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Quantization of fields
Group theory
Renormalization
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4-vector ¥

[x’“‘ = (x%, x1,x%,x3) = (t,x,v, z)]
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O thé real scalar field

3 a,:annihilation
_ d°p 1 —ip-x T ip-x ¢ .
P(x) = ) \/ﬁ(aﬁe taze ) ay:creation
p :
ay:particle
® the Dirac field by-anti-particle
d3p . .
— S1.S —ip-x ST.,s ip-x
e (Zn)g WZW (e + b3S (p)e ™)
P(x) = Z 55 (p)e P + a5tas (p)e )
(2 )31/213

® the massless spin-1 field

d3p . . b .
Au(x) = z (aﬁe,ﬂ(p)e_‘p'x + aaeﬁ*(p)elp'x)
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Original Sphere

Global Transformation

Local Transformation

R

1. Internal phase angle of a field at different poimnts.

& & -

2.Vanation of mternal phase angle of a filed at different pomts.

@@?

2o e 2y

S.Vaﬁation of intemal phase angle of a filed at different pomts 1s

compensated by gauge field (represented by wavy arrows).
Local Gauge Invariance

4. The original field configuration is restored
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Quantum Electrodynamics (QED)
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A O|X| H=t0| CHDF covariant derivative
D) = (8, + ieQA, (x) ) Y(x)
Ay(x) - A,(x) =A,(x) + 0 a(x)
Dp(x) = [Dp(x)]' = (9, + ieQ {4, (x) + (,a(x) )}) e7 My (x)

= ¢~ieQa(x) (a,i + ieQA, (x) + ieQ (aua(x)) —ieQ (%a(x))) Y(x)
— e—ieQa(x)Dﬂlp(x)

AOIX| H2H0f CHolM 2 SH2E & = U7 sii=L

PIY*D,p(x) - [Py D ()] = Plx)ertedeWiykemieea®p y(x)
= P(x)iy*Dyp(x)



Field strength tensor2| YA QI 9|

|D,.. D, |¢(x) = (D,D, — DD, )¢p(x)
= [(9, + ieQA, (x)) (9, + ieQA, (x)) — (0, + ieQA,(x))(0, + ieQA, (x))|p(x)
= [0,ieQA, (x) + ieQA,(x)d, — 0,ieQA, (x) — ieQA, (x)0, | (x)
= ieQ [(9,4,(0) — (0,4,(x))| ()
= ieQFuvw(x)
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One more issue : Renormalizability

"for their fundamental work in quantum electrodynamics, with
deep-ploughing consequences for the physics of elementary
particles”
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Yang-Mills Theory (1954)




Weak Interaction

carbon-14 nitrogen-14
nucleus nucleus

electron antineutrino

+ 0 + @

neutron



Pion at rest
+ + -‘u+ UH
T — ,u -+ UH

139.57 MeV  105.66 MeV W +
@1— it — '-U'#
Q=33.91 MeV

Two-particle decays give ﬁ?
definite values of energy
and momentum to the Pion

d “4 5

products. %

'\3 Muon Decay

Neutrinos have negative helicity, antineutrinos positive.
An ultrarelativistic positron behaves like an antineutrine,
Thus the positron tends to be emitted along the muon spin

when v_and F“ go off together (highest energy e*).

Universal Fermi interaction (UFI)



SU(2) for weak interaction
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SU(3) for strong interaction
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Classification of Hadrons
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The “Goldhaber Gap"
Y | in K" Nscattering

27 (pa)=(22)
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Higgs mechanism
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Very simple (too simple) classification

Special relativity + Gauge symmetry = Classical EM
(Maxwell Egs.)

Special relativity + Quantum mechanics at low energy =
Relativistic quantum mechanics (Klein-Goron/Dirac Eq.)

Special relativity + Quantum mechanics at high energy =
Quantum field theory (Heisenberg & Pauli)

Special relativity + Quantum mechanics + (abelian) Gauge
symmetry = QED

Special relativity + Quantum mechanics + (non-abelian)
Gauge symmetry = Yang-Mills theory (QCD)

Special relativity + Quantum mechanics + (non-abelian)
Gauge symmetry + Higgs mechanism = Electroweak theory
(SM)



Part Il The Standard Model
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Gauge Structure

Flavour Structure
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Weinberg's

Vovruwmn 19, Nusmner 21 PHYSICAL

REVIEW LETTERS

2 Novemsen 1967

' [n abtaining the expression (11) the mass differance
botwaen the charged and neateal bas been ignored.

