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recap from last time:
* Intro to heavy flavor (motivation, scope, state of the art)
* Production (cross section measurement)
* Spectroscopy (hidden and open flavor, exotic hadrons)
* Heavy ions (flavor probes of the QGP primordial medium)
* Lifetime (distinctive experimental signature: displaced decay vertex)
* Meson oscillations & flavour tagging (measurement of Bs mixing)

* CKM & Unitary matrix (constraining the unitary triangle)
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guantum mechanics (i)

* an unstable particle may be described H=m-—1
by an effective hamiltonian

¢>t — e—imte— %Ft |17/)0>

(Pol)e]® = e,

* through the non-relativistic
Schrodinger equation

* the solution reproduces the law of
radioactive decay

T=1/T

1 — T
P(t) ~ € Y T is the

* tis the proper decay time,
experimentally it is measured from
the decay length L and momentum p

[ /
{ /
| /

(or their projections on the transverse plane)
. / / B decay point
L M M L)
t =—=L — =L, — /i
By P Pr s
L, Lorentz boost factor / B production point

N. Leonardo flavor physics & rare decays
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quantum

mechanics (i)

allowing for a flavor-changing perturbation (AF) in the hamiltonian

H =Ho+ Har
[¥) = a|P°) +b|P7)

. d
Z_
dt

Yp=HY

B 1
m 2I‘
= 1T %
M7, — §P12

Mz — 5T

i
m 21"

() )()

a pure flavor eigenstate at t=0 will evolve to an admixture

» non-diagonal elements in H = f
[P) = p

flavor eigenstates [Pu) = p

avor eigenstates differ from mass eigenstates
P%) +q|P°)
P%) —q|P°)

with [p|* + g/ = 1

time evolution of flavor eigenstates (after finding H eigenvalues An,L)

|PL,H>t — e )‘L.IitIPLJI> — e L.ut QIL‘HtlpL,H)
probability for particle-antiparticle transition
4 2
_ _ 1 . AT
|(P°|'H|P0)|2 = s |(P0|’H|PO)|2 = ‘B 56—“ [cosh (T t) - cOoS (Amt)]
q
> with Ar = r,-r, and Am = my—my

neglecting CPV in mixing (i.e. p/g=1) and Al, the mixing probability is:

Ppopo () = Paope () =

N. Leonardo

ge—rt [1 — cos (Am )]

flavor physics & rare decays 5
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guantum mechanics (iii)
* discrete symmetries

» Charge conjugation: particle— antiparticle

» Parity: x—-x

» Time reversal: t —-t
e C and P are maximally violated in weak interactions

» no right handed neutrinos, no left-handed antineutrinos)

* CPT is conserved in any Lorentz invariant gauge field theory; thus, CP<T

* under CP, an operator O(X,t) transforms as O(Z,t) —» O (-Z,1)
* the effective Lagrangian (L=L) has the structure L=a0+a0" FaOl+a0=L

» CP violation thus requires a"#a , i.e.a complex phase . ,
Exercise: venf that cP

LAVAYLANCE applied to Yukawa
and W currents woul meLg

—Ey]c = Y’(/)—(ﬁw '+YV-#F¢T"/) 2
urkawa 1j ¥ Li Rj ij Rj Li L, — X so=\/
Y=Yy and Vi=Vj

* Yuakawa term

* Charged current term £y = LagViy W rdy + Ld Vi Wuy, — UsSlng CP transformations
V2 V2 recalled L tables below
Field P C Bilinear | P C T CP CPT
Scalar field o(Z,t)  o(—Z,1) o' (T, 1) scalar V192 V1¥2 Vot V12 Yot Vot
. . = " .9 07T seudo scal )15V -1 75U yY5Y U1 | Yy sy Dy YsY
Dirac spinor U(Z,t) U (=Z,t) Y (F,1) peoico scalat Wlsva | Y 1’1 M A 4 1’2 2 E.ﬂ:”:l Lk
GE 1) B(F D (7,801 vector Vivate | O U Y | ey -y
. W('ﬁ’ ) w(;'z’ T Y ,rxL axial vector U2 | UV sYe UM s¥r ViVl | Y st Y5t
Axial vector field A, (Z,t) —AH*(-Z,t) Au(:L‘, t) tensor U10uls | 010"y youthy 10"y | a0t a0
N. Leonardo flavor physics & rare decays 8



A 4

v

v

v

guantum mechanics (iv)

e consider neutral meson P° decays to a final state f
* the time dependent decay rates may be expressed as

A(f)= (fIT|P")
A(f) = (fIT|P)

Tt
Tpos(t) = |Af|? (1+ |}\f|2)67 (cosh %AFt + D¢ sinh %AFt + Cf cos Amt — Sy sin Amt)

2 —I't
Tpo_s(t) = |Af|? L (1+|)\f|2)67 (cosh%AI‘t+Dfsinh%AI‘t—CfcosAmt—i-stinAmt)
q
, 14, 2R 1A Y
o et = —L Dy = Cr = =
with A%, R A T P R T PVIE

sin and sinh terms dre“associated to interference of decays with and without oscillation

 CP violation classification

CPV in decay I(P° — f) £T(P° — §) 2|1
CPV in mixing Prob(P° — PY% + Prob(P° — P°) ‘ 271

CPV in interference between

D(Ppt) — f)(E) £ T(POrty — F)(1) |3 (242) 0
decay with and without mixing (Fert) = D) # T ert) = HY) (pAf)

Lpoty—s — I'pogry— s ~ 2Cjcos Amt — 2S5y sin Amt

Acp(t) = =




CPV in interference wior wio mixing

* defined by Im As+0

* available to modes in which both B
and B decay to a same final state f

* example: Bs—)/Y®

¢S = ¢, SM + ¢S NP

dsm ~ -0.04

Bs = arg(_WSWZ/VcchD = O()‘z)

20, =~ —@ NP can add large phases
b S b c

- - - - N . - o -

. ’U;)E)t . g . . 8: }ﬂ:’ﬂ:- ()I'K‘K‘
S b c S S

N. Leonardo flavor physics & rare decays 10



CPV: Bs mixing phase

T: HFLAV -
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CPV in decay: B—Krt

CDF Run Il PreIiminarny dt =9.30 fb™

cp_ F(BY— f) —T(BY > f) % 2% o

{ d“ — — O — O Q - total
r(B° — f)+ 1 (B”—f) = 2000 . B -
] T .*'*x B =k
M 2 = ? l" B’ '
» B factories: BABAR, BELLE (2004) g0l ' a
5 | | W
»  Babar Collaboration Phys. Rev. Lett. 97. 171805 (2006) = 10001 t i AP
Belle Collaboration Phys. Rev. D87. 031103 (2013) S i n | B & kK
: ". - Bg» '

500k, [N : -
* Tevatron: CDF (2012) 5

Acp(B® — K+7~)= —0.083 + 0.013 + 0.003 50 52 54 58
Acp (B2 - K~ =1)= +0.22 £+ 0.07 £ 0.02 :
wb © | | LHCb
 LHC: LHCb (2013) 3
200%—
Acp(B° = KT7n™) = —0.080 + 0.007 (stat) & 0.003 (syst) L. & ‘
e
Acp(B?— K~ nt) =0.27 £ 0.04 (stat) £0.01 (syst) "F %2

e SRR B : PR ol N B o B
4 05 51 52 53 54 55 5.6 5.7
K’ invariant mass [GeV/c?]
N. Leonardo flavor physics & rare decays 12
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http://inspirehep.net/search?ln=en&p=fin+j+phys.rev.lett.,97,171805
http://inspirehep.net/search?ln=en&p=fin+j+phys.rev.,D87,031103

CPV:inK, B, ... and D!

