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A BRIEF HISTORY OF PARTICLE PHYSICS

* In the last century, we
have been tremendously
successful in
discovering new
particles and deepening
our understanding of the
laws of nature and the
contents of the
Universe.

« The workhorse tools leading to much of this progress have
been particle accelerators and colliders.



PARTICLE ACCELERATORS AND COLLIDERS

7 Jan 2021

In the 1930’s, E. O. Lawrence made a
cyclotron, which accelerated particles
to higher velocities and energies.

The first cyclotron was small, but
soon, bigger accelerators led to
higher energies, which allowed

heavier particles to be produced and
discovered.
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THE ATLAS DETECTOR

One of several giant detectors that observe particle collisions at the LHC
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HOW BIG IS BIG SCIENCE?

« Size: Big. Colliders the size of cities, detectors the size of
buildings.

« Timescale: Long. The LHC was conceived in the 1980’s. It
was constructed from 1998-2008, and has been running
since 2008, with periodic shutdowns to upgrade and fix
equipment.

« Budget: Expensive. The cost of constructing the LHC and
the various experiments was roughly $10 billion. The
annual operations budget of CERN, the host laboratory, is
about $1 billion/year, or roughly 1 coffee per year per EU
citizen.

* People: Many.

7 Jan 2021 Feng 7



A RECENT CMS AUTHOR LIST

7 Jan 2021

95

D The CMS Collaboration

Yerevan Physics Institute, Yerevan, Armenia
AM. Sirunyan, A. Tumasyan

Institut fiir Hochenergiephysik, Wien, Austria

W. Adam, F. Ambrogi, E. Asilar, T. Bergauer, ]. Brandstetter, M. Dragicevic, J. Ero,
A. Escalante Del Valle, M. Flechl, R. Friihwirth!, V.M. Ghete, J. Hrubec, M. Jeitler!, N. Krammer,
I. Krédtschmer, D. Liko, T. Madlener, I. Mikulec, N. Rad, H. Rohringer, J. Schieck!, R. Schofbeck,
M. Spanring, D. Spitzbart, W. Waltenberger, J. Wittmann, C.-E. Wulz!, M. Zarucki

Institute for Nuclear Problems, Minsk, Belarus
V. Chekhovsky, V. Mossolov, J. Suarez Gonzalez

Universiteit Antwerpen, Antwerpen, Belgium
E.A. De Wolf, D. Di Croce, X. Janssen, J. Lauwers, A. Lelek, M. Pieters, H. Van Haevermaet,
P. Van Mechelen, N. Van Remortel

Vrije Universiteit Brussel, Brussel, Belgium

F. Blekman, J. D’'Hondt, J. De Clercq, K. Deroover, G. Flouris, D. Lontkovskyi, S. Lowette,
I. Marchesini, S. Moortgat, L. Moreels, Q. Python, K. Skovpen, S. Tavernier, W. Van Doninck,
P. Van Mulders, I. Van Parijs

Université Libre de Bruxelles, Bruxelles, Belgium

D. Beghin, B. Bilin, H. Brun, B. Clerbaux, G. De Lentdecker, H. Delannoy, B. Dorney,
G. Fasanella, L. Favart, A. Grebenyuk, A.K. Kalsi, J. Luetic, A. Popovz, N. Postiau, E. Starling,
L. Thomas, C. Vander Velde, P. Vanlaer, D. Vannerom, Q. Wang

Ghent University, Ghent, Belgium
T. Cornelis, D. Dobur, A. Fagot, M. Gul, L Khvastunov?®, C. Roskas, D. Trocino, M. Tytgat,
W. Verbeke, B. Vermassen, M. Vit, N. Zaganidis

Université Catholique de Louvain, Louvain-la-Neuve, Belgium
0. Bondu, G. Bruno, C. Caputo, P. David, C. Delaere, M. Delcourt, A. Giammanco, G. Krintiras,
V. Lemaitre, A. Magitteri, K. Piotrzkowski, A. Saggio, M. Vidal Marono, P. Vischia, J. Zobec

Centro Brasileiro de Pesquisas Fisicas, Rio de Janeiro, Brazil
EL. Alves, G.A. Alves, G. Correia Silva, C. Hensel, A. Moraes, M.E. Pol, P. Rebello Teles

Universidade do Estado do Rio de Janeiro, Rio de Janeiro, Brazil

E. Belchior Batista Das Chagas, W. Carvalho, J. Chinellato*, E. Coelho, EM. Da Costa,
G.G. Da Silveira®, D. De Jesus Damiao, C. De Oliveira Martins, S. Fonseca De Souza,
L.M. Huertas Guativa, H. Malbouisson, D. Matos Figueiredo, M. Melo De Almeida,
C. Mora Herrera, L. Mundim, H. Nogima, W.L. Prado Da Silva, L.]. Sanchez Rosas, A. Santoro,
A. Sznajder, M. Thiel, E.J. Tonelli Manganote4, F. Torres Da Silva De Araujo, A. Vilela Pereira

Universidade Estadual Paulista %, Universidade Federal do ABC ?, Sio Paulo, Brazil
S. Ahuja’, C.A. Bernardes”, L. Calligaris’, T.R. Fernandez Perez Tomei’, E.M. Cregoresb,
P.G. Mercadante?, S.F. Novaes”, Sandra$S. Padula®

Institute for Nuclear Research and Nuclear Energy, Bulgarian Academy of Sciences, Sofia,
Bulgaria

A. Aleksandrov, R. Hadjiiska, P. Iaydjiev, A. Marinov, M. Misheva, M. Rodozov, M. Shopova,
G. Sultanov

Feng 8



A RECENT CMS AUTHOR LIST (CONTINUED)

96

University of Sofia, Sofia, Bulgaria
A. Dimitrov, L. Litov, B. Pavlov, P. Petkov

Beihang University, Beijing, China
W. Fang®, X. Gao®, L. Yuan

Institute of High Energy Physics, Beijing, China
M. Ahmad, J.G. Bian, G.M. Chen, H.S. Chen, M. Chen, Y. Chen, C.H. Jiang, D. Leggat, H. Liao,
Z. Liu, S.M. Shaheen’, A. Spiezia, J. Tao, E. Yazgan, H. Zhang, S. Zhang7, J. Zhao

State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing, China
Y. Ban, G. Chen, A. Levin, J. Li, L. Li, Q. Li, Y. Mao, S.J. Qian, D. Wang

Tsinghua University, Beijing, China
Y. Wang

Universidad de Los Andes, Bogota, Colombia
C. Avila, A. Cabrera, C.A. Carrillo Montoya, LF. Chaparro Sierra, C. Florez,
C.F. Gonzélez Hernandez, M.A. Segura Delgado

Universidad de Antioquia, Medellin, Colombia
J.D. Ruiz Alvarez

University of Split, Faculty of Electrical Engineering, Mechanical Engineering and Naval
Architecture, Split, Croatia
N. Godinovic, D. Lelas, I. Puljak, T. Sculac

University of Split, Faculty of Science, Split, Croatia
Z. Antunovic, M. Kovac

Institute Rudjer Boskovic, Zagreb, Croatia
V. Brigljevic, D. Ferencek, K. Kadija, B. Mesic, M. Roguljic, A. Starodumov?®, T. Susa

University of Cyprus, Nicosia, Cyprus
M.W. Ather, A. Attikis, M. Kolosova, G. Mavromanolakis, J. Mousa, C. Nicolaou, F. Ptochos,
P.A. Razis, H. Rykaczewski

Charles University, Prague, Czech Republic
M. Finger’, M. Finger Jr.’

Escuela Politecnica Nacional, Quito, Ecuador
E. Ayala

Universidad San Francisco de Quito, Quito, Ecuador
E. Carrera Jarrin

Academy of Scientific Research and Technology of the Arab Republic of Egypt, Egyptian
Network of High Energy Physics, Cairo, Egypt
H. Abdalla'®, M.A. Mahmoud'!'2, A. Mohamed!®

National Institute of Chemical Physics and Biophysics, Tallinn, Estonia
S. Bhowmik, A. Carvalho Antunes De Oliveira, RK. Dewanjee, K. Ehataht, M. Kadastik,
M. Raidal, C. Veelken

Department of Physics, University of Helsinki, Helsinki, Finland
P. Eerola, H. Kirschenmann, J. Pekkanen, M. Voutilainen

7 Jan 2021

97

Helsinki Institute of Physics, Helsinki, Finland

J. Havukainen, J.K. Heikkild, T. Jarvinen, V. Kariméki, R. Kinnunen, T. Lampén, K. Lassila-
Perini, S. Laurila, S. Lehti, T. Lindén, P. Luukka, T. Médenpaa, H. Siikonen, E. Tuominen,
J. Tuominiemi

Lappeenranta University of Technology, Lappeenranta, Finland
T. Tuuva

IRFU, CEA, Université Paris-Saclay, Gif-sur-Yvette, France

M. Besancon, F. Couderc, M. Dejardin, D. Denegri, J.L. Faure, F. Ferri, S. Ganjour, A. Givernaud,
P. Gras, G. Hamel de Monchenault, P. Jarry, C. Leloup, E. Locci, J. Malcles, J. Rander,
A. Rosowsky, M.O. Sahin, A. Savoy-Navarro“, M. Titov