Upp, Ademolls and R Gatto, Nuova Cimenlo 444, 282
{1966); see also J. Pasupathy ard R, E. Marahalk,
Phys. Rev. Letters 17, 858 (1986).

HThe predicted ratio leq. (121 from the current alge-

brn is alightly lirger than that (0,23%) obtained from
the p—~dominance medel of Ref. 2. This sesme to he
true also in the olher case of the ratio M- 1t ™,
Uiy ) caleulated in Refs. 12 amd 14,

L. M, Brown and P, Singer, Phys. Rev. Letters 8,
460 {1862},

A MODEL OF LEPTONS*

Steven Weinbergt
Labaratory for Nuclear Sclence and Physics Department,
Massachusetts Institute of Techaology, Cambeidge, Massachusette
(Hepetved 17 October 1567)

Leptons interact only with photons, and with
the intermediale bosons that presumably me-
diate weak intersetions. What could be more
natural than to unite' these spin-one bosons.
into a multiplet of gauge fields ? Standing in
the way of thie aynthesis are the obvious dif-
ferences in the masses of the photon and inber-
mediate meson, and in their couplings, We
might hope to understand these diflerences
by imagining that the symmetries relating the
weak and electromagnetic interactions are ex-
actl symmetries of the Lagrangian but are bro-
ken by the vacuum. However, this raises the
specter of wwanted massless Goldstone bosons,®
This note will describe a model in which the
symmetry between the electromagnetic and
weak interactions i8 spoatanecusly broken,
but in which the Goldstone bosons are avoided
by introducing the photon and the intermediate-
boson fields as gavge fields.® The model may
be renormalizable.

We will restrict cur attention to symmetry
groups that connect the observed electron-lype
leptons only with each other, f.e | not with
muon-type leptone or other unobserved leplons
or hadrons, The symmetries then act on a left-
handed doubled

L=[31 «y.aj(l:‘:] {nl

- - - 1
-_l - —l' -
£e-io B -0 & +gh xR )-8

and on & right-handed singlet
R=[2(1=y,)e. 21

The largest group that leaves invariant the kine-
matic terms —LyP @ L—ET“BPR of the Lagrang-
ian consists of the electronbe laoapin T acting
on L, plus the numbers Ny, Ng of left- and
right=handed electron-type leptons. As far
as we know, two of these symmetries are en-
tirely unbroken: the charge § =Ty-Ng-iNy,
and the electron number N=Ng +Np. But the
gange field corresponding to an unbroken sym-
metry will have zero mass,* and there is oo
massless particle coupled to N,° so we must
form gur gauge group out of the electronic iao-
spm T and the electronic hyperchange ¥'=Ng
+ RNL

Therefore, we shall construct our Lagrang-
ian out of L and R, plus gavge fields Au and
By coupled to T and ¥, plus a spin-zero dou-
blet

o

o-()

whose vacuum expectation value will break T
and ¥ and give the electron its mass, The on-
Iy resormalizable Lagranglan which ia invar-
iant usder T and ¥ gauge transformations is

2 = 1 o oo N
a " =R B =B 1R- i) . - T
ARy e B IR-Ly" (0 g TR ~i1gB )L

_éw#.p_ggiﬁ T |iig‘ﬂ‘#w12—c‘g'{f-ﬁﬁ +R-p1 L]-Mlzwfqu |I|[WT:,932, i4)

We have chogen the phase of the R field to make G, real, and can alse adjust the phase of the L and
§ fields to make the vacuum expectation value A ={¢™ real, The “physical™ ¢ fields are then ¢~

1264

ekleer (1967)
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Helicity
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Mirror plane

Original "~ Mirror-reversed
arrangement arrangement

r f }\
l“ N :.{

i || Predicted direction
Preferred direction , of beta emission if
of beta ray emision parity were conserved

Cobalt-60
nuplei

Observed direction

| Direction of electron s of beta emission in
L\ flowthrough the [\ mirror-reversed
solenoid coils H arrangement
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Quantum Chromodynamics (QCD)

- HAO[2E A E oLt

- A|O|X| TiE-d0| XX B2 AL Z HOFRULE,
- 2280 0% ALH = AO|X] A% &7} O AL}
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Another SU(3)

MEMORIAL VOLUME

FOR

Y NAMBU

Lars Brink - Lay Nam Chang - Moo-Young Han - Kok Khoo Phua

“WOdd Scientific

Han, Nambu, PRD 139, B1006 (1965)



A** (€),) statistic problem:
Spin J(A*)=3/2 (L=0), quark content |uuu>

H\_ .2 , . -
‘A ;—‘H uTul) forbidden by Fermi statistics

Solution is additional quantum number for quarks (color)

—|—|— ".\ 1 '\\ . . [
A ) =— ef-,,\u,-Tu Tu,T) 1,)],k=color index
6 K J - .

