

40

3−10×

u3c
40− 20− 0 20

3−10×

d3c

40−

20−

0

20

40

3−10×

gc
20− 0 20

6−10×

u3c

40−

20−

0

20

3−10×

gc
20− 0 20

6−10×

u3c

40−

20−

0

20

3−10×

γc
0.4− 0.2− 0 0.2 0.4

3−10×

u3c

40−

20−

0

20

3−10×

Hc
40− 20− 0 20 40

3−10×

u3c

40−

20−

0

20

3−10×

Wc
10− 5− 0 5 10

3−10×

u3c

40−

20−

0

20

3−10×

HWc
10− 0 10

3−10×

u3c

40−

20−

0

20

3−10×

HBc
10− 0 10

3−10×

u3c

40−

20−

0

20

3−10×

u3c
40− 20− 0 20

3−10×

d3c

40−

20−

0

20

40

3−10×

gc
20− 0 20

6−10×

H
B

c

10−

0

10

3−10×

gc
20− 0 20

6−10×

H
B

c

10−

0

10

3−10×

γc
0.4− 0.2− 0 0.2 0.4

3−10×

H
B

c

10−

0

10

3−10×

Hc
40− 20− 0 20 40

3−10×

H
B

c
10−

0

10

3−10×

Wc
10− 5− 0 5 10

3−10×

H
B

c

10−

0

10

3−10×

HWc
10− 0 10

3−10×

H
B

c

10−

0

10

3−10×

HBc
10− 0 10

3−10×

u3c

40−

20−

0

20

3−10×

gc
20− 0 20

6−10×

H
W

c

10−

0

10

3−10×

gc
20− 0 20

6−10×

H
W

c

10−

0

10

3−10×

γc
0.4− 0.2− 0 0.2 0.4

3−10×

H
W

c

10−

0

10

3−10×

Hc
40− 20− 0 20 40

3−10×

H
W

c

10−

0

10

3−10×

Wc
10− 5− 0 5 10

3−10×

H
W

c
10−

0

10

3−10×

HWc
10− 0 10

3−10×

H
B

c

10−

0

10

3−10×

gc
20− 0 20

6−10×

Wc

10−

5−

0

5

10
3−10×

gc
20− 0 20

6−10×

Wc

10−

5−

0

5

10
3−10×

γc
0.4− 0.2− 0 0.2 0.4

3−10×

Wc

10−

5−

0

5

10
3−10×

Hc
40− 20− 0 20 40

3−10×

Wc

10−

5−

0

5

10
3−10×

Wc
10− 5− 0 5 10

3−10×

H
W

c
10−

0

10

3−10×

gc
20− 0 20

6−10×

Hc

40−

20−

0

20

40

3−10×

gc
20− 0 20

6−10×

Hc

40−

20−

0

20

40

3−10×

γc
0.4− 0.2− 0 0.2 0.4

3−10×

Hc

40−

20−

0

20

40

3−10×

Hc
40− 20− 0 20 40

3−10×

Wc

10−

5−

0

5

10
3−10×

gc
0.02− 0 0.02

3−10×

γc

0.2−

0

0.2

3−10×

gc
20− 0 20

6−10×

γc

0.4−

0.2−

0

0.2

0.4
3−10×

γc
0.2− 0 0.2

3−10×

Hc

0.04−

0.02−

0

0.02

0.04

gc
0.02− 0 0.02

3−10×

γc

0.2−

0

0.2

3−10×

3

Grey: signal strength only

Orange: differential distributions
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at 14 TeV and 3000 ifb

Parametrisation of cross sections with 
Professor and fit using Gfitter
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Including sensitivity on theoretical uncertainties 
see [Englert, Kogler, Schulz, MS ’18]
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sensitivity scales much better than  

M(eLēR ! tLt̄R) = C1(1 + cos ✓) (23)

M(eLēR ! tRt̄L) = C2(1� cos ✓) (24)

M(eLēR ! tRt̄L) = C3 sin ✓ (25)

M(eLēR ! tRt̄L) = C4 sin ✓ (26)

p
L (27)

2

at HL-LHC

Grey: signal strength only

Orange: differential distributions
at 14 TeV and 3000 ifb

66% CL (dark), 95% CL (middle), 99% CL (light)

2

II. FRAMEWORK AND ASSUMPTIONS

We perform a global fit within a well defined Higgs
boson EFT framework assuming SM gauge and global
symmetries and a SM field content. We focus on the
phenomenology of the Higgs boson that can be cast into
narrow width approximation calculations,

�(pp! H ! X) = �(pp! H)BR(H ! X) . (2)

Therefore, we can divide the simulation of the underlying
dimension six phenomenology into production and decay
of the Higgs boson. We discuss our approach to these
parts in the following.

