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Y€ OUVTOMLX OL TPOTTOL UE TOUG OTTOLOUC TX VETPLVX XAANAETTLOPOULV
ME TNV LAN.

> AVTLOPXOELC OVOETEPWYV PEVUXTWV:
0 MEoW €vog utroCoviov Z
> AVTIOpXOELC POPTIOUEVWYV PEVUKTWYV
0 MEOW €vog putToCoviou W koL TTxpxywyn ¢opTLOMEVOL
OWHXTLOLOL.

> 20MPWVX UE TO CWHNKTLOLO OTOXOU:

0 ATOULKO NAEKTPOVLO
0 NOUKAEOVLO TOUL TTUPNVX.

> @opTiopévo pelja:

2TH OLXYPXUMAXTX ONUELWOTE W-

Ve - V¢ 0~

€ Ve n P

To TeAwo Aerrrovio | eiva TNG dLXG OLKOYEVELXG UE TO XPXLKO

VETPiVO V|



» OudéTtepo pevpa.

H ocAANAeTTIOpXON YivETXL MECW €VOC PMTTOCOViou Z. To VETpivo V|
EMPXVITETHL OTN TEALKN KXTXOTXON.
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Evepyelako KATW@AI OTIG AVTIOPACEIG VETPIVWYV, «ESa@dAvion

VETPIVWV.

H MEB0OOC xxviXVELONC EEXPTATHL XTTO THV EVEPYELX KXL TO XPWHX
TOUL VETpPLVOUL.

T NALXK& VETPLVX €EXOLV EVEPYELX TRENG E ~ 1 MeV
To KOOMLKX EXOULV EVEPYELX E ~ 1 GeV

'OTOV OL EVEPYELEG ELVXL XXMNAEC, DEV ELVXL ETTLTPETITEG OL
XVTLOPXTELG, OTTOL XPELXTETHL VX TTXPOXOEL EVX AETTTOVLO MEYXANG

MXTC.
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AVTLOpXOELC OPTLOMEVIIV PEVUXTWY OE XTOMLKX NAEKTPOVLAL.
(Z0oTNUX epyxoTnpiov)



270 O€&L MEPOC TOUL JXYPAMUXTOC EMPARVITETKL TO XVTLOTOLXO
dOPTLOMEVO AETITOVLO.
ONA v TTEDTEL Ve TOTE €EMPXVITETXL €7, OV Vy TOTE U, KV Vr TOTE T.
'‘OMWC TO VETPLVO, TTPETTEL VX EXEL XPKETH EVEPYELX YLX VXX
dNULOLPYNOEL TNV MXTX TOL AETTITOVIOU OTNV TEALKN KXTXOTXON. O
UTTOAOYLOMOG OLVEL :

>KEDXOT O€ NAEKTPOVLO,

\G - § = [Pv +pe)2 = (Ev‘i'me)z_E\z;

pv = (Ey,0,0,Ey) Require: § > m%
Pe = (me‘oaoso) W

2
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Ve e e +v,
v, te2p+v
v, te2 1t +v,

Me aplOUNTLKA XVTIKXTXOTXON UTTOAOYLCOUME TO KXTWOAL
EVEPYELXC. :

Ey, >0 Ey, >11GeV Ey. > 3090GeV

.

YPYNAO KXTWPAL YIX NALKKX 1] XTMOTDXLPLKX VETPLVX.

AVTLIOpXOELC GOPTLOMEVWYV PEVUXTWY TE VOUKAEOVLKX.
(Z00oTNUX epyxoTnpiov)

OL ouVONKEC elvaL TTLO ELVOLKEC AOYW TNG MXTXC TOU VOUKAEOVLOU.

OL DL TOMEC EEXPTWVTXL XTTO TLG UV PTHTELG DOUNG TWV

VOUKAEOVIWV.

Mo veTpovix:
Mo Ve xvXyvVwpiCoupe TNV avTioTpodn Tng dixomrxong P.



Ve ¢~ 5= (Pv +pn)2 = (Ey + mn)z - E'.zf
Require: § > (??1€+m;))2

W
= |z > (mi — mﬁ) + m% +2mpmy

n p Y 2my,
Ve +N > e+ p <« avtictpoon P
Ve tN D p+p
V. tN 21T +p YTmohoyiCoupe To

KXTW AL

EVEPYELXG :

E, >0 Ey, > 110MeV Ey. >3.5GeV

T NAEKTPOVLXKX VETPLVX XTTO TOV HALO 1N XTTO XVTOPXOTNPEC ME
EVEPYELX E ~ 1 MeV TToU TORAXVTWVOVTXL O€ ULOVLKK, OEV UTTOPOLV VX
XVTLOPXOTOULV ETTELDN DEV EXOLV TNV XTTXPXITNTN EVEPYELX VX
TTRPXYOULV MLOVIX KL “eExpaviCovTal”.