HAF & Mo oH - &2 JEfO 2702] HAL — AE SUER)
AS HAS[ SH : &2 JHIO| 3702 A - E SU@3)



Color=SU(3) chargel| T+
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QED vs. QCD

M &7 d20| EANTHCLHE?



- H A% Lot 4= 20| Qs AedsiA =0Tl color-singlet / -octet

- H| 20|20 SIEE : HIZ|2 baryon, &HECZE ZHZ
Oo| ©

IEZ - O£ meson, ACHEO=Z JIH 2.
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Ha= &N EOX| =712

In QCD and the Standard Model
the befa function is indeed

virtual photon (1) (4)

-

(2)

pmton with quam‘s
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(gauge structure) :
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ojA HE D (HYHO)

. SUB) B/ 4EY

« U(1) hypercharge — £ <X}, X|ot?






1 1 . 1 i,j =123
L==ZGRLG™ — ZWLW — 2B, B"

-I-icﬁ'y“Duq}; + iﬁ%y“Dqu + i&%y“Dudg + il_iy”Dul}; + iééy“Due}Q
- 2
+(Duo) (D) —*¢Tep — 2(¢7p)

+Y3glpdl + Yigidul + YL gel, + h.c

(Before Electroweak Symmetry Breaking)

T (AOIX]) HE8= BHot=
A

0| 0, ¥, 10 YAIEQ| 7tstt BE 4=XE &






Physical State2 BEZ=2 3 2FZHX[0F A7)
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Flavour Structure (@A X|4):

- HIA vs. HE . &
- flavor : Xt &
- SUQR) Ol ez &
- generation O|2f= 7IE, ot M ES| F{ AL} H =
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Part IV Experimental Verification



Particle Discovery



Particle Discovery Timeline, Before the SM

1897 Xt by J. J. Thompson

1919 Y& Xl by E. Rutherford

1928(?) &t by M. Planck, A. Einstein, A. Compton
1932 53X} by J. Chadwick

1932 L™Kt by C. Anderson

1936 == by C. Anderson, S. Neddmeyer

1947 L}tO|2 by C. F. Powell

1947 A 0|2 by G. D. Rochester, C. C. Butler

Many many hadrons in 50s and 60s ...

1956 (MAh=-d0Xt by C. Cowan, F. Reines
1962 F=5"30|X} by Lederman, Schwartz, Steinberger
1968 (Y,CH2)F# 3 by Taylor, Friedman, Kendall
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Schematic Diagram of Cosmic Ray Shower
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Muon (u)
comes to rest
here, and then

Pion (x) Two neutrinos are also
comes to rest | produces but escape
here, and then | undetected.

Two more neutrinos
are also produced but
also escape

: decays: undetected.
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Deep inelastic scattering 0 %
SLAC, 1968 )

Early SLAC measurements of the inelastic electron-proton scattering cross-
section divided by the Mott (pointlike) cross-section, for two values of the invariant mass
W of the hadronic final state. The ratio is seen to be only weakly g*-dependent, in contrast
with the strong ¢° dependence of the elastic scattering process.
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Particle Discovery Timeline, After the SM

.+ 1974 £ F =

. 1977 BE 3=

. 1979 2R

. 1995 & 3
« 2000 EI® =

« 2012 SlA& HE

SM finalized!

= by B. Richter, S. Ting
1975 Et$ &= by M. L. Perl

3 by L. M. Lederman
by TASSO collaboration

1983 W2} Z E£ by C. Rubbia

by CDF and DO collaboration
S0|X} by DONUT collaboration
by CMS and ATLAS collaboration