Laboratoire Leprince-Ringuet, Ecole polytechnique, CNRS/IN2P3, Université Paris-Saclay,
Palaiseau, France

C. Amendola, F. Beaudette, P. Busson, C. Charlot, B. Diab, R. Granier de Cassagnac, I. Kucher,
A. Lobanov, J. Martin Blanco, C. Martin Perez, M. Nguyen, C. Ochando, G. Ortona, P. Paganini,
J. Rembser, R. Salerno, J.B. Sauvan, Y. Sirois, A.G. Stahl Leiton, A. Zabi, A. Zghiche

Université de Strasbourg, CNRS, IPHC UMR 7178, Strasbourg, France

J-L. Agram”, J. Andrea, D. Bloch, G. Bourgatte, J.-M. Brom, E.C. Chabert, V. Cherepanov,
C. Collard, E. Conte'®, J.-C. Fontaine'®, D. Gel¢, U. Goerlach, M. Jansova, A.-C. Le Bihan,
N. Tonon, P. Van Hove

Centre de Calcul de I'Institut National de Physique Nucleaire et de Physique des Particules,
CNRS/IN2P3, Villeurbanne, France
S. Gadrat

Université de Lyon, Université Claude Bernard Lyon 1, CNRS-IN2P3, Institut de Physique
Nucléaire de Lyon, Villeurbanne, France

S. Beauceron, C. Bernet, G. Boudoul, N. Chanon, R. Chierici, D. Contardo, P. Depasse,
H. El Mamouni, J. Fay, S. Gascon, M. Gouzevitch, G. Grenier, B. Ille, F. Lagarde, 1.B. Laktineh,
H. Lattaud, M. Lethuillier, L. Mirabito, S. Perries, V. Sordini, G. Touquet, M. Vander Donckt,
S. Viret

Georgian Technical University, Tbilisi, Georgia
A. Khvedelidze®

Thbilisi State University, Tbilisi, Georgia
Z. Tsamalaidze®

RWTH Aachen University, I. Physikalisches Institut, Aachen, Germany
C. Autermann, L. Feld, M.K. Kiesel, K. Klein, M. Lipinski, M. Preuten, M.P. Rauch,
C. Schomakers, J. Schulz, M. Teroerde, B. Wittmer

RWTH Aachen University, III. Physikalisches Institut A, Aachen, Germany

A. Albert, M. Erdmann, S. Erdweg, T. Esch, R. Fischer, S. Ghosh, T. Hebbeker, C. Heidemann,
K. Hoepfner, H. Keller, L. Mastrolorenzo, M. Merschmeyer, A. Meyer, P. Millet, S. Mukherjee,
A. Novak, T. Pook, A. Pozdnyakov, M. Radziej, H. Reithler, M. Rieger, A. Schmidt, A. Sharma,
D. Teyssier, S. Thiier

RWTH Aachen University, III. Physikalisches Institut B, Aachen, Germany
G. Fliiggge, O. Hlushchenko, T. Kress, T. Miiller, A. Nehrkorn, A. Nowack, C. Pistone, O. Pooth,
D. Roy, H. Sert, A. Stahl'®

Feng 9



A RECENT CMS AUTHOR LIST (CONTINUED)

98

Deutsches Elektronen-Synchrotron, Hamburg, Germany
M. Aldaya Martin, T. Arndt, C. L H.
K. Beernaert, O. Behnke, U. Behrens, A. Bermudez Martinez, D. Bertsche, A.A. Bin Anuar,
K. Borras!”, V. Botta, A. Campbell, P. Connor, C. Contreras-Campana, V. Danilov, A. De Wit,
M.M. Defranchis, C. Diez Pardos, D. Dominguez Damiani, G. Eckerlin, T. Eichhorn, A. Elwood,
E. Eren, E. Gallo'®, A. Geiser, M. Grados Luyando, A. Grohsjean, M. Guthoff, M. Haranko,
A. Harb, N.Z. Jomhari, H. Jung, M. Kasemann, J. Keaveney, C. Kleinwort, J. Knolle, D. Kriicker,
W. Lange, T. Lenz, J. Leonard, K. Lipka, W. Lohmann'’, R. Mankel, L-A. Melzer-Pellmann,
AB. Meyer, M. Meyer, M. Missiroli, G. Mittag, . Mnich, V. Myronenko, S.K. Pflitsch, D. Pitzl,
A. Raspereza, A. Saibel, M. Savitskyi, P. Saxena, P. Schiitze, C. Schwanenberger, R. Shevchenko,
A. Singh, H. Tholen, O. Turkot, A. Vagnerini, M. Van De Klundert, G.P. Van Onsem, R. Walsh,
Y. Wen, K. Wichmann, C. Wissing, O. Zenaiev

University of Hamburg, Hamburg, German,
R. Aggleton, S. Bein, L. Benato, A. Benecke, V. Blobel, T. Dreyer, A. Ebrahimi, E. Garutti,
D. Gonzalez, P. Gunnellini, J. Haller, A. Hinzmann, A. Karavdina, G. Kasieczka, R. Klanner,
R. Kogler, N. Kovalchuk, 5. Kurz, V. Kutzner, J. Lange, D. Marconi, J. Multhaup, M. Niedziela,
C.EN. Niemeyer, D. Nowatschin, A. Perieanu, A. Reimers, O. Rieger, C. Scharf, P. Schleper,
S. Schumann, J. Schwandt, J. Sonneveld, H. Stadie, G. Steinbriick, EM. Stober, M. Stover,
B. Vormwald, 1. Zoi

Karlsruher Institut fuer Technologie, Karlsruhe, Germany
M. Akbiyik, C. Barth, M. Baselga, S. Baur, T. Berger, E. Butz, R. Caspart, T. Chwalek, W. De Boer,
A. Dierlamm, K. El Morabit, N. Faltermann, M. Giffels, M.A. Harrendorf, F. Hartmann'®,
U. Husemann, 1. Katkov?, S. Kudella, S. Mitra, M.U. Mozer, Th. Miiller, M. Musich, G. Quast,
K. Rabbertz, M. Schroder, I. Shvetsov, H.J. Simonis, R. Ulrich, M. Weber, C. Wohrmann, R. Wolf

Institute of Nuclear and Particle Physics (INPP), NCSR Demokritos, Aghia Paraskevi,
Greece
G. Anagnostou, G. Daskalakis, T. Geralis, A. Kyriakis, D. Loukas, G. Paspalaki

National and Kapodistrian University of Athens, Athens, Greece
A. Agapitos, G. K. P. Kontaxakis, A. Panagiotou, I Papavergou, N. Saoulidou,
K. Vellidis

National Technical University of Athens, Athens, Greece
G. Bakas, K. Kousouris, I. Papakrivopoulos, G. Tsipolitis

University of loannina, loannina, Greece
I Evangelou, C. Foudas, P. Gianneios, P. Katsoulis, P. Kokkas, S. Mallios, K. Manitara,
N. Manthos, I. Papadopoulos, E. Paradas, J. Strologas, F.A. Triantis, D. Tsitsonis

MTA-ELTE Lendiilet CMS Particle and Nuclear Physics Group, Estvés Lorind University,
Budapest, Hungary

M. Bartok?’, M. Csanad, N. Filipovic, P. Major, K. Mandal, A. Mehta, M.I. Nagy, G. Pasztor,
O. Suranyi, G.I. Veres

Wigner Research Centre for Physics, Budapest, Hungary

G. Bencze, C. Hajdu, D. Horvath?, A. Hunyadi, F. Sikler, TA. Vami, V. Veszpremi,
G. Vesztergombi'

Institute of Nuclear Research ATOMKI, Debrecen, Hunga

N. Beni, S. Czellar, ]. Karancsi?’, A. Makovec, ]. Molnar, Z. Szillasi

7 Jan 2021

99

Institute of Physics, University of Debrecen, Debrecen, Hungary
P. Raics, Z.L. Trocsanyi, B. Ujvari

Indian Institute of Science (IISc), Bangalore, India
S. Choudhury, J.R. Komaragiri, P.C. Tiwari

National Institute of Science Education and Research, HBNI, Bhubaneswar, India
S. Bahinipati®’, C. Kar, P. Mal, A. Nayak®, S. Roy Chowdhury, D.K. Sahoo®, S.K. Swain

Panjab University, Chandigarh, India
S. Bansal, S.B. Beri, V. Bhatnagar, 5. Chauhan, R. Chawla, N. Dhingra, R. Gupta, A. Kaur,
M. Kaur, S. Kaur, . Kumari, M. Lohan, M. Meena, K. Sandeep, S. Sharma, |.B. Singh, A.K. Virdi,
G. Walia

University of Delhi, Delhi, India
A. Bhardwaj, B.C. Choudhary, RB. Garg, M. Gola, S. Keshri, Ashok Kumar, S. Malhotra,
M. Naimuddin, P. Priyanka, K. Ranjan, Aashaq Shah, R. Sharma

