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Early neutrino physics
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Enrico Fermi, father of the world's first nuclear reactor, popularized the term "neutrino." It is Italian for
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FIRST EXPERIMENTAL
EVIDENCE

A team of scientists led by Los Alamos National Laboratory
physicists Frederick Reines and Clyde Cowan observed the
first evidence of neutrinos as part of Project Poltergeist. The
neutrino was then, as it still is now, considered a "ghostly”
particle, flitting through matter without leaving much of a
trace. The scientists used a nuclear reactor, an incredibly
dense source of neutrinos, to finally catch the ghost. For five
months, they collected data with a 10-ton detector placed
next to a fission reactor at the Savannah River Plant. They
announced their success in a 1956 telegram to Wolfgang
Pauli: “We are happy to inform you that we have definitively
detected neutrinos.”
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Next decades — physicists In caves and mountains

9 7

Homestake
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What have they found?

Neutrinos do MIXING!

* Flavors
« 3 types of flavors
» Corresponding to leptons

« Masses . _ i I
¢ Very tiny 1%1H'}#{1L +++++++++ éuuuu“é. +++++++++ 1 ++++++++++ Lﬂ.“.;p’ ppppp §.+.+.+.+.+é ++++++++++ .,,,,,,,,, .......... :-. ......... {
* Mass ordering unknown . . .
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Matter Generation
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Extra parameters in the SM!
How can we explain the masses? p———————% v o A2,

2
Am.“;_, 5 —_— V2 V3 — v
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Type-l seesaw mechanism

One way to explain the tiny masses

We can add Majorana neutrinos to the SM

1 1
— Lo, = 517ng1/5 —+ QﬂthVh

Vo —VITMEM MpV 0

0 U MyU
We have

* Light neutrino mass ~ M
» Heavy neutrino mass ~ M,

Simple, minimal assumption!

i

Mh

Heavy particles, that's what we can search for in the LHC!

Edwin Chow
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Current status and exclusion limits
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HNL In ATLAS



What about ATLAS?

ATLAS prompt 3I

Our multi-layered detector can identify —— JHEP 10 ¢oi9) 265
different leptons/hadrons reasonably

ATLAS displaced 3l
—— PRL 131 (2023) 061803

Vs = 13 TeV, 139 fb*

ATLAS prompt (T
arXiv:2408.05000

¥s = 13 TeV, 140 fb’

107!

LA

ATLAS t-channel
— PLB 856 (2024) 138865

fs = 13 TeV, 140 fb*

ATLAS prompt 2|
— JHEP 07 (2015) 162

s = 8 TeV, 20.3 fb’

HNL

NOT from
s-channel

CMS displaced 2|
CMS-PAS-EX0-21-011
s = 13 TeV, 138 fb’

Primary
Vertex (PV)

Displaced
F Vertex (DV)

Observed 95% CL Limits on |V,
-
O

CMS displaced low-mass
— PRD 110 (2024) 012004

s = 13 TeV, 138 fb!

CMS prompt 3l
JHEP 06 (2024) 123

Ys = 13 TeV, 138 fb*

T llllllll T llllllII T lmm] I llluul I llllllll T llllllm

| llllllll 1 llllllll 1 lllllljl | llllllll 1 llllllll

CMS displaced 3l
JHEP 07 (2022) 081

—D7T7—2
Tx M°U
RE— RO ! . ¥s =13 TeV. 138 fb*

Multiple teams looking for T T T N iy
» Displaced HNL ame

Vs = 13 TeV, 138 fb’
* s-channel s-channel contributes up to m~100 GeV
* Good result for u and e
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t-channel HNL In ATLAS

ATLAS
VS =13 TeV, 140 fb~?

pp = L=L=jj, |Ven| = [Vl
95% CL Limits
A
W+
N
0.1}
W+ _
- Combination ~
- = Observed Limit Individual channels (observed)
u : | == Expected Limit — ee <
/\D\\\ s Expected Limit +10 —— eu
U d Expected Limit +20 —— uu [EPJC 83 (2023) 824] T
102 100 107
. . . my [GeV]
Many interesting physics keywords

* VBS, HNL, LFV, Majorana neutrino

Although no signal for e/pu,
* May solve many problems at once!