& 39| 2 A (1974)
: November Revolution

28 Ting at BNL

Richter at SLAC




|* LETTERS 2 DECEMBER 1974

EW LETTERS 2 DECEMBER 197«
r T T 3
5000 f ]
i (0} 8or ! H
. 1 242 Events— f—
2000 | _"; E - : !
1000 | . 70 b SPECTROMETER
o e 1
500 £y ] ”
_ : i '? ] - B2 At normal current
2 200} :' \ [J-10% current
5 \ 60
b Yy
100 | bW, i
isif i ¥ ] i
r P T 4-3 5
L o i § 50
20 r E n -
10 - I ! ! S a0k
500 [ (b) - [
r ] 5 L
200 | @
)
£ 100 = <
S E 3
50 ¢ ¢ } ¢ ° o]
20 + 1
lo L 1 | 1 )
L
200 + ( )-
(o} ;
100 e s AT
i 4 _ 028 275 30 325 35
= r t ] me+e—[Gev] =
E 207 ? 1 7IG. 2. Mass spectrum showing the existence of J. -
b oL ) sults from two spectrometer settings are plotted
3 »wing that the peak is independent of spectrometer
5F + + 3 rents, The run at reduced current was taken two
E + i nths later than the normal run,
2 L
L 1 1
3.10 3.12 3.4
Ec.m. (GeV)

7IG. 1. Cross section versus energy for (a) multi-
iron final states, (b) e*e” final states, and (c) u*u",
=, and K 'K~ final states. The curve in (a) is the ex-
ated shape of a 6-function resonance folded with the
ussian energy spread of the beams and including
diative processes. The arnsa asntinna chaum in M)



{a) hadrons

hadrons

(b)

(c)

Figure: Feynman diagrams for 1 production and decay.



(a) Plan view

Figure: “Schematic diagram of the experimental setup for the
double-arm spectrometer.” [5]



B. Richter and S. C. C. Ting
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TASSO collaboration &
3 jet event &&
1979, at PETRA, DESY




CERN (1954 -)
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“‘modern” high energy
collider experiment able

to run at high collision rates
(fast electronics)

ZH|O} (C. Rubbia)
UA1 collaboration
HHH| 20| =2

(S. van der Meer)

BHE R O B3
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pp->W (v, + X pp—>Z—ff+X

‘.L ow (a2)

asonable cross section of 0.1 nb at
s"lew ~2

Typically:

X,,X,~0.4

00 V3/My need high luminosity!



o>+ X

z.w X

pi-;.)--—-o

po -

Loty

-energy lepton pair:

High

mj,

(pf " pf )2

TWO ELECTROMACMNETIC CLUSTIRS

(a) 1

B0

mats (GaV/cl)

U.Uwer

120

00

&0

L0

‘o
-
o~
U
-
™~
8 -
- a
[ - ~
. -
- v
Sl
=
~
o -
=
=3
.~
v}
I
w
(=]
=)
(=]
3 1 L
o - o

I/ARD 4 J3d sjuaa)

20



po—>W v, + X W-ev
— T

issing p; vector
Q/f ol P
Undetected v: i 4 [y g S PR

Missing momentum

p > p

High-energy lepton:

¢ Large transverse
momentum p,

Pe> 1 Gev/c

How can the W mass be reconstructed ?

Fig. J6b. The sasme as pactace (a), except that scw ocaly partcles with p-r>| GeVie and 9
calonmetars with E~1 GeV wme showz

25 Standard Model of Particle Physics SS 2013
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The Nobel Prize in Physics 2013
Francois Englert, Peter Higgs

The Nobel Prize in
Physics 2013

. o koo

Photo: Pnicolet via Photo: G-M Greuel via
Wikimedia Commons Wikimedia Commons
Frangois Englert Peter W. Higgs

The Nobel Prize in Physics 2013 was awarded jointly to Frangois Englert and
Peter W. Higgs "for the theoretical discovery of a mechanism that
contributes to our understanding of the origin of mass of subatomic
particles, and which recently was confirmed through the discovery of the
predicted fundamental particle, by the ATLAS and CMS experiments at
CERN's Large Hadron Collider”
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Interactions



Really SU(2)?



W, Z, A AIOIX| E&7|E|2] 425 &
: 38 AIO[X] ¢

43 AlOIX| 2




-

_ The W~ carries The Z ° transforms
e away the negative neither charge nor
charge and transforms MAass.

the electron to an

electron neutrino

Neutral weak Electromagnetic
interaction interaction



Gargamelle
— a bubble chamber designed to detect neutrinos
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Gargamelle’s priorities

W search

deep inelastic scattering, scaling

current algebra sum rules, CVC, PCAC

Diagonal Model

AS= 1 processes, inverse hyperon decay, v, +p—> A+ u’
inverse muon decay, v,+e —> U +v,

electron—-muon universality

neutral-current search

form factors in exclusive reactions

10 search for heavy leptons
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Really SU(3)?