Saha Institute of Nuclear Physlcs, HBNI, Kolkata, India

R. Bhardwaj?*, M. Bharti®®, a, S. ya, U. 3, D. Bhowmik,
S. Dey, S. Dutt®®, . Dutta, S. Cl\osl\,M Manv% K. Mondal, % Nax\dan,A Purohit, PX. Rout,
A.Roy, G. Saha, S. Sarkar, T. Sarkar®, M. Sharan, B. Singh?, . Thakur®

Indian Institute of Technology Madras, Madras, India
PK. Behera, A. Muhammad

Bhabha Atomic Research Centre, Mumbai, India
R. Chudasama, D. Dutta, V. Jha, V. Kumar, D.K. Mishra, PX. Netrakanti, L.M. Pant, P. Shukla,
P. Suggisetti

Tata Institute of Fundamental Research-A, Mumbai, India

T. Aziz, M.A. Bhat, S. Dugad, G.B. Mohanty, N. Sur, RavindraKumar Verma

Tata Institute of Fundamental Research-B, Mumbai, India

S. Banerjee, S. Bhattacharya, S. Chatterjee, P. Das, M. Guchait, Sa. Jain, S. Karmakar, S. Kumar,
G. Majumder, K. Mazumdar, N. Sahoo

Indian Institute of Science Education and Research (IISER), Pune, India

S. Chauhan, S. Dube, V. Hegde, A. Kapoor, K. Kothekar, S. Pandey, A. Rane, A. Rastogi,
S. Sharma

Institute for Research in Fundamental Sciences (IPM), Tehran, Iran
S. Chenarani?’, E. Eskandari Tadavani, S.M. Etesami?’, M. Khakzad, M. Mohammadi Na-
jafabadi, M. Naseri, F. Rezaei Hosseinabadi, B. Safarzadeh?, M. Zeinali

University College Dublin, Dublin, Ireland
M. Felcini, M. Grunewald

INEN Sezione di Bari *, Universita di Bari !, Politecnico di Bari , Bari, Italy

M. Abbrescia®?, C. Calabria®’, A. Colaleo’, D. Creanza®, L. Cristella?, N. De Filippis®*,
M. De Palma®?, A. Di Florio™?, F. Errico®?, L. Fiore?, A. Gelmi®?, G. laselli*, M. Ince®,
S. Lezki"!, G. Maggi®*, M. Maggi®, G. Miniello®?, 5. My*?, S. Nuzzo®!, A. Pompili**,
G. Pugliese’t, R. Radogna’, A. Ranieri’, G. Selvaggi®’, L. Silvestris, R. Venditti’,
P Verwilligen®

100

INFN Sezione di Bologna *, Universita di Bologna ", Bologna, Italy
G. Abbiendi?, C. Battilana™?, D. Bonacorsi?, L. Borgonovi®’
R. Campanini®®, P. Capiluppi**, A. Castro"!, ER. Cavallof, S
M. Cuffiani®?, GM. Dallavalle”, F. Fabbri®, A. Fanfani® Fontanesi, P. Giacomelli,
C. Grandi", L. Guiducci®, F. lemmi*", S. Lo Meo"?, S. Marcellini?, G. Masetti’, A. Montanari’,
EL. Navarria®", A. Perrotta’, F. Primavera®", A.M. Rossi"", T. Rovelli**, G.P. Siroli, N. Tosi"

S. Braibant-Giacomelli*",

Chhibra™, G. Codispoti®!,

INFN Sezione di Catania , Universita di Catania *, Catania, Italy
S. Albergo™ ™, A. Di Mattia®, R. Potenza®?, A. Tricomi®"®, C. Tuve®"

INFN Sezione di Firenze ?, Universita di Firenze, , Firenze, Italy

G. Barbagli’, K. Chatterjee™*, V. Ciulli**, C. Civinini®, R. D'Alessandro*?, E. Focardi®”,
G. Latino, P. Lenzi!, M. Meschini, S. Paoletti?, L. Russo¥!, G. Sguazzoni®, D. Strom’,
L. Viliani®

INEN Laboratori Nazionali di Frascati, Frascati, Italy
L. Benussi, S. Bianco, F. Fabbri, D. Piccolo

INFN Sezione di Genova *, Universita di Genova !, Genova, Italy
F. Ferro’, R. Mulargia®", E. Robutt” 8. Tosi®!

INFN Sezione di Milano-Bicocca *, Universita di Milano-Bicocca ', Milano, Italy

A. Benaglia’, A. Beschi’, F. Brivio®?, V. Ciriolo®"!, S. Di Guida®*!6, M.E. Dinardo®",
5. Fiorendi®, S, Gennaif, A. Ghezzi"*, P. Govoni®", M. Malberti®', 5. Malvezzif, D. Menasce",
E. Monti, L. Moroni, M. Paganoni®’, D. Pedrini’, S. Ragazzi®!, T. Tabarelli de Fatis™",
D. Zuolo™?

INEN Sezione di Napoli ¢, Universita di Napoli ‘Federico II' *, Napoli, Italy, Universita della
Basilicata °, Potenza, Italy, Universita G. Marconi !, Roma, Ital;

S. Buontempo’, N. Cavallo®, A. De lorio™”, A. Di Crcsmnm" t, E. Faboz
G. Galati?, A OM. Torio", L. Listaf, S, Meola®#16, P. Paolucci®!

¢, F. Fienga’,
5, Sciacca®™, E. Voevodina®

INEN Sezione di Padova ?, Universita di Padova *, Padova, Italy, Universita di Trento ¢,
Trento, Italy

P. Azzi", N. Bacchetta®, D. Bisello™, A. Boletti®?, A. Bragagnolo, R. Carlin®?, P. Checchia®,
M. DallOsso", P. De Castro Manzano?, T. Dorigo?, U. Dossellit, F. Gasparini®,
U. Gasparini®!, A. Gozzelino?, SY. Hoh, S. Lacaprara’, P. Lujan, M. Margoni®:,
AT. Meneguzzo®?, . Pazzini”, M. Presilla’, P. Ronchese®?, R. Rossin®?, F. Simonetto®!,
A. Tiko, E. Torassa’, M. Tosi*!, M. Zanetti*, P. Zotto"", G. Zumerle®""

INEN Sezione di Pavia °, Universita di Pavia £, Pavia, Italy
A. Braghieri?, A. Magnam , P. Montagna®?, S.P. Ratti®", V. Re”, M. Ressegotti®*, C. Riccardi*",
P Salvini, L Vai®, P. Vitulo®?

INEN Sezione di Perugia °, Universita di Perugia !, Perugia, Italy
iasini*, G.M. Bilei, C. Cecchi®*, D, Ciangottini®*, L. Fand*"*, P. Lariccia®*, R. Leonardi,
G, Mantovani®®, V. Mariani®!, M. Menichelli*, A. Rossi®!, A. Santocchia®”,

INEN Sezione di Pisa ?, Universita di Pisa ?, Scuola Normale Superiore di Pisa*, Pisa, Italy
K. Androsov", P. Azzurri®, G. Bagliesi’, L. Bianchini’, T. Boccali", L. Borrello, R. Castaldi’,
M.A. C\OCC\"'”, R. Dell'Orso”, G. Fedi?, E. Fiori®, L. Giannini®‘, A. Giassi’, M.T. Grippo®,
F. Ligabue®<, E. Manca”<, G. Mandorli*<, A. Messineo®”, F. Palla®, A. Rizzi**, G. Rolandi®?,
A.Scribano’, P. Spagnolo”, R. Tenchini*, G. Tonelli®*, A. Venturi’, PG. Verdini®

Feng 10




A RECENT CMS AUTHOR LIST (CONTINUED)

101
INEN Sezione di Roma *, Sapienza Universita di Roma !, Rome, It
L. Barone"™, F. Cavallar”, M. c,wmw 1. Del Ret . i Mo, M. Diemoz”, 5. Gall .
Longo darzocehi®”, P. Meridiani’, G. Organtini**, E. Pandolf’, R. Paramati®”
. Preiato"”, C. C-Rovelli®, E Santanastasio®”

ersita del Piemonte

INEN Sezione di Torino *, Universita di Torino !, Torino, Italy, Uy
Orientale ©, Novara, Italy
N. Amapane®”, R. Arcidiacono’

S. Amgiro"!, M. Ameodo®, N. Bartosik’, R. Bellan**

€ Bino', A Cappati!, N, Cartighs', F. G 'M. Costat?, R. Covarelli .
maria’, ariott Mast 4, V. Monaco™,
Py Monteil", M. Obertino®?, L. Pacher*?, N. Pastrone?, M. Pelliccioni’,

oni
K. Shehelina

L. Pinna Angioni?, A. Romero™!, M. Ruspa*, R. Sacchi"", R. Salvatico®
V. Sola, A. Solano*®, D. Soldi®!, A. Staiano®
INEN Sezione di Trieste ', Universita di Trieste !, Trieste, Italy
S Belforte”, V. Candelise®!, M. Casarsa’, F. Cossutt, A. Da Rold*, G. Della Ricca®™,
E. Vazzoler't, A, Zanett