But best limit is set at ~0.05 for 1TeV
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t-channel with 1 —_—

Uncovered T channel w
 Much harder channel
* \WWorse reconstruction
 More fakes u

» Complicated decays — T~

(2 T means many combinations...)

T Vr

hadronic | leptonic
.. decays | decays

W

= ATLAS prompt tf
4 = arXiv:2408.05000

|

I

|

I 7 ¥s =13 TeV, 140 f?
I |

i g CMS prompt 3l
: 1 —— JHEP 06 (2024) 123
|

H
-l
M3

Vs =13 TeV, 138 i’
: E
Wi | = CMS displaced 2
I 4 -...- JHEP 03 (2024) 105
! ] ¥s =13 TeV, 138 fil

=
S
£

CMS displaced low-mass
-« PRD 110 (2024) 012004

Observed 95% CL Limits on |V, [
H
o

65% 10 PP i} Vs = 13 TeV, 138 fb’
i § DELPHI
% L Butonly we can doit! | zemcromns
._.2 OV 10-? L sl AT EEET L 0o s sl L1 el 1
= T 9m—ar 1 10 10° 10° 10*
m,, [GeV]
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t-channel basic strategy

| | | | | | | | | | | | | | | | | | | | | | | | | | |

. . 10°= ATLAS Internal BN Zo.Jets 31119.95 =

Some terminologies = [s=13 TeV,140fb" M Voamma 115082 =

— ' ' 5 Ol+btag85 i S tbar 26549 __

e SS =same sign palr 10° -« Discrepancy = tbaresds , —

. - - " — I Others 75.51 ]

e OS = OppOSIte Sign palr — / -------- Signal (Scaled) 13650

MC = simulation 10 [~ Ssw i

® — = T LU LLL LD TTITI L Yuey,, ==

= 3 Yoomnnay, =

: 10° —

Regions 0 =

* SSt7 regions blinded 102 _

 OSt7 regions for validation - -

(as a proxy for SStt background) 10 + +
First look 1=

* Simply selecting events with 2 jets and 2 < 1 e —

 Comparison to data in OStt region © N

. - —_ —— -.+H-E-UL.+.—.+H—H—.—.m =

* Very high p- signature 5 1 = of——] A ﬁ”‘t-;

A huge discrepancy... =10 [ 7 ‘t

1{]—2 - ==._§L ......................... - }{103
0 100 200 300 400 500 600

tau_Pt O
OStt (data, MC) vs SStt (signhal)
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Explaining the discrepancy

The reason is FAKES from QCD
(mislabeling | 2 1) ATLAS

EXPERIMENT

Run: 300687
Event: 1358542809
2016-06-02 18:19:05 CEST

Run: 350013
Event: 1556168518
2018-05-11 01:39:26 CEST

But we often record this, how do we tell which i1s which?

We want 2 7 and 2 jets This is also hard to simulate correcitly...
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Quality selection

OStt and SStt regions could be complicated
Let’'s look at 1 reconstructed 7 first.

What about using data to estimate the fakes?

Use ID Score of 1! _
Quality

What is ID Score? requirement

 RNN based Identification score
(take into account tracks, calorimeter deposition, and more...)

* Quality measurement of reconstructed t

CR
Fail 1D

ID SCORE

Cutting at higher quality
 tighter selection, fewer fakes, fewer data .
. . Control Region
Cutting at lower quality 17CR
* |ooser selection, more fakes, more data
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Quality selection

