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From last exp.lecture

Dark Matter searches at colliders
e Mainly focused on WIMP candidates
MET-based strategies

e MET back to back to visible objects
e Data-driven background estimation

Direct mediator searches

e Can access the mediator while looking
into decays to SM particles



In today'’s class

Indirect searches for new physics
e Looking at the known to find the unknown

* Precisely study predicted SM process to look for any deviation
from expectation

e Searches in the B-flavour field are a nice example of such
kind of searches



Results from direct searches

Overview of CMS EXO results

Dark Matter

Extra Dimensions

Heavy
Fermions

Leptoquarks

Heavy Gauge Bosons

CMS preliminary 36-140 fb~1 (13 Te]

String resonance M 0/5=811 1911.03947 (2j) 137 fb-!
Zy resonance M 035-4 12.03143 2p+1y; 2e +1y; 2j + 1y) 36 fb-!
Higgs y resonance M 072=325 1808.01 17 (1j +1y) 36 fb~!
Color Octect Scalar, k2 M 05=377 19103947 (2j) 137 fb-!
Scalar Diquark M 057,511 1911.03947 (2j) 137 fb~!
i+ ¢, pseuwdoscalar (scalar), g2 x BR($—2() > =0.03(0.004) M 0.015-0.075 1911.04968 (31, = 4f) 137 fb-!
tt+ ¢, pseudoscalar (scalar), g72_x BR($—~2!) > =0.03(0.04) M 0.108-0.34 1011.04968 (31, =4f) 137 fb!
quark compositeness (9g), fuss=1 Nign =128 1803.0803 (2j) 36 fb~!
quark compositeness (£1), 1 e 22000 1812.10443 (21) 36 fb-!
quark compositeness (gg). 1. -1 Nisn =17:571803.0803 (2j) 36 fb~!
quark compositeness (£1), 1. N 2320181210443 (21) 36 fb~!
Excited Lepton Contact Interaction M 02-56 2001.04521 (2e+ 2j) 77 fl:r_1
Excited Lepton Contact Interaction M 025577 2001.04521 (2 +2j) 77 fb~!
(axiak)vector mediator (xx), gs =0.25,9ou=1,m, =1 GeV N <18 1712.02345 (= 1j + E7™) 36 fb-!
(axiak)vector mediator (gg), go =025, gou = 1,m, = 1 GeV M 0/5=2:811 1911.03947 (2} 137 fb-!
scalar mediator (+4ith), g, = 1GeV M <029 1901.01553 (0,1 + =3j + E7™) 36 fb~!
pseudoscalar mediator (+t/tf), g, =1, gou=1.m, =1 GeV M <03 1901.01553 (0,1 + =3j + E7™) 36 fb!
scalar mediator (fermion portal), A, =1,m, =1 GeV M <14 1712.02345 (= 1j + E7™) 36 fb-!
complex sc. med. (dark QCD), my,, =5 GeV, €Ty, =25mm M <1547 1810.10069 (4j) 36 b1
Baryonic Z/, 9= 0.25,gou=1,m, =1 GeV/ o <197 1908.01713 (h + E7™) 36 fb~!
Z'— 2HDM, 8, gou M 05-32" 1908.01] 3 (h +E7™ 36 fb~!
vector mediator (3). 9o = 0.25, gou M 035-07] 1911.03761 (= 3j) 18 fb!
Leptoquark mediator, B=1,8=0.1, Av om=0.1, 800 < Mo <1500 GeV 03-06 1811.10151 (1p+1j+ 77 fb‘1
RPV stop to 4 quarks M 00B=0520 1808.03124 (2j;4j) 36 fb~!
RPV squark to 4 quarks M O=0720 1806.01058 (2j) 38 fb-!
RPV gluino to 4 quarks M OI=141) 1806.01058 (2j) 38 fb-1
RPV gluinos to 3 quarks M =150 181010092 (6]) 36 fb1
ADD (j) HLZ, neo=3 M 21277 1803.0803 36 fb1
ADD (yy, &) HLZ, M Z013111812.10443 2y, 21) 36 fb-1
ADD Gex emission, n M 20007 1712.02345 (= 1j | 36 fb!
ADD QBH (jj). M 8127 1803.0803 (2j) 36 fb-1
ADD QBH (ep), n M 25161 1802.01122 (ep) 36 fb-!
RS Guxlyy). kit M &L 309.00327 (2y) 36 fb~!
RS QBH (jj). M =519 1803.0803 (2j) 36 fb‘l
RS QBH (ep), M 23061 1807 11122 (ep) 36 fb-!
non-rotating BH, A M =007 1805.06013 (= 7j(g 36 fb~!
SpitUED, =4 TeV R 04=2190 1803.11133 4+ E7) 36 fb~!
RS Gux(qd. 991, kil M 05=2/6] 1911.03947 (2j) 137 b~}
excited light quark (qy), M FEEI50 1711.04652 (y +j) 36 fb~!
excited b quark, fy=f=F=1, M ISREN 1711.04652 (y +j) 36 fb~!
excited light quark (qg), A= m_ M OI5=6130 1911.03947 (2j) 137 fb!