Kyungpook National University, Daegu, Korea
Kim, G, Kim, M. Kim, . Lee, SW. Lee, C.S. Moon, Y.D. Oh, S Pak, S. Sekmen,
D.C.Son, Y.C. Yang

Chonnam National University, Institute for Universe and Elementary Particles, Kwangju,

Korea
H.Kim, D.H. Moon, G. Oh

Hanyang University, Seoul, Korea

B. Francois, |. Goh™, TJ. Kim

Korea University, Seoul, Korea

. Cho, 5. Choi, Y. Go, D. Gyun, S. Ha, B. Hong, Y. Jo, K. Lee, K5, Lee, S Lee, . Lim, SK. Park,
Y. Roh

Sejong University, Seoul, Korea
5.Kim

Seoul National University, Seoul, Korea

J- Almond, J. Kim, J5. Kim, H. Lee, K. Lee, S. Lee, K. Nam, SB. Oh, B.C. Radburn-Smith,
Seo, UK. Yang, H.D. Yoo, G.B. Yu

University of Seoul, Seoul, Korea

D. Jeon, H. Kim, | H_ Kim, | H. Lee, 1C. Park

Sungloyunlouan Universty Suvcon, Korea

Y. Choi, C. Hwang, ). Lee, . Y

Riga Technical Universty, Riga, Latvia

V. Veckalns

Vilnius University, Vilnius, Lithuania

'V Dudenas, A. Juodagalvis, |. Vaitkus

National Centre for Particle Physics, Universiti Malaya, Kuala Lumpur, Malaysia

ZA. Torahim, MAB. Md AI, E. Mohamad Idris®, WAT. Wan Abdullah, MN. Yusli,

Z Zolkapli

7 Jan 2021

102

Universidad de Sonora (UNISON), Hermosillo, Mexico
JF. Benitez, A. Castaneda Hernandez, ].A. Murillo Quijada

Cento de Ivestigacion y de Estudios Avanzadasdel TP, Mexico City Mexico

H. Castlla-Valdez, E. De La Cruz-Burelo, M.C. Duran-Osuna, 1. Heredia-De La Cruz
R, Laper-Fernandes, 1. Meja Guiao, R Rabadan T, G Karires Sancher, R. Reves.
Almanza, A. Sanchez-Hernandez

Universidad Iberoamericana, Mexico Ci xico
. Carrillo Moreno, C. Oropeza Barrera, M. Ramine-Gacin, Vazquez Valencia

Benemerita Uni tonoma de Pucbla, Pucbla, Mexico
J Eyscrmans, | Pedrazn, 1L, Soavar Targuen, . Uribe Estrada
Universidad Auténoma de San Luis Potos, San Luis Potosi, Mexico
A. Morelos Pineda

University of Montenegro, Podgorica, Montenegro

N. Raicevic

University of Auckland, Auckland, New Zealand

D. Krofcheck

University of Canterbury, Christchurch, New Zealand

S. Bheesette, PH. Butler

National Centre for Physics, Quaid-1-Azam University, Islamabad, Pakistan
A. Ahmad, M. Ahmad, M1 Asghar, Q. Hassan, HR. Hoorani, WA. Khan, M.A. Shah,
M. Shoaib, M. Wagas

National Centre for Nuclear Research, Swierk, Poland

H. Bialkowska, M. Blu, B. Boimska, T. Frucboes, M. Grski, M. Kazana, M. Szleper, P. Traczyk,
P. Zalewski

Institute of Experimental Physics, Faculty of Physics, University of Warsaw, Warsaw, Poland
K. Bunkowski, A. Byszuk®, K. Doroba, A. Kalinowski, M. Konecki, . Krolikowski, M. Misiura,
M. Olszewski, A. Pyskir, M. Walczak

1 de Particulas, Lisboa, Portugal
M Aratjo P Bargast, C. Beiio Do Crus & Siva, A D1 Francesce, P Foceoh, . Galinas,
M. Gallinaro, . Hollar, N. Leonardo, J. Seixas, G. Strong, O. Toldaiev, |. Varela

Joint nsiut or Nuclear Researhy Dubns, Rusia
§ Afanasiy, . Bunin, M. Gavrlenko, . Golutin . Corburoy, A, Kmenes, V Karavine

anes, A Malakhot, V. Matveev™ 4, T Motsenz, V. Palchik, V. Pereygin, . Shimatv,
. Shalha N. Skatchkov, V. Smirnow . Veytishin, A, Zarubin

Petersburg Nuclear Physics Insitute, Gatchina (St, Petersburg), Russia
V. Golovtsov, Y. Ivanov, V. Kim, E. Kuznetsova®, P. Levchenko, V. Murzin, V. Oreshkin,
1. Smirmav, D. Sosnoy, V. Sulimv, L. Uarov, 5. Vavilov, A. Vorobyey
Institte for Nucear Research, Moscow, Russa

A Dermenev, 5. Gninenko, N. Golubey, A. Kareyeu, M. Kirsanov, N. Krasnikoy,
A Pashenkos, A-Shabanor, D. oy A, Toropin

Institute for Theoretical and Experimental Physics, Moscow, Russia
Gavrilov, N. Lychkovskaya, V. Popoy, I Pozdnyakov, G. Safronov,

A. Spiridonov, A. Stepennov, V. Stolin, M. Toms, E. Vlasov, A. Zhokin

Moscow Institute of Physics and Technology, Moscow, Russia

. Aushev.

National Research Nuclear University ‘Moscow Engineering Physics Institute’ (MEPhI),

Moscow, Russia

R. Chistov®, M. Danilov®, D. Philippov, E. Tarkovskil

PN. Lebedev Physical Institute, Moscow, Russia

V. Andreev, M. Azarkin, L. Dremin®®, M. Kirakosyan, A. Terkulov

Stkabeliyn Lostae of Neclear Physic, Locwansoy Mosco Sats Univeity, Moscrn

M bosakor, A Beyaew E Bocs, . Biches M. Dubinin®, L. Dudko, A. Ershoy, V. Klyukhin,

1. Lokhtin, S. Obraztsoy, M. Perfilov, in, P Volkov

Novosibirsk State University (NSU), N

X Barnyakovt, v Blimove T Dimova®, L Kar\l«po]lau\"" Y. Skovpen®®

Institute for High Energy Physics of National Research Centre ‘Kurchatov Institute’,
tvino, Russia
L Azhgirey, 1. Bayshev, S. Bitioukov, V. Kachanov, A. Kalinin, D. Konstantinov, P. Mandrik,
V. Petroy, R. Ryutin, S. Slabospitski, A. Sobol, 5. Troshin, N. Tyurin, A. Uzunian, A. Volkov
National Research Tomsk Polytechnic University, Tomsk, Russia

A. Babaev, 5. Baidali, A. luzhakov, V. Okhotnikov

University of Belgrade: Faculty of Physics and VINCA Institute of Nuclear Sciences

P. Adzic*, P. Cirkovic, D. Devetak, M. Dordevic, P. Milenovic”, |. Milosevic

icas Medioambientales y Tecnoléy

Centro de Investigaciones Energe s (CIEMAT),
Madrid, Spain
J. Alcaraz Maestre, A. Alvarez Ferndndez, 1. Bachiller, M. Barrio Luna, J.A. Brochero Cifuentes,
M Corda, N. Colivy B De La Crus, A Delgado Peris C. Fermander Bedoya
J.P. Fernandez Ramos, J. Flix, MC. Fouz, O. Gonzalez Lopez, 5. Goy Lopez, ] M. Hernandez,
ML Jous, D, Moran, A Pérer-Calero Yquiendo, 1. Pucts Pelayo, 1. Redondo, b Romero,
. Sanchez Navas, M.S. Soares, A. Triossi
Universidad Auténoma de Madrid, Madrid, Spain
C. Albajar, | F. de Troconiz
Universidad de Oviedo, Oviedo, Spain

Cuevas, C. Erice, |. Femmandez Menendez, S. Folgueras, I Gonzalez Caballero,
JR. Gonzilez Fernandez, E. Palencia Cortezon, V. Rodriguez Bouza, S. Sanchez Cruz,
JM. Vizan Garc
Instituto de Fisica de Cantabria (IFCA), CSIC-Universidad de Cantabria, Santander, Spain
1]. Cabrillo, A. Calderon, B. Chazin Quero, J. Duarte Campderros, M. Feandez,
. Femindez Manteca, & Garcia Alonso, | GarcFerrers, G, Gomes, A Lopee Virto
J. Marco, C. M; P. Martinez Ruiz del Arbol, . Matorras, J. Piedra Gomez,
- Priee, . Rodrigo, A Ruiz fimeno, L Scodellao, N. Trevisani | Vil, K. Vilar Cortabtarte

2

104

University of Ruhuna, Department of Physics, Matara, Sri Lanka
N. Wickramage

CERN, European Organization for Nuclear Research, Geneva, Switzerland
D. Abbaneo, B. Akgun, E. Auffray, G. Auzinger, P. Baillon, A.H. Ball, D. Barney, . Bendavid,
M. Bianco, A. Bocci, C. Botta, E. Brondolin, T. Camporesi, M. Cepeda, G, Cerminara, E. Chapon,

