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Motivation

Purpose of this talk
I Fill holes in documentation of common ntuples
I Give instructions to reproduce jet types

Not the purpose of this talk
I Comment on validity of methods
I Give advice on which jet type to use

Source: Original Fortran code
I Phantom1, Orange2

I Control card for v08b ntuples3

I Especially: <orange>/jets/ora_jets.fpp, <phantom>/Jets/ktclus/

1 /afs/desy.de/group/zeus.zsmsm/ZEUSSysSoft/Released/zeus/ZeusUtil/phantom/v2013a/src/
2 /afs/desy.de/group/zeus.zsmsm/ZEUSSysSoft/Released/zeus/Programs/orange/v2013a/src/
3 https://www-zeus.desy.de/ZEUS_ONLY/analysis/comntp/cards/v08b/control.cards.Data.0607p
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Motivation

State of jets in the common ntuples
I Common ntuples contain 21 different kinds of k⊥ jets
I Nine of which where added in v08 and are so far undocumented1

Why these have to be reproduced
I Changing input particles requires rerunning of jet clustering procedure
I Using different parameters for jet clustering
I Evaluation of systematic uncertainties

1 They also render any previous documentation obsolete, as already existing jet types where renamed.
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The k⊥ algorithm
Overview

Preparation
Define the following (examples on next slide):
I d1(p): A function which measures the distance of a particle to the beam pipe.
I d2(p, p′): A function which measures the distance of two particles.
I A method to combine to particles into one.

Clustering 1

I Start with a list of input particles.
I Evaluate d1(p) for every particles and d2(p, p′) for every pair of particles.
I Find smallest value in {d1(p), d2(p′, p)}

I If smallest value is d1(pi): Call particle i a jet and remove it from list of inputs.
I If smallest value is d2(pi , pj): Combine particles i and j .

I Repeat until no more input particles are left.

1 S. Catani, Yu. L. Dokshitzer, M. H. Seymour, B. R. Webber. Longitudinally-invariant k⊥-clustering
algorithms for hadron-hadron collisions. Nucl. Phy. B 406 (1993). DOI: 10.1016/0550-3213(93)90166-m
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The k⊥ algorithm
Examples: Distance functions

Most common choice for d1, d2

d1(p) = p2
⊥ · R 2

d2(p, p′) = min
(

p2
⊥, p

′
⊥

2
)(

(y − y ′)2 + (φ−1 φ′)2
)

I R 2 is a constant input parameter (usually 1 for DIS)
I Literature often incorrectly uses pseudorapidity η instead of rapidity y2

A note on notation
Definitions at ZEUS:

~p⊥ =

px

py

0


p⊥ = |~p⊥| = |~p| sin θ

E⊥ = E · |
~p⊥|
|~p|

= E sin θ

Definition in some papers:2

E⊥ = |~p⊥|

I Equivalent for massless jets
I Distinction important for massive jets

1 Pay attention to periodicity of φ.
2 S. D. Ellis, D. E. Soper. Successive combination jet algorithm for hadron collisions. Phys. Rev. D 48

(1993). DOI: 10.1103/physrevd.48.3160
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The k⊥ algorithm
Examples: Recombination schemes

E scheme Weighted p⊥ scheme


px

py

pz

E


new

=


px

py

pz

E


1

+


px

py

pz

E


2

p⊥,new = p⊥,1 + p⊥,2

ηnew =
η1p⊥,1 + η2p⊥,2

p⊥,new

φnew =
φ1p⊥,1 +1 φ2p⊥,2

p⊥,new
px

py

pz

E


new

=


p⊥ cosφ
p⊥ sinφ
p⊥ sinh η
p⊥ cosh η


new

→ Reconstructed jets will be massive → Reconstructed jets will be massless

⇒ Sample implementation of k⊥ algorithm in appendix 1

1 Pay attention to periodicity of φ. Use φnew = φ1 + p⊥,2/p⊥,newf (φ2 − φ1), where |f (x)| ≤ π.
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Breit reference frame
Properties

I Single jets may arise purely from QED, which is uninteresting for studies of QCD
I In the Breit frame such events are suppressed, as the jet will be scattered on the

‘beam pipe’ (z axis/photon axis)
I Also convenient from theoretical point of view, as it has useful properties related to

factorization

QED jet

e±

q jet

z

QCD jets

e±

jet jet

q
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Breit reference frame
Definition

Definition
I Exchanged photon is purely space-like:

qµ =


px

py

pz

E

 =


0
0
−Q
0


I Exchanged photon collides head-on

with incoming quark
→ incoming proton momentum:

pµ =


px

py

pz

E

 =


0
0

Q/(2x)
Q/(2x)



Two way to determine transformation
I Definition of Breit frame depends on q,

which depends on momentum of
outgoing electron

I Electron momentum may be
reconstructed from

I EL: position & energy (=̂ electron
method) or

I DA: angles (=̂ double angle
method).

⇒ Sample code for Breit frame transforma-
tion in appendix 1
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Jet types in Ntuples
Overview: ZUFO jets

Jet
type Mass Electron

rejection

Frame Cuts (lab)

Found Stored Breit
type

E⊥,min

[GeV] ηmin ηmax

A massive no Lab Lab – 2.5 -2.5 2.5
B massive Sinistra Lab Lab – 2.5 -2.5 2.5
C massive Sinistra Breit Lab EL 2.5 -2.5 2.5
D massive Sinistra Breit Breit EL 2.5 -2.5 2.5
E massless Sinistra Breit Lab EL 2.5 -2.5 4.0
F massless Sinistra Breit Lab DA 2.5 -2.5 4.0
G massless Sinistra Breit Breit EL 2.5 -2.5 4.0
H massless Sinistra Breit Breit DA 2.5 -2.5 4.0
I massless no Lab Lab – 4.0 -2.5 4.0
J massive EM Lab Lab – 2.5 -2.5 2.5
K massive EM Breit Lab EL 2.5 -2.5 2.5
L massive EM Breit Breit EL 2.5 -2.5 2.5
M massless EM Breit Lab EL 2.5 -2.5 4.0
N massless EM Breit Lab DA 2.5 -2.5 4.0
O massless EM Breit Breit EL 2.5 -2.5 4.0
P massless EM Breit Breit DA 2.5 -2.5 4.0
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Jet types in Ntuples
Overview: Cone and CAL jets

Cone island jets

Jet
type Mass Electron

rejection

Frame Cuts (lab)

Found Stored Breit
type

E⊥,min

[GeV] ηmin ηmax

Q massless no Lab Lab – 4.0 -3.0 3.0
R massless EM Lab Lab – 4.0 -3.0 3.0

Jets from CAL cells

Jet
type Mass Electron

rejection

Frame Cuts (lab)

Found Stored Breit
type

E⊥,min

[GeV] ηmin ηmax

S massless no Lab Lab – 4.0 -2.5 4.0
T massless Sinistra Breit Breit EL 2.5 -2.5 4.0
U massless Sinistra Breit Lab EL 2.5 -2.5 4.0
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Jet types in Ntuples
General notes