: M 02523160 1 11.03052 (y + 2e) 36 fb~!
excited muon, fo=f=F =1 A=m, M 025=380 16 | .03052 (v + 2) 36 fb~1
WISM, [Veu* =10, |Vi®=1.0 M 0001-143 1802.02965; 1806.10905 (3f(p, e); = | +2f(p, e)) 36 b1
WIS, VeV PVl + Vi) = 1.0 M 002-16 1806.10905 (= 1j+p+e) 36 fb~!
Type-lil seesaw heavy fermions, Flavor-democratic M <088 1911.04968 (31, =4f) 137 fb-!
Vector like taus, Doublet M 012-079  1905.10853 (31, =4, =1t +21) 77 fb-!
scalar LQ (pair prod.), coupling to 1** gen. fermions, 8 =1 M <144  1811.01197 (2e+ 2j) 36 fb-1
scalar LQ (pair prod.), coupling to 1** gen. fermions, B M <127 181101197 2e+ 2jie + 2j + E7™) 36 fb-!
scalar LQ (pair prod.), coupling to 2 gen. fermions, N <153  1808.05082 2p+2j) 36 fb~!
scalar LQ (pair prod.), coupling to 2 gen. fermions, 8 = 1 M 08-15 181110151 (1p+1j+EF™) 77 b1
scalar LQ (pair prod.), coupling to 2™ gen. fermions, M <120 1808.05082 (2p+2j; u+ 2j + ET 36 fb~!
scalar LQ (pair prod.), coupling to 3 gen. fermions, B=1 M <102 1B11.00806 (27 +2j) 36 fb~!
scalar LQ (single prod.), coup. to 3" gen. ferm . =1,A=1 M <0.74 1806.03472 (21 +b) 36 fb"l
Zo, narrow resonance M 0.0115-0075 1912.04776 (241) 137 fb~!
Zo, narrow resonance M 011-02 1912.04776 (241) 137 fb~!
SSMZ'ag) M 05522167 1911.03947 | |j) 137 fb-!
Z'q9) M 0.01-0125 1905.10331 (1j, 1y) 36 b1
Superstring Z, M 0254 1 2103.02708 (2e, 2p) 140 fb~!
LFVZ', BR(ey) = 10% M 0241 | 1802.01122 (ep) 36 fb~!
Leptophobic Z M 00520451 1909.04114 (2j) 78 b1
SSMW'(tv) M (/=527 1803.11133 (£ + E7™) 36 b1
SSMW/(tv) M 0=47] | 10711421 (v + EF 36 fb~!
SSMW'(gg) M 055=3161] 191113947 (2j) 137 fb~!
LRSM Wa(IN=), M, SM, M =44 1803.11116 (2f +2j) 36 fb~!
LRSM Wa(TNz), My, = 0.5M, M =357 181110806 (27 +2j) 36 fb~!
Axigluon, Coloron, cotd =1 M 05660 1911.03947 (2j) 137 fb~!

. | |
01 10 10.0
Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included) mass scale [TeV] Moriond 2321

0.1 TeV

1TeV 10 1ev
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Direct vs Indirect search

New Physics

SM
. @ -
SM SM

New Physics
Search for decay products of Search for indirect effects of
New Physics (NP) SM
In particle collisions processes
Accessible scale limited by Can probe mass scales much
collision centre-of-mass higher that the cme due to
energy (cme) virtual contributions



Searching for indirect effects of NP

Decay rates of rare processes

SM processes suppressed at tree level have low probability. Their rate
is sensitive to contributions from NP appearing in loop diagrams and
can be significantly enhanced or further suppressed wrt SM prediction.