Chen, G. Cucciati, D. d’Enterria, A. Dabrowski, N. Daci, V. Daponte, A. David, A. De Roeck,
N. Deelen, M. Dobson, M. Dinser, N. Dupont, A. Ellott-Peisert, . Fallavollita®, D. Fasanella,
G. Franzoni, ). Fulcher, W. Funk, D. Gigi, A. Gilbert, K. Gil, . Glege, M. Gruchala, M. Guilbaud,
D. Gulhan, J. Hegeman, C. Heidegger, Y. liyama, V. Innocente, GM. Innocenti, A. Jafari,
P. Janot, O. Karacheban'”, J. Kiescler, A. Kornmayer, M. Krammer', C. Lange, P. Lecoq,
C. Lourenco, L. Malgeri, M. Mannelli, A. Massironi, F. Meijers, . A. Merlin, 5. Mersi, E. Meschi,
- Moortgat, M. Niders, J. Ngadiube, 5. Nousoakhsh, 5. Orfanell, L Orei, . Pantalol®,
L. Pape, E. Perez, M. Peruzzi, A. Petrill, G. Petrucciani, A. Pieiffer, M. Pierini, EM. Pitters,
. Rabady, & Raco, M. Rovere, 1. Sakulin, . Sehafer,C. Schuwick, M. Sevag, A. Sarma,
hicas™, A. Stakia, ). Steggemann, D. Treille, A. Tsirou, A. Vartak, M. Verzetti

WD, Zeuner

Paul Scherrer Institut, Villigen, Switzerland

L. Caminada®, K. Deiters, W. Erdmann, R. Horisberger, Q. Ingram, H.C. Kaestli, D. Kotlinski

U. Langenegger, T. Rohe, §.A. Wiederkehr

ETH Zurich - Institute for Particle Physics and Astrophysics (IPA), Zurich, Switzerland

M. Backhaus, P. Berger, N. Chernyavskaya, G. Dissertori, M. Dittmar, M. Donega, C. Dorfer,

TA. Gomez Espinosa, C. Grab, D. Hits, T. Klijnsma, W. Lustermann, R.A. Manzoni,

M. Marionneau, M.T. Meinhard, F. Micheli, P. Musella, F. Nessi-Tedaldi, F. Pauss, G. Perrin,

L Peroza S Pigazzi, M. Ricurane, C-Reise T Reftnspiess, D. Rui, D, Sara Becer
. Schonenberger, L. Shchutska, VR, Tavolaro, K. Theofilatos, M.L. Vesterbacka Olsson,

by Wallny, DH. Zhu

Universitit Ziirich, Zurich, Switzerland

TK. Aarrestad, C. Amsler™, D. Brzhechko, M.E Canelli, A. De Cosa, R. Del Burgo, S. Donato,

C. Galloni, T. Hreus, B. Kilminster, 5. Leontsinis, VM. Mikuni, 1. Neutelings, G. Rauco,

P Robmann, D. Salerno, K. Schweiger, C. Seitz, Y. Takahashi, S, Wertz, A. Zucchetta

National Central University, ChungLi, Taiwan

TH. Doan, C.M. Kuo, W. Lin, 5. Yu

National Taiwan University (NTU), Taipe, Taiwan

P. Chang, Y. Chao, K.F. Chen, PH. Chen, W5, Hou, Y. Liu, RS, Lu, E. Paganis, A. Psallidas,

A-Steen

Chulalongkorn University, Faculty of Science, Department of Physics, Bangkok, Thailand
B. Asavapibhop, N. Srimanobhas, N. Suwonjandee

Cukurova University Physics Department, Science and Art Faculty, Adana, Turkey

A Bat, E Boran, S. Cerci®, S. Damarseckin®, ZS. Demiroglu, F Dolek, C. Dozen,
L Dumanoglu, G. Gokbulut, EmineGurpinar Guler™, Y. Guler, 1. H Isik, E.E. Kangal*,
O.Kara, A Kayis Topaksu, U, Kiminsu, M. Oglakei, G. Onengut, K. Ozdemir”, 5. Ozturk™,
D. Sunar Cerci®, B. Tali®, U.G. Tok, 5. Turkcapar, LS. Zotbakir, C. Zotbilmez

Middie st Technicl University Physcs Departmen, Ankara, Turkey
B Isildak™, G. Karapinar®, M. Yalvac, M. Zey

Feng 11




A RECENT CMS AUTHOR LIST (CONTINUED)

105

Bogazici Universty Istanbul, Turkey.
. Atakis, E. Gllmez, M. Kaya®l, O, Kaya®, O, Orgeik, S, Orkorucukle?, 5. Tekten,
EA. Yetkin®!

Isanbul Tecnical Univenity anbul, T
A Cakir, K. Cankocak, Y. Komarcu,
Institute for Scintillation Materials of National Academy of Science of Ukaine, Kharkoy,
Ulasine

B.Grynyor

rkey

Nationsl Scientific Center Kharkov Institute of Physics and Technalogy, Kharkoy, Ukraine.

L Levehuk

University of Bristol, Brstol, United Kingdom

Bl 1) ek, D Bums, . Clemen,D-Cusans O Davignon 1, e | Goldsten,
G Heuth, H Heal L ik DN Newhod, . Paramessaran, . Fenin. T Sokumt

S S o A T

Ratherford Appleton Laboratory, Didcot, United Ky

KBl A Bt C e, RM B D <.m D3 Coceril 1A, Conghian

K. Harder, S Harper, | Linacre, K. Manolopotio, etyt, T Reis, . Schuh,

it Snephent Toimicocanr . Ten TR oo T Wi ) W

Imperial College, London, United Kingdor

R By Bloch ] org . Bres o Bochmule . Bundck D, Calling . Doy,

ella Nega, R, Di Maria, P. Eve Hall, G, Tls, T James, M. Komm,

ner L Lyons, AN, Nagoan 5 Vi A \,mmh b Milseic | Ko, A Nikinko’
4 Rose, . Scot, Shtip

cmmm N T K v T Ve, N, ol

&
V Faladin, i P
G Singh W Soge . Srblr, &
D Winterbottom, . Wright, S.C. Zen

Brunel University, Usbridge, United Kingdom
TECole P Foneons A o Kberd C K. Mackay A Morton, 1D Red 1. Teoorscs
Zabid

Bytr University Wao USA
Call )T H. Lin, C. Madrid, B McMaste, N, Pastika, C. Smith

Cathalic University of Americs, Washington, DC, USA
K Bartek, A. Dominguez

Universty of Alsbams, Tuscaloos
N Burel . hars 1 Cooper €. iendeson, P Ramero, . Wet

Boston University, Boston, USA

D! Arcaro, T. Bose, Z. Demiragl, D, Gaster, S Girgi, D, Pinna, C. Richardso, J. Rohlf,

D Sperka, 1 Suarez, L. o

Brown University, Providence, USA

G, Benel, . B . Coubes, .t . Fdl | Fol U. el JM. Hogan,
ok, . Laind, G. Landsber, . Lae 2 Mao, M. Narain, .

Dy

Universty of California, Davis, Davis, U
R Band, C. Branerd, R Breedon, D. Burms, M. Calderon De La Barca Sanchez, M. Chertok,

106

. Conway, R Convon R Ebacher,C. Flors, G, Funk, W. Ko, O Kukral, R Lander,
X i, B pelt 1 Pao M i . St B Tl K. T, . Tpa, 7 Wong,
F. 70

University of California, Los Angeles, USA

. B o R Cousis, & Disgupt . Florn, | s M. gmtenk, N. el
S Regnard, D, Saltzbers, € Schnaible, V. Value

Univrity of Callfomis, Kivride ivride,
i K. Burt - Clre 1. Gy, SALA, Chiss Shira, G Honson, G Kapost

£ Kemmedy O Lo AL Omedo aneva, W.Si, L Wang, H. Wes, S Wimpens

BR Yates

Uniersityo Cafois s Dicg Lol U5A
). Branson, . Chang, S. Citoln, sk, R Geross, D. Gilbert, 5. Hashern,
X Hnen . Kl . Ko,V Kl - Lo M. Mioicei: S Ny DOl
. Padhi, M. Per, V. Sharm, M. Tadel J. Wood, . Wiirtwein, A. Yl G Zevi Della Porta

- Amin R Bhndar € Campagnar, M. Clon, V. Duta M. Franco Svil - Gousks,
R Ho chaova, H. ang, . ¥

California Insitue of Technology, Pasadens, US/
D Anderen, & Bormhen, . L whom, N u HB. Newman, TQ. Nguyen, J. Pata,
M.Spiropulu, R Viimant, & B RY.Zh

ComeieMellon Universty s,
AT irews. T Fergocn T M M. Pl M Sen 1 orobie M. Wobers
University of Colorado Boulder, Boulder, USA