1964
1956 Strange particles: Beauty particles:
Parity violation CP violation in K CP violation in B®
T.D. Lee, meson decays meson decays
C.N.Yang and J. W. Cronin, BaBar and Belle
C.S.Wu et al. V. L. Fitch et al. collaborations

cev
history

1963 973 2019 .
Cabibbo Mixing he CKM matrix Charm particles:

. T m particles: |
N. Cabibbo M. Kobayashi and cp V'OIT:'O“ in D
T. Maskawa meson cecays

LHCDb collaboration

0.0100

Acp(f) = LM 2 /) ZT(M = /) oo o
Vi r CDF KK+7r
DM = f) +T(M = f) ooso | it e o
rom Belle

LHCb prompt =7

0.0025

£8& 0.0000

<1-0.0025
—0.0050
—0.0075 2 Ea "é
LHCDb observes for first time CP violation t5¢¢
—0.0100 o 7 3
- - Contours contain 68%, 99.79

in charm decays, with 5.30 significance .
—0.010-0.008-0.006-0.004-0.002 0.000 0.002 0.004 0.0C
N. Leonardo flavor physics & ag}ﬁi




(end of last lecture's recap)



Direct search for NP

Y

Y

ey ) P
A/LWK New Particles

From the collision?

» searching for the decay products of
NP particles produced in collision

SM Resonance

nuno@cern.ch, flavour anomalies & NP, 15

Indirect search for NP

New Physics
hiding here?
» searching for effects of NP particles
running in quantum loops (virtual)

0.3
0.2
0.1

SM
10

C

0.0

6C10 y/

—0.1 Flavour!

-0.2 DATA SM

3
0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2
6Cy /G

15
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today’s menu:
* flavour vs new physics
* precision (mixing & CPV)
* rare decays (B— M)
* flavour anomalies
» b=2>smumu (angular analysis, Ps’)

» LFU b—sll (I=p,e)

» LFU b—clv (I=M,T)
* global fits and favoured NP candidates

* neutrinos @ LHC

16
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Indirect searches: fuelled by Quantum Mechanics

Flavour observables provide access
to NP energy scales well beyond Vs !

>
( Cae
\\\ u—%lo
o ' <
107, = S ~ :
1065 & k t . = 100 s d b+ d b+ s ceu
- - [. < X , S
2 105, 5 I s 105
=, = S S =
> 104 5 S § .10
= g > D
S 10° . 5 X103
: >
102 ; | R 102
- o
101 - N 101
: NN
10° NN 10°
N NN

EDM Higgs-LFV |top-FCNC

EWK

Quark Mixing & CP Lepton Flavour
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a path to new physics

* the effects of NP can be searched for and

revealed indirectly through the virtual
exchange of NP particles

» general quantum effects in flavor loops

» eg: SUSY particles can contribute in addition
to SM; Z', LQ, could affect effective couplings

* if NP hides behind SM interactions
» either NP mass scale is very LARGE

» or NP couplings mimic Yukawa couplings
(minimal flavor violation scenario, MFV)

* in all cases study of flavor observables
expected to enlighten or constrain
theory

b MSSM

0y

note: flavor-sector constraints at the
LHC comparable (or stronger) than
direct search limits, e.g. for large
regions of the parameter space of
minimal supersymmetry models

20



rare NP probes

* search for virtual contributions of new heavy particles in loops

* most interesting processes are those highly suppressed in SM
» flavor-changing neutral current (FCNC), forbidden at tree level in SM
lepton flavor violation (LFV)

v

v

CKM suppressed

v

helicity suppressed
» dominance of short distance effects, SM uncertainties under control
* experimental probes with precise theory prediction

» uncertainty typically dominated by QCD; e.g. prefer leptonic to hadronic
final states
* processes that may be modified (enhanced or suppressed) by
orders of magnitude by NP

» SUSY, 2ZHDM, LHT, Z', RS models ....

_ 03g
" 16m2eA 2

5\ e
¥i Vig Vie
Ab—*d ('N (¢ Ncw‘-. C
( s)I ' '116W2Nﬁ2—+

21
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B— uu

* in the Standard Model Bq;s— MU decays
are highly suppressed

v

>

helicity suppressed, by factor of (my/mg)?
&BS—@'E)

in the limit of massless muons, the process
would be forbidden by spin conservation

FCNC, forbidden at tree level, in SM, can
only proceed through higher-order loop
diagrams

Cabibbo suppressed |Vis(d)|?

* Possible new particles in the loops!

>

may enhance or suppress the decay rates

b
By 4

s.d

3

N 7
pd

b
S
W

ut
-

i
N
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a 3 decade long search

BR UL(95% CL) or measurement
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S/(S+B) weighted cand. / (40 MeV/c?)
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flagship LHC discovery

CMS and LHCb (LHC run 1)
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deanching for an wltra-rare decay: B\

1. ONLINE SELECTION (TRIGGER)

—
(=)
)

2
||||u,|1| ||||u||| ||||uu|_|_

Events per 10 MeV
—
(=]

— —
(=] (=]
N w

-
o

10"

trigger paths
mv
Jy
B,
|y
B low P, double muon
high P double muon

Y4

ILI

nuno@cern.ch

I
02

dimuon mass [GeV]

Needles in haystack |

29

Dimuon Trigger
@ L1 Hardware Trigger
B pr>3 GeV (few kHz)
@ HLT Full tracking and vertexing
Q HLT Bs—pp

B |eading and sub-leading p pr>3,4
(4,4) GeV |nuyl<1.8 (1.8<|nyl<2.2)

& pr(pp)>5 (4.8-6) GeV
B 4.8 <m(up)< 6.0 GeV
B P(x%dof) >0.5%
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deanching for an wltra-rare decay: B\

1. ONLINE SELECTION (TRIGGER)

2. BLIND THE DATA (AVOID BIAS)

SIGNAL
REGION
BLINDED

=
0.3
analysis procedure and event selection

& developed without inspecting the data

0.2 in region where signal is expected

@ Toy Data (sideband)
O Toy Data (vinded) 1 “box opening” only later,
B2~ 7] .
N : at final analysis stages
. rare peakingBG |
I rare 51 BG