4o 1+ cos?6
) (1 + cos“0)

o(ee — hadrons)

R, = indicates fractional charges and N_.=3

o(ee— uu)



And more...
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Descente de la derniére bobine de I'aimant to
Descent of the last coil of the barrel toroid magn
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Arrival of one of the 15 elements of the detector
100 m underground

01.2007

Les photomultiplicateurs du calorimétre
électromagnétique
Photomultipliers of the ECAL calorimeter

07.2006
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Unsolved Problems
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=327 — quantum gravity? naturalness?
AOIX 2§27 —» L&Y 0| =72

Qi 3MICH? BAE2 HE2?

QCD vacuum? Axion?

Z=C{E? Compositeness? Extra dimension? 1 50
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Strong interaction
a.~1

EM interaction

e/ L
| 137
RN Weak interaction
tme Gr~1.166 x 107°% (GeV-2)
ﬂV_kﬂkV .
I Cf. Gravity
k=M +is

Gy~6.7 X 10739 (GeV-2)
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The structure of an event

Warning: schematic only, everything simplified, nothing to scale, ...

Incoming beams: parton densities
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Hard subprocess: described by matrix elements
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Resonance decays: correlated with hard subprocess



Initial-state radiation: spacelike parton showers
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Final-state radiation: timelike parton showers




<0
".nrlI ’
P -
L)
)
A MU
OO JR A

.miill
_I_

00008000000

OG0ETO0000000

i L LS
L

QM A
n QL= T B () UIS0PD U
e 6 0 0 0 TR 80
(] hhe 0000000 =
\J [}
()
L)

... with its initial- and final-state radiation

P/P



Many hadrons are unstable and decay further
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Indirect detection

DM — SM

High energy photon, neutrino,
anti-matter

Direct
detection

Nuclear recoil

Collider detection
. SM

Missing transverse energy

DM
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) ALICE ) ATLAS ) CMS
A Large lon Collider Experiment A Toroidal LHC ApparatuS Compact Muon Solenoid
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2 N/ g 027 'y o
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Forward Experiments at the LHC '

LHC

Scattering and Neutrino Detector
atthe LHC

Physics in the Forward Region

1076 inelastic pp scattering events for LHC Run 3

107 m0 10" n, 10> D, 10" B, ... expected for each hemisphere
(13 TeV, 150 fb-! assumed)

LHC wnn®

Charged

Charged _
particle

particles (i

=
(=

LHC Residual =
-—
® ) magnets hadrons 100 m I'OCk. §c
- + 1 =
E Y
1 480 m ATLAS 480 m 2
g pp collisions
FASER & FASERv
SND@LHC
\%
\ T N
station e licon tracke
Hadron Cal . tungsten detector
alori 2
uon Sggtr:;ter ECC target ' plane
SciFi planes 77 > 8.8

7.2 < 5 < 8.4, off-axis e on-axiss
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The SND@LHC

Charged
particles

Neutrinos
SCATTERING AND PP ——

NEUTRINO DETECTOR @ ======
~ Residual hadrons

100 m rock - magnets

480 m : pp collisions

= 480 m away from the ATLAS interaction point (IP1)
» Located in the TI18 tunnel, former positron transfer line to LEP
= Shielded by 100 m rock

= |HC magnet deflects charged particles

= Neutrinos and (if exist) feebly interacting particles (FIPs) arrive at

the detector
Kang Young Lee 199



OINU | dd=Emiziu
Gyeongsang National University

. A4
Neutrinos at the LHC

PRL 122 (2019) 041101
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The SND@LHC Detector

atthe LHC

FRONT
VIEW L] * L] * * L] L]
Hybrid detector optimised for the identification of
all three neutrino flavours and the FIPs
’ S ——— - Electromagnetic calorimeter Hadronic calorimeter
~40 Xo ~11A
1 : . 5% SciFi 5x Ufstream 3x Doiwnstream '
0 : planes planes
Collision 5x Emulsion/W

a:ci.sy

80 390
X ‘J

Off axis location

walls

Detector paper . | i e =\
arXiv 2210.02784 e
HADRONIC CALORIMETER

to appear on JINST T LTI AID, AND MUON SYSTEM
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Emulsion Cloud Chamber

SNDELHC wall

SNDELHC brick
. Emulsion Cloud

-%‘ Chamber (ECC)