K. Stenson, KA. Ulmer, S R Wagner
ComellUnivesitylhacs, USA
1 Alexander, . Chaves, ¥, Cheng, 1. Chu, &. Datts, K. Medermott, N. Mirman, | Monroy,
¥ P, o & Kmm.m ARy, L Skinnari, L Soff, SM. Tan, 2 o, . Thom,
J- Tucke, P Witich, M. Zien
Fermi 1 Acceleator Laboratory, Batavia, USA
S i M Ao Ay . Apolinac, A_ Apresyan, A Apyan, . Baed
LAT, Bauerdick, A, Beretvas, |, Berhil, PC. Bhat, K. Burket, 1. e, A- Conepar
G Cora, VK. Cheun, F Chkbna, . Cromans, | Duns, V0, i, | reeman
Coay D Gren, S Grinenda, 0 Gt oo, RN T,
B ok, . o, . Jhvson,U.Josh . Kia,
N Kepeiien, 5 Ko, 5. Lot D Licein & Lipion M. LT L. . yshon
K Macshima, | M. Marraffno, D Masan, P McBride, P Merkel, 5. Mrenna, 5. Nahn, V. O'Dll,
K Pedr, C. T . Raknes, . Ravers, A Reinsvold, L. Ritor, B, cheider,
ESotamKomady S W) Sldin L pegs S} S S L T
S Thaczyk, W Vasndring, ¢ Vermirs, M. Vrsoech, K il
N Warg TEA Mober

University of Florida, Gainesville, USA
D Acosta, P. Avery, 7. Bortignon, D. Bourilkor; A. Brinkerhoff, L. Cadamuro, A. Cames,

107

D. Curry, RD. Field, S Gleyzer, BAL Josh, |. Konigsbers, A, Korytov, KL Lo, P Ma,
K. Matches, N. Menendez, G. Mitseimakher, . Rosenzwig, K Shi,J. Wang, 5, Wang, X. Zuo
Florida International niversity, Miami, USA

YR Joshi, 5. Lin

Florida State Universty Talahassee, USA

. Adams, A. Askew, . Hogopian, V. Hagopian, KC£. Johnson, R. Khurans, T. Kolberg,
. Mariner T Prty. 1. Prospir A Sahs, . Schier, R Yohay

Florida Institute of Technology, Melbourne, USA
M. Baarmand, V. Bhopatkar, 5. Colaftanceschi, M. Hohlmann, D. Noonan, M. Rshmari,
T Roy, M. Saunders,  Yamiceva

Univenty of i s Chicgo (UIC), Chiao, USA

MR A L Apmcid, b ey K et Covmagh, X. o, . Dite:
. Excdokimov, . Garber, DA, Hangal, D). Hofman, K. Jung, €. Mill, ALB. Tomes,
N Voo, g, X Warg 2 W ] Zhans

The University of Towa,Towa City, USA

M. Alhussein, B Bk, W. Claids, K. Disiz”, 5. Durgut, RP. Gandrjuls, M. Haytmyradov;
V. Kivistenko, OK Kaseyan, | Mierl, A M‘\mmhnh "A Moie, ] Nachtman, H. Ogul™,
X.Onel, 020k, A. Penzo, C. Snyde, E. Tiras 1. Wetze

ot op

ins Universiy, Bal
Blumenield, A, Cocoros, N. Eminizer, D. Fehling, L. Feng, AV, Grisan, W1, Hung,
 Makmovic 1. Ko . Sorc M. Swrts, M- X

Lawrence, USA

Bean, S Boren J. Bowen, A. Bylinkin, . Castle, S, Khli,
DM, ‘,.m..m W Mcbrayer, M. Murray,C. Rogan, 5. Sanders, E. Schmitz,
o o . i

Kansas State University, Manhatan, USA
5 Duri, A Tenow K Kadse, D K, Y. Maravin, DR Mendis T Michel, A, Modak.
A Mohammad

Lawrence Livermore Nationsl Laboratory, Livermore, USA
F Rebassoo, D, Wiight
University of Maryland, College Park, USA

Baden, O. Bazon, A Belloni, .. Eno, Y. Feng, . Feraiol, N Hadley, 5. Jabeen, G,
R Kl Kkl AC g, ol e T Seidel YH. Shin, A, Skuj,
SC. Tomwar, K. Wong

Msachsets sttt ofTchnlogy, Cambrid, USA
ez, A Ty R S Brndy, W, B, L. Col
M. DAl . Gomes Gl M. Gonctar, o D Fow M-, M. Kt
Luck N, € Mg, <. Nitoor
" i . ki, C. R, G Re. 2 . G . Sphone
K Sumord oo, . Velcan, 1. Wang T Wang, . Wylouch

£
g

u o i, Minnspols USA
AC Do, RV Chtiee A Evans, P Harsen, J Hilbrand, i, . Ko,
Ko a7 Lk, s, . Rk VA

108

University of Mississippi, Oxford, USA

JG. Acosta, 5 Oliveros

University of Nebraska-Lincoln, Lincoln, USA

E. Avdeeva, K. Bloom, DR. Claes, C. Fangmeier, L. Finco, F. Golf, R. Gonzalez Suare,

R Kamaleddin, 1. Kravehenko, | . Siado, G, Snow, B, Stiege

State University of New York at Buffalo, Bufflo, USA

& Godhl, € Harmingion, syl A e, . an, D Ny, . Prker
Rappoctio, B, Roazbahani

Northesstern Uriversty, Boston, USA

G Alveran, . B, . Fre, Y. Hddad, . Hotangfam, G Madign, D, s

T Orimoto, . Tishelman-charmy, T.Wamorks, . Wang, A. Wisecarver, D. Woo

Northwestern University, Evanston, USA
Bhatiacharya, ). Bucghl T Gunter KA. Hahn, N. Odell, MLHL Schait, K. Sun, M. Trovato,

M. Vlasco

University of Notre D

R B, - Do, K Gldogeln, M. it K Hortado Aoampa, . Jessp, D) Kngard,
Lannon, W. Li, . Loukss, N. Marinel, £ Meng, C. Muellr, . Musienko®, M. Planc

R Rochi, . iy, .S, oroni M. Wayie, A Wihtran M. Wolf. A ioodord

The Ohio Sate Uninrsity, Culumbus, USA
B B Flowers, B HlL Wi A Letld
T gy Lo 8L Winer

Princeton University Princeton, USA
5 Cooprstin, . Deson T ime, | ardenok, N. o, . fgsinbt,
A Klogeropouos, S Kan, . Lange M. Luchini ). Lo, D. Malow K My L Ol
Owenc Famen P Pirout. 1. Sl ebgen, . Saciond. €. Tl 7.

vty of Pt i, Mg, U5

Malik, . Norbe
FardueUniversiy Wes Lafayete USA

A- Barker, VE. Barnes, 5. Das, 3 Mo, AW fung & Kt Motk
D1 M G oo, K Newmeer CL P Fipron 1 G S, S £ o
R Xiao, W Xie

Pardue University Northwest, Hammond, USA
. Cheng, . Dolen, N. Parashar
Rice Universit, Houston, USA
2 Coen K ek . e, FL et M. ik Ar K, W L. B2 Py,
. Robert, . Rorie, W.hi, Z. Tu, A. Zhan
Univestyof RocheserRocheser

A Bk de Bt & Derin, 4. Du, 1L Dulbo,C. Fallo, T, el M. Galnt
A Garcia Belido, . Han, O. Hindrichs, A, Khukhunaishvill, £ Ranken, . Tan, . T

e University of New Jors

5 Chnre 1 Chow, Y e, . mlkmum« A e M Heindl, E Hoghes S Kaplar,
S Kyriaco, 1. Laflot, A Lath, & Montalvo, K. Nodhy M. Ocherson, 1. Sako, 5. Salr
. Schvetzer, D, Sheffel, . Somabwar, R Ston, . Thoma, . Thomassen

University of Tennessee, Know

- Ahar A G Detannay ) HetdemancG. ey . Spnie

Texas A&M University, College Station, US!

O Bouhal A, Cll, . ichene 1 De Nt & Do, . D, . Eushs
T. Huang, T. Kamori™, S. Luo, D. Marke, R Muller, D, Overton, L. Perni,

b R, A S

Texas Tech University, Lubbock, USA

N Akchain, ] Damon, . D Guio, PR. Dudet, S Kurri, K. Lamichhane, SW. Lo

T Menge, S Muthumun, T.Pelol, . Undleeb, 1 Volobouer, Z Wang, A. Whitbeck

Vanderbilt Universiy, Nashville, USA
& Grane, A Gumla, R Janam, . o, . Mogai, A Mo, H.N K. Fadeken, . Fomeo
Sheldan, . Tuo ). Velkovsk, M. Verwel, 0.