Ratios of decay rates

The cleanest observables are ratios of observables. Most theoretical
and systematics uncertainties cancel out leaving clean observables
that can signal unexpected effects.

Charge or charge-parity asymmetries, angular distributions, lifetimes,
etc...



Semileptonic B decays

Neutral currents

Forbidden at tree level,
rare processes

NP sensitivity up to about 50 TeV

Charged currents

A

Can proceed via tree level

NP sensitivity up to about 1 TeV



Rare decays: BY/BY — utyu~

BY and B0 into £*{- are forbidden at tree level and proceed via
higher order diagrams (through Flavour Changing Neutral
Currents, FCNC). They are also CKM and helicity suppressed

_ W+,
b < - — = - <« T
t,e,u A Y Vv
High precision calculations, low sy > -
theoretical uncertainties: W

e BR(BY — putp™)=(3.66+0.14) x 10~
e« BR(B = putu™) =(1.03%0.05) x 1071 -

b <
W—i—
S >



Rare decays: BY/BY — utyu~

B9 and BYinto {+{- proceed are forbidden at tree level and proceed
via higher order diagrams (through Flavour Changing Neutral
Currents, FCNC). They are also CKM and helicity suppressed

=0

_ W, X
A SR
t,c,uAZi 1Yy v
d manifest through S -y ——
and manifest through an W X

enhancement or a further
suppression of predicted SM rates

10



Rare decays: BS/BO — UTu

BR is measured as relative to a well-known normalisation channel
(BT — J/wK™) in order to reduce the systematic uncertainties

BR(B* — J/IwK)BR(J/w — utu~

Correction for the

different Branching ratio of
hadronisation the normalisation
probabilities for B* sample
and B0 BR(B* — JIyK*) = (1.01 +0.03) X 1073

filf,, =0.252 £0.12 £ 0.15

BR(J/y = pu*u™) =(5.96 +£0.03) x 1072

11



B°/B® — uty~: signal

Signal identikit

Two, oppositely charged, isolated muons from one, well
reconstructed decay vertex

Momentum aligned with flight direction (PV-SV direction)
Isolated B candidate (no other tracks reconstructed nearby)

Mass compatible with mgo (5.3 <m,.,- < 5.45 GeV)




BY/B — utyu~: signal

Signal identikit

Two, oppositely charged, isolated muons from one, well
reconstructed decay vertex

Momentum aligned with flight direction (PV-SV direction)
Isolated B candidate (not other tracks reconstructed nearby)

Mass compatible with Mpo (5.3 <my.,- <545 GeV)

 Flight length significance ({3p/0v)

e Angle a between dimuon
momentum and PV-SV direction /

e Impact parameters of the B candidate PV\. ........
(d3p) and its significance d3p/o 7 Op .- g

e Decay time

13



BY/B — utyu~: signal

Signal identikit

Two, oppositely charged, isolated muons from one, well
reconstructed decay vertex

Momentum aligned with flight direction (PV-SV direction)
Isolated B candidate (not other tracks reconstructed nearby)
Mass compatible with Mpo (5.3 <my.,- <545 GeV)

CMS 5o’ (7 TeV)

L L L L L
800; ¢ Background (data sideband) |
| Bg — utu (simulation)

 Flight length significance ({3p/0v)

e Angle a between dimuon
momentum and PV-SV direction

e Impact parameters of the B candidate ;
(d3p) and its significance d3p/o 200]

e Decay time

600

400

Candidates / 0.02

-1 0.5 0 0.5 1
BDT discriminator

14



Normalization yield extraction

CMS 20 b (13 TeV)
L L L B

_ _ _ i ¢ Data
B candidate yields in 10000 9 — Total fit 7

normalisation sample determined 2 LB = JhyK*
with a binned maximum likelihood [[[T] Gomb. background

: NNB — JiyK™X
fit to the m,,,; spectrum A =8 S uwr

5000
_ 2

Candidates / 0.01 GeV




Signal extraction

Unbinned maximum likelihood fit for BYand BYsimultaneously
Combinatorial background extrapolated from the sidebands

BB - utu) = [3.95t8;§3 (stat)