I Massive jet types use the E scheme, massless ones p⊥ scheme
I Cuts are always applied to E⊥ and η, even for massive jets
I Cuts are always applied in the Lab frame, even for Breit frame jets
I Jets are always sorted by their E⊥ in the Lab frame
I R 2 = 1 for all jet types
I At most 10 jets are saved per type
I ZUFOs and Cone islands are corrected for dead material, CAL cells are not; the

same is true for corresponding jets
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Input particles
ZUFOs

Massive ZUFOS:


px

py

pz

E


i

=


Zufo[i][0]
Zufo[i][1]
Zufo[i][2]
Zufo[i][3]



Massless ZUFOS:


px

py

pz

E

→


f · px

f · py

f · pz

E

 f =
E
|~p|

Electron rejection
I No electron rejection: Use all ZUFOs (without applying cuts/corrections)
I Sinistra rejection: Reject ZUFOs where tufo[i][0] in range [3000, 3041] or

[7000, 7041]
I EM rejection: Reject ZUFOs where tufo[i][0] in range [4000, 4041] or

[7000, 7041]
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Input particles
Cone islands

I Workflow for cone island jets:

ZUFO islands→ CorAndCut→ Jet finder

I Uncorrected ZUFO islands are stored in ntuples; corrected ones are not
I Corrections applied by CorAndCut

I Dead material
I Overestimation of small energies
I Super cracks

I Without reimplementing CorAndCut algorithm, cone island jets cannot be
reproduced

I Left as exercise for the reader
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Input particles
CAL cells

x
y
z


i

=

Caltru_pos[i][0]− Xvtx
Caltru_pos[i][1]− Yvtx
Caltru_pos[i][2]− Zvtx




px

py

pz

E


i

=


f · x
f · y
f · z

Caltru_e[i]

 f =
E
|~xi |

Note: CAL cell particles are always massless. Clustered jets may be massive.

Electron rejection
I No electron rejection: Use all cells (without applying cuts/corrections)
I Sinistra/EM rejection: Reject all cells which are part of cell list of a given electron

⇒ Sample code for input particle construction in appendix 1
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Results of reproduction
Control distribution: Jet type C (ZUFO jets in Lab frame)
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Results of reproduction
Control distribution: Jet type T (CAL jets in Breit frame)
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Results of reproduction
Overall results

I Almost perfect agreement for all jet types
I Mismatch1 for Lab frame jets: < 10−5

I Mismatch for Breit frame jets: ∼ 10−4

I Deviations consistent with being due to numerics
I Increased numerical fluctuation when Breit frame boosts are involved
I Mass especially affected

⇒ Control distributions for all jet types in appendix 2

1 Defined as (Number of jets missing + Number of jets too much)/(Expected number of jets)
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Summary

I Documentation for missing jet types provided
I Provided code samples for jet reconstruction (input particle selection, clustering,

boosting)
I ZUFO and CAL cell jets can be reproduced very well
I Cone island jets cannot be reproduced, because implementation of CorAndCut

algorithm is missing
I It is now possible to reconstruct jets using any combination of jet parameters (input,

mass, frame, cuts, . . . )
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Code samples

C++ code samples: (click file name to save file)

Contents:
I JetFinder: k⊥ algorithm
I BreitFrame: Breit frame transformation
I InputParticles: Construction of input particle lists
I JetReconstruction: Combines everything to recreate ntuple jets
I Not included: Reading ntuples and drawing plots
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JetReconstruction.tar




BreitFrame/BreitFrame.h


#include <vector>
#include "Math.h"

#pragma once

class BreitFrame
{
public:
    [[nodiscard]] static BreitFrame FromPosition(float Electron_E, float Electron_x, float Electron_y, float Electron_z, float Vertex_x, float Vertex_y, float Vertex_z);

    [[nodiscard]] static BreitFrame FromAngles(float Energy, float Theta, float Phi);

    void BoostToBreit(std::vector<Vec4>& particles) const
    {
        Boost(BoostMatrix, particles);
    }

    void BoostToLab(std::vector<Vec4>& particles) const
    {
        Boost(InvBoostMatrix, particles);
    }

private:
    float BoostMatrix[4][4];
    float InvBoostMatrix[4][4];

    explicit BreitFrame(const Vec4& lep_out);

    void Boost(const float mat[4][4], std::vector<Vec4>& particles) const;
};










BreitFrame/BreitFrame.cpp


#include "BreitFrame.h"
#include <cmath>


// out = mat * vec
void MatVecMul(float out[4], const float mat[4][4], const float vec[4]);

// out = A * B
void MatMatMul(float out[4][4], const float A[4][4], const float B[4][4]);

// pre-multiply mat by matrix that rotates A to B
void MatMulByRotVec(float mat[4][4], const float A[4], const float B[4]);


BreitFrame BreitFrame::FromPosition(float Electron_E, float Electron_x, float Electron_y, float Electron_z, float Vertex_x, float Vertex_y, float Vertex_z)
{
    const float x = Electron_x - Vertex_x;
    const float y = Electron_y - Vertex_y;
    const float z = Electron_z - Vertex_z;
    const float f = Electron_E / std::sqrt(x*x + y*y + z*z);

    return BreitFrame(Vec4(f * x, f * y, f * z, Electron_E));
}

BreitFrame BreitFrame::FromAngles(float Energy, float Theta, float Phi)
{
    const float p = std::sqrt(Energy*Energy - 511e-6*511e-6); // sqrt(E^2 - m^2)

    return BreitFrame(Vec4(
            p * std::sin(Theta) * std::cos(Phi),
            p * std::sin(Theta) * std::sin(Phi),
            p * std::cos(Theta),
            Energy
    ));
}

BreitFrame::BreitFrame(const Vec4& lep_out)
{
    const float pz_lep = -27.56;
    const float pz_had = 920;
    const Vec4 k(0, 0, pz_lep, std::abs(pz_lep));      // 4-momentum of incoming lepton
    const Vec4 p(0, 0, pz_had, std::abs(pz_had));      // 4-momentum of incoming hadron
    const Vec4 q = k - lep_out;                        // 4-momentum of exchanged photon
    const Vec4 CMF = p.Dot(q) * q - q.Dot(q) * p;
    float M = std::sqrt(CMF.Dot(CMF));
    float B[4] = {CMF.X(), CMF.Y(), CMF.Z(), CMF.E()};
    B[3] += M;
    M = 1 / (M * B[3]);
    B[3] *= -1;
    for(int i = 0; i < 4; i++)
    {
        for(int j = 0; j < 4; j++)
            BoostMatrix[i][j] = B[i] * B[j] * M;
        BoostMatrix[i][i] += (i == 3) ? -1 : 1;
    }

    const float NEW[4] = {0, 0, pz_had, std::abs(pz_had)};
    float OLD[4];
    MatVecMul(OLD, BoostMatrix, NEW);
    MatMulByRotVec(BoostMatrix, OLD, NEW);

    for(int i = 0; i < 4; i++)
        for(int j = 0; j < 4; j++)
            InvBoostMatrix[i][j] = BoostMatrix[j][i];
    for(int i = 0; i < 3; i++)
    {
        InvBoostMatrix[3][i] *= -1;
        InvBoostMatrix[i][3] *= -1;
    }
}