1t Fall 1D, Reglon 1t Pass ID Reglon

: IIIIIIII | T T : IIIIIIIII T E
- ATLAS Work in Progress = ;‘ - t‘ E’*E'ﬁf? N - ATLAS Work in Progress = ;‘ o t‘ 2335-,.1“-,?;3 -
10° £ s=13 TeV,140fb ghh 452;93? vy — 105 s=13 TeV,140fb ghh zzsifg? . —
= WCR 1tau Loose not Medium = SingleTo 12978 = WCR 1tau Medium = O 1 og =
— B VYgamma 129.71 — Z - 0 SingleTop 588.16
— B Others 122.91 — — B Vgamma 248.43 —
4 . - (RLLRT L] Signal [5BE|Ed}ﬂ — 41 - (RLLRT L] Signal (SBELEd}ﬂ o
10" = —e— Data 49762 = 107 E —e— Data 56579 =
— bl [ Stat = — el [ Stat =
B - ] — _
10° = E 10° =5 = I_IJ
102 £ = 10°E - D: Quallty
1oL 1 sl 10 requirement
o 10 10 &
5 CR
S A
O - -
2 — Fail ID
1072 1072 X
0 100 200 300 400 502 600 0 100 200 300 400 5{3'{)E 600
pr’ [GeV] pr’ [GeV]

Control Region

Higher score - lower discrepancy! 17CR

Maybe we just cut tighter?
But we still have discrepancies...
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Fake Factors definition

1r Fall 1D, Reglon 1r Pass ID Reglon
- ATLAS quk in Progress =§‘JJE?L*L%3."'$F E - ATLAS quk in Progress =§"f:;‘:3§-,-i“;? - FF determination | FF application
105 BetsTevitaotel L T A i — A
. = =i Data | Data
ot vy Smaseedd | qge T Sl Sssied 0
— - Eﬂht - = .- Esmt =
103% —% 103% —% F F F F ?
10% _§ 10% - PaSS lD
102 = 10k .
't L CR SR
s - but
© 10 10 & e .
5 Faill ID | Fail ID
O -
= 107! 1071 =
107 100 200 300 400 500 g0 107%G 100 200 300 400 500 50v Control S| gn al
o p’ [GeV] Py [GeV] Region Region
a a " "
PR — Ngata o — NG oo - Discrepancy on the right plot 17CR  e.g. SStrt
data o :
nNeata o — NHM& Discrepancy on the left plot

While we cannot predict the amount of fakes from pure simulation, this is a data-driven ratio!
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Fake Factor application

Measured FF Applied to OStt (keep SS 7t still blinded)
» Firsttrial, binned In e Much improved Data-MC agreements
coarse p+, T prongs, 7 * Only ~20% deviation
g2.2_lllllllllllIlll]llllllllllllllllll_l+l_llllllllll_ 70000;_'lAlﬁlrlLlAlSIl\:\(lorlkiin'Fl)rlollgrlelssl"lllllll'lllllll'—; FFapplication
< .- ATLAS WorkinP Tp_benrel - - .
T 20 13 Tevadofor D —-3p_barrel 60000— = Data
LL = " - n . . . _
- "9 i;:—:n::::: S6006E- Distribution of E
161 = e : T fakes -
. E 30000 —
1.2:+ - - Other MC a
i E s backgrounds —
08}~ ’ = 10000 =
08 - - :
0.4— Tl 2 152— """""""""""""""""""""""""""" —i
L $ = ] 145: —-—— :i
0.2:_ _: § 121§E e T E;
O:llllllllllllllllllllllllllllllllllllllllllllll: g.ggi :g
50 100 150 200 250 300 350 400 450 500 é(é)— , 40 _ 60 _ 80 _ 100 _ 120 , 140 _ 160 , 180 , 200 , .2_520
Py [GeV] P [GeV.
FF measured in bins of p; FF testing Is OStt Pass ID Region

(FF x OS Fail ID)
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Sensitivity estimate

Fake Factor is not entirely ready...
Can we estimate our sensitivity?

Testing our selections
« SSregion is fully blinded - Use OS distributions as proxy of our background
* Place progressive cuts on kinematics
* S/B ratio goes from 10-3to 102

(raw MC yields vs data events)

 Assume data Is all backaround - statistical test on [V_y|

: :
g2 F £ 10E%
: MC M =1TEV NI DATA
2 [ 8 N = 107
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) o
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Summary

 Heavy neutral lepton above TeV scale Is something unique in LHC
* Our team Is working directly with theorists for both predictions and measurements

* Currently all the channels {s t} x {e u 7} are limited by statistics,
significant improvement guaranteed for run 3 and HL-LHC
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