+0.27
-0.22

(syst)

+0.21
-0.19

(BF)] x 107

|

\ §

BRB" - utu™) <1.9%x 107 at 95 %

Entries / 0.05 GeV

Expectations:

e« BR(B? —» utp™) = (3.66 +0.14) x 107°
e« BRB® - u*u™) = (1.03 £0.05) x 10710

CMS Preliminary

140 fb'(13 TeV)

‘e
e
D

I ——— —— Full PDF
m Bg - M+M_ @g Bo — M+“’_
...... Combinatorial bkg --«==. Semileptonic bkg
100 - Peaking bkg
100
8ol
: \
60}~ \
40— \
20-_ .......... "’:;'""*"" -
AN .\L“

0 A= e
49 5 51 52

_

53 54 55 56 57 58 5.9
M., [GeV]



Collider experiments as a flavour-probe

Belle II

o ¢7(3.1 GeV)e™ (9 GeV) collider experiments
e cme 10.58 GeV

* Collected data at the Y(4S) resonance decaying
to BB and BB

» BaBar collected 433 fb*-1 up to 2008
» Belle collected 711 fb-1 up to 2010

» Belle 2 started collecting data in 2019 and plans
to keep going until at least 2032

LHCD

p-p collider experiment
B*,B%, BY, B} and A) hadrons
produced

Large amount of b hadrons and
background

B hadrons strongly boosted, excellent
separation between production and decay
vertices

Collected 3 fb-1 at1/s =7 — 8 TeV and 6

fb-1aty/s = 13 TeV

In recent years, CMS has become
competitive in some specific channels
(mainly with muons) 17



Lepton Flavour Universality

Lepton Flavour Universality (LFU): universality of interactions for
leptons of different generations

e LFU violation implies presence of new physics: new fundamental
interactions between quarks and leptons (e.g. Z’ or leptoquarks, LQs)

LPU tested at ete™ collider experiments (BaBar and Belle) and
at the LHC (LHCDb)

e In FCNC and in semileptonic B decays

e Comparing decays to different leptons we can reduce theory uncertainties
e Allow to verify LFU

18



Testing LFU in B —» K©¢¢

B — KW¢#¢ are FCNC decays, proceeding via EWK loop
diagrams and highly suppressed in the SM
Expected BRs less than 106

b — § transition

U > U
B+ _ W+ K+
b W S
Penguin diagram v/2° e+

19



Testing LFU in B —» K©¢¢

B — KW¢¢ are FCNC decays, proceeding via EWK loop
diagrams and highly suppressed in the SM
Expected BRs less than 10-6

b — § transition

U > U

b W S

Penguin diagram v/2° e+
g_

Two physicists walk into a bar and start playing a
game of darts. One turns to the other and says, “Let’s
make a bet. If you lose this game, you have to use the
word ‘penguin’ in your next paper.”

Symmetry Magazine

20


https://www.symmetrymagazine.org/article/june-2013/the-march-of-the-penguin-diagrams

Testing LFU in B —» K©¢¢

B — KY¢#¢ are FCNC decays, proceeding via EWK loop
diagrams and highly suppressed in the SM
Expected BRs less than 106

15 — § transition
u > u
_ W+
b Ny ’
BR(B? — putp™) = (3.66 £0.14) x 107

v/ Z° I

BTt

21



Testing LFU in B —» K©¢¢

B — KY¢#¢ are FCNC decays, proceeding via EWK loop
diagrams and highly suppressed in the SM
Expected BRs less than 106

b — § transition New Physics

BTt

Uu >
K+ Bt{_ LQ
b

u > u
_ W+
b w 3 I [ e A g
v/ Z° ! ; I \ :
(- A

‘-

22



Testing LFU in B —» K¢¢

B — KY¢#¢ are FCNC decays, proceeding via EWK loop
diagrams and highly suppressed in the SM

Ratio between decay muon and electron final state
channels are predicted with O(1%) precision

b — § transition

Kt

BR(B - KWu*u™) B,
BR(B - K®e+*e)

Kt =

F

v/ Z° as

23



Testing LFU in B —» K¢¢

B — KY¢#¢ are FCNC decays, proceeding via EWK loop
diagrams and highly suppressed in the SM