void BreitFrame::Boost(const float mat[4][4], std::vector<Vec4>& particles) const
{
    for(Vec4& p : particles)
    {
        const float coord_before[4] = {p.X(), p.Y(), p.Z(), p.E()};
        float coord_after[4];
        MatVecMul(coord_after, mat, coord_before);
        p.SetXYZT(coord_after[0], coord_after[1], coord_after[2], coord_after[3]);
    }
}

void MatVecMul(float out[4], const float mat[4][4], const float vec[4])
{
    for(int i = 0; i < 4; i++)
    {
        out[i] = 0;
        for(int j = 0; j < 4; j++)
            out[i] += mat[i][j] * vec[j];
    }
}

void MatMatMul(float out[4][4], const float A[4][4], const float B[4][4])
{
    for(int i = 0; i < 4; i++)
        for(int j = 0; j < 4; j++)
        {
            out[i][j] = 0;
            for(int k = 0; k < 4; k++)
                out[i][j] += A[i][k] * B[k][j];
        }
}

void MatMulByRotVec(float mat[4][4], const float A[4], const float B[4])
{
    constexpr float eps = 1e-5;
    const float a = 1 / std::sqrt(A[0]*A[0] + A[1]*A[1] + A[2]*A[2]);
    const float b = 1 / std::sqrt(B[0]*B[0] + B[1]*B[1] + B[2]*B[2]);
    float c = (A[0] * B[0] + A[1] * B[1] + A[2] * B[2]) * a * b;
    float C[3];
    if(c > 1 - eps)       // A and B collinear
        return;
    else if(c < eps - 1)  // A and B back-to-back
    {
        if(std::abs(B[1]) > eps)
        {
            C[0] = 0;
            C[1] = -B[2];
            C[2] = B[1];
        }
        else
        {
            C[0] = B[2];
            C[1] = 0;
            C[2] = -B[0];
        }
    }
    else                // General case
    {
        C[0] = A[1] * B[2] - A[2] * B[1];
        C[1] = A[2] * B[0] - A[0] * B[2];
        C[2] = A[0] * B[1] - A[1] * B[0];
    }
    c = 1 / std::sqrt(C[0]*C[0] + C[1]*C[1] + C[2]*C[2]);

    const float D1[3] = {
            A[1] * C[2] - A[2] * C[1],
            A[2] * C[0] - A[0] * C[2],
            A[0] * C[1] - A[1] * C[0]
    };
    const float d1 = a * c;
    const float M1[4][4] = {
            {A[0] * a,   A[1] * a,   A[2] * a,   0},
            {C[0] * c,   C[1] * c,   C[2] * c,   0},
            {D1[0] * d1, D1[1] * d1, D1[2] * d1, 0},
            {0,          0,          0,          1}
    };
    const float D2[3] = {
            B[1] * C[2] - B[2] * C[1],
            B[2] * C[0] - B[0] * C[2],
            B[0] * C[1] - B[1] * C[0]
    };
    const float d2 = b * c;
    const float M2[4][4] = {
            {B[0] * b, C[0] * c, D2[0] * d2, 0},
            {B[1] * b, C[1] * c, D2[1] * d2, 0},
            {B[2] * b, C[2] * c, D2[2] * d2, 0},
            {0,        0,        0,          1}
    };

    float tmp[4][4];
    MatMatMul(tmp, M1, mat);
    MatMatMul(mat, M2, tmp);
}










BreitFrame/main.cpp


#include <iostream>
#include "BreitFrame.h"

int main()
{
#ifndef DA
    std::cout << "Constructing Breit frame from electron position\n";
    const float
        Electron_E  = 27.826790,    // Siecorr[0][2]
        Electron_x  = 116.399239,   // Sipos[0][0]
        Electron_y  = -100.416809,  // Sipos[0][1]
        Electron_z  = -153.029999,  // Sipos[0][2]
        Vertex_x    = 1.776008,     // Xvtx
        Vertex_y    = 0.254880,     // Yvtx
        Vertex_z    = -13.029641;   // Zvtx

    BreitFrame breit = BreitFrame::FromPosition(Electron_E, Electron_x, Electron_y, Electron_z, Vertex_x, Vertex_y, Vertex_z);
#else
    std::cout << "Constructing Breit frame from electron angles\n";
    const float
        Theta   =  2.313,   // Sith[0]
        Phi     = -0.720,   // Siph[0]
        Energy  = 26.282;   // Siq2da[0] / (2 * -27.56 * (1 + cos(Theta)));
    BreitFrame breit = BreitFrame::FromAngles(Energy, Theta, Phi);
#endif

    std::vector<Vec4> inputs;
    inputs.emplace_back( 0.010,  0.119, 0.223, 0.290);
    inputs.emplace_back(-0.082, -0.040, 0.174, 0.196);
    inputs.emplace_back( 0.111,  0.183, 0.268, 0.343);
    inputs.emplace_back(-0.602, -0.089, 2.195, 2.278);
    inputs.emplace_back(-0.482,  0.075, 1.400, 1.483);
    inputs.emplace_back( 0.179,  0.221, 3.100, 3.113);
    inputs.emplace_back( 0.266,  1.052, 6.633, 6.721);
    inputs.emplace_back(-0.005,  0.207, 0.371, 0.425);


    std::cout << "Before boost\n";
    for(auto& i : inputs)
        printf("% 8.4f % 8.4f % 8.4f % 8.4f\n", i.X(), i.Y(), i.Z(), i.E());
    std::cout << std::endl;

    breit.BoostToBreit(inputs);

    std::cout << "After boost\n";
    for(auto& i : inputs)
        printf("% 8.4f % 8.4f % 8.4f % 8.4f\n", i.X(), i.Y(), i.Z(), i.E());
    std::cout << std::endl;

    breit.BoostToLab(inputs);

    std::cout << "Boost back\n";
    for(auto& i : inputs)
        printf("% 8.4f % 8.4f % 8.4f % 8.4f\n", i.X(), i.Y(), i.Z(), i.E());
}










BreitFrame/Makefile


CXX=g++
CXXFLAGS= -std=c++14 -W -Wall -Wextra -Wpedantic

.PHONY: all clean
all: main_el main_da

main_el: main.cpp BreitFrame.cpp BreitFrame.h
	$(CXX) -o $@ main.cpp BreitFrame.cpp $(CXXFLAGS)

main_da: main.cpp BreitFrame.cpp BreitFrame.h
	$(CXX) -o $@ main.cpp BreitFrame.cpp $(CXXFLAGS) -DDA

clean:
	rm -rf main_el main_da










BreitFrame/Math.h


// In principle, this entire file may be replaced by these two lines:
//
// #include <Math/Vector4D.h>
// using Vec4 = ROOT::Math::LorentzVector<ROOT::Math::PxPyPzE4D<float>>;
//
// which as part of Root. But some Root installations seem to be missing the
// corresponding headers.


