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Introduction (heavy neutrinos)

* SM very successful but neutrino sector not completely
accomodated (e.g. neutrino oscillations)

e Right-handed neutrinos missing in SM — added with
neutrino Minimal Standard Model (vMSM)

- sterile heavy neutrinos

 interact only with the light active ones
o o 2 . . .
through mixing 6 ~m,/my @ has mixing angle Vyx to SM neutrino vy
- possible solution for long-standing puzzles :

 origin of SM neutrino masses via seesaw
mechanism

e N, (m~keV) = dark matter candidate

« degenerate N, and N, (1<m<100 GeV) =

possible explanation for matter-antimatter
asymmetry of the Universe

— can be searched for at LHC

@ HNL lifetime becomes longer with small masses

or mixing

T X |Vg/\/|_2 mﬁ5
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Searches of HNL in Heavy Flavour

Belle, Phys.Rev.D 101 (202 2007
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Charge-conjugate states are implied - my / (G eV)

. It is also possible to search HNL in (heavy) hadrons decays: BT — [N, D(f) — [EN,...

« Main idea: we have standard semi-leptonic decay to W~ — [1, then 7, oscillate to

sterile N and then /N again oscillate, but now to v; with the following decay to [W™* —>
final state is lepton number violating (LNV)

* Such LNV decay is strictly forbidden in SM, thus we expect negligible SM background
processes and great opportunity to perform searches for N
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https://doi.org/10.1103/PhysRevD.101.032007

Our goals

Charge-conjugate states are implied

—
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» Subject of our study is search for decay D — u™N — u*u "z~ with normalisation
channel D — ¢x™ — u*u~n*, where D are originating from semi-leptonic B, decay

* This analysis is to be done at CMS Experiment data, using BParking dataset (see next
slides)

* Today we report our preparatory studies, divided into two parts:

e studies of possible D;r sources and normalisation channel on BParking data (we use
D - ¢n*, ) > K*K™ mode)

* studies of signal Monte-Carlo simulation samples

Kirill lIvanov, ICPPA-2022 Search for heavy sterile neutrino from D decay



The CMS Experiment
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* The CMS Experiment at the LHC was designed mainly for high-p

physics (Higgs, top-quark, SM precision measurement, New Physics
searches etc)

* However, robust muon system, good p resolution and perfect vertex

reconstruction provide promising opportunities for heavy flavour and
quarkonia-related analyses
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Motivation: CMS B-parking dataset

Trigger strategy

During June—Nov 2018, approximately 12 billion events were recorded with a trigger
logic that requires the presence of a single, displaced muon. The sample comprises bb
events with high purity. The muon candidate responsible for the positive trigger decision
originates from the "tag-side" b hadron that undergoes a b—uX decay. The "signal-side"
b hadron decays naturally as it is not biased by the trigger requirements.

Trigger: b hadron purity (B T ol D Tag-side:
. From MC
N(b —y ,LLX) L 1 (N(BO i D*+/'“/D fAccepta*ncexefficiepch
(Fcorr]@(D*‘*') X S(D*‘*') X (B(D*'*‘ — DO(—> K’/T)ﬂ’D g ey o [From Iiterature:}
. Computed on MC. 2.6%

» _N®—pX) Modes of unbiased B hadron decays on tape
-

Signal-side:
unbiased
b hadron

N(/'t) The table indicates the number of unbiased decays of different types of B hadrons recorded to tape in 2018
(N2018). The fractions of B hadron type that are produced (fs) and their branching fraction (B) are also indicated.

Mode Noo13 fB B decays
Generic b hadrons
BY 40x10° 0.4 1.0
B* 40 <10’ D2 1.0
/ By 1.2 x 10° 0.1 1.0
b baryons 12 <10 0.1 1.0
Bf — Dy Rz B 1.0> 107 0.001 L Details are in CMS-DP-2019-043 Note
+ Total 1.0 x 1010 1.0 1.0
Source of D" mesons

Using (B, — D} 11"0,), we have > 3 x 10’ D;f in our BParking only on probe side
....and much more on trigger side
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Reconstruction of two D" sources

Selection criteria are standard soft CMS B-physics cuts to provide robust reconstruction