Ratio between decay muon and electron final state
channels are predicted with O(1%) precision

b — § transition

Kt

BR(B - KWu*u™) B,
BR(B - K®e+*e)

Kt =

F

v/ Z° as

24



Testing LFU in B —» K©¢¢

Main challenge: reduce systematic uncertainties induced by
different interaction of muons and electrons with the detector

Ry is computed with respect to the resonant decays of the B mesons

o _ BRB - KOutus)| | |BRB — KDete)
“" 7 BRB — Ky (up )| BRB — K+Jly(ete))

Resonant

Similar reconstruction of rare channel and resonant one

25



Testing LFU in B —» K©¢¢

Signal yields extracted via a unbinned extended maximum
likelihood fit to the invariant mass m(Ktu*u~) and m(K*ete™)

R LHCb Y 600 LHCb
-1 -1
> —+ Data 9 fb s 500 —+ Data 9 fb
= — Total fit = — Total fit
g ...... Bt— Ktete D 400F F Y e B — K'*ﬂ'*"u-
g BB - Jyee)K” > Combinatorial
z B Part. Reco. £ 300
| Combinatorial = + -
2 L S 200 Non-resonant (™ p ™)
= Non-resonant (e"e™) S
@) 100
o 0 A — T T
200 5300 5400 5500 5600
m(K ete) [MeV/gZ] m(K*utu-) [MeV/c?
x10°
¢ 400F LHCb
2 350F ﬂ —— Data 9 fb"
b 3 — Total fit
NS 300 N B B*= J/y(uu)K*
> 250 3 0 B = Wy (uu)n*
9_,; 200F Combinatorial
- -
5 150F
g 100 :_ + -
O Resonant (u™ ™)
50
E | | 1
5200 5300 5400 5500 5600

my (K* ) [Me V/c?] 26



Testing LFU in B —» K¢¢

Signal yields extracted via an unbinned extended maximum
likelihood fit to the invariant mass m(K u* ™) and m(K*e*e™)

———
<200 gg@; 4 oo
= A 3 _ +0.090 +0.029
o !' —1 i’:::?::ill]:lrc(:;::;?nxc-tmi
& ' Y KT (= ete) ]
—100 # %- v ] 0.1 < g% < 1.1 GeV2c*
£ t /% Non-resonant (ete]
2 50 ' | -
@)
_ +0.042 +0.022
Ry = 0.949 (stat) (syst)

il TPt o

—0.041

T RO S —0.022
5000 5500 6000

m(K*e*e™) [MeV/c?]

1.1 < ¢? < 6.0 GeV3c?

Consistent with the SM prediction

27



Search for LVF 7 — 3u decay

Test “accidental” conservation of per-family lepton number in SM

7 /
Z[y \\\ 5
# X
- <
T —» > > > 7 1%
BR(t — 3u) ~ 107> BRy,(t — 3u) ~ 10710 - 1078

28



Search for LVF 7 — 3u decay

An example where CMS/ATLAS can be competitive with Belle Il/
BaBar/LHCD in the flavour space

- cannot discern different charged - cannot discern different charged
hadrons from each other effectively hadrons from each other effectively
+ much higher luminosity, excellent - more polluted collision environment
muon momentum resolution + additional source of 7 leptons from

W boson decays (higher cme)

At CMS/ATLAS, 99.99% of 7 leptons come from B and D
mesons, 0.01% from W decays

W much cleaner (higher momentum, missing energy)
The two channels end up being competitive in sensitivity

29



Search for LVF 7 — 3u decay

B/D decays to 2 muons and a pion as normalising channel

N3, )

Events / 7.2 MeV

(data-fit) /o

=N

2.5 —Preliminary

reco 2utrig
A3,.0) GuD) S3u)
HLp7t A

ereco 2utrig
HUTT “upm € LT

BD} = 1tv,)
BD{ - ¢t — utu-nt)

—

B(t— 3uw),

A0 2023, 134 1 (136 TeY

§ Data
1 — Total
--- D" and Dg
— Background

IIIIII\IIIIIIIIIII‘III

= b bt ot
o g Mgt b i

s TR S WA WA WA AT AW WA AN W
165 1.7 1.75 1.8 1.85 1.9 195 2 2.05
m(wu) (GeV)

=N

Huﬂf A egreco  2utrig

reco 2utrig
A3uB) GuB) Gue)