#include <cmath>
#include <limits>

#pragma once

struct Vec4
{
    using Type = float;

    constexpr Vec4(const Type x, const Type y, const Type z, const Type t) : x(x), y(y), z(z), t(t)
    {}

    [[nodiscard]] constexpr const Type& X() const
    { return x; }

    [[nodiscard]] constexpr const Type& Y() const
    { return y; }

    [[nodiscard]] constexpr const Type& Z() const
    { return z; }

    [[nodiscard]] constexpr const Type& E() const
    { return t; }

    [[nodiscard]] constexpr Type Pt2() const
    {
        return x * x + y * y;
    }

    [[nodiscard]] constexpr Type P2() const
    {
        return x * x + y * y + z * z;
    }

    [[nodiscard]] constexpr Type Et2() const
    {
        const Type pt2 = Pt2();
        return pt2 == 0 ? 0 : t * t * pt2 / (pt2 + z * z);
    }

    [[nodiscard]] constexpr Type M2() const
    {
        return t * t - x * x - y * y - z * z;
    }

    [[nodiscard]] constexpr Type Pt() const
    {
        return std::sqrt(Pt2());
    }

    [[nodiscard]] constexpr Type P() const
    {
        return std::sqrt(P2());
    }

    [[nodiscard]] constexpr Type Et() const
    {
        return std::sqrt(Et2());
    }

    [[nodiscard]] constexpr Type M() const
    {
        const Type m2 = M2();
        return m2 <= 0 ? 0 : std::sqrt(M2());
    }

    [[nodiscard]] constexpr Type Rapidity() const
    {
        return Type(0.5) * std::log((t + z) / (t - z));
    }

    [[nodiscard]] Type Eta() const
    {
        const Type pt = Pt();
        if(pt > 0)
        {
            // value to control Scalaraylor expansion of sqrt
            static const Type big_z_scaled = std::pow(std::numeric_limits<Type>::epsilon(), Type(-0.25));

            Type z_scaled = z / pt;
            if(std::fabs(z_scaled) < big_z_scaled)
                return std::log(z_scaled + sqrt(z_scaled * z_scaled + 1.0));
            // apply correction using first order Scalaraylor expansion of sqrt
            return z > 0 ? log(2.0 * z_scaled + 0.5 / z_scaled) : -std::log(-2.0 * z_scaled);
        }
        if(z == 0)
            return 0;
        if(z > 0)
            return z + static_cast<Type>(22756.0);
        return z - static_cast<Type>(22756.0);
    }

    [[nodiscard]] constexpr Type Phi() const
    {
        return (x == 0.0 && x == 0.0) ? 0 : std::atan2(y, x);
    }

    [[nodiscard]] constexpr Type Theta() const
    {
        return (x == 0.0 && y == 0.0 && z == 0.0) ? 0 : std::atan2(Pt(), z);
    }

    [[nodiscard]] constexpr Type Dot(const Vec4& other) const
    {
        return t * other.t - x * other.x - y * other.y - z * other.z;
    }

    [[nodiscard]] constexpr Vec4 operator-(const Vec4& other) const
    {
        Vec4 copy(*this);
        copy -= other;
        return copy;
    }

    [[nodiscard]] constexpr Vec4 operator+(const Vec4& other) const
    {
        Vec4 copy(*this);
        copy += other;
        return copy;
    }

    [[nodiscard]] constexpr Vec4 operator*(const Type val) const
    {
        Vec4 copy(*this);
        copy *= val;
        return copy;
    }

    [[nodiscard]] constexpr Vec4 operator/(const Type val) const
    {
        Vec4 copy(*this);
        copy /= val;
        return copy;
    }

    constexpr Vec4& operator+=(const Vec4& other)
    {
        t += other.t;
        x += other.x;
        y += other.y;
        z += other.z;
        return *this;
    }

    constexpr Vec4& operator-=(const Vec4& other)
    {
        t -= other.t;
        x -= other.x;
        y -= other.y;
        z -= other.z;
        return *this;
    }

    constexpr Vec4& operator*=(const Type val)
    {
        t *= val;
        x *= val;
        y *= val;
        z *= val;
        return *this;
    }

    constexpr Vec4& operator/=(const Type val)
    {
        return *this *= (Type(1) / val);
    }

    [[nodiscard]] constexpr Vec4& SetXYZT(const Type X, const Type Y, const Type Z, const Type T)
    {
        t = T;
        x = X;
        y = Y;
        z = Z;
        return *this;
    }

    [[nodiscard]] constexpr Vec4& operator-()
    {
        t = -t;
        x = -x;
        y = -y;
        z = -z;
        return *this;
    }

    [[nodiscard]] constexpr Vec4& operator+()
    {
        return *this;
    }

private:
    Type x, y, z, t;
};

[[nodiscard]] constexpr inline Vec4 operator*(const Vec4::Type val, const Vec4& other)
{
    return other * val;
}










InputParticles/InputParticles.cpp




    
    
    InputParticles/InputParticles.cpp
    
    


InputParticles/InputParticles.cpp// This example is not runnable out of the box. It has to be integrated in some other code, that
// reads the ntuples. All undefined variables below are ntuple fields. The code requires C++17.

#include <vector>
#include <cstdio>
#include "Math.h"

enum class Mass
{
    massive,
    massless
};

enum class ElectronRejection
{
    off,
    SI,
    EM
};

// Particles from ZUFOs
template<Mass mass, ElectronRejection rejection>
[[nodiscard]] std::vector<Vec4> GetInputParticlesZUFO()
{
    std::vector<Vec4> input;
    if(cufo[0] > 0)
        printf("Warning: Dead material correction not applied yet\n");
    for(int i = 0; i < Nzufos; i++)
    {
        if constexpr(rejection != ElectronRejection::off)
        {
            const int tufo1 = tufo[i][0];
            if constexpr(rejection == ElectronRejection::SI)
                if((tufo1 >= 3000 && tufo1 <= 3041) || (tufo1 >= 7000 && tufo1 <= 7041))
                    continue;
            if constexpr(rejection == ElectronRejection::EM)
                if((tufo1 >= 4000 && tufo1 <= 4041) || (tufo1 >= 7000 && tufo1 <= 7041))
                    continue;
        }

        const float x = Zufo[i][0], y = Zufo[i][1], z = Zufo[i][2], E = Zufo[i][3];
        if constexpr(mass == Mass::massive)
            input.emplace_back(x, y, z, E);
        else
        {
            const float f = E / std::sqrt(x*x + y*y + z*z);
            input.emplace_back(f * x, f * y, f * z, E);
        }
    }
    return input;
}

// Particles from CAL cells without electron rejection
[[nodiscard]] std::vector<Vec4> GetInputParticlesCAL()
{
    std::vector<Vec4> input;
    for(int i = 0; i < Ncaltru; i++)
    {
        const float E = Caltru_e[i],
                x = Caltru_pos[i][0] - Xvtx,
                y = Caltru_pos[i][1] - Yvtx,
                z = Caltru_pos[i][2] - Zvtx;
        const float f = E / std::sqrt(x*x + y*y + z*z);
        input.emplace_back(f * x, f * y, f * z, E);
    }

    return input;
}

// Particles from CAL cells with electron rejection
[[nodiscard]] std::vector<Vec4> GetInputParticlesCAL(const int Electron_NCell, const int Electron_CellPtr)
{
    std::vector<Vec4> input;
    int Cells_rejected = 0;
    int next_cell_to_reject = Electron_NCell > 0 ? Celllist[Cells_rejected + Electron_CellPtr] : -1;
    for(int i = 0; i < Ncaltru; i++)
    {
        if(Caltru_cellnr[i] == next_cell_to_reject)
        {
            Cells_rejected++;
            if(Cells_rejected < Electron_NCell)
                next_cell_to_reject = Celllist[Cells_rejected + Electron_CellPtr];
            continue;
        }

        const float E = Caltru_e[i],
                x = Caltru_pos[i][0] - Xvtx,
                y = Caltru_pos[i][1] - Yvtx,
                z = Caltru_pos[i][2] - Zvtx;
        const float f = E / std::sqrt(x*x + y*y + z*z);
        input.emplace_back(f * x, f * y, f * z, E);
    }

    return input;
}








InputParticles/Math.h


// In principle, this entire file may be replaced by these two lines:
//
// #include <Math/Vector4D.h>
// using Vec4 = ROOT::Math::LorentzVector<ROOT::Math::PxPyPzE4D<float>>;
//
// which as part of Root. But some Root installations seem to be missing the
// corresponding headers.


