Neutrino Production and interaction Il
(Neutrinos from heavy flavor)

Yu Seon Jeong
(Chung-Ang University)

CANUZ2, Jan. 20, 2021



Cross section

V. €
-t
2
ﬂ

e
—
Q

=)

10 Cosmic

Atmospheric

Cross Section (v

o =) o =)
N N N -t
[« (3] N o

-t

1
w
—h

10* 1072 1 102 10* 10° 108 A 10" 10% 10" 10° 10"
Neutrino Energy (eV)

1 GeV



High energy neutrino production mechanism
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F. Halzen and S. Klein, Physics Today, May 2008



Hadrons

mass = =2.2 MeV/c?2 =1.28 GeV/c?2 =173.1 GeV/c?2
charge = % 73 %
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Baryons qqq and Antibaryons qqq

Baryons are fermionic hadrons.
There are about 120 types of baryons.

Quark Electric Mass

Symbol Name o ont charge GeV/c? Spin

Baryon
(proton, p ) (

Mesons qq

Mesons are bosonic hadrons.,
There are about 140 types of mesons.

Quark Electric Mass

Symbol Name “ charge Gev/c?

blue antiblue

Meson
negative pion, 1 )

Spin
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Mesons Summary Tables
MESONS
All Mesons that appear in the Summary Table and/or Listings *
pit-, pi®, eta, f_0, a_0, ... (Light unflavored)
K*, KO, ..., K¥, ... (Strange)
D*-, DO, DY, ... (Charmed)
D_s,D_s, ... (Charmed, strange)
B*-, BY, ..., B (Bottom)
B_s (Bottom, strange)
B_c (Bottom, charmed)
eta_c, J/psi, ... chi_c, ... (c cbar)

Upsilon, chi_b ... (b bbar)

* See also Figure 15.1 of the Quark Model Review,
for quark-model assignments for many of the known mesons.
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Prompt neutrinos

m |n pp/pA/AA collisions, various hadrons are produced.

m A number of neutrinos are produced from subsequent decay of the
secondary hadrons.

e.g) o, K, D,B...>v+X

m Neutrinos generated from the decay of charmed/bottom hadrons are called
prompt neutrinos.



Discovery of tau neutrino (2000)

m DONUT — Direct Observation of NU Tau.

m 800 GeV proton beam from the Tevatron at
Fermilab collides with Tungsten block and
produce D mesons.

m . mesons decay to produce tau neutrinos.
Df > v +77

v+ W +y,+0)
m Tau neutrinos interact in emulsion targets

® The evidence of (v, + U,) interactions were
found (2000) and 9 (v, + v) events were
observed (2008).

DONUT Detector

Identification of
muons coming from
tau decay

Calorimeter determines
energy of decay products

Drift chambers record
decay particle tracks

Macinet spreads tracks
of charged particles

Emulsion target
with planes of
scintiliation fibers

ISleel shield to

DONUT Detector for
direct observation of
tau neutrinos (V)



Large Hadron Collider (LHC




Possible sites for detection at the LHC

Point 4

" Point 5 ™

w hosel m Near CMS interaction point (IP)
ﬁ}_ﬁ!{!‘ ik - - VN: 25 m from IP (Q1)
/ﬁiﬁx W Wl S\ © N:90, 120 m from IP (UJ53, UJ57)
A TR ( 240 m from IP (PR53, PR57)

m Near ATLAS IP
- VF: 480 m from IP (TI18, TI12)

Ref:1903.06564 (CMS note), 2004.07828

1901.04468 (FASER)



Rapidity/ pseudo rapidity

1 | E+pc
— _1n L
y > "E—pe : rapidity

p n=0 for =90
n=—In [tan E] . pseudo rapidity n=oco for =0

Rd=1m

500 m ..

detector

e.g.) Baseline = 500m, Radius of detector = 1m
0 ~tanf =1/500 —- n =679



FASER / FASERv

m ForwArd Search ExpeRiment (FASER)
m Detector Location: 480 m from ATLAS interaction point (T112)

® During Run 3 (2022-2024) with &£ = 150 fb-1
- FASER: Ra=10cm, Lad=1.5m, n = 9.2 (approved)
- FASERV: Ag = 2525 cmz2, Lg = 1.35 m, 1.2 ton of tungsten, n = 8.3 (approved)

® During HL-LHC (2027-2036/40) with & = 3000 fb-1
- FASER2:R¢g=1.0m, La=5.0m,n=6.9

- FASERv2: ~ 10 tons of detector Ref: 1901.04468, 2001.03073

p-p collision at
ATLAS Emulsion-based Magnetic

N ey trl noes neutrino detector  spectrometer

---------------- - FASERY FASER

LHC magnets e }<—>| .