77z 7z T
5 52 54 56 5.8 6
m,, [GeV]

0.1

nuno@cern.ch Needles in haystack | 30
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background discriminating

signal

for an altra-rare decay: B

1. ONLINE SELECTION (TRIGGER)

2. BLIND THE DATA (AVvOID BIAS)

3. MULTIVARIATE

cMs L=20fb" (/s=8TeV)

6000 Dimuon
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e
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Needles in haystack

signal background
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deanching for an wltra-rare decay: B\

1. ONLINE SELECTION (TRIGGER)

141
. BLIND THE DATA (AVOID BIAS) i i por
- Bg_)u,p.
s ol b
. MULTIVARIATE SELECTION o 1Y % sem;!;ptg:i'cbkgg
i T AL Y peaking bkg
. FIT THE DATA (LIKELIHOOD) 8_ A

CMS-L=5fb "Ys=7TeV,L=20fb ' Ys=8TeV

[=2]

I
T

Fit the data accounting for the various
signal and background components

S/(S+B) Weighted Events / ( 0.04 GeV)

\ o
T

0,1---- . e A\‘*m’n. \u [l

BKG ~ 49 & '51 5483 54 55 5.6 57 58 5.9
DN\B . p
EEM‘LEP — > v ]' mpp (GeV)
CMS L=20fb" (/s =8 TeV) - § [/ Y

S  2oF L CMS L=20fb"(/s=8TeV) ‘
G 20- Barrel cMs simulation 4EF 2 2% | &
0 gk (8 = Koy 0] - Barrel CMS simulation v o ‘
S 16:— [B° - wwy 3 0250 Fle KK S L ' SIGNAL 1:
o E [1B° = nfuw 8 C [ B — K Q@ @ \I
n 14;* [B° - wutv S (B - v (7 —}
% 12f B -~ Kury _.g)_b, 7B - K'K (70 a é? Bs MM
S 10 B B 015 1| Ee-ax '
c . BB - K'utu S C H 0_, 4~ "'//
s 8 - i ] [B—aam /
O - .Bo JIM_M % r A —»pK Vs \?

6 EAS - puv o o1 i WA A% SIGNAL 2:

4 C ’ 4

2! 0.05] 2 QI‘/ BP—>MM
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deanching for an wltra-rare decay: B\

1. ONLINE SELECTION (TRIGGER)
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deanching for an wltra-rare decay: B\

ONLINE SELECTION (TRIGGER)
BLIND THE DATA (AVvOID BIAS)
MULTIVARIATE SELECTION

FIT THE DATA (LIKELIHOOD)
STATISTICAL SIGNIFICANCE

EXTRAGCT MEASUREMENT
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deanctiing for an wltra-rare decay: B

. ONLINE SELECTION (TRIGGER)
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Bs—uu | efective lifetime

* Effective lifetime: complementary NP probe

»in SM, only heavy eigenstate decays to U (not in NP!)

TBS

+ J—

Tp+p— =

1 — g2

* first measurements by LHCb & CMS

1+ Aglg_ys

Axr = +1

»current precision (22%) still insufficient
* HL-LHC projections (by LIP):
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NP constraints

i Measurement results in strong constraints to the parameter space of
certain classes of NP models; some specific examples:

D. Straub et al, arXiv:1012.3893

Constraints on MSSM (incl. models with
abelian/non-abelian flavor symmetries),
4t seneration, RS, and MFV models

JHEP 0903 (2009) 108, JHEP 1009 (2010) 106
JHEP 06 (2008) 068 , Nucl.Phys.B831 (2010) 26
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A. Akeroyd et al, JHEP 1112 (2011) 088
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Anomalies!



LHC data (so far) show wno definite signal of NP - but there's an elephant in the room !
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Taken together, the flavor anomalies
are most significant deviation from SM,
and the strongest indication of NP in
current collider data !




. experimentally observed B-meson decay, there are QCD
FI a\lo u r An O ma I I es contributions involved whose estimation is non-trivial. And while

. . . the P’_ observable is constructed in such a way as to be more robust
First hints of New PhVSlCS at the LHC? in terms of such QCD (B—S) form-factor determinations, some
debate persists on the theory front.
Nuno Leonardo
There is another major chapter in the saga of flavor anomalies.
Over the last few years, a persistent set of deviations from the And this time perhaps even more dramatic: it involves violation
Standard Model (SM) predictions has emerged from the data. of lepton flavor universality (LFU). Apart from the differences in
These have been detected in decays of b-quark hadrons. While the their masses, the SM interactions do not distinguish between the

deviations are not sufficiently significant if considered individually, different leptons. This means, for example, that the rates of the
when taken together they are. These so-called “flavour anomalies” decays B°>K*%u+pu- and B°>—K*%e*e involving muons and electrons
stand currently as a most exciting indication of New Physics (NP) should be comparable.The LHCb data has however revealed that
and a hottest topic in the field of HEP at the moment. their ratio, R, ., seems to display a noticeable departure from unit.
Important to remark here is that the above-mentioned form-factor
New phenomena beyond the standard theory of particle physics uncertainties cancel in the ratios, rendering these observables
are pursued in a multitude of paths. At the LHC, a main path, rather robust theoretically. Indications of LFU violation had actually
which explores the energy frontier, aims at directly detecting been also detected earlier at the B factories (BaBar and Belle
new heavy particles, beyond those of the SM. These NP particles experiments), between taus and muons, in the decays B—»D"tv
may be produced in the collisions, and their presence detected and B—»D"uv, where the corresponding ratios, R, and R, exhibit
through the products of their decay. Another path, which explores departures from their SM expectations (see figure). These were
the luminosity frontier, aims at detecting the presence of NP quite unexpected, with the underlying transitions b—clv occurring
indirectly, through precision measurements. Here, NP particles at tree level.
A may virtually contribute to the amplitude of SM-allowed processes,
ASTRO F I S| CA and be revealed through measured deviations relative to the SM Naturally, the anomalies have raised a large excitement amongst
expectation, in observable particle properties. The two approaches both experimentalists and theorists. After all, the ensemble of
are complementary and each is actively pursued by exploring a anomalies when interpreted collectively appear to indicate a
M U LTI b M EN SAG EIROS large variety of processes. departure from thQ SM, witha signiﬁcancc abpvc the 5o mark
(see figure). Theorists have been actively putting forward classes
Hints of the presence of NP may accordingly be revealed through of models that attempt to explain the anomalies, along with other
excesses in distributions (e.g. a bump in the mass spectrum) or tensions in the flavor sector, e.g. (g 2)' , while simultaneously
measured deviations (e.g. on a particle’s decay rate). And as it accommodating other experimental constraints, e.g. from B, mixing
happens, several such hints, of both kinds, have turned up in the and dilepton mass spectra. Among these, models with extra gauge
LHC data. However, so far, none of sufficiently high statistical bosons (Z’) or leptoquarks (LQ) appear to be favoured.
significance, so as to unequivocally exclude possible background
fluctuations as their source. Nonetheless, in the case of certain From the experimental side, a clarification will be sought by
b-hadron decays, several such deviations from theory expectation thoroughly exploiting the LHC Run 2 data. Not only will the
seem to conspire together — while each individual deviation is LHCb measurements be repeated to reach increased precision,
still not significant per se, the coherent pattern displayed by their contributions from ATLAS and CMS will offer independent input
ensemble is. with orthogonal systematics. For example, during 2018 a large,
dedicated dataset has been collected by CMS specifically for this
Each deviations is associated to one of two underlying b-quark purpose. Belle2 is coming online, and within a few years its data will
transitions: (i) b-»sll, i.e. bottom to strange quark plus pair of provide decisive input. Dedicated searches for scenarios addressing
opposite-charge leptons, and (ii) b—>clv, i.e. bottom to charm quark the anomalies, including Z' and LQ, will be pursued at the LHC.
plus charged lepton and neutrino. The former can occur only at loop