: 0 ,
Tracks selection  D; selection B, selection

| M($) — m}PC| < 10 MeV “BParking trigger”e pr(u™) > 7 GeV/c and
dy, /o, (u*) >3

e pr(K*¥) > 1.5 GeVlc

o dxy/adxy(Ki) > 0.8 1.8 GeV < M(K*K~n*) < 2.05 GeV

0
. D* 5001 . (By) > 0.01
¢ pT(ﬂ+) > 1 G@V/C $ vixprob ° (Ds+’ BL?)detach significance >4 ’ VtxprOb
o + 0
. dxy/adxy(n"") > 0.8 cos(PV, D) > 0.99 - cos(D;}, BY) > 0.99 ° (Bs )detach significance >4
® (Ds—i_)detach significance > 5 § . pT(BS) > 6 G@V/C

R
8

cos(PV, BS) > 0.9
D mesons from

-+ : _ _
Prompt D" mesons : semi-leptonic B ot Kt o,
+ ! T 4
i K o “u
' + —
: / DS ““““““ \ 4 K
+ _ e e o
D S et v K : BS ."V/"" H
------ ' PV
PV “““““ o RN e Charge-conjuqate states are implied
N‘ 1 »‘
P pP . D pP
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S

200

x1 0%  Private work (CMS data)

— ¢r™ fit results on data

x10°  Private work (CMS data)

% D;" from semi-leptonic B t Data %) prompt D t Data
S 180F — Fit = 390p — Fit
O 160 | ! --- D} signal Lo 300 £ --- D} signal
ﬁ 140 | i )| --D"signal ﬁ : --- D" signal
4(‘!)3 120 B --- Comb. Bkg. .'g)_') 250 ..... --- Comb. Bkg.
8 100 | g 200 = s/
'c% 80 | % 150 | A
o OF O 100f P
40 F N ! p
20 . _ ‘ 50 ‘ / s
ob e v e N 0: ot R ST M R
1.8 1.85 1.9 1.95 2 2.05 1.8 1.85 1.9 1.95 2 2.05
M(*K*K), [GeV] M(r* K* K°), [GeV.
N(D{)[10°]  S/Bratio  N(D™)[10°]
Fit model: Double Gaussian for signal B - Dfp b, 1729+3  3.500+0.020 626 £ 2
and polynomials for background prompt-D} 2280410  0.50940.003 788 + 12

* Robust and very large signals of D-mesons from both sources
More than 1.7 and 2.2 millions of D" mesons are reconstructed

. BSO — D;L ,u_Dﬂ channel with much larger purity (S/B ration in signal region) is selected as

baseline for the further searches
Np. | BD} — ¢t — K*K~n*) ~ 8 - 107 of D} mesons from B? which could be used

for D — Nu™ — n~u*u™ searches

Kirill lvanov, ICPPA-2022

Search for heavy sterile neutrino from DSJr decay



Studies of D —» 7z 77 #™"

. x10° Private work (CMS data) Private work (CMS data)
u > i
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- Signal of B) — D;fu~0, with D} — n*z~z" is also accessible via CMS
BParking dataset

» While D" — ¢n™ is considered to be the normalisation channel, D7 — z7z~ ™"
mode could be important background contribution (with y*-z= misID)

 Very rich resonant structure in M(x, ) invariant masses is present

Kirill lIvanov, ICPPA-2022 Search for heavy sterile neutrino from D decay



MC simulation intro

£
S,
g I
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m, [GeV. m, [GeV

« Using official CMS MC production, we have generated 4 points in (my, | Vﬂle)
plane for possible HNL parameters

e For theoretical calculation of HNL parameters and their relations (V lifetime
T ~ My |V Nl_ we used approach from Phys.Rev.D 94 (2016) 11, 113007:

GF N ‘ 0.41
~ 9673 my[GeV] - ct[mm]

‘ 1095 —> |V |? =
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Gen-filter efficiency ¢5¢"

m N =1.0 GeV

m N =1.5 GeV

ctau =1cm

1,82 + 0,03 %

1,45 + 0,03 %

ctau=10cm

1,50 + 0,03 %

1,49 + 0,03 %

« €%“"is an efficiency of soft requirements applied at the generator level on the p;and 5 of the

particles (gen-filters).