HHTT " 7t EMWT
BB - 1T+ X)

B(t = 31

B(B - D} +X)BD} - ¢t — prp-mt)’

Events / 10 MeV

30

2

15

10

01
T

20f

2023 284fb (136TeV)
Erprrrrprrr T [Trrrprrrrprot ]

- CMS HF Category A1

C Prel/m/nary 4+ Data ]
— Background-only fit

C —— HF Signal (B=107) ]

|

IIIIIIIIII mlll lllllllllll IlJIﬁ
65 17 175 18 185 1.9 195 2
m;, (GeV)
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Search for LVF 7 — 3u decay

In the end, all experiments are quite competitive:

mmmm

2010
2010
2024
2024
2026
2026

Belle ee = 1T
BaBar ee - 1T
CMS B/D and W
Belle Il ee - 17T

LHCb D/B - tX
ATLAS B/Dand W

4.0
2.4
1.8
2.0
/.5

3.3
2.9
1.9
1.9
8.7

* %1078 @ 90% C.L.

31



Additional measurements

b
BO
: +0.034
a : Ry = 0.92710003(stat) 55 (syst)
1L LHCDb Rk low-g> = 0.994+0.0% 0.1 < ¢ < 1.1 GeV2c*
I 9 ﬂ)_l Ry central-¢> = 0.949‘:3‘_3;’7‘
- Ri+  low-¢> = 0.92710003
12 i Ry central-¢> = ].027‘:((’,:'(),?;7;
¢ | _ +0.072 +0.027
ot — i - Ryeo = 1.02770072(5tat)*0-027 yst)
a1 1.1 < g% < 6.0 GeV2c*
_ i gﬁ“ =16, p=0812, 0 = 0.2
0.6_— BO N K(*O)f_i_f_

Ry low-¢° Ry central-g> Ry low-¢° Ry~ central-¢> 32



Testing LFU in b — CTL . o s

Testing LFU in charged current B decays
Larger rates enable probing decays to tauonic final states

Possible to probe coupling to 3rd generation leptons

pt )t pt )t pt /et
b W NV b g H.+< v b - v
B B B LQ
C Cc Cc
D* D* D*

33


https://cds.cern.ch/ejournals.py?publication=Phys.+Rev.+Lett.&volume=115&year=2015&page=111803

Te Stl ng L F U | N b —> CTUT Phys. Rev. Lett. 115 (2015) 111803

Testing LFU in charged current B decays
Larger rates enable probing decays to tauonic final states

Possible to probe coupling to 3rd generation leptons

BR(Hb — HCTDT)

RH B e RN
¢ |BR(Hb - chﬂ%ﬂ)l—b Normalization channel

Cancellation of some systematic uncertainties in the ratio

ut T ut ot ut ot

av
+
/4

34


https://cds.cern.ch/ejournals.py?publication=Phys.+Rev.+Lett.&volume=115&year=2015&page=111803

Testing LFU in b — CTL . o s

Testing LFU in charged current B decays
Larger rates enable probing decays to tauonic final states

Possible to probe coupling to 3rd generation leptons

T = UYL,

210) >!<+ v
_ BR(B - D "r70) === Final states:

D* — BR(B® — D*ﬂ,—gﬂ) 3 charged tracks plus a muon

2 additional neutrinos in the signal

D* - DY - Kn)x

35


https://cds.cern.ch/ejournals.py?publication=Phys.+Rev.+Lett.&volume=115&year=2015&page=111803

Testing LFU in b — ctv,

Candidates / (0.3 GeV*/c*)

3D fit to kinematic variables to separate muonic and tauonic
modes

e Missing mass squared, m?

miss Muon energy, £, and the square of the four

momentum transferred to the lepton system, q2

Data
4000F ™ " g 35 < 2'< 12.60 GeV2/c* LHCb { [ B - D*tv
- ' 1 B B - D*H (- X)X
3000:— 4 B - D*W
C 1 [ B - D'uv
2000 - E Combinatorial
: . Misidentified p
1000~ =
= o e m2...=0  Normalization channel
é D W ..:.—::.::.::....
6 8 5 410
m?2. (GeV/c?)
2
M iss # 0

mr%iiss = (pé _pé _p/%)
36



Testing LFU in b — ctv,

Candidates / (0.3 GeV/c*)