JDESTAQUE level in the SM (flavor changing neutral current, that is forbidden Whether the source of the anomalies turns out to be more
P in SM, at tree level), with high sensitivity to NP (where NP particles mundane statistical fluctuations, underestimations in theory
L H c R U N 2 S : canrunin the loops). The latter (charged current) occurs at tree calculations, or genuine NP, it is exciting that a clarification is within
; level. reach over the next few years. A confirmation of these flavour
anomalies would point to new particles or interactions and have
The neutral-current transitions, b—»sll, are profound implications for our understanding of particle physics.
realised in various rare B decays, both
leptonic, e.g. B.~y"y, and semileptonic, —~ S — IR
e.g. B-Sp‘y, where S stands for a strange- 3 '3 0SE T e as?) Ayl 1.0 contours E
VBF total, Bolzoni, Maltoni, Moch, Za tmark hadron (e.g. K, K*, @, A). in addition 2 * oask- e ancans, ! e Average of SM proditions
WH dift., Ferrera, Grazzir OO ghe latter class ONgR. Many ATAY F e DRTinineen  renetmses 3
NP-sensitive ObsemiEiates-associal o 1 s 04F Average -
y-y, Catanietal the angular distributions of the &t "y 83 o @ w . B
products. Deviations are detegt’ #fin < 03sE 4 3
varying degree in many of the'>¢- The -1 03 ’E 2 e
departure from theory was initially F E
detected by LHCb in one such angular -2 025F .
observable, denoted P, in the decay -3 F ]
BO—K*ou*y. It should be remarked here -3 -2 9: T 2 3 02, ! ) ) g
that for this decay a challenge arises G, 02 03 04 05 R‘;-g)
in calculating the theory predictions —
specifically, going from the underlying Current status of the flavor anomalies. Left: Global fit to b—sll observables, with results projected on the plane

of two EFT coefficients. Right: Fit to b—>clv observables. The red elipses represent the regions favoured by the
data. The SM lies at the origin (0,0) of the left plot and on the small region at about (0.3,0.25) on the right plot.
The tension between data and SM is clearly visible.

quark-level transition b—»sll to the
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FLAVOUR PHYSICS | NEWS

New data strengthens Rg flavour anomaly

23 March 2021

A report from the LHCb experiment

BaBar
0.1 < q? < 8.12 GeV?

Belle
1.0 < q% < 6.0 GeV?

LHCb 3 fb?
1.0 < ¢ < 6.0 GeV?

LHCb 5 fb™!
1.1<q%< 6.0 GeV?

LHCb 9 fb™!
1.1 < g’ < 6.0 GeV?

L —————— = === 2=
2

0.5 1.5

Rk

Comparison between Ry measurements In
addition to the LHCb result, the
measurements by the BaBar and Belle
collaborations, which combine B*—K* ("~
and B°—Ks°0"0™ decays, are also shown.
Credit: LHCb

FLAVOUR PHYSICS | FEATURE

The principle that the charged leptons
have identical electroweak interaction
strengths is a distinctive feature of the
Standard Model (SM). However, this
lepton-flavour universality (LFU) is an
accidental symmetry in the SM, which
may not hold in theories beyond the SM
(CERN Courier May/June 2019 p33). The
LHCDb collaboration has used a number
of rare decays mediated by flavour-

changing neutral currents, where the SM

The flavour of new physics

8 May 2019

Recent experimental results hint that some electroweak processes are

not lepton-flavour independent, contrary to Standard Model

expectations. If the effect strengthens as more data are gathered,

possible explanations range from new gauge forces to leptoquarks.

Intriguing new result from the LHCb
experiment at CERN

The LHCb results strengthen hints of a violation of lepton flavour universality

23 MARCH, 2021

Very rare decay of a beauty meson involving an electron and positron observed at LHCb (Image: CERN)
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Fig. 2. Experimental results for the two observables probing lepton-flavour universality
comparing b — ¢t v, and b — cl"vdecays, 1 = e, p. The point with error bars shows the SM
prediction, while the shaded grey region shows the world experimental results average.



LHC Seminar

New results on theoretically clean observables in rare B-meson decays from
LHCDb

by Konstantinos Petridis (University of Bristol (GB)) , Marco Santimaria (INFN e Laboratori Nazionali di Frascati (IT))

Tuesday 23 Mar 2021, 11:00 — 12:00 Europe/Zurich

Description Over the past decade, measurements involving the flavour changing neutral current transition b—s2+£- have shown tantalising tensions with
Standard Model (SM) predictions. However, our current understanding of the hadronic uncertainties in these predictions potentially hinders our
ability to interpret these results as physics beyond the SM. In order to resolve this impasse, measurements of observables that are theoretically
pristine in processes that are accidentally suppressed in the SM are of paramount importance. In this two-part seminar, we will present new
results on two key processes using the complete dataset collected by the LHCb experiment so far.

Passcode: 86575561

B—pp & B—Kpp
@ & Recording RK_CernSeminar_T... santimaria_LHC_se...

Organized by Michelangelo Mangano, Monica Pepe-Altarelli and Pedro Silva.