For our MC samples, GEN-filter includes:

* 1) “BParking trigger” filter:

at least one muon has p; > 6.8 GeV and || < 1.55

o 2) Filter, related with CMS detector acceptance on pand # (restrictions on possibilities of

adequate particles reconstructions) for HNL daughters:

pr(u) > 0.5 GeV, [n(p)| < 2.5
pr(m) > 0.5 GeV, |n(n)| < 2.5

 In result we have €5 ~ 1.5 %, similar for all samples
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Reconstruction and selection criteria

Selection criteria are standard soft CMS B-physics cuts to provide robust reconstruction
MC Truth (matching the reconstructed particles with the generated ones) is applied.

. . _|_ . .
Pion selection D" selection N selection
*
o |n(z7)]| <24 o |myp,— mll;?Gl < 60 MeV © Nyprop > 0.01
o + +
P T(ﬂ ) > 0.5 GeVic y Ds vixprob > 0.01 ° (Ds+ s V) detach significance = 1

Muon selection . p(DH) > 8 GeVic

0 .
« pr(u™) >3 GeVic B_ selection
0
¢ (BS’D;_)detach significance >3 ® (B;))vtxpmb > 001

o ()] <24

0
e One has p(u™) > 7 GeV/c and * (By)detach significance = 3
dy,/ O'dxy(,ui) >3

e pp(BY) > 12 GeVlc

BParking trigger 7 4 _
Hy T
/ e cos(PV,BY) > 0.9
0  fo -
b S et "/' H
PVVq """""" Charge-conjugate states are implied
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Kinematic distributions: p; of muons and N

Private work (CMS simulation)
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Fits of u "7~ and u™u "7~ invariant masses

Example of fits for one MC sample

Private work (CMS simulation) Private work (CMS simulation)
=> 450 F _ _ Nygna = 9326 = 107 = 500 [ _ _ Nygnas = 9420 = 105
% g + S|mUIat|on MN=999'91 +0.11 MeV % i + SImU|atIOn + MD;= 1968.56 + 0.17 MeV
400 - Fit 0, =10.4 = 0.6 MeV o0 - — Fit 04 = 16.8 = 0.9 MeV
T : 400
~ 350 My - M° = -0.09 = 0.11 MeV — i My, - Mp2® = 0.22 + 0.18 MeV
0 - — Signal | — Signal
QD 300F J ct=1cm P I J ct=1cm
© - ----Comb. bkg. © 300 [ ----Comb. bkg.
S 250 F v, I
S 200} 2
g “OF 2 200
O 150F © —
: O :
100 F ‘ 100 - +
VL . | \._
() bossemotebet AT N T ottt () Resasaatsustes X IR .
0.95 0.96 0.97 0.98 0.99 1.00 1.01 1.02 1.03 1.04 1.05 1.88 1.90 1.92 1.94 196 1.98 2.00 2.02 2.04 2.06
M(u* =) [GeV] M(N u*) [GeV]

o Clear peaks are visible in reconstructed invariant masses of ,u+7z_ and ,u+,u+7r_ (corresponding to NV and DSJr signals)

Numbers of signal events and detector resolutions are extracted from fits with Double Gaussian (or Gaussian +
Crystal Ball) for signal and 1st order polynomial for background

» HNL detector resolution is (as expected) better for lower mass, HNL detector resolution (in MeV)
no clear dependence from lifetime is observed m_N = 1.0 GeV m_N = 1.5 GeV
ctau =1cm 10.4 + 0.6 16.1 + 0.7

« D resolution was found to be independent from HNL
parameters and is about 17-18 MeV for all samples

ctau=10cm 11.0+ 0.3 149 + 1.1
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Reconstruction and total efficiency

Reconstruction efficiency ¢7¢¢5¢! Total efficiency ¢
m_N = 1.0 GeV m_N = 1.5 GeV m_N = 1.0 GeV m_N = 1.5 GeV
ctau = 1cm 9,03 = 0,10 6,64 = 0,18 ctau = 1cm 13.72 + 0,31 9,63 + 0,32
ctau = 10 cm 8,00 = 0,04 5,26 = 0,06 ctau = 10 cm 12,00 + 0,25 7,84 +0,18
[1073] units [107°] units
. "5 s an efficiency of the reconstruction and selection requirements applied;

calculated as ratio of the number of events from fit of N — u ¥z~ after all cuts to the number

of generated events in MC-sample;

e"c=s¢l seems to be better for both lower mass and lifetime

» Total efficiency is € = €5" X grec—sel
The results are about 10™* + 107> depending on HNL parameters