Emulsion target
- Emulsion cloud chamber (ECC)
brick consists of 60 emulsion
films interleaved with 59
N | 60 emilsion £ins tungsten plates
am ) ’ - Total tungsten mass 830 kg
) - 5 walls x 4 bricks x 60
N, Tio0pnt -, . . .
= ‘ emulsion films
- Replaced every 20 fb'

Kang Young Lee 202
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Scatter| ing and Neutrino Detector
atthe LHC

Nuclear emulsion

I RpY A
- HEGJI2 AgBro| HHE o Z X7t
ALtk EXME 7=
: - Fojd SZh ol = (00|32 20| H
O[3})
¢ - PID, 2&%, AH4X| 58 7t
- Ojo[2, A 0|25 ZH5t= 5 ¢
‘ At=2|2 A0 S 2%t 7|0
. - ST B2 SSO0IA EA, o
A H=E S ST SHO| AE

200 GeV/nucleon Sulfar (;.S) interaction
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CHORUS

St QUXRPsHAITE 1 20| xto] ASE i

1978 - 1983 FNALE531 ~ 100 kg
charm, v, 2 v,

1990 - 2000 CHORUS (CERN WA95) ~1 ton
v, 2 v, short baseline
No v_event, ~140,000 v, events, ~2000 charm

1994 - 2001 DONuT (FNALE872) ~1ton

v_ direct observation (9 events) K Ve
* 2000 - OPERA (CERN CNGS) ™~ 1250ton
v, 2 v, long baseline
Appearance mode (10 events) ‘d“
\/ \/
* 2021- SND@LHC, SHiP SIp

The results of CHORUS, DONuT and OPERA are consistent
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Emulsion Activities

16 ECC Brick walls assembled
3522 emulsion films developed (140 m2)

10ECC Brick walls assembled
2300emulsion films developed (92 m2)
2000Ldisposed chemical solutions

:
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Scattering and Neutrino Detector
atthe LHC

Light-tight cover

Front-end board

Front-end cover
ﬂ

SciFi detector

- Scintillating Fiber detectors interface emulsion with electronic
detectors for position prediction and timing of outgoing particles.
- Electromagnetic calorimetry

Veto system
- Tags incoming charged particles and consists of 2 planes with 7 Sci bars

- Hadronic calorimeter and muon system

" - Upstream : 5 stations of Fe blocks with 10 Sci bars for
hadronic calorimetry

- Downstream : 3 stations with 60 horizontal and 60 vertical Sci
bars for muon tagging

Kang Young Lee 206
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Physics Cases — Event Topology

VitN & pr+X |

VebrN 2 T+X | Vet+tN =2 e+X

----------
..........

1mm 0.3 ;11m
W plate Emulsion film
192x192 mm?2 192x192 mm?2 x+e- +x+e- x+p 9X+p

|dentification of all three neutrino flavours and FIPs by event topologies
in the ECC brick
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Physics Cases — Neutrino Production [
Incoming Neutrinos to SND
: = Measurement of o(pp — v X)
10115‘ —
0L o S, o v +v charged-current: 1447
F‘FH ealls il 1 _.“
1 { | o wv_+v_charged-current: 450
g o v +v charged-current: 34
i T . Estimated from
1 ol L 290 fb' in LHC Run 3
E{Gevl
Neutrino interactions in SND Angular acceptance 7.2 <n < 84
1021 __,_I—’_'_'—H—h L — v, + anti-v,
- | L J_,J'*" ik Neutrinos in acceptance | CC neutrino interactions | NC neutrino interactions
C J’L | L i Flavour | (E) [GeV] Yield (E) [GeV] Yield (E) [GeV] Yield
R i | v, 120 34x102 | 450 1028 480 310
10 ' il :L ' 7, 125 3.0 10" 480 419 480 157
g , f Ve 300 4.0 x 101 760 292 720 88
[ H Ve 230 4.4 x 101 680 158 720 58
- 1 v, 400 2.8 x 101 740 23 740 8
ik =l v, 380 3.1 x 1010 740 11 740 5
- ikl TOT | 7.3x 1012 | 1930 | 625
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First Observation of Collider Neutrinos s

PHYSICAL REVIEW LETTERS 131, 031802 (2023)

Editors' Suggestion

Observation of Collider Muon Neutrinos with the SND@LHC Experiment

R. zﬁtlbaneseﬁb,l‘2 A xAAlexandro‘.fiJEB,1 F. [-\licante‘fi),l'2 A Anokhina@,3 T. zﬁtsada\iﬁ'.‘,l'2 C. Ba\ttila\na\lE>,4'5 A. Bay(E),6
C. Be[ancourt@,? R. Biswats(E),B A. Blanco Castro®,9 M. Bogomilov@,m D. Bonau:orsi(E),4‘5 W. M. Bonivemo@,“