(Ve -—-> v ket Ey, < 110 MeV).

AVTLOpOUV TX XTUOODXLPLKK.

T MLOVLIKX VETPLVX TTOU TRAXVTWVOVTXL O€ VETPLVX TV ETTLONG
ecxdaviCovtal.

TX TTEPLOCOTEPN TTELPXUXTX ELVXL TTELPRMARTX EEXDXVLIONG
(extOg X110 TO SNO) YLXTL N €vEpyeLx 0TO oLOTNUX K.M | ElvXL KRTW
XTTO TO KXTWOHAL YIX TTXPXYWYN AETITOVIOU UE dLXPOPETLKO XPWMX
OTTWC GXLVETKL OTX TTPONYOUMEVX.

> EVeEpYEC OLXTOUEC.
MoX MLOVLK& VETPLVX LWYNARG EVEPYELXG LOXVEL :



O.Vpé? ]r
w with 5= (Ey+m,)* — E3 ~2m,E,
— 2m€G%EV . Cross section increases
€ Ve o) L= = T e linearly with lab. frame
V‘u_E .
T neutrino energy

Mo NAEKTPOVLXKX VETPLVX YLK TNV LOLX TEALKN KXTXOTXON

EXOUME TX OLXYPHMMXTX:
Ve € Ve V,

W Z

€ Ve € €

H ocUVOALKN EVEPYN OLXTOMN ELVXL MLKPOTEPN XTTO OKETN
GOPTIOUMEVWV PEVUXTWY AOYW XPVNTLKNG CUMPBOARC TwV dVO
OLXYPAXMMUXTWV.

~ cc
Ov,e ~ 0.60,

2TLC VYNAEC EVEPYELEC N OLXTOMEC VETPLVO — VOUKAEOVLO EivaL
MEYXADTEPEC AOYW TNG LYNAOTEPNC OLXBETLUNG EVEPYELXG OTO KM.

s = (Ey+m,)* — E; ~2m,E,



Neutrino Detection

* The detector technology/interaction process depends on type of neutrino and energy
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T NALXKX VETPLVX, XVLXVEDOVTHL XTTO TNV XVTLOTpOodn
dlxoTrxon B .

To XTUOOPNKLPLKK, KVLXVEDOVTXL XTTO TNV BXOLX XVEAXTTLKN
OKEDXOMN. H OKEDXON OTK NAEKTPOVLX, CUVELODEPEL OE TTOAD ULKPO
TTO00CTO.
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Fig. 10.2. Cross-sections for deep inelastic neutrino scattering. Neutrino CC cross-
section is plotted with a solid line, the antineutrino with short dashes. The NC
cross-section for neutrinos are plotted with long dashes, and for antineutrinos with
a dotted line.

2T1C YOUNAEG EVEPYELEG | EVEPYOS OLOTOUN T®V OVTI-VETPIivmV glval mepimov 1o
1/3 tov vetpivov.
1GeVov =1/30v 100 GeV=c v

O1 S10TOLEG TV OVOETEPWV PEVUATOV EIVOL TEPITOV O1 LUGEG ATd TIG
OVTIOTOLYEG TV POPTIGUEVOV.

To onueio xaumng avtiotoyel 6TV evépyela epyactnpiov Tov ypetaleTal yio
v mopaywyn tov W kot tov Z avtictoryo.

Neipapa ICECUBE
ATToppo@noN VETPiVWYV PEYAANG EVEPYEIAG ATTO TN Y.

To neipapa ICE CUBE mov Bpioketor 6to Notio [Toro, aviyvedel vetpiva
TOAD HeYAANG evépyetag omd e€m@yarasiokés TnyEc. XTig TOAD HeYAAES EVEPYELEG T
evepydg dlatopun TG avTiopaons av&dvetat £T61 MOTE TA VETPIVO AVTAE OTOPPOPDVTOL
amd ™ yn. Otav n evépyeta yivel peyaAvtepn amod 5%10* GeV M yn dev glval ma
dapovng ota vetpiva. o peyadvtepn and 5%10° 610 o NotI0 nuoeaipto yivetal
aOPAVES. ZTO GYNLO TO UKOG ATOPPOPNONG TMV VETPIVMOV GOV GLUVAPTNOT TG
evépyeloc. Agld To suvnpitovo ¢ yoviag 0 amd Ty KaTaKdpLEO.
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AvTidpaon v; uEYAAN EVEPYEIQG.