* The expected number of signal on data could be estimated as

N, = N(DJ) X (B(DS” — N[ - p'n"u™) X e

» With N(D) ~ 102 (experimental estimate from BParking studies) and € ~ 10™*, we need
relatively high branching ( > 1072 ) to get any reasonable N.., —>

s1g
our final upper limit could be measured to be quite humble and unpretentious
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Conclusion and summary

* We report the studies of possibilities
and prospects for the search for

heavy sterile neutrino from D" decay

Belle

EWPD

DELPHI

.'\ P e — —

* Significant and robust signal with
enormous D statistics is observed
on CMS 2018 data (BParking dataset)

coC _eo\OUr expected

e Monte-Carlo studies of signal decay sensitivity

B~ Dy, TR
DT = Nyt + - ided '
T — Nu —>,u U~ are provide My (GeV)

« Generator and reconstruction efficiencies are estimated for 4 points in (imy, | V, N| )
plane for possible HNL parameters

* Normalisation and background channels are to be studied in Monte-Carlo simulation

e As our next plans we consider to perform selection optimisation (using both data and
MC) and then proceed blind analysis for the search of D7 — Nu* — pu*u*n~ and

measuring its branching fraction w.r.t. DS+ — gbﬂ+ (or its upper limit)
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Thank you for your attention!

Do you have any questions?
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Backup slides
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Heavy neutrinos

@ HNL lifetime becomes longer with small masses »
or mixing il
T X |Vg/\/|_2 my> |

N 10—4

7 10

i F

e Lifetime : 108,
- very small = prompt decays 10_10

- macroscopic distances from

. =12

production vertex 0 i

— displaced decays
for lower couplings
at low masses

« Existing constraints
(filled area) and future .
projections (contours) on E
mixing angle and mass: =

@ N are sterile and interact only with v through -
mixing o T
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Gen-Ivl L, (N )-distributions

Private work (CMS simulation)
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Private work (CMS simulation)
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M N=06GeV mN=1.0GeV m_N=1.5GeV
ctau=1cm 11,1 7.4
ctau=10cm 109,2 73,9
ctau = 100 cm 1648,7 1115,2 772,0
ctau = 1000 cm 7388,6

* Here we have clear dependence:
Lighter N has larger displacement

* In agreement with obvious kinematic expectations
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* |Important parameter of our studies is acceptance, which is
Numerator

Acceptance = .
Denominator

* Denominator is number of gen-events after “BParking trigger” filter:
at least a muon with p, > 7 GeV and |5| < 1.55

* Numerator is “BParking trigger” filter plus “CMS acceptance
requirements” for HNL daughters:

pr(w) >3GeV, |n(u)]<?2.5
pr(r) > 0.3 GeV, |n(x)]| < 2.5

MISP YSF 30/07/2022 Monte-Carlo studies of HNL from D decay



Acceptance estimations

Private work (CMS simulation)

) i
% 0_5*# + _* —my=0.6GeV
4% —my=1GeV
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Private work (CMS simulation)
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« Denominator is number of gen-events after “BParking trigger” filter: at least a muon with p > 7 GeV

and |n| < 1.55

 Numerator is “BParking trigger” filter plus “CMS acceptance requirements” for HNL daughters:

pr(p) > 3 GeV,

* The higher mass gives us higher acceptance
No significant dependence of acceptance from coupling parameter | VﬂN |2 is observed

ln(p) | < 2.5, pr(r) > 0.3GeV, |n(x)| < 2.5

Kirill lvanov, ICPPA-2022

Search for heavy sterile neutrino from DSJr decay




Fits of u "7~ and u™u "7~ invariant masses

Private work (CMS simulation)
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Fits of u "7~ and u™u "7~ invariant masses

Private work (CMS simulation) Private work (CMS simulation)
= 140 | | | Nyignat = 2350 = 52 > i . | Nygnas = 2327 = 53
% [t Simulation \ My = 1499.69 + 0.32 MeV % 140 £ t Simulation \ Mp; = 1968.57 = 0.36 MeV
o 120F ki 0, =16.12 0.7 MeV o Fit \ 0. =17.5 = 2.1 MeV
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Fits of u "7~ and u™u "7~ invariant masses

Private work (CMS simulation)
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