P. Bordalo‘]';",9 A. Boyarsky@,n‘B S. Buon[empo(E),1 M. Campamelli‘]‘;),14 T. Camporesi(E:‘,8 V. Canaleﬂl‘t,l‘2 A. Ca:»‘.trollii,d‘5
D. Centanni®,""” F. Cerutti®,® M. Chernyavskiy®.?> K.-Y. Choi®,'® S. Cholak®.® F. Cindolo®.* M. Climescu®,"”
A.P. Conaboy®,"® G. M. Dallavalle®,* D. Davino®,"" P.T. de Bryas®,® G. De Lellis®,'* M. De Magistris®,""

A. De Roeck®,® A. De Rijula®® M. De Serio®,””*' D. De Simone®,” A. Di Crescenzo®,"” R. Dona®,* O. Durhan®,”

F. Fabbriiﬁ),4 F. Fedt::tov::.iiiﬁ,14 M. Ferrillo@,7 M. Ferro-LuzziiD,8 R.A. Fini@,m A. Fiorillo(ti‘,l‘2 R. Fre::,a\llb,l‘23 W. Funk@,s

E. M. Garay Walls@,u A. Golova[iuk@,l‘2 A. Goluwin@,25 E. Graverini@,6 A. M. Guleru‘:),22 V. Guliaeva@,3
G.J. Halefeli!E),6 J. C. Helo Herrera@,%'n E. van Herwijnenl]i),25 P. Iengo‘E),l S. Ilieva@,l‘z‘m A. Irlfamino(D,8 A. Iuliar101E>,l'2
R. Jau:obssonQEJ,8 C. Kan‘liscieglulE),n‘28 A. M. Kauniskangasu‘::i,6 E. Khalikov®,3 S. H. Kim®,29 Y.G. Kim@,m
G. Kliouu:hnjkmf@,8 M. Komatsu@,31 N. Konovalova‘B,3 S. Ko‘.fa\lerlko¢15>,26‘32 S. Kule:-“,hov01!),26‘32 H. M. Lackerﬂ!i,18
O. Lantwin®,® F. Lasagni Manghi®,* A. Lauria®,"? K. Y. Lee®® K.S. Lee®.” S. Lo Meo®,* V. P. Loschiavo®,""
S. MarcellinilD,4 A. Margio[ta@,4‘5 A. Mascellani@,ﬁ A. Miano@,l‘2 A. Mil(ulenko@,12 M.C. Mon[esi@,l‘2
F.L. Navar‘ria@,4‘5 S. Ogawaﬂ‘:),?’4 N. Oka\tevaCB,3 M. Ovchyrmikov(E),12 G. Paggi‘E’,d'5 B.D. ParkiE),29 A. Pastore@,m
A. Perrotta®,4 D. Podgmdkov®,3 N. Polukhina\@,3 A. Prota(E),l‘2 A. Quen:ial(E),l‘2 S. Rarno:=.(B,9 A. Reghunath(E:‘,13
T. Roganova®,3 F. 1'~~’.onchet[i413,‘S T. l'ﬂ’_()\ielliiEi,d‘5 0. Ruchayskiy®,35 T. Ruf‘E),8 M. Sabate Gilar[etE),8 M. Salmoilow;x3
V. ScaleratE),l‘15 (OR Schneidr;:rlB,6 G. SekhniaidzeAD,1 N. SerralE),n‘r M. Shapos;hnikov‘]!l,{5 V. Shevchenko'EJ,3 T. Shchedrina@,3
L. Shchutska®,® H. Shibuya®,****" . Simone®,***' G.P. Siroli®.** G. Sirri®.* G. Soares®,” 0. . Soto Sandoval ®,%’
M. Spurioﬁifi‘S N. S[arkov@,3 I. Timiryasov@,35 V. Tioukov@,l F. Tramontano!]i),1 C. TrippltD,6 E. Ursov@,3
A. Ustyuzhaninil?),1'3"5 G. Vankova-Kjrilova{E),10 V. Verguilole,10 N. Viegas Guerreiro Let:mardo(D,9 C. Vilela@,g‘*
C. Vi:-}c:m&ﬂi),l‘2 R. Wanke@,17 E. YamaniE),22 C. Yazici@,22 C.S. YooniD,29 E. Za\ffaronjiED,6 and J. Zamora Saa®*%¥

(SND@LHC Collaboration)
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SHIP@ECN3 -

Ventilation wall

Access shaft (4x8m?)
(existing)

Hadron absorber

Service building
(existing)

Target complex

Mo/W target

Access shaft (8x8m?)