2V avtidpaon v; Le VOUKAEOVL0, TO T TOL TaPAyETOL SIUGTATOL GE TOAD
HKpd xpOvo G adpOVIa, KOt 1) avVTIOpacT cuVOIEHETUL OO EVa AOPOVIKO
katatoviopo! Opmg av 1 evépyeta yivelt oAy peyddn, To UNKOG O1AGTACTG LEYOADVEL
Ko 1 avtidpaon yopaktnpiletot omd VO KATAOVIGHOVS, 0 TPAOTOG OO TNV OKESUON
OTO VOUKAEOVIO Kol 0 0€VTEPOG AMO TNV OLAGTOGCT) TOV TAOL. LTNV EIKOVO, OVTIOPAOT V;
EVEPYELOG 10® eV =1 PeV

v No1tX Tov, +X

To ‘t° dwondtol petd amd mepimov 50 m
SNUOVPYDVTOS VOV OKOMY KOTOOVIGHO.

00 v 2 PN

tau decay length —

i

Zuvtoviopog Glashow

"Eva evolopépov eatvopevo mov pmopel va mapatnpndetl o€ avtidpdoelg vetpivov
TOAD VYNANG EVEPYELOS, TOV TPOEPYOVTUL OO ALGTPOPVGIKES TNYES.
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H oxédaon tov avil ve og nAeKTpdVIO0, YiveTor pe TV pecoAdfnon evog proloviov
W. Ztov thmo ¢ evepyng _ Otatoung epeavifetar o 6pog

1 2mk, )
M:

H dwtopn| peytotomoteiton Otov 1 evépyeta Tov vetpivov yivel ion pe 6.4 PeV
onradn pmopet va mapdyet tnv pnalo tov W. H dabéoun evépyeta oto KM givon :

Js=.2m B,

H dwatopn) oty evépyeta avt , givon mepimov 300 popég peyaivtepn and to
GOfpotopa TV SLTOU®Y OA®V TOV GALDV OVTIOPAGEWDV.

2115 GALES AVTIOPACELS TV VETPIVOV deV eupavileTar 6 6pog avtdg AOY®
SPOPETIKOD GLVILAGLOD T®V SPIN.

2V TEAIKY KOTAoTOoN £XOVUE TO TPOTOVTA TNG dtdomacng tov W

Anhodn:

W' - v, + hadrons 68%
2>V, +e 10,5%
Sv,p 10,5%
2>V, 11%

To niextpdvio mov mapdyetat, dnpovpyet ndvrote H.M. koatooviopd tov omoio
WITOPOVLLE VAL 0VIYVEDGOLLE. ZTOV KaTooviopd mnyaivel oxeddv 1o 100% g
evépelag tov vetpivov. To punxog tov Katatowicpov yo vetpivo 1 PeV givon mepimov
7m.

Ta adpdvia dNpovPyoLV adPOoVIKO KATAOVIGHO TOL OTOIoV 1) EVEPYELN EIVOL TTEPITOV
50% ¢ apykng.

To povio dnpovpyet pia tpoytd v omoia aviyvevovpe amd 10 g Toegpévkwe.

To téov dnuovpyel adPOVIKO KOTALOVIGHO.

(D. Perkins ogh. 68, S. L. Glashow Phys. Rev 118 (1960) 316-317)



Neutrino Cross-sections at the Glashow

Resonance
Fﬂwmmﬁrnﬂmmmq—wmm
10% E 1
3 1
10% 4
T "E RG, Quigg, Rfano and
g 10% ‘E - Sarcevic
o L 4
10'37 E j
3 :
1 0-39 _i

102 10* 10° 10° 10" i0jiE
E, [GeV]

The cross-sections

vee —hadrons , Vee — Vee , Ve = Uy , o€ — T are resonant
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Evepydc Slatoun oav ouvaptnon Tng evépyeLag, cuvtoviouos Glashow.

AvTI8pdoEIg OE CUVTOVIONO.

Interaction o [cm?2]
Ve e — Vee 5.38 x 10732
Vee— Vi 5.38 x 10732

Ve € — hadrons 3.41 x 1031

V.e — anything | 5.02 x 10731

AvTIOpAOCEIG EKTOG OUVTOVIOOU.