V|deoconf:;ir$: ‘" LHCb Seminar > Join N

Webcast @« There is a live webcast for this event

https://indico.cern.ch/event/976688/

LIP Lisboa

About the universality (or not) of loop induced beauty decays LIP seminar

: tomorrow
by Yasmine Amhis (Orsay, IJCLab)

Thursday 6 May 2021, 11:30 — 12:30 Europe/Lisbon
? zoom

Description The coupling of the electroweak gauge bosons of the Standard Model to leptons is lepton flavour universal. Extensions of the Standard model
do not necessarily have this property. Rare decays of heavy flavour are heavily suppressed in the Standard Model and new particles can give
sizeable contributions to these processes, thus their precise study allows for sensitive tests of lepton flavour universality. Of particular interest

are rare b->sll decays that are readily accessible at the LHCb experiment. Recent results from LHCb on lepton flavour universality in rare b->sll
decays are discussed.

https://indico.lip.pt/event/201/
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the ‘flavour anomalies’

b-s
anomalies

Found by LHCDb (and perhaps

hinted by Belle)

Many observables: global pattern

Neutral current

1-loop (and CKM-suppressed)

In the SM

The New Physics can be

neavy

b - C
anomalies

Found by several experiments

(LHCb, BaBar and Belle)

Two observables: R(D) and R(D*)

Charged current

Tree-level in the SM

The New Physics must be
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b—sll | B = Kol

SM NP example
u > u (7 > u
B+< - W—|— B >K+ »K'f‘
v/ Z° a
0~ 0~
b— slte~
BY — ¢4~

hadron level

Bt — KHe+0—, B — KO0, By — outu—, Ny — N0 ..
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b— sl

In b — s¢T¢~ transitions (FCNC)

1. Branching Fractions
B— KW utp=, Bs — ¢putp=, Np — Aptp~

2. Angular analyses
B— K®utu—, Ap— Autpu

3. Lepton Flavour Universality involving (/e ratios
B — K*0¢t¢—, BTt — KT¢te—
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dBR/dg? [x 107 GeV 2¢*]

b—supu | decay rates (BF)

[JHEP06(2014)133]
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measurements tend to appear below theory, at low g2

SM predictions affected by large
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angular analysis

e fitting the data

p.d.f.(m, cos 0y, cos b, p) = YSC - (SR(m) - $%(cos Ok, cos b, @) - eR(cos 0, cos b, P)
fM

e SM(m) - S%(— cos O, — cos 8, —¢) - € (cos 6, cos Oy, qb)) & Mistagged (KeT1)

4 Correctly tagged
+

+ Yg - B™(m) - B (cosby) - B (cos0)) - B®(s). 4= Background

> sinal likelihood:

1 d'r 9 {2 [ 2 5 2 2 ]
=— ¢ — |(Fo 4+ A cosb 1—cos"0,) +A<\/1—cos™ 0 1 — cos”™ 0, cos ¢
dr/dg® dg°d cos 6,d cos fcdp 87 | 3 K)( I) S\/ K\/ /

1
+(1—F) [2 ,cosz Ok (1 — cos” 0,) + 5 (1—1F)) (1 — cos” HK) (1 + cos’ 0,)
16
+ 5@1 — )1 — cos’ O0x)(1 — cos’ 0,) cos2¢

+%P%COS Oxv 1 (1 — _)\/1 — cos” Oy \/1 — cos” 6, cos gb] }
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b—sup | angular analysis (Ps)

* B—»Xuu decays offer NP-sensitive

observables, complementary to B=oup &~ 1 L T et T 4
e LHCbdata © ATLAS data ]
: = Belledata © CMS data ]
» accessible through angular analyses 05 B SM from DEMY
: B —— VA 7]
» studied at Belle, BaBar, CDF, LHC - A | isM from ASZB 1
0 .
* deviation from theory found by LHCb ; . :
_ : -0.51 _£ % ///"%% Z
» in the angular observable P’s in the : . —=— S
BO— K upu (and B+— K uu) decay R N e L
0 5 10 15
» recent measurer_nents also by Be_ll_e, 7 [GeV/c4)
ATLAS, CMS, with reduced precision [HL-LHC PROJECTIONS]
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EFT



Leptc;hs -

g
SM field
—5
/ Gr
n
LFermi = —% pyunéey'v + h.c. oCSM - ol)gauge + thiggS
simple and elegant theory
a predecessor describing almost all
of EWK theory microscopic phenomena

nuno@cern.ch, topicos fisica particulas, 52

SM field

-+

Lsm-ert = Lsm
+ 2iCiO;

—_
&

new heavy field

b
oo

a more fundamental
theory with new
degrees of freedom
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b—sll | Effective Field Theory

Full theory Effective description
%4
b S
t t
0 »
Z -
ut

* "point-like interaction" as in the Fermi description of the neutron decay

e Wilson coefficients (short-distance): evaluated in
perturbation theory

 Local operators (long-distance): the corresponding
form factor is computed with, e.g., lattice QCD

NP can alter C© but also introduce new operators

Precision
C; ts go
AHnp = _O. measurements g
2 ® 4 well beyond collision
ANP Jﬂ y

energies!
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b—sll | Effective Field Theory

4G e?
Heof = C ViV

\/§ ts ].6

C; : Wilson coefficients

O, = (50',u P b)F'U’V
Oy = (5’7,LLPL ) (Z’yuf)
O10 = (57, PLb) (€' 75¢)

> Y (Ci0; + C{O)) +h.c.

)

(), : Operators

0,7 — ( O'W/PLb) F’LW
Oy = (57, Prb) (4"0)
Oty = (57, Prb) (F1750)

val

v SM NP
br SL A A
calculable what we
07 want to know
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b—sll | processes & observables

Inclusive

B = Xsv (BR) e ae Cél)

B = X 070~ (dBRIAQ?)  cccemeacaaaaas Cé’),Cé/),Cfg
Exclusive leptonic

Bs = 07 (BR) e Cﬂ))
Exclusive radiative/semileptonic

B — K"~ (BF ) R Cél)

B = K007 (ABRIAO?) meeeeecececceeee- Cé/),cg(),),cﬂ))

B K*¢t/— (dBRIda?. ) --- C§’),C£§’),C§Q

B, — ¢£"¢~ (dBRIdg? .. ¢¥.cy) cf

The same Wilson A pattern of deviations
coefficients enter = —>  ratherthanasingle @ —>
several observables anomaly
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g2 dependence

q2 = dimuon invariant mass squared

dl’ .]/1/}.(1.8')

)
dqg-

-

N

) —
.\,

(/) yl /)
Cy's Chg
+ long distance cc

Ll T T —
el LA
oo.’...
~

(Pt

4 'v|
)
\ J

dm(€)* 1 6 15 [Gp\'z]

nuno@cern.ch, flavour anomalies & NP, 56
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b—spupu | global fits