—

Muon shield

Scattering and
Neutrino Detector

Decay volume

Spectrometer

Particle ID

Figure 5: Overview of the BDF/SHiP experimental setup in the SPS TCC8/ECN3 experi-
mental facility.
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SHiP

Search for Hidden Particles
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= . . Scattering and Timing and
Active muon shield neutrino detector Hidden sector decay volume Hidden sector particle ID
about 107 m
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& .
. . Scattering and Timing and
Active muon shicld neutrino deiector Hidden sector decay volume Hidden sector particle ID

about 107 m
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Site and Information ] SHIP

8o/ &= BDF/SHiP
(NA62)

TT90-TCC9-ECN4  ~.. /
(EO1 > CDS study). ~ 4

From SPS

R \“...m
- @ CNGS
(OPERA)

- : o
WANF (CHORUS)

SPS proton beam E = 400 GeV
Np,1=6X1020 for 15 yr run
37 m < decay length < 87 m
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Prospects of SHIP

AVa
\/ \V/
SHiP

Search for Hidden Particles

-;:-vaRR

Acceleralor schedule 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030 | 2031 | 2032 | 2033
LHC Run3
SPS (North Area)
BDF / SHiP Sdy 7 Jesign and protoiyping __ Producton/ Cergiicion [ hstallation
Milesiones BDF R siudies UPRR b
Milestonas SHIP ;/; TDR studies %

From CERN RB,

This additional information will be brought to the next
Research Board in March 2024 where a final decision will be

T

Approval for TDR

Submission of TDRs

Facility commissioning

Figure 60: Implementation timeline for BDF/SHiP in ECN3.

made between the two options, in time for resource allocation
iIn the Medium-Term Plan of 2024.
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SND@LHC Collaboration

Collaboration: 160 members g —
24 Institutes 1 14 Countries and CERN

2 more Institutes and 1 more Country w.r.t. 2022
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Gyeongsang National University (GNU)
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European Organization for Nuclear Research

European Organization for Nuclear Research Organisation européenne pour la recherche nucléaire

Organisation européenne pour la recherche nucléaire

) ) Professor Joachim Mnich Prof. Kang Young Lee
ll;r.ofessorf JO;ChIm l\/}llmcl:j ! Prof. Kang Young Lee Director for Research and Computing Gyeongsang National University
CE;%"" or Research and Computing Gyeongsang National University gE[RNl?ll & - Department of Physics Education
CH- 1211 Geneva 23 Department of Physics Education SR L 501 Jinju-daero
501 Jinju-daero Tel. direct:  +41 22 766 6420 52828 Jinju
Tel. direct: -+ 4122766 6420 52828 Jinju Tel. sccretariat -+ 41 22 767 1240 Republic of Korea
Tel. secretariat: + 4122 767 1240 . Email: joachim.mnich@cem.ch
Email: joachim.mnich@cern.ch Repl“bhc of Korea - °
Our reference; DG-DI-RCS-2022-124 Geneva, 7 September 2022
Our reference: DG-DI-RCS-2021-056 Geneva, 23 August 2021

Dear Professor Kang Young Lee, Dear Professor Kang Young Lee,
On behalf of CERN, I have signed the enclosed Memorandum of Understanding for the Maintenance

On behalf of CERN, I have signed the enclosed Memorandum of Understanding for Construction of the and Operation of the Scattering and Neutrino Detector at LHC (SND@LHC Experiment).

Scattering and Neutrino Detector at LHC (SND@LHC Experiment).

May | ask you to sign the two copies of the signature page (page 7). keep the fully signed version for

May I ask to si i i i i
y T'ask you to sign the two copies of the signature page (page 7), keep the fully signed version for your records and return one signature page to my office:

your records and return one signature page to my office:

Office of the Director for Research and Computing Office of the Director for Research and Computing

CERN CERN
DG-DI-RCS (C00420) DG-DI-RCS (C00420)
CH-1211 Geneva 23 CH-1211 Geneva 23
Thanking you in advance, I remain Thanking you in advance, I remain
Yours sincerely, Yours sincerely,
&
J A ..,
Joachim Mnich Joachim Mnich
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