#include <cmath>
#include <limits>

#pragma once

struct Vec4
{
    using Type = float;

    constexpr Vec4(const Type x, const Type y, const Type z, const Type t) : x(x), y(y), z(z), t(t)
    {}

    [[nodiscard]] constexpr const Type& X() const
    { return x; }

    [[nodiscard]] constexpr const Type& Y() const
    { return y; }

    [[nodiscard]] constexpr const Type& Z() const
    { return z; }

    [[nodiscard]] constexpr const Type& E() const
    { return t; }

    [[nodiscard]] constexpr Type Pt2() const
    {
        return x * x + y * y;
    }

    [[nodiscard]] constexpr Type P2() const
    {
        return x * x + y * y + z * z;
    }

    [[nodiscard]] constexpr Type Et2() const
    {
        const Type pt2 = Pt2();
        return pt2 == 0 ? 0 : t * t * pt2 / (pt2 + z * z);
    }

    [[nodiscard]] constexpr Type M2() const
    {
        return t * t - x * x - y * y - z * z;
    }

    [[nodiscard]] constexpr Type Pt() const
    {
        return std::sqrt(Pt2());
    }

    [[nodiscard]] constexpr Type P() const
    {
        return std::sqrt(P2());
    }

    [[nodiscard]] constexpr Type Et() const
    {
        return std::sqrt(Et2());
    }

    [[nodiscard]] constexpr Type M() const
    {
        const Type m2 = M2();
        return m2 <= 0 ? 0 : std::sqrt(M2());
    }

    [[nodiscard]] constexpr Type Rapidity() const
    {
        return Type(0.5) * std::log((t + z) / (t - z));
    }

    [[nodiscard]] Type Eta() const
    {
        const Type pt = Pt();
        if(pt > 0)
        {
            // value to control Scalaraylor expansion of sqrt
            static const Type big_z_scaled = std::pow(std::numeric_limits<Type>::epsilon(), Type(-0.25));

            Type z_scaled = z / pt;
            if(std::fabs(z_scaled) < big_z_scaled)
                return std::log(z_scaled + sqrt(z_scaled * z_scaled + 1.0));
            // apply correction using first order Scalaraylor expansion of sqrt
            return z > 0 ? log(2.0 * z_scaled + 0.5 / z_scaled) : -std::log(-2.0 * z_scaled);
        }
        if(z == 0)
            return 0;
        if(z > 0)
            return z + static_cast<Type>(22756.0);
        return z - static_cast<Type>(22756.0);
    }

    [[nodiscard]] constexpr Type Phi() const
    {
        return (x == 0.0 && x == 0.0) ? 0 : std::atan2(y, x);
    }

    [[nodiscard]] constexpr Type Theta() const
    {
        return (x == 0.0 && y == 0.0 && z == 0.0) ? 0 : std::atan2(Pt(), z);
    }

    [[nodiscard]] constexpr Type Dot(const Vec4& other) const
    {
        return t * other.t - x * other.x - y * other.y - z * other.z;
    }

    [[nodiscard]] constexpr Vec4 operator-(const Vec4& other) const
    {
        Vec4 copy(*this);
        copy -= other;
        return copy;
    }

    [[nodiscard]] constexpr Vec4 operator+(const Vec4& other) const
    {
        Vec4 copy(*this);
        copy += other;
        return copy;
    }

    [[nodiscard]] constexpr Vec4 operator*(const Type val) const
    {
        Vec4 copy(*this);
        copy *= val;
        return copy;
    }

    [[nodiscard]] constexpr Vec4 operator/(const Type val) const
    {
        Vec4 copy(*this);
        copy /= val;
        return copy;
    }

    constexpr Vec4& operator+=(const Vec4& other)
    {
        t += other.t;
        x += other.x;
        y += other.y;
        z += other.z;
        return *this;
    }

    constexpr Vec4& operator-=(const Vec4& other)
    {
        t -= other.t;
        x -= other.x;
        y -= other.y;
        z -= other.z;
        return *this;
    }

    constexpr Vec4& operator*=(const Type val)
    {
        t *= val;
        x *= val;
        y *= val;
        z *= val;
        return *this;
    }

    constexpr Vec4& operator/=(const Type val)
    {
        return *this *= (Type(1) / val);
    }

    [[nodiscard]] constexpr Vec4& SetXYZT(const Type X, const Type Y, const Type Z, const Type T)
    {
        t = T;
        x = X;
        y = Y;
        z = Z;
        return *this;
    }

    [[nodiscard]] constexpr Vec4& operator-()
    {
        t = -t;
        x = -x;
        y = -y;
        z = -z;
        return *this;
    }

    [[nodiscard]] constexpr Vec4& operator+()
    {
        return *this;
    }

private:
    Type x, y, z, t;
};

[[nodiscard]] constexpr inline Vec4 operator*(const Vec4::Type val, const Vec4& other)
{
    return other * val;
}










JetFinder/JetFinder.h


#include <vector>
#include "Math.h"

#pragma once

namespace Jet {
    enum class Mass
    {
        massive,
        massless
    };

    enum class ElectronRejection
    {
        off,
        SI,
        EM
    };

    template<Mass mass>
    [[nodiscard]] std::vector<Vec4> FindJets(std::vector<Vec4>&& input, float R2 = 1.0f);
    // this takes ownership of the input vector, use std::move(input) to pass argument
}