University of Virginia, Charlotesvile, USA.
DLW Arnton . B B-Con R Hisky M Jyee, A Ledoskoy . Li € Neu. Y Wang
E. Wolte

Wayne sity, Deteoit,
X T P Kb N oyl | Sty P Thopa S Zaleki
University of Wisconsin - Madison, Madison, WL, US
). Bachanan,C. Calol, B, Cartsmth, . Do 1 o Y\mm L Dodd, B, Gomber™, M. Grothe
M. Herndon, A Hervé, U. Hussain, 2 Klabbers, A. Lanaro, K. Long, . Loveles, T. Ruggls,
S V. S, N S, W St .o
: Deceased
1. Also at Vienna University of Technalogy, Vienna, Ausri

Al at Skoeieyn ncie of Nuciar Pryeice, Lomonosov Moscow State Uriversiy

scow, Russia
3. AlsoatIRFU, CEA, Universit Paris-Saclay, Gif sur-Yeete, France
Al Univeridae Etdus de Campines, Campios

. Al at Fderal Universtyof Rio Grande do ul, Forto Al Brazi

& Al at Uniersie Live de Brunclles, Broselies, Bgiom

7: Al at University of Chinese Academy of Scences, Beiing, China

5: Also at Institute for Theoretcal and Experimental Physics, Moscow, Russia

9: Alsoat Joint Institutefor Nuclear R Huss
10: Alioat airo Univensity, Cairo, Egypt

1: Also at Fayoum University,ELFayoun, g

12: Now at Brtish Univers Pt Cairo Egypt

15 Also at Zewail it of Science and Technalogy, Zewai, Egypt

L Also at Purdue Universty, West Lafayete,

15¢ Al at Universtéde Haute Alsace Mulhouse, France

16 Al 3t CERN; Euvopesn Organizaton for Nucear Resesrh, Geners, Szl

17 Alsoat ITH Aud I Physikaisches st A, Aache, Germany
Alsoat University of Hamburg, Hamburg, Germany.
n Aleoat Brandenburg Univeray of Tchrogy,C ot Gy
h

A it o Nt R STONK Deren o
2. Also at MTA-ELTE Lendtiel CMS Tartice and Nocleor Phyess Group, Estv Lorind
Universiy, Budapest, Hungary

4000 collaborators from 230 institutions in 51 countries

7 Jan 2021

Feng 12




LHC: CURRENT STATUS

* The discovery of the Higgs boson in 2012 completed the
standard model of particle physics, a remarkable

achievement, but so far there has been no other evidence for

new particles.

« The LHC is currently in
Long Shutdown 2, but will
start up again in 2022
and run till ~2037. Will we
find new particles through
conventional searches?

 What other approaches
can enhance the
prospects for discovering
new particles?
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THE LIFETIME
FRONTIER
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THE UNIVERSE TODAY

{ dark matter
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« We now have an overall picture of the Universe.
« We know a lot about a little: the normal matter (5%).

« But we know little about a lot: dark matter / dark energy (95%).
Most of the universe is still to be discovered and understood.
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DARK MATTER

What properties should DM have?

A simple mechanism for generating DM:
DM particles exist in the early universe,

then pair annihilate until they “freeze out.” .«

The weaker their interactions, the more
dark matter survives to the present day:

2
1 5%

QX X ~~
(o) g%

WIMP Miracle: ~100 GeV to 1 TeV

masses, strong couplings - right &

abundance

WIMPless Miracle: lighter particles,
weaker interactions - right abundance
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AN EXAMPLE: DARK PHOTONS

« Suppose there is a dark sector that contains dark matter X and also a dark
force: dark electromagnetism.

» Generically, the force carriers of the SM and dark EM will mix

A Ap

« The resulting theory contains a new particle, the dark photon. It's like a
normal photon, except that it can have a small mass, and its couplings to
charged particles are suppressed by a small parameter: it is a weakly-
interacting, light particle. Holdom (1986)

* Finding a dark photon would imply the discovery of a new fundamental
force and also our first “portal” through which to view the dark sector.
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THE LIFETIME FRONTIER

« What are the basic properties of light and weakly interacting particles?

« Consider such a neutral particle with energy E ~ TeV, and
— mass between electron (0.5 MeV) and proton (1 GeV): take m ~ 100 MeV
— coupling between milli-charged and micro-charged: take ¢ ~ 10-°

* They pass through matter essentially without interacting: radiation length
is (10 cm) ¢2 ~ 109 m. The distance to the moon!

» They go straight; unaffected by E and B fields.

« They may decay to visible particles, but only after a long time:

1075121100 MeV12 [ E &

e

Strong dependence on m and g, but these are long-lived particles and

decay lengths may be meters or kilometers: human length scales!
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FASER
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SEARCHES FOR NEW LIGHT PARTICLES

* If new particles are light and weakly interacting, existing detectors are
perfectly designed NOT to see them.

» Existing detectors are designed to find new heavy particles. To make
such particles, the colliding beam energy is converted mainly to rest
mass, and so these particles are produced almost at rest and decay
isotropically.

« But new light particles are dominantly produced in glancing collisions
and so travel along the beamline, where existing detectors have holes
to let the colliding beams in.

« To add insult to injury, light particles are long-lived, and so would

anyway pass right through existing detectors and decay far away.
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FASER: THE BASIC IDEA

« Clearly what we need is a detector to complement existing
detectors and cover their “blind spots.”

 We can’t put such a detector too close to the interaction
point, or it would block the beams.

« But if we go far enough away, the protons beams are bent
by magnets (it's a circular collider!), whereas the new light
particles will go straight.
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MAP OF LHC
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LOCATION OF FASER

Beam collision axis passes
through 100 m of rock, emerges in &8
tunnel TI12, 480 m from ATLAS &

TI12 L ———

e e ———— 1
=10 ' :
. ..
= A,
Beam collision axis



PARTICLE PATH FROM ATLAS TO FASER

Dougherty, CERN Integration (2019) \'S
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HOW BIG DOES THE DETECTOR HAVE TO BE?

« Consider the dark photon: like normal A
photons, it can be produced in pion decay. e

* The typical transverse momentum is
therefore m_ ~ Aqcp ~ 200 MeV.

 For a TeV dark photon, the typical angle
relative to the beampipe is 200 MeV/TeV =
0.2 mrad. Extremely collimated; cf. the
moon: 7 mrad.

« The spread in the transverse plane after
traveling 480 m is therefore ~10 cm,
smaller than a sheet of paper.

 These considerations motivate a small, inexpensive experiment placed
in the very forward region of ATLAS, 480 m downstream.
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FASER: THE BASIC IDEA

* In short, the population of TeV dark photons, or any other
new particle produced in pion decay, or even K, D, B,
decay, is far more collimated than shown in this diagram.

7 Jan 2021 Feng 29



FORWARD SEARCH EXPERIMENT

FASER

* “The acronym recalls
another marvelous
iInstrument that
harnessed highly
collimated particles
and was used to
explore strange new
worlds.”

Feng, Galon, Kling, Trojanowski (2017)
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DARK PHOTON SENSITIVITY REACH

« Consider cylindrical detectors in two sizes
— FASER: R=10cm, L = 1.5 m, tabletop experiment!
— FASER 2: R=1m, L =5 m, a possible upgrade
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« FASER probes new parameter space with just 1 fb-! starting in 2022.

« Without upgrade, HL-LHC extends (L*Volume) by factor of 3000;
possible upgrade to FASER 2 extends (L*Volume) by ~10°.
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PHYSICS SUMMARY

« Many other studies: FASER has discover prospects for all candidates with

renormalizable couplings (dark photon, dark Higgs, HNL); ALPs with all types of
couplings (v, f, g); and many other examples; see 1811.12522.

Benchmark Model mm References

V1/BC1: Dark Photon
V2/BC1’: U(1)g.. Gauge Boson

BC2: Invisible Dark Photon
BC3: Milli-Charged Particle

S1/BC4: Dark Higgs Boson
S2/BC5: Dark Higgs with hSS

F1/BC6: HNL with e

F2/BC7: HNL with p

F3/BC8: HNL with t

A1/BC9: ALP with photon
A2/BC10: ALP with fermion
A3/BC11: ALP with gluon
7 Jan 2021
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Feng, Galon, Kling, Trojanowski, 1708.09389
Bauer, Foldenauer, Jaeckel, 1803.05466

FASER Collaboration, 1811.12522

Feng, Galon, Kling, Trojanowski, 1710.09387
Batell, Freitas, Ismail, McKeen, 1712.10022

Feng, Galon, Kling, Trojanowski, 1710.09387

Kling, Trojanowski, 1801.08947
Helo, Hirsch, Wang, 1803.02212

Kling, Trojanowski, 1801.08947
Helo, Hirsch, Wang, 1803.02212

Kling, Trojanowski, 1801.08947
Helo, Hirsch, Wang, 1803.02212

Feng, Galon, Kling, Trojanowski, 1806.02348

FASER Collaboration, 1811.12522
FASER Collaboration, 1811.12522
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FASER STATUS
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FASER TIMELINE

September 2017: First theory paper
November 2017: Support from the two most famous living physicists
July 2018: Submitted LOI to CERN LHCC

October 2018: Approval from ATLAS SCT and LHCb Collaborations for use of
spare detector modules

November 2018: Submitted Technical Proposal to LHCC

November 2018 — January 2019: Experiment funded by $1M grants from the
Heising-Simons and Simons Foundations