EW].CSR Lattice -e-Data Em[LCSR Lamce +Data 20 Em.CSR Lattice —e-Data U)
— — T T — e ———ry ..,.: — e e
e LHCbdata o ATLAS data + + — - — wfad
= Belledata © CMS data % B" =K ‘u+'u ] % Boﬁ K lu+tu ] % B+% K*+ﬂ+,u 4 C
[sM from DEMYV 1 & LHCb 4 o LHCb 3 Q 15 LHCb - D
PASM from ASZB 141 i < 1 I :
e X i X R=
A > 1 = 1 Bl @
- =l +* = = | =
) o . 3 e -
) S + 1 % °F ’ a
O = ] E C
M I PR - m . m
o - 0k P PP R . Q - o ) ) . \
10 '52 G \2702/c4] 10 15 20 < 0 QD
€ 2 4
1 q* [GeV/ct] ¢ [GeV7/c'] (i =
& AL AL LA IR T — 18
g Run1 data T g T T - — } B ' ! . I E - 15 I — —
< 2R?J1ns12312%1?;16 data ”; 8 LHCb *;U .SM prediction Ab — A0M+ M E i i i ﬂ
g —— LHCb Run 1 + partial Run 2 data () 1 SM pred. - = L 0 *0 — A
1:: Likelihood contours for p 7 B % + - -D . % Data 3 8 B _> K l‘l’+ llr . C
% 2Aln(L)=2.3,62,11.8 E 6 S “ /all ata = 3 ~ 1 - q)
: s : £ S 3
S F —— q < 1 = osk 4 I
72 ER 1% [ =gl O
.‘.\. %: (: 1 1 " 1 -§' g LHCb _- = : : Q
7 % 5 10 15 e PP TP TP 0 I ] L x
B(BY — u* ) [107) ¢ [GeV¥/c4) 0 5 10 15 20 0 5 10 15 2( Lu
q* [GeV%c4] q* [GeV /¢
' ' i 2.0
I . [] Fitto All Data ] —— ATLAS
| FitLHCb Only —— CMS
: | Fit ATLAS Only 1.5 - —— LHCb
2l Fit CMS Only ] —— BRonly
. [ FitBelle Only — al
()
L ] L ] O
SM - Effective Field Theory i
32 Q
;:} g
OESM-EFT = o[)SM + - o
o
=
s g ] flavio vo.203
3 -2 -1 0 1 2 3 1.5 T T T T T
Cy=~Clo, -20 15 -10 -05 00 0.5 1.0 15

Re C}P
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b—sup | global fit

Coefficient

type
LRV
R®V
LRA
R®A
L®R
LRL

best fit lo

—0.97 [—1.11, —0.83]
+0.14 —0.04, +0.29]
+0.72 4+-0.59, +0.85]
—0.18 —0.29, —0.07
+0.16 4-0.03, +0.30;
—0.54 —0.61, —0.46]

...............................

Includes Low Recoil data 9

Only [1,6] bins

-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15

NP
G

pullip = /Ax?
6.40
0.70
5.80
1.70
1.20
6.90

Standard Model Effective Field Theory
(SMEFT)

https://flav-io.github.io/

https://github.com/wilson-eft/wilson

https://github.com/smelli/smelli
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bspup
Cio

b—sup | global fit

\» LFU

1.5 1

/
- /\/
0.5 - /

—0.5 - ——— Bg — pp & corr. obs. lo
— b— sup lo, 20
|
—1.5 —1.0 —0.5 0.0 0.5
Cbsuu

9
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Lepton Flavour Universality

Universality in neutral current interactions

UM = VIV =Txa = L. = (E98 + vl + 717 (9,4% + 922")

The photon and Z-boson couple
with the same strength to the three lepton families

- . ] i Universality
Universality in charged current interactions

‘Cﬁc = !JW;L%VPMngLW*“ + h.c.
Z

1=1,2,3 The W-boson couples
with different strengths to different lepton families

However: if the neutrino flavor is not observed | M| Z 'V MNSI2 =1V
1=1,2,3

| Universality |
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b—sll | LFU (e vs 1)

u,d u,d

S
“|

p. _ BR(BT = K*ptpu~) SM
“ 7 BR(Bt — Ktete™) v

ﬂ_ EPJC 76 (2016) 8, 440
= 1.0x0.1
u,d u,d
6.0GeV? dB(BT—K*utu™) da? T _
R _ JL1G dg? q b S
K 6.0GV? dB(B*—K*eter) 3
1.1 GeV? dq? q
+
e
-
Bt - Ktete B — K*Optg-
v 20 2.0
& [ 2 f -
- LHCb 2 60 J - ‘ 2.1 2.§o -
. s s ; per bin
B : b L ] 1 1
i b S 2 i
Y S S | N 4 B L
i I = |, S
» BaBar .
. 0.5
0.5 i | + Belle ? ® LHChH A Belle
i v LHCb Run 1 L LHCb ¥ BaBar ¥ Belle 2019
L l 1 | . 0.0'-1111[1111[111111111
0.00 — 5 — 10 T 20 0 5 10 15 20
2 27,4
¢ [GeV/cH] ¢ [(GeV/c]

[LHCb, PRL 113 (2014) 151601] [BaBar, PRD 86 (2012) 032012] [Belle, PRL 103 (2009) 171801]
[LHCb, JHEP 08 (2017) 055] [Belle, arXiv:1904.02440]
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b—sll | LFU (e vs W)

—_ ~ 240
% 600F LHCb 2 220 LHCD
> —4 Data 9 fb’! > 200 B —— Data 9 fb™!
© 500 : g .
> N —— Total fit > 180 — Total fit
= 400 - A B"— K 'utu- Cﬂ'\] 1608 "Nl 4w Bt*— K'ete”
> - Combinatorial — 140 BB —J/ y(ete )K*
L 300F @ 120 B Part. Reco.
av] N - . .
s X = 100 k : Combinatorial
S 200F g 80 F !
5 F N(KTutpu=) ~ 3850 S 60 N N(KTete™) ~ 1640
© 100 — O 40F .-
b g 208 T b
O AT T T . O : | : : : : Se. s . e ‘
5200 5300 5400 5500 5600 5000 5500 6000
m(K*u*u~) [MeV/c?] m(K*e*e~) [MeV/c?]
/P J/p
+ + ot = = N*are e rare
Re B(BT — KTptu™) B(BT - Ktete™) N4, -, +,- y N7y _eryre

T B(BT = KtJ/p(utp))/ B(BT = KtJjyp(ete—)) N/¥ grare  prare ¥

ptu= ptp— ete™ “ete™
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b—sll | LFU (e vs 1)

Rk = 0.846 79942 (stat) 19913 (syst)

dB/dg? [10® x c4/GeV?]

p-value under SM hypothesis: 0.0010
— Evidence of LFU violation at 3.1¢

™1
BaBar

T — T B L
— LHCDb B SM prediction -
N —=— electrons 9fb!
:— —— muons  3fb’! —:

3F -
- 5
- EEE—— -
2 ¢ 3
: | N T U N S S T R :
0 5 10 15 20

g2 [GeV?/c4]

- 0.1 < g2 <8.12GeV*/c*
[PRD86032012]
Belle
, 1.0<42<6.0GeVct
[JHEP03(2021)105]
H{C? 96f(')b(‘}1 V2
e ([ HOW PAPER-2021.004]
|
0.5 1.5
RK
~ l4r
g N
,qe 12 :— LHCb
~ - -1
~ 10 O tb
- A
= C
TO8F
T 6F
2 N
E
2F
0 B !
0.7 0.8 1 1.1
RK
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b—sll | global fit

P. Stangl, La Thuile 2021

using previous RK and Bs->p+u- inputs SIaVio

1.5 -
1.0 -
=
TS 05 -
@)
0.0
0.5 -

—— Bs->u+u- and LFU observables

—— Combination

Z

-15 -1.0 —b0.5 0.0 0.5
SpLiL
Cy
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R(D*)

b—clv LFU (T vs €/
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what is the scale of NP?

b-s b-cC
anomalies anomalies

1-loop in the SM Tree-level in the SM

The scale of NP can be “high” The scale of NP must be “low”
A ~ 30 — 50 TeV A ~ TeV
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anomalies: NP explanations?