JetFinder/JetFinder.cpp


#include "JetFinder.h"
#include <cmath>
#include <utility>
#include <variant>
#include <cstdio>


namespace Jet {
    [[nodiscard]] float ConstrainPhi(float Phi)
    {
        // constrain Phi to range [-pi, pi)
        if(Phi >= M_PI)
            Phi -= 2 * M_PI;
        else if(Phi < -M_PI)
            Phi += 2 * M_PI;
        return Phi;
    }

    template<Mass mass>
    void CombineJets(Vec4& a, const Vec4& b)
    {
        // E scheme for massive jets
        a += b;
    }

    template<>
    void CombineJets<Mass::massless>(Vec4& a, const Vec4& b)
    {
        // weighted pt scheme for massless jets
        const float pt = a.Pt() + b.Pt();
        const float Eta = (a.Pt() * a.Eta() + b.Pt() * b.Eta()) / pt;
        const float Phi = ConstrainPhi(a.Phi() + b.Pt() / pt * ConstrainPhi(b.Phi() - a.Phi()));
        a.SetXYZT(pt * std::cos(Phi),
                  pt * std::sin(Phi),
                  pt * std::sinh(Eta),
                  pt * std::cosh(Eta));
    }

    template<Mass mass>
    std::vector<Vec4> FindJets(std::vector<Vec4>&& input, const float R2)
    {
        auto GetDistance2 = [](const Vec4& a, const Vec4& b) -> float {
            // For massless jets, one could use a different formula, that is more efficient. But it seems the general
            // formula is already the fastest. Maybe once could use a numerically more stable formula?
            const float Delta_y = a.Rapidity() - b.Rapidity();
            const float Delta_Phi = ConstrainPhi(a.Phi() - b.Phi());
            return std::min(a.Pt2(), b.Pt2()) *
                   std::sqrt(Delta_y*Delta_y + Delta_Phi*Delta_Phi);
        };
        auto GetDistance1 = [R2](const Vec4& a) -> float {
            return a.Pt2() * R2;
        };

        constexpr size_t max_particles = 600;
        if(input.size() > max_particles)
        {
            printf("Too many input particles to jet finder. Found: %zd, allowed: %zd\n", input.size(), max_particles);
            return {};
        }
        float min1[max_particles];
        float min2[max_particles][max_particles];
        // More than half of the min2 array is unused, so it could be compressed by remapping the indices.
        // However, calculating the index takes more time than is saved by using less memory.

        for(size_t i = 0; i < input.size(); i++)
        {
            min1[i] = GetDistance1(input[i]);
            for(size_t j = i + 1; j < input.size(); j++)
                min2[i][j] = GetDistance2(input[i], input[j]);
        }

        std::vector<Vec4> jets;
        while(!input.empty())
        {
            // find smallest distance
            std::pair<float, std::variant<int, std::pair<int, int>>> smallest{std::numeric_limits<float>::max(), 0};
            for(size_t i = 0; i < input.size(); i++)
            {
                if(const float dist1 = min1[i]; dist1 < smallest.first)
                    smallest = {dist1, i};
                for(size_t j = i + 1; j < input.size(); j++)
                    if(const float dist2 = min2[i][j]; dist2 < smallest.first)
                        smallest = {dist2, std::pair<int, int>({i, j})};
            }

            if(smallest.second.index() == 0)
            {
                // found jet
                const int idx = std::get<0>(smallest.second);
                jets.push_back(input[idx]);
                std::swap(input[idx], input.back());
                input.pop_back();

                const int n = input.size();
                min1[idx] = min1[n];
                for(int i = 0; i < idx; i++)
                    min2[i][idx] = min2[i][n];
                for(int i = idx + 1; i < n; i++)
                    min2[idx][i] = min2[i][n];
            }
            else
            {
                // combine particles
                const auto[idx1, idx2] = std::get<1>(smallest.second);
                CombineJets<mass>(input[idx1], input[idx2]);
                std::swap(input[idx2], input.back());
                input.pop_back();

                const int n = input.size();
                min1[idx1] = GetDistance1(input[idx1]);
                min1[idx2] = min1[n];
                for(int i = 0; i < idx2; i++)
                    min2[i][idx2] = min2[i][n];
                for(int i = idx2 + 1; i < n; i++)
                    min2[idx2][i] = min2[i][n];

                for(int i = 0; i < idx1; i++)
                    min2[i][idx1] = GetDistance2(input[i], input[idx1]);
                for(int i = idx1 + 1; i < n; i++)
                    min2[idx1][i] = GetDistance2(input[i], input[idx1]);
            }
        }

        return jets;
    }


    // Instantiate templates
    template std::vector<Vec4> FindJets<Mass::massive>(std::vector<Vec4>&&, float);
    template std::vector<Vec4> FindJets<Mass::massless>(std::vector<Vec4>&&, float);
}










JetFinder/main.cpp


#include <iostream>
#include "JetFinder.h"

int main()
{
    // Note: These are massive inputs for testing. For massless jets, one should you massless inputs.
    std::vector<Vec4> inputs;
    inputs.emplace_back( 0.010,  0.119, 0.223, 0.290);
    inputs.emplace_back(-0.082, -0.040, 0.174, 0.196);
    inputs.emplace_back( 0.111,  0.183, 0.268, 0.343);
    inputs.emplace_back(-0.602, -0.089, 2.195, 2.278);
    inputs.emplace_back(-0.482,  0.075, 1.400, 1.483);
    inputs.emplace_back( 0.179,  0.221, 3.100, 3.113);
    inputs.emplace_back( 0.266,  1.052, 6.633, 6.721);
    inputs.emplace_back(-0.005,  0.207, 0.371, 0.425);
    inputs.emplace_back( 0.462,  1.507, 3.145, 3.518);
    inputs.emplace_back( 0.046, -0.070, 0.125, 0.151);
    inputs.emplace_back(-2.421,  2.200, 1.555, 3.622);
    inputs.emplace_back(-4.811,  3.032, 3.147, 6.500);
    inputs.emplace_back(-4.550,  2.535, 3.801, 6.448);
    inputs.emplace_back(-0.031,  0.158, 0.122, 0.202);
    inputs.emplace_back(-0.169,  0.229, 0.228, 0.365);
    inputs.emplace_back( 0.382,  0.038, 0.386, 0.545);
    inputs.emplace_back(-0.118,  0.042, 0.125, 0.178);
    inputs.emplace_back( 0.037,  0.193, 0.255, 0.322);

    std::cout << "Inputs\n";
    for(auto& i : inputs)
        printf("% 8.4f % 8.4f % 8.4f % 8.4f\n", i.X(), i.Y(), i.Z(), i.E());
    std::cout << std::endl;

#ifndef MASSLESS
    std::cout << "Reconstructing massive jets\n";
    std::vector<Vec4> jets = Jet::FindJets<Jet::Mass::massive>(std::move(inputs));
#else
    std::cout << "Reconstructing massless jets\n";
    std::vector<Vec4> jets = Jet::FindJets<Jet::Mass::massless>(std::move(inputs));
#endif

    std::cout << "Jets\n";
    for(auto& i : jets)
        printf("% 8.4f % 8.4f % 8.4f % 8.4f\n", i.X(), i.Y(), i.Z(), i.E());
}










JetFinder/Makefile


CXX=g++
CXXFLAGS=-std=c++17 -W -Wall -Wextra -Wpedantic

.PHONY: all clean
all: main_massive main_massless

main_massive: main.cpp JetFinder.cpp JetFinder.h
	$(CXX) -o $@ main.cpp JetFinder.cpp $(CXXFLAGS)
	
main_massless: main.cpp JetFinder.cpp JetFinder.h
	$(CXX) -o $@ main.cpp JetFinder.cpp $(CXXFLAGS) -DMASSLESS

clean:
	rm -rf main_massive main_massless










JetFinder/Math.h


// In principle, this entire file may be replaced by these two lines:
//
// #include <Math/Vector4D.h>
// using Vec4 = ROOT::Math::LorentzVector<ROOT::Math::PxPyPzE4D<float>>;
//
// which as part of Root. But some Root installations seem to be missing the
// corresponding headers.