Interaction o[cm?2]

vyN 2 p+anything |1.43x10%®

vuN — vy +anything | 6.04 x 10734

vpe — Ve + i 5.42 x 10730

MNapatnpolue tnv Stadopd os Taelg pey£Boug.
To nAextpdvio mov mapdyetor dSnuovpysl H.M. xataioviopd, tTov omoio aviyvebove.






MapdApeTpOI VETPIVWV
Observed values of oscillation parameters

e sin%(2043) = 0.092+0.017%!

e tan*(01) = 0.457+0.040-0.029. This corresponds to 015 = 0sy =
34.06+1.16-0.84° ("sol" stands for solar)&!

e sin?(20,3) > 0.92 at 90% confidence level, corresponding to 03 = Oam =
45+7.1° ("atm" stands for atmospheric)m

o AM%; =Am’sol=7.59+0.20 —0.21 x10° eV

o |AM%y| = |[Am%,| = AmZ%atm = 2.43+0.13-0.13 x10° eV

e 3§, ay, ap, and the sign of Am?;, are currently unknown

Solar neutrino experiments combined with KamLAND have measured the so-
called solar parameters Amz2sol and sin20s0. Atmospheric neutrino experiments

such as Super-Kamiokande together with the K2K and MINOS long baseline

accelerator neutrino experiment have determined the so-called atmospheric
parameters Amz2atm and sin2Batm. The last mixing angle, 6813, has been

measured by the Daya Bay Experiment and the RENO as sin2261s.

For atmospheric neutrinos (where the relevant difference of masses is about
Amz2 = 2.4x10-3 eV2 and the typical energies are ~1 GeV), oscillations
become visible for neutrinos traveling several hundred km, which means
neutrinos that reach the detector from below the horizon.

The mixing parameter sin22643 is measured using electron anti-neutrinos from
nuclear reactors. The rate of anti-neutrino interactions is measured in
detectors sited near the reactors to determine the flux prior to any significant
oscillations and then it is measured in far detectors (sited about 2 km from the
reactors). The oscillation is observed as an apparent disappearance of
electron anti-neutrinos in the far detectors (/.e. the interaction rate at the far

site is lower than predicted from the observed rate at the near site).
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http://en.wikipedia.org/wiki/Kamioka_Liquid_Scintillator_Antineutrino_Detector
http://en.wikipedia.org/wiki/Super-Kamiokande
http://en.wikipedia.org/wiki/Daya_Bay_Reactor_Neutrino_Experiment

Evepydg diatoun.

2 45. Neutrino Cross Section Measurements
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Figure 45.1: Measurements of 1, and 7, CC inclusive scattering cross sections
divided by neutrino energy as a function of neutrino energy. Note the transition
between logarithmic and linear scales oceurring at 100 GeV. Neutrino-nucleon cross
sections are typically twice as large as the corresponding antineutrino cross sections,
though this difference can be larger at lower energies. NC cross sections (not shown)
are generally smaller (but non-negligible) compared to their CC counterparts.



* Electron neutrinos from the sun and nuclear reactors E, ~ 1MeV which
oscillate into muon or tau neutrinos cannot interact via charged current

interactions - “they effectively disappear”

* Atmospheric muon neutrinos Ey, ~ 1GeV which oscillate into tau neutrinos
cannot interact via charged current interactions - “disappear”

-To date, most experimental signatures for neutrino oscillation are a deficit of
neutrino interactions (with the exception of SNO) because below threshold for

produce lepton of different flavour from original neutrino

*In Handout 10 derived expressions for CC neutrino-quark cross sections in
ultra-relativistic limit (neglecting masses of neutrinos/quarks)
*For high energy muon neutrinos can directly use the results from page 316

Vi no B Gts
O-Vu e” — T _
4 2 2
W with s§= (EV + mg) —E; ~2mEy
e Vv 2me G}%EV D (Iiross secltion increases
e O'V - = linearly with lab. frame
- T neutrino energy

For electron neutrinos there is another lowest order diagram with the same final
state Ve e Ve Ve

w A
e Ve e e
It turns out that the cross section is lower than the pure CC cross sectlon due to
negative interference when summing matrix elements |Mcc —I—MNC[ < |MCC|

O'V(,%06O'v

*In the high energy limit the CC neutrino-nucleon cross sectlons are larger due
to the higher centre-of-mass energy: s = (Ey +m,,) E ~2m,E,

e

Ve € Ve Ve
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