Pulls

3D fit to kinematic variables to separate muonic and tauonic

modes

e MIiSSing mass squared, mn%iss,

momentum transferred to the lepton system

muon energy, E/j‘ and the square of the four
2
, 4

{ R, =0.281 + 0.018(stat) + 0.024(syst)

2.26 0 above SM expectation

Rp = 0.441 = 0.060(stat) = 0.066(syst)

2.16 o above SM expectation

4000 - 9.35 < q* < 12.60 GeV?/c* LHCb
3000F
2000F

1000F

Largest contribution to the
systematic uncertainty from
limited size of the simulated
samples

37



Results from other experiments

BaBar, Belle and LHCb experiments see an excess in the number of
B — D(*)wfcandidates, though not statistically significant

BaBar 2012, had. tag
0.440 £0.058 £0.042

Belle 2015, had. tag
0.375 £0.064 +£0.026

Belle 2019, sl. tag
0.307 £0.037 £0.016

LHCb 2022
0.441 +0.060 £ 0.066

Average

0.358 +£0.028
SM Prediction
0.298 +£0.004

PRD 94 (2016) 094008
0.299 £0.003

PRD 95 (2017) 115008
0.299 £0.003

JHEP 1712 (2017) 060
0.299 £0.004

EPJC 80 (2020) 2, 74
0.297 £0.003

PRD 105 (2022) 034503
0.296 £0.008

FNAL/MILC (2015)
0.299 +£0.011
HPQCD (2015)

0.300 +0.008

HFLAV

BaBar 2012, had. tag
0.332+0.024 £0.018

Belle 2015, had. tag
0.293 +£0.038 +£0.015

Belle 2017, (hadronic tau)

0.270 £0.035 £0.027
LHCb 2018, (hadronic tau)
0.283 £0.019 £0.029

Belle 2019, sl.tag

0.283 +0.018 +£0.014

LHCb 2022
0.281 £0.018 £0.024

Average

0.285+0.013

SM Prediction

0.254 £ 0.005

PRD 95 (2017) 115008
0.257 £0.003

JHEP 1712 (2017) 060
0.257 £0.005

PLB 795 (2019) 386
0.254 +0.007

PRL 123 (2019) 9,091801
0.253 £0.005

EPJC 80 (2020) 2, 74
0.247 £0.006

FNAL/MILC arXiv:2105.1

).265 0.013

-
-
-

-

2

-

1019:

B HFLAV

Prelim. 2022

0.2

0.4
R(D)

0.3
R(D*)
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Phys. Rev. Lett. 120 (2018) 121801

Additional b-hadrons decay channels with semitauonic decays
are studied

e helps understanding sources of theoretical and experimental uncertainties
T = UYL,

R BR(B — Jlytu,)
Jhy = BR(BF — Jlyutv,)

N\

Jhy — pu”

Candidates / ( 0.6 GeV2/c*)

-5 0 5 5, 40
m? . [GeV/c"]

—+— Data B B! - Jyutv,
Mis-ID bkg. B /v +u comb. bkg.
I J/y comb. bkg. B B, > J/wH!

BY =y (IP)0'v, B — w2Sl'y,
W B - T,
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Phys. Rev. Lett. 120 (2018) 121801

Additional b-hadrons decay channels with semitauonic decays

are studied

e helps understanding sources of theoretical and experimental uncertainties
T = pUv,

R BR(B — Jlytu,)
Jhy = BR(BF — Jlyutv,)

N\

Jhy — pu”

Candidates / ( 0.6 GeV2/c*)

-5 0 5 5, 40
m? . [GeV/c"]

Ry, = 0.71 £ 0.17(stat) = 0.18(syst)

e Dz_ita B B! - Jyutv,
Mis-ID bkg. B /v +u comb. bkg.
I J/y comb. bkg. B B, > J/wH!
. : . B! P B! 28)1
Largest contribution to the systematic Gl v W B veSy,

uncertainty from limited knowledge of

the form factors
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Indirect searches enable NP probing at even higher scales that
those reachable directly

Analysis strategies differ from direct searches
e Precise measurement of predicted SM processes

e Focus on reducing systematic uncertainties

A good example are measurements of charged and neutral
current semi-leptonic B decays

e Deviations from SM expectations might hint to Lepton Flavour
Universality Violation
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