#include <cmath>
#include <limits>

#pragma once

struct Vec4
{
    using Type = float;

    constexpr Vec4(const Type x, const Type y, const Type z, const Type t) : x(x), y(y), z(z), t(t)
    {}

    [[nodiscard]] constexpr const Type& X() const
    { return x; }

    [[nodiscard]] constexpr const Type& Y() const
    { return y; }

    [[nodiscard]] constexpr const Type& Z() const
    { return z; }

    [[nodiscard]] constexpr const Type& E() const
    { return t; }

    [[nodiscard]] constexpr Type Pt2() const
    {
        return x * x + y * y;
    }

    [[nodiscard]] constexpr Type P2() const
    {
        return x * x + y * y + z * z;
    }

    [[nodiscard]] constexpr Type Et2() const
    {
        const Type pt2 = Pt2();
        return pt2 == 0 ? 0 : t * t * pt2 / (pt2 + z * z);
    }

    [[nodiscard]] constexpr Type M2() const
    {
        return t * t - x * x - y * y - z * z;
    }

    [[nodiscard]] constexpr Type Pt() const
    {
        return std::sqrt(Pt2());
    }

    [[nodiscard]] constexpr Type P() const
    {
        return std::sqrt(P2());
    }

    [[nodiscard]] constexpr Type Et() const
    {
        return std::sqrt(Et2());
    }

    [[nodiscard]] constexpr Type M() const
    {
        const Type m2 = M2();
        return m2 <= 0 ? 0 : std::sqrt(M2());
    }

    [[nodiscard]] constexpr Type Rapidity() const
    {
        return Type(0.5) * std::log((t + z) / (t - z));
    }

    [[nodiscard]] Type Eta() const
    {
        const Type pt = Pt();
        if(pt > 0)
        {
            // value to control Scalaraylor expansion of sqrt
            static const Type big_z_scaled = std::pow(std::numeric_limits<Type>::epsilon(), Type(-0.25));

            Type z_scaled = z / pt;
            if(std::fabs(z_scaled) < big_z_scaled)
                return std::log(z_scaled + sqrt(z_scaled * z_scaled + 1.0));
            // apply correction using first order Scalaraylor expansion of sqrt
            return z > 0 ? log(2.0 * z_scaled + 0.5 / z_scaled) : -std::log(-2.0 * z_scaled);
        }
        if(z == 0)
            return 0;
        if(z > 0)
            return z + static_cast<Type>(22756.0);
        return z - static_cast<Type>(22756.0);
    }

    [[nodiscard]] constexpr Type Phi() const
    {
        return (x == 0.0 && x == 0.0) ? 0 : std::atan2(y, x);
    }

    [[nodiscard]] constexpr Type Theta() const
    {
        return (x == 0.0 && y == 0.0 && z == 0.0) ? 0 : std::atan2(Pt(), z);
    }

    [[nodiscard]] constexpr Type Dot(const Vec4& other) const
    {
        return t * other.t - x * other.x - y * other.y - z * other.z;
    }

    [[nodiscard]] constexpr Vec4 operator-(const Vec4& other) const
    {
        Vec4 copy(*this);
        copy -= other;
        return copy;
    }

    [[nodiscard]] constexpr Vec4 operator+(const Vec4& other) const
    {
        Vec4 copy(*this);
        copy += other;
        return copy;
    }

    [[nodiscard]] constexpr Vec4 operator*(const Type val) const
    {
        Vec4 copy(*this);
        copy *= val;
        return copy;
    }

    [[nodiscard]] constexpr Vec4 operator/(const Type val) const
    {
        Vec4 copy(*this);
        copy /= val;
        return copy;
    }

    constexpr Vec4& operator+=(const Vec4& other)
    {
        t += other.t;
        x += other.x;
        y += other.y;
        z += other.z;
        return *this;
    }

    constexpr Vec4& operator-=(const Vec4& other)
    {
        t -= other.t;
        x -= other.x;
        y -= other.y;
        z -= other.z;
        return *this;
    }

    constexpr Vec4& operator*=(const Type val)
    {
        t *= val;
        x *= val;
        y *= val;
        z *= val;
        return *this;
    }

    constexpr Vec4& operator/=(const Type val)
    {
        return *this *= (Type(1) / val);
    }

    [[nodiscard]] constexpr Vec4& SetXYZT(const Type X, const Type Y, const Type Z, const Type T)
    {
        t = T;
        x = X;
        y = Y;
        z = Z;
        return *this;
    }

    [[nodiscard]] constexpr Vec4& operator-()
    {
        t = -t;
        x = -x;
        y = -y;
        z = -z;
        return *this;
    }

    [[nodiscard]] constexpr Vec4& operator+()
    {
        return *this;
    }

private:
    Type x, y, z, t;
};

[[nodiscard]] constexpr inline Vec4 operator*(const Vec4::Type val, const Vec4& other)
{
    return other * val;
}










JetReconstruction/main.cpp




    
    
    JetReconstruction/main.cpp
    
    


JetReconstruction/main.cpp// This example is not runnable out of the box. It has to be integrated with the other examples,
// to perform each action. The code requires C++17.

#include <algorithm>
#include "JetFinder.h"
#include "BreitFrame.h"

namespace Jet {
    void CutEtEta(std::vector<Vec4>& jets, const float Et_min, const float Eta_min, const float Eta_max)
    {
        for(size_t i = 0; i < jets.size();)
        {
            if(Et_min < jets[i].Et() && Eta_min < jets[i].Eta() && jets[i].Eta() < Eta_max)
                i++;
            else
            {
                std::swap(jets[i], jets.back());
                jets.pop_back();
            }
        }
    }

    void SortByEt(std::vector<Vec4>& jets)
    {
        std::sort(jets.begin(), jets.end(), [](const Vec4& a, const Vec4& b) { return a.Et() > b.Et(); });
    }
}


template<int id>
std::vector<Vec4> BuildJets()
{
    using Rej = Jet::ElectronRejection;
    // massive, no/SI/EM electron rejection, lab lab
    if constexpr(id == 1 || id == 2 || id == 10)
    {
        auto input = id == 1 ?
                        Jet::GetInputParticlesZUFO<Jet::Mass::massive, Rej::off>(event->ZUFO()) :
                        id == 2 ?
                        Jet::GetInputParticlesZUFO<Jet::Mass::massive, Rej::SI>(event->ZUFO()) :
                        Jet::GetInputParticlesZUFO<Jet::Mass::massive, Rej::EM>(event->ZUFO());

        auto jets = Jet::FindJets<Jet::Mass::massive>(std::move(input));
        Jet::CutEtEta(jets, 2.5, -2.5, 2.5);
        Jet::SortByEt(jets);
        return jets;
    }
    // massive, SI/EM rejection, breit lab/breit
    if constexpr(id == 3 || id == 4 || id == 11 || id == 12)
    {
        const bool UseSI = id == 3 || id == 4;
        const bool StoreInBreit = id == 4 || id == 12;