March 2019: FASER fully approved by CERN LHCC and Research Board along
with support for infrastructure costs

April 2019: 1st FASER Collaboration Meeting

November 2020 — March 2021: Installation of FASER in tunnel during Long
Shutdown 2,commissioning of the detector

Early 2022: Start collecting data in Run 3
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FASER ON BIG BANG THEORY

HN OO

Season 11, Episode 9, “The Bitcoin Entanglement” (November 2017)
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FIRST FASER COLLABORATION MEETING
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THE FASER COLLABORATION TODAY

66 collaborators, 19 institutions, 8 countries

Henso Abreu (Technion), Yoav Afik (Technion), Claire Antel (Geneva), Akitaka Ariga (Bern), Tomoko Ariga (Kyushu/Bern), Florian
Bernlochner (Bonn), Tobias Boeckh (Bonn) Jamle Boyd (CERN), Lydia Brenner (CERN), Franck Cadoux (Geneva), Dave Casper (UC Irvine),
Charlotte Cavanagh (Liverpee siaghua), Andrea Coccaro (INFN), Monica D’Onofrio (Liverpool), Candan Dozen (Tsinghua),
Yannick Favre (Genev athan Feng (UC Irvine), Didier Ferrere (Geneva), Stephen Gibson (Royal Holloway),
Sergio Gonzalez-Sevilla (Gen am (leerpool) Shih-Chieh Hsu (Washington), Zhen Hu (Tsinghua), Peppe lacobucci (Geneva),
Sune Jakobsen (CERN), Enrique Kajomowtz (Technion), Felix Kling (SLAC), Umut Kose (CERN), Susanne Kuehn (CERN), Helena Lefebvre
(Royal Holloway), Lorne Levinson (Weizmann), Ke Li (Washington), Jinfeng Liu (Tsinghua), Chiara Magliocca (Geneva), Josh McFayden
(Sussex), Sam Meehan (CERN), Dimitar Mladenov (CERN), Mitsuhiro Nakamura (Nagoya), Toshiyuki Nakano (Nagoya), Marzio Nessi
(CERN), Friedemann Neuhaus (Mainz), Laurie Nevay (Royal Holloway), Hidetoshi Otono (Kyushu), Carlo Pandini (Geneva), Hao Pang
(Tsinghua), Brian Petersen (CERN), Francesco Pietropaolo (CERN), Markus Prim (Bonn), Michaela Queitsch-Maitland (CERN), Filippo
Resnatl (CERN) Jakob Salfeld-Nebgen (CERN), Osamu Sato (Nagoya), Paola Scampoli (Bern), Kristof Schmieden (Mainz), Matthias Schott

\Mais FSfyre~taeneva), Savannah Shively (UC Irvine), John Spencer (Washington), Yosuke Takubo (KEK), Ondrej Theiner (Geneva),
ric Torrence (Oregon), SgPhan Tufanli (CERN), Benedikt Vormvald (CERN), Di Wang (Tsinghua), Gang Zhang (Tsinghua)
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HELP FROM MANY OTHERS

The FASER Collaboration has received essential support from the Heising-Simons
and Simons Foundations, CERN, the ATLAS SCT and LHCb Collaborations, and
also many others at CERN and elsewhere

7 Jan 2021

We are grateful to the ATLAS SCT project and the LHCb Calorimeter project for letting us use spare
modules as part of the FASER experiment. In addition, FASER acknowledges the invaluable assistance from
the CERN Physics Beyond Colliders study group:; the LHC Tunnel Region Experiment (TREX) working
group; the LHC Machine Comimittee; the LS2 Committee and the LHCC. FASER gratefully acknowledges

the contributions from:

Jonathan Gall, John Osborne (civil engineering);

Liam Dougherty, Francisco Galan (integration);

Pierre Thonet (magnets);

Francesco Cerutti, Marta Sabate Gilarte (FLUKA simulation and background characterization);
Salvatore Danzeca, Serge Chalaye (radiation measurements):

James Storey, Swann Levasseur (beam instrumentation);

Pierre Valentin, Tobias Dobers (survey):

Caterina Bertone, Serge Pelletier, Frederic Delsaux (transport);

Gael Girardot, Olivier Crespo-Lopez, Yann Maurer, Maria Papamichali (LS2 works);

Marzia Bernardini, Anne-Laure Perrot, Katy Foraz, Markus Brugger (LHC access and schedule);
Marco Andreini, Olga Beltramello, Thomas Otto (safety);

Dave Robinson (ATLAS SCT), Yuri Guz (LHCDb calorimeters);

Stephen Wotton, Floris Keizer (SCT QA system and SCT readout);

Burkhard Schmitt, Raphael Dumps, Sune Jacobsen, Giovanna Lehmann (CERN-DT contributions);

Mike Lamont, Andreas Hoecker, Ludovico Pontecorve, Christoph Rembser (useful discussions).

Thanks also to the CERN management for their support!
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FASER IN TUNNEL Ti12

 The beam collision axis has been located to mm accuracy by
the CERN survey department. To place FASER on this axis, a
trench is required to lower the floor by 46 cm.

« The trench was completed by an Italian firm just hours before
COVID shut down CERN in Sprlng 2020.

Spring 2020 Summer 2020
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THE FASER DETECTOR

« The signal is spectacular: 2 TeV, opposite-sign charged tracks pointing
back to ATLAS IP; a “light shining through (100 m-thick) wall” experiment.

 Permanent dipole magnets split the charged tracks, which are detected by
3 tracking stations and a calorimeter.

« Scintillators veto incoming charged tracks.

Scintillators =

.
.
.
’ “

Calorimeter

Baseplates
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MAGNETS

FASER includes 3 magnets: 1.5 m, 1 m, and 1m long.

These magnets are 0.57 T permanent dipoles with an inner diameter of 20
cm, require little maintenance.

Constructed by the CERN magnet group.
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TRACKERS

« 8 ATLAS SCT modules per tracking plane, 3 tracking planes per tracking
station, 3 tracking stations at FASER.
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FASER INSTALLATION

Dougherty, CERN Integration (2019) ‘:“




FASER INSTALLATION

7 Jan 2021



FASER INSTALLATION
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FASER INSTALLATION
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FASER INSTALLATION
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FASER INSTALLATION
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FASERvV
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COLLIDER NEUTRINOS

In addition to the possibility of hypothetical new light, weakly-interacting
particles, there are also known light, weakly-interacting particles: neutrinos.

But the high-energy ones, which interact most strongly, are overwhelmingly
produced in the far forward direction, travel down the beampipe, and
escape all existing detectors. No collider neutrino has ever been
detected.

— If they can be detected, there is a rich SM physics program: all flavors are
produced(r — v,, K- ve, D = v, ) and both neutrinos and anti-neutrinos.

De Rujula, Ruckl (1984); Winter (1990)
Currently two experiments targeting this opportunity: FASERv, to be

located just in front of FASER in TI12, and SND, proposed for the opposite
side of ATLAS in TI18.
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NEUTRINO FLUXES

* In fact, we have probably already seen our
first TeV collider neutrino.

« 2018: FASER pilot ~30 kg emulsion
detectors collected 12.5 fb-' on the beam
collision axis (installed and removed
during Technical Stops).

« Expect ~10 neutrino interactions. Several
neutral vertices identified, likely to be
neutrinos. Analysis ongoing.

Poublet Viamt

FASER EM0

"

.
Sl N
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THE FASERv DETECTOR

« FASERVv is designed to detect neutrinos of all flavors.

— 25cm x 30cm x 1.1m detector consisting of 770 emulsion layers interleaved
with 1mm-thick tungsten plates.

— Emulsion is swapped out every ~10-30 fb-1, total 10 sets of emulsion for Run 3.

Scintillators =

.
““

Calorimeter

Tracking Stations

Baseplates

7 Jan 2021 ' Feng 55



NEUTRINO PHYSICS

o 2022-24: FASERYv will collect data with 1.1-tonne detector in Run 3

Will detect the first collider neutrino.

Will record ~1000 v, ~10,000 v,,, and ~10 v, interactions at TeV energies, the
first direct exploration of this energy range for all 3 flavors.

Will double the world’s supply of tau neutrinos.

Will be able to distinguish muon neutrinos from anti-neutrinos by combining
FASER and FASERv data, and so measure their cross sections independently.

E energy ranges of
E- oscillated v_ measurements VT

F < IceCube v, V.
F<——{SKv,, 7.
E < OPERA v, FASERy

—
DONUT v, T.

v . spectrum I(a.u.)

102 10° 10
E, (GeV) E, (GeV) E, (GeV)

FASER Collaboration 1908.02310 (2019)
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SUMMARY AND OUTLOOK

* A new target for particle physics experiments: light and weakly-interacting
particles at the lifetime frontier.

« Fast, small, cheap experiments can provide world-leading sensitivities.

« FASER: 18 months from theory paper to beginning of construction, fits on a
tabletop, ~$2M. Data-taking begins 2022 with new neutrino measurements
and discovery prospects for a host of proposed new particles.

P T F

Branigan, Symmetry Magazine (2019)

» More info: https://faser.web.cern.ch.
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