100 m of roc -ei’a

| 480 m 08§
» 5

L

Figure taken from Akitaka Ariga’s slides at FPF Kickoff meeting



XSEN, SND@LHC (proposed)

m Detector Location: 480 m from ATLAS IP (TI18)

m XSEN (Cross Section of Energetic Neutrinos)
Investigated potential of experimentsin4 <n<5and 6.5<n < 9.5.
Proposed an experiment for 7.5 <n < 9.5 to take date during Run 3.
Letter of Intent - arXiv:1910.11340

m SND@LHC (SHiP Collaboration)
A prototype of Scattering and Neutrino Detector of the SHIP experiment
Pseudo rapidity: 7.2 <n < 8.6 (SND)
Letter of Intent - arXiv:2002.08722



Neutrino sources at the LHC

B, K (ct~0(1) m):

> Many of them do not decay before they reach to the detector at distance of
480 m when E = ~ 9 (65) GeV for  (K).

Still exist neutrinos from the 7, K decays. More than tau neutrinos.
m W/Z : neutrinos from weak boson decays are distributed in Inl < 6.

®m Heavy flavor hadrons: contribute to the neutrino flux for n =z 6.5

500

o

AE
- D/B mesons (ct ~ 0(100) um) 2500 —————— T e 9040
& | Pythia simulation, pp, Vs=13 TeV IeV e AR | Mean x 2131
- o : 4o | Meany 308.7
A, (ct ~0(10) um) 2000~ 5 | SdDevy 4o
E B A E_nuyvseta nu
+ + 0,50 Vv B . [ Entries 49159
m v, are only from|D*| B=, BY(B). 1500 ez
B :~-- | StdDevx 1812
. B 7. . |StdDevy 57.69
the main source of v/, 1000~ o
i

Figure from 1804.04413 n, | abs_eta



Physics motivation

m Forward neutrinos at the LHC will
provide a good opportunity for
measurement of neutrino cross section
In the TeV energy region.

m Sizeable number of tau neutrino will g
make it possible to test lepton <
universality in neutrino interaction. 5 Hi P cris
o ¢ T2K(C)13 ¥ IHEP-ITEP 79 '—"‘-{_;\4
:a A ArgoNeuT 14 ¥ IHEP-JINR 96
m Abundant tau neutrinos will help 4« ¥ am 4 Naudw
. . . . . ) O BEBC79 ¢ NuTeV06
investigate oscillation in/beyond the SM. & A mLE X SN
T IR S A A T
H TO better UnderStand heavy quark 107! 1 10! 102 10° 10% 10° 10°
production in the more forward region Neutrino energy Ey [GeV]
than measured by the LHCb = useful to Figure from Bustamante and Connolly,

: : PRL 122, 041101 (2019)
explore high energy neutrinos at

lceCube and Km3net.



Prompt tau neutrinos at CERN — Ds tau

m NA65/DsTau experiment (SPS)
~ 400 GeV proton beam on tungsten target
© Study tau neutrino production, D, - 7 —» X
-~ Provide v_ flux prediction for neutrino beam for future experiments.

- Approved in 2019 and will run in 2021 - 2022

- il
U .
D - /T” o _I m 4 \ 3
proton s o \% ' j S
>% T - o AE) VR
D U+ h \ P o — 40 !
~5 1mm X' 1) : ' H .:\\\n\r\\,
1 ELENS AD
PPN 2016 1 m) [ 1000 ez ) TR :
\ ST, (o0
K ’ ) [ 1589 | i
ot ‘/ PS I
oot I e g ,
: % ~
< s ,7‘ ‘ LEIR
bl B, § 2005 (75 m)
Ref: JHEP 01 (2020) 033 (DsTau) —