        auto& electron = UseSI ? electronSI : electronEM;
        auto input = UseSI ?
                        Jet::GetInputParticlesZUFO<Jet::Mass::massive, Rej::SI>(event->ZUFO()) :
                        Jet::GetInputParticlesZUFO<Jet::Mass::massive, Rej::EM>(event->ZUFO());
        auto breit = BreitFrame::FromPosition(electron, event->Vertex());
        breit.BoostToBreit(input);
        auto jets = Jet::FindJets<Jet::Mass::massive>(std::move(input));
        breit.BoostToLab(jets);
        Jet::CutEtEta(jets, 2.5, -2.5, 2.5);
        Jet::SortByEt(jets);
        if(StoreInBreit)
            breit.BoostToBreit(jets);
        return jets;
    }
    // massless, SI/EM rejection, breit/breit(DA) lab/breit/breit(DA)
    if constexpr(id == 5 || id == 6 || id == 7 || id == 8 || id == 13 || id == 14 || id == 15 || id == 16)
    {
        const bool BreitFrameDA = id == 6 || id == 8 || id == 14 || id == 16;
        const bool StoreInBreit = id == 7 || id == 8 || id == 15 || id == 16;
        const bool UseSI = id == 5 || id == 6 || id == 7 || id == 8;

        auto& electron = UseSI ? electronSI : electronEM;
        auto input = UseSI ?
                        Jet::GetInputParticlesZUFO<Jet::Mass::massless, Rej::SI>(event->ZUFO()) :
                        Jet::GetInputParticlesZUFO<Jet::Mass::massless, Rej::EM>(event->ZUFO());
        auto breit = BreitFrameDA ?
                        BreitFrame::FromAngles(electron) :
                        BreitFrame::FromPosition(electron, event->Vertex());
        breit.BoostToBreit(input);
        auto jets = Jet::FindJets<Jet::Mass::massless>(std::move(input));
        breit.BoostToLab(jets);
        Jet::CutEtEta(jets, 2.5, -2.5, 4.0);
        Jet::SortByEt(jets);
        if(StoreInBreit)
            breit.BoostToBreit(jets);

        return jets;
    }
    // massless, no electron rejection, lab lab
    if constexpr(id == 9)
    {
        auto input = Jet::GetInputParticlesZUFO<Jet::Mass::massless, Rej::off>(event->ZUFO());
        auto jets = Jet::FindJets<Jet::Mass::massless>(std::move(input));
        Jet::CutEtEta(jets, 4.0, -2.5, 4.0);
        Jet::SortByEt(jets);
        return jets;
    }
    // CAL cells, no electron rejection, lab lab
    if constexpr(id == 19)
    {
        auto input = Jet::GetInputParticlesCAL(event.get());
        auto jets = Jet::FindJets<Jet::Mass::massless>(std::move(input));
        Jet::CutEtEta(jets, 4.0, -2.5, 4.0);
        Jet::SortByEt(jets);
        return jets;
    }
    // CAL cells, SI electron rejection, breit lab/breit
    if constexpr(id == 20 || id == 21)
    {
        auto input = Jet::GetInputParticlesCAL(event.get(), electronSI);
        auto breit = BreitFrame::FromPosition(electronSI, event->Vertex());
        breit.BoostToBreit(input);
        auto jets = Jet::FindJets<Jet::Mass::massless>(std::move(input));
        breit.BoostToLab(jets);
        Jet::CutEtEta(jets, 2.5, -2.5, 4.0);
        Jet::SortByEt(jets);
        if(id == 20)
            breit.BoostToBreit(jets);
        return jets;
    }
}







Florian Lorkowski



Control distributions
Event selection

Dataset:
I Single input file, which is part of ariadne_high_Q2_NC_0607p MC dataset
I 07p/v08b/mc/root/zeusmc.hfix627.e11911.nc.dja.ari.5d.07p.400.0074.root

Cuts:
I Same set of cuts for all jet types, even though some types require fewer cuts
I At least one EM and Sinistra candidate (probability does not matter)
I yjb < 1 for most probable EM and Sinistra electron1

→ 19063 events selected =̂ ∼25 000 to 50 000 jets, depending on type

1 In the ntuple code, there is a bug, where the DA variables do not get calculated, if the JB calculation failed.
If the Breit frame reconstructed from angles, it will fail as well and some jets will be missing from the ntuples.
This cut removes the affected events (∼ 1.5%). This cut is only necessary, when DA variables are calculated in
analysis. If they are taken from ntuples, they will correspond to the jets.
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Control distributions
Jet type A
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Control distributions
Jet type B
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Control distributions
Jet type C
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Control distributions
Jet type D
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Control distributions
Jet type E
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Control distributions
Jet type F
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Control distributions
Jet type G
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Control distributions
Jet type H
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Control distributions
Jet type I
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Control distributions
Jet type J
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Control distributions
Jet type K
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Control distributions
Jet type L

100

102

104

100

102

104

N
ev

en
ts

ntuple
recreation

0 2 4 6 8 10
0.96
0.98

1
1.02
1.04

0 2 4 6 8 10
0.96
0.98

1
1.02
1.04

Number of jets

R
at
io

re
cr
ea

ti
on

n
tu
p
le

100

102

104

100

102

104

N
ev

en
ts

−3 −2 −1 0 1 2 3 4
0.96
0.98

1
1.02
1.04

−3 −2 −1 0 1 2 3 4
0.96
0.98

1
1.02
1.04

η

R
at
io

re
cr
ea

ti
on

n
tu
p
le

100

102

104

100

102

104

N
ev

en
ts

0 20 40 60 80 100
0.96
0.98

1
1.02
1.04

0 20 40 60 80 100
0.96
0.98

1
1.02
1.04

Et [GeV]

R
at
io

re
cr
ea

ti
on

n
tu
p
le

100

102

104

100

102

104

N
ev

en
ts

0 10 20 30 40 50 60
0.96
0.98

1
1.02
1.04

0 10 20 30 40 50 60
0.96
0.98

1
1.02
1.04

m [GeV]

R
at
io

re
cr
ea

ti
on

n
tu
p
le

Florian Lorkowski Jets in common ntuples 2020-05-15 A14 / 21



Control distributions
Jet type M
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Control distributions
Jet type N
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Control distributions
Jet type O

100

102

104

100

102

104

N
ev

en
ts

ntuple
recreation

0 2 4 6 8 10
0.96
0.98

1
1.02
1.04

0 2 4 6 8 10
0.96
0.98

1
1.02
1.04

Number of jets

R
at
io

re
cr
ea

ti
on

n
tu
p
le

100

102

104

100

102

104

N
ev

en
ts

−3 −2 −1 0 1 2 3 4
0.96
0.98

1
1.02
1.04

−3 −2 −1 0 1 2 3 4
0.96
0.98

1
1.02
1.04

η

R
at
io

re
cr
ea

ti
on

n
tu
p
le

100

102

104

100

102

104

N
ev

en
ts

0 20 40 60 80 100
0.96
0.98

1
1.02
1.04

0 20 40 60 80 100
0.96
0.98

1
1.02
1.04

Et [GeV]

R
at
io

re
cr
ea

ti
on

n
tu
p
le

Florian Lorkowski Jets in common ntuples 2020-05-15 A17 / 21



Control distributions
Jet type P
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Control distributions
Jet type S
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Control distributions
Jet type T
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Control distributions
Jet type U
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