H TS p
kbt_>s”-t- y’@f§<u‘ / - /
quark transitions | — - &Af Af
in the SM b Aagens 1S Al

W~ b t,c,u S

* could existing NP scenarios account for the anomalies!?
» while still respecting strict constraints imposed by other measurements!

* current best candidates:

1) New gauge bosons
o Z’, associated to a new symmetry

2) Leptoquark
o exotic particle with both lepton and
baryon numbers, fractional charge
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search for LQ—1b

CMS-PAS-FTR-18-028

CMS Phase-2 Simulation Preliminary (14 TeV)

: : . g b <8O
* dedicated search motivated by B anomalies L o5k it |
* single LQ production in TTb final state RN \
3 different categories: Th + Th/Te/Ty &
 simultaneous fit to St distributions b " s 5
0000 7000 7500 2000
M, [GeV]
CMS Preliminary 2016, 35.9 fo™" (13TeV) JHEP 07 (2018) 115 35.9 fbo! (13TeV)
Y L &25- — T T
:>.)| T, [i] g::;rrvfg 700 GeV - CMS /
h=1p=1) ~< L B=1 : 3 » LQ—-1b
102 o ot 02 0fF ¥
[ Single top = - \ Preferred by ;
[ Electroweak g' : L] B-anomaly (95% CL) A_ (0 95+0 25)
10 [ Jet—r, fakes N : Excluded (95% CL) : R
: s 1.5 JHeporoini2i 7/ ¢ X (mgo/TeV)
: /]\ " = Obs. 95% CL ',.': ‘ ¢ pI‘EfEITEd reglﬂn
1E e ; A by B anomalies
= = — & A
; : 1.0F N
107" = : ——— i ‘%‘\\‘%\\N R
20 [~ 7 - \ ,
S15F, * 0.5F ‘t\\‘{\\\ ’\\?\ H  arXiv:1811.00806
1.0 [5§ ® -+- ------------------------------------------------------- i &{s\\ \‘\\ 7 Exp. 95% CL
05 [~ *ﬂ. 1 . | B '\\\\‘\\\\\\\ --- Exp. 10 é HL-.LH.C
00 =——%0 ——T000 1500 2000 oolb——— 1 . . ST T Projections
Scalar sum P, (GeV) ] 500 1 OOO 1 500

Leptoquark mass (GeV)
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0.3F

search for Z' in Z—=4u (Ly-L+)

* first dedicated gauged L,-L: U(l)’ search at LHC

* extremely clean signature: 4 muon final state

Z’ radiated off lepton (produced ow, e.g. from Z)

» excellent mass resolution, high reco+trigger
efficiency, almost background free

no excess detected = strict exclusion limits

> exclude Z’ coupling strength to u: 0.004-0.3

0.1}

Z-1,y

B mi

xing

‘Events / bin

3 10 30 102
m, (GeV)

3x10?

10

45[
40¢
35¢
30F

77.3fb" (13 TeV)
[ I | .

[
¢ Data
[ SM 4y production
- m(Z') =50 GeV, g = 0.1
— m(Z') =60 GeV,g=02

— m(Z')=70GeV,g=05
" Background syst. uncer.

@)

107"

q

I 1 1

Z/

CMS: Z—Z'uu—4u (obs.)
CMS: Z—Z'uu—4u (exp.)

Constraints from Altmannshofer,
et. al. JHEP12(2016) 106;

Neutrino Trident

B, mixing
BR(Z— 4y), Vs =7 and 8 TeV

10

107 1
m(Z")[GeV
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Flavour Anomalies

LFUV b—sl|

Ir I T T T l T T T T I T T
: BaBar
- : . 0.1 < ¢*<8.12 GeV?/c* e Vs IJ-
: [PRD86032012]
Belle ,
. , 10<g*><60 GeV¥c
[JHEP03(2021)105]
: H{CP 96t(-)b(—}1 V2t
—e—i : 1<4¢%><6.0GeV/c
[LHCb-PAPER-2021-004]
u l 1 1 1 ' i 1 I 1 I I
0.5 1 1.5
RK
---------- Phase I 30
—— Phase II 3¢ LFUV b—clv
~1.0 1 * SM
. NP Cg RD 1 I T 1 T T I T T T T T T T T I T T T
X NP Cy=-Cio @ HFLAV average Ax* = 1.0 contours T VS “
I T T T T 0.4
—-1.5 —1.0 —0.5 0.0 0.5 LHCbl15
bs
O+ BaBarl2
9 0.35 3
LHCb18
0.3

Clarification being actively pursued
experimentally by LHCh,CMS,ATLAS and Bellell "

i Bellel9 Bellel5

IIIIIIII|IIII|IIII|IIII|III

Bellel7
+ theory calculations and model building 02 e %
TRl POD)=27%
0!2 | 0!3 — O!4 - 0!5 | IRI;
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bonus: parked Run2 data (CMS)

* bulk of B physics at CMS/ATLAS based . n B %*/-:t
on (di)muons in final state Mo Tl K
* main challenge: the trigger! % e unbiased

* CMS has collected special data in 2018  5g0ed 3 other side B

* trigger on opposite-side b
* triggered |2B unbiased B’s on tape

Rate before deadtime — = Prescale change

Fill 6259 L1 trigger rate Rate before deadtime — — Prescale change Fill 7108 L1 trigger rate

Rate after deadtime — = Run change

Rate after deadtime

—— = Run change

—

N

(=}
=

—
o
=)
e

Rate [Hz]

|
I
' : ! _L_;|_L_L 1 ‘ 1 ‘ A A Ll | ! 4| 1 - |

32 :00 00:00 02:00 04:00 06: 00 08:00 10 00 12 00 03:25 0534 0744 0953 12:.083 14:12 16:21
2017-09-30 21:40:44 to 2017-10-01 13:12:44 Time 2018-08-31 03:25:32 to 2018-08-31 16:21:53 UTC Time
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Events / GeV