Figure by Marco Andreini



Ingredients for evaluation

Heavy quark production cross section in pp collision

Fragmentation of heavy quark to hadrons
Decay rate and distribution

Neutrino interaction cross section in a detector

1 D/B mesons

hadronization

decay




Heavy quark production

m Perturbative QCD with collinear approximation

- The HQ production cross section (NLO)

O-(pp — CEX) — Z deldXZﬁ (xla /ufzi’) f] (x27 /upz’) 6-lj—>cé(/’l}27‘9 M]%a <o )
LJ=4:9.8

2, 2
Hpr & My = \/mQ +Pr

Q - Contributed processes

g+q—> 0+Q
@ g+g—->0+0 a’, a;

g+G—>0+0+g 3
j g+g—->0+0+¢ a

i X g+qg—>0+0+¢q
g+3—>0+0+7 a;




Gluon distributions and saturation

H1 and ZEUS

1 T T T TTTTT I T I LI I T T LU A
S .
W : 12 =10 GeV? - b Saturation
f ' 1
N
08 - —— HERAPDF2.0 NNLO | \{\//
uncertainties: O\
- I experimental (\O' °
] model < N\
] parameterisation v
v e HERAPDF2.0AG NNLO
06", ]
- Dilute system
=
1l
.
2 2

m Alternative way to evaluate the HQ production

- Dipole mode, k; factorization



Fragmentation

m Heavy quark to heavy hadron

(E d30'> <E d30> & D2
“2%) _ “° e
dp} ) dp} 0

Nz(1 = 2)?
where Dg () = «d-2)

(1 —2)* + €2)° |

and z=py/py

: Fragmentation function

Hadrons D~ DO Do AT B/B°
€ 0.039 | 0.028 | 0.008 | 0.011 | 0.0033




Comparison with the LHCb data

100 _ __. Vs =13 TeV, (kr) = 2.2 GeV (solid) -
= 0 GeV (dashed) |

(d*o/dpydy) 107 [ub/GeV]

pr [GeV]

m The LHCb experiment probes the forward region.

m Relevant parameters can be found by comparing evaluation with the LHCb
data for the total and differential cross sections.



Differential cross sections forv + v

0.100 —

S
=
[
S

do/dE [ub/GeV]
(=]
g

T T T T T T T

- D,x’\c—)Vﬂ'i'V# E

B, J\b - Vl“ + "’u )

(URs HF)= (1, 1.5) mr -

-

1074
- \s =14TeV .
- (kr) = 0.7 GeV, 1> 6.87 T |
10—5 | ! ! | ] ) ) ! ! | ! ) LT They
0 500 1000 1500
E [GeV]
do

m — X & : total flux of neutrinos
dE

iIncoming to the detector area.

do/dE [ub/GeV]

0.010:

0.001} .

I T L
Vs =14 TeV, 1> 6.87 1
(urs ) = (1, 1.5) mr, (kr) = 0.7 GeV |

1500

1000
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Energy spectrum of event rate & event numbers

05,
Z D= Vs =14TeV, n> 687 | _
= 0.4f s Lo = 3000 fb-1 | m The band reflects the .un.certamty range
s | Girotir) = (L, 15 mp ] due to QCD scale variation.
= 03] ‘
> [
& L — ]
I Ve + Vr J _
= 02 | ® Number of v, + v, — over thousands of
> ‘ events
=
m Uncertainty range due to the scale

o0 3000  Variation: a factor of ~ 6

Ur Ur |Ur+ Us Ur + Ur
(LR, 1F) (1, 1.5) mr (1, 1.5) mp (0.5, 1.5) mr | (1, 0.75) mr
(kr) 0.7 GeV 0GeV | 1.4GeV |2.2GeV 0.7 GeV
Dy 2451 [ 1191 | 3642 | 3799 | 3261 2735 11008 1716
B0 96 | 46 142 144 137 127 214 115
Total |2547|1237| 3784 | 3943 | 3398 2862 11222 1831




Atmospheric neutrinos -
.. ¢ | z o. .
" o .