We consider the set of operators known as the strongly-
interacting light Higgs Lagrangian in bar convention (for
details see Refs. [9, 11, 46, 47])

LSILH =
c̄H
2v2

@µ
�
H†H

�
@µ

�
H†H

�
+

c̄T
2v2

⇣
H† !DµH

⌘⇣
H† !D µH

⌘
�

c̄6�

v2
�
H†H

�3

+
⇣ c̄u,iyu,i

v2
H†Hū(i)

L Hcu(i)
R + h.c.

⌘
+
⇣ c̄d,iyd,i

v2
H†Hd̄(i)L Hd(i)R + h.c.

⌘

+
ic̄W g

2m2

W

⇣
H†�i !DµH

⌘
(D⌫Wµ⌫)

i +
ic̄Bg0

2m2

W

⇣
H† !DµH

⌘
(@⌫Bµ⌫)

+
ic̄HW g

m2

W

(DµH)†�i(D⌫H)W i
µ⌫ +

ic̄HBg0

m2

W

(DµH)†(D⌫H)Bµ⌫

+
c̄�g0

2

m2

W

H†HBµ⌫B
µ⌫ +

c̄gg2S
m2

W

H†HGa
µ⌫G

aµ⌫ .

(3)

While this basis is not complete [40, 47], it is su�cient
for the purposes of this paper. In particular we assume
flavour-diagonal dimension six e↵ects and in order to di-
rectly reflect the oblique correction subset of LEP mea-
surements of S, T we decrease the number of degrees of
freedom in the fit by identifying (see also [9, 11, 24, 48])

c̄T = 0 , c̄W + c̄B = 0 . (4)

We do not include anomalous triple gauge vertices to our
fit [24, 49–51].

A. Higgs Production and Decay

To simulate the Higgs boson phenomenology, we em-
ploy the narrow width approximation

�d=6(pp! H ! X)

= �(pp! H, {ci})BR(H ! X, {ci}) (5)

where we linearise both parts in the Wilson coe�cients.
This factorisation is motivated from being able to extract
the Higgs as the pole of the full amplitude, which is pos-
sible to all orders of perturbation theory [52]. We detail
the production and decay parts in the following.

Production

For the production we rely on an implementation of
dimension six operators analogous to [53], which we have

cross checked and introduced in [54]. The Monte-Carlo
integration of the Higgs production processes is per-
formed with a modified version ofVbfnlo [55] that inter-
faces FeynArts, FormCalc, and LoopTools [56, 57]
using a model file output by FeynRules [58–60] and we
only consider “genuine” dimension six e↵ects that arise
from the interference of the dimension six amplitude with
the SM. Writing

M = MSM +Md=6 , (6)

we obtain a squared matrix element of the form

|M|
2 = |MSM|

2 + 2Re{MSMM
⇤
d=6

}+O(1/⇤4) , (7)

and we consistently neglect the dimension eight contribu-
tions that arise from squaring the dimension six e↵ects.
Similar to higher order electroweak or QCD calculations,
the di↵erential cross sections are not necessarily positive
definite in this expansion, but negative bin entries pro-
vide a means to judge the validity of the Wilson coe�-
cient and the dimension six approach in general.

For parameter choices close to the SM, including
|Md=6|

2 is typically not an issue and the parameters
c2i are often numerically negligible for inclusive observ-
ables such as signal strengths. However, to obtain an in-
clusive measurement, we marginalise over a broad range
of energies at the LHC and a positive theoretical cross
section might be misleading as momentum dependen-
cies of some dimension six operators violate a naive
scaling ciE2/⇤2 < c2iE

4/⇤4 in the tails of momentum-
dependent distributions, where E denotes the respec-
tive and process-relevant energy scale. For this reason,
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Due to access to exclusive phase space regions

Operators 
affect tails of 
distribution 
differently
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Weiler ’14] [Plehn, Rainwater, Zeppenfeld ’01]

[Moretti, Petrov, Pozzorini, MS ’15]
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?UP

US Snowmass Process 2022

Many low-energy 
precision experiments

High-energy collider 
flagship experimentvs



• Coming LHC runs will provide tremendous improvement for 
searches in exclusive phase space regions (beyond      )

• Need strong support for high-energy collider 
flagship experiment

• However, new analysis strategies need to be pushed to 
make most of LHC data

Summary
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M(eLēR ! tLt̄R) = C1(1 + cos ✓) (23)

M(eLēR ! tRt̄L) = C2(1� cos ✓) (24)

M(eLēR ! tRt̄L) = C3 sin ✓ (25)

M(eLēR ! tRt̄L) = C4 sin ✓ (26)

p
L (27)

2

will be more exciting than expected

benefit currently still under appreciated