B’s from parked data (CMS)

107

10°

10°

10*

10°

102

10

CMS Preliminary

2018 (13 TeV)

_|_|-|'|T|'|T| IIlIII|T| IIIIII|T| IIIIIIII| I TTH

102

u*u invariant mass [GeV]

Mode N2018 fB [17] B
Generic B hadrons

BY 4.99 x10° 0.4 1.0

B* 4.99 x10° 0.4 1.0

Bs 1.56 x10° 0.1 1.0

b baryons 1.56 x10° 0.1 1.0

B, 1.25 x10” | 0.001 1.0

B hadrons total | 1.25 x10° 1.0 1.0

Interesting B decays

B? — K*¢te~

3290

0.4

2 x9.9x%x 1077 [14]

BT o K¢t~

2250

0.4

4.51 x 1077 [15]

events

CMS Preliminary

Run 2018 (13 TeV)
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flavor anomalies | a summary

flavour physics provides one of the best avenues for detecting NP

» rare decays will benefit enormously from high luminosity at LHC

a coherent pattern of deviations has emerged from the data

» individually, each deviation is not statistically significant yet

» taken together, the set of deviations is significant

anomalies to be clarified

» more data (2017,2018), more experiments (now LHC, soon also Belle2)
» new dedicated analyses from the low and high pt fronts

possibly, NP will be revealed at the LHC

» through a combined detailed analysis of multiple observables, in a multi-
messenger fashion (flavour anomalies provide such an illustration!)
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IS
ine

multi-variate analys

a.k.a. multi-messenger ... a.k.a. mach

ing
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neutrinos @ LHC !

+ FIPs, LLP, LDM



hitps://home.cern/fr/news/news/experiments/cern-approves-new-lhc-experiment

CERN approves new LHC experiment

SND@LHC, or Scattering and Neutrino Detector at the LHC, will be the facility’s ninth
experiment

27 AVRIL,2021 | ParAna Lopes

The SND@LHC experiment consists of an emulsion/tungsten target for neutrinos (yellow) interleaved with electronic tracking devices (grey),
followed downstream by a detector (brown) to identify muons and measure the energy of the neutrinos. (Image: Antonio Crupano/SND@LHC)



Neutrinos @ LHC !

SN D@ LH C Cable trays Lighting Racks | Cooling system
Muon System
Target ///////"#ﬂ’////F——_”’/’d~—___N\

Region

/,-«”"—\\

Timing Detector

------------------ Emulsion brick

Veto Plane

SND@LHC Physics goals

Detect collider neutrinos for first time

Energy range so far unexplored (350GeV-10TeV)
Measure HF production in so-far unexplored region ==

(not covered by any other LHC experiment)
LFU tests

Search for FIPs and Light Dark Matter

Nuno Leonardo, nuno@cern.ch New Physics @ LHC & Beyond 7 JEF @ IST, 2021.3.17 78



* Spectra of neutrinos interacting in SND@LHC

. _ —_—V, + anti-vu
; —“e"a”‘.i'Ve CC neutrino interactions | NC neutrino interactions
B — et ante Flavour | (E) (GeV) Yield (E) (GeV) Yield
L v, 450 730 480 220
s v, 485 290 480 110
N Ve 760 235 720 70
i U, 680 120 720 44
v, 740 14 740 4
1 v, 740 6 740 2
TOT 1395 450

10? 10°

E[Ge\}]04

 Expectations in 150 fb!

1. MEASUREMENT OF pp—v_X CROSS-SECTION
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e~ 9
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Eye [GeV]

90% ve & anti-ve from the decay of charmed hadrons
ve as a probe of charm production in this 7 range after unfolding instrumental effects

Unfolding applied to the measured energy spectrum to retrieve the reconstructed energy
Deconvolution of neutrino (SM) cross-section to get the flux in SND@LHC acceptance

2500

3000
E[Ge

_I 1 1
V] o

L L . T
500 1000 1500

Lo L1
2000 2500 3000
E[GeV]

Reconstructed veflux at
SNDP@ULHC

Ervors: statistical (entries in each bin) +
systematic (unfolding procedure)

Uncertainty: 15%

Response matrix (Ere Vs Berue)
estimated with full simulation



3. Lepton flavour universality test in v interactions

* The identification of 3 v flavours offers a unique possibility to test LFU in v interactions

2 2
Neutrinos in SND@LHC acceptance

* wvis produced essentially only in Ds decays
* ves produced in the decay of all charmed hadrons (D°, D, D, A,)

* The ratio depends only on charm hadronisation fractions

[ S * Sensitive to v-nucleon cross-section ratio
10" = —— v, other thant
:++—++¢ -~ Ve
_* +, Ria = Nve+ﬁe _ Zz fCiB/r(Ci — Ve) ng = —
13 — - = ~ )
10" = +=+=+ NI/T+57- fDSB'r(DS — 7/7-) VT
i -
: T i
10° JFH * Error on fc evaluated as the discrepancy between
- H Pythia8 and Herwig7 generators: 22%
0 I I5(I)0l - I10I00I = l15I()0I = 2000I I I25100l E;G G{/O]OO
* “vu spectrum at low energies dominated by neutrinos produced in 7r/k decays
* For E>600 GeV the contamination of neutrinos from m/k keeps constant (~35%) with the energy y
N(vy,+7,)[E>600GeV] =294  in150 bt Ry = —2
Neutrinos in SND@LHC acceptance N(I/e + ﬁe)[E > 600 GBV] — 191 in 150 fb-1 VU
10™ Vu
“ v, otherthan /K * ve/vpas a LFU test in v int for E>600 GeV
o * No effect of uncertainties on fc (and Br) since charmed hadrons
decay almost equally in vpand ve
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FEEBLY INTERACTING PARTICLES

Search for Light Dark Matter scattering off atomic electrons

xe — xe
xe —ye
Selection eff Background
EL 3.6x1072 0.16
CCRES | 4.0x1073 0.002
CCQE | 22x1072 0.11

Further kinematical analysis to make the background negligible‘
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Assume a time resolution of~200 ps, dominated by the bunch size

Current limits: CDF monojets, J/'¥Y BES, E949
K rare decays, n° decays Brookhaven
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~eebly Interacting Particles

Explore the exotic & unconventional
New trigger strategies
New experimental signatures
New dedicated detectors
At LHC and beyond
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a flavourful summary

* flavour is at the core of the SM, facilitates precision tests
* flavour provides portal to BSM, sensitivity well beyond Vs
* flavour anomalies (LHC and elsewhere) currently hottest topic

* flavour observable and global fits hinting to possible NP < LI

* flavour measurements actively evolving (last weeks: LFU, MU g-2)

* flavour at the LHC is now reaching also the neutrino sector

* flavour has bright future,at LHC, HL-LHC, Belle||, FNAL, etc

any question, interest, contact me: nuno@cern.ch
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