Figure credit: NSF, J. Yang+



Conventional vs. Prompt

m Conventional neutrinos

| '.'z 10-35_ -\_‘f\‘&\}. OO/,I,G/) : e v, (unfolding)
- fI’Om the pIOn(T[)/ kaOn (K) deCayS c:‘E ’IO/)Q/ v (forward folding)
G107k y |
_ _ > g ‘ A v, (DeepCore 2013)
- lose energy due to interaction e 2018
: & 10 Ve
before decaying S

TTT] I T TTTI

- dominates at relatively low energies
and rapidly decreases with energy. o

| L

Illlw

I

m Prompt neutrinos —— Honda v, (HKKMS2007)

[ IIIHl

Honda v (HKKMS2007) )
. from the charm/bottom hadrons. il T e \>
-10_1*111111111 | ll‘1111Illllllll1[11[1[111111111\{\}\'
. promptly decay before interacting PTT1s 2 25 3 35 a4 “hog,. (€ /o)

and losing energy (z ~ 107 '%).
. less depends on the energy

- dominates at high energies (~1 PeV)

- has large uncertainty



Atmospheric neutrinos

B Conv. atmospheric v, + 7, (best-fit)
B Prompt atmospheric v, + 7, (flux limit)
mm  Astrophysical v, + 7, (best-fit)

+++ HESE unfolding: PoS(ICRC2015)1081




Components for evaluation

m [ncident cosmic ray flux
m Heavy quark production cross section in pA collision
m Fragmentation of heavy quark to hadrons

m Decay rate and distribution

m Propagation in the atmosphere, atmosphere density, ...



E*SF(E) [GeV"® m2 s sr-1]

Cosmic ray spectrum (all particle)

104 T T T T T T T T
T. K. Gaisser, ]
M AL BB Bm Astropart. phys. 35 (2012) 801 -
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m Parameterizations by Gaisser
- source populations : SN remnants, other galactic and extra galactic sources
- multi nuclear species:



E2'5dN/dE [GeVl'5 m2s?t sr'l]

Cosmic ray nucleon spectrum
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figure from BERSS15
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Gaisser H3p

Gaisser H3a
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Broken power-law | 1

—
—

10°

100 10 10° 10° 10" 10
E [GeV]

T. K. Gaisser,
Astropart. phys. 35 (2012) 801

012

m BPL - all CR particles are protons.

&\ (E) — {1.7E_2-7 for E<5-10° GeV
N 174E~3  for E>5-10° GeV

m (Gaisser’s parameterizations

- - all protons in extragalactic
population.

- H3a - mixed composition in extra
galactic population.



Cascade equations

m Cascade equations describe the propagation of high energy particles
In the atmosphere.

_ + ¥ Stk
X J(E)  A8e(E) 2, Stk = j) _
X(t.0)= [ dtp(n(e'0)
14
_ = OE,X) dn(k — j,EE) p = poexp(—h/hg)
S(k —3']) — JE dE Ak(E’) JE hO — 6.4km  poho = 1300 g/ch

- production/decay distribution

dn(k - j;E E) 1 do(kA - jY,E"E)

e =7 s (production)

_ 1 dT(k—jY;E\E) (decay)
T(E) dE




Prompt atmospheric neutrino fluxes

nCTEQ15—Nitrogen H3p — 1.06 x ERS (IceCube limit)

- I (Mpy. Mg) = (Ng. Np)my Black: BERSS _ - : —— Honda conventional ]
« 0.001- 2 0.001:
@)] r /) g

@\l [ [\ i . ]

; E ——— |

3= > 1074 \ — |

2 O —

O, < | |
o e ¥

83 S8 - — Dipole Model
— BPL — H3p — H3a | p— kt factorization Vy + V/J
10—6 | Hllm‘4 | IHHH‘S | IHHHI6 | ‘~~~'7 Y 8 10—6 | -"-'-"4 | IHHHIS | IHHHI6 | -""-‘*7 T 8
1000 10 10- 10 10 10 1000 10 10 10 10 10

E, [GeV]

E, [GeV]

m Recent cosmic ray spectrum reduces the flux significantly with respect to the

BPL for E 2105 GeV.
© H3p:30-70% ({); H3a:40-80% ({)

m Different frameworks for heavy quark production yield difference by a factor of

~5—-8at E=10%8 GeV.

m All predictions are below the IceCube limit.



Uncertainties in prompt atm. neutrinos

(vy + anti-vy,) flux
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PROSA Collaboration, Zenaiev et al, JHEP 118 (2020)



Thank you for your attention



