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Outline

Main results presented in this talk are:

. B?S) — "~ branching fractions

« B — K*uu angular analyses

T — 3u decay

They were produced by ATLAS and CMS using data

acquired in different years or run periods:

Run 1 (2011-2012) 7-8 TeV
Run 2 (2015-2018)- 13 TeV

e available results from 2016

Prospects will be given for
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B, = u*u~: motivations ;

* In the standard model (SM) these decays are heavily suppressed:

« FCNC - but also helicity-suppression (mﬂ/ rnB)2

« High precision SM predictions of branching fractions for muonic B?S) decays:

° L@(]B(S) — //t lu_) — (366 T 014) . 10_9 ~4_5% Flavour Lattice Averaging Group Collaboration, "FLAG

Review 2019: Flavour Lattice Averaging Group (FLAG)”,

. 93(]30 — //t+//t_) = (1.03 =0.005) - 10~10 Precision Eur. Phys. J. C 80 (2020) 113, arxiv:902.08191
— W+, X

* Significant deviations could arise in new physics scenarios h— e — —'— — <« 1"
(Two higgs doublet Model, Minimal Flavor Violation, SUSY..) t - -
,C,U A v
* The experimentally clean signature provide a unique opportunity . -
to probe for the new physics effects in the branching fractions g e g

» And a further probe Is provided by the measurement of the effective litetime 7go_, ,+,-,

which receives contribution just from the heavy mass eigenstate BSH in the SM prediction


https://arxiv.org/abs/1902.08191
https://arxiv.org/abs/1902.08191
https://arxiv.org/abs/1902.08191

By = #HT

A three decades long quest

Results presented here:
 ATLAS: JHEP 04 (2019) 098

. 26.3 fb~'aty/s = 13 TeV (2015 and 2016)

. 25 fb~laty/s = 7 and 8 TeV (2011 and 2012)

. CMS: JHEP 04 (2020) 188
. 36 fb~laty/s = 13 TeV (2016)

. 5(20) fb~lat/s = 7(8) TeV (in 2011(2012))

[*ILHCb: PRL 118, 191801 (2017)

Limit (90% CL) or BF measurement
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Recently combined
ATLAS+CMS+LHCbH[]

results!!
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LHCDb latest result (2021)
LHCB-PAPER-2021-007, Archilli's
Moriond EW and Santimaria's
LHC seminar

(not presented in this talk)



https://link.springer.com/article/10.1007/JHEP04(2019)098
https://link.springer.com/article/10.1007/JHEP04(2020)188
http://moriond.in2p3.fr/2021/EW/slides/3_flavour_01_archilli.pdf
http://moriond.in2p3.fr/2021/EW/slides/3_flavour_01_archilli.pdf
https://indico.cern.ch/event/976688/attachments/2213706/3747159/santimaria_LHC_seminar_2021.pdf
https://indico.cern.ch/event/976688/attachments/2213706/3747159/santimaria_LHC_seminar_2021.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.191801

« The branching fractions of the of the B?S) — uu~ channels

By = HHT

are measured with similar strategies:

« BT — J/wK™ is used as reference channel since abundant

and with a well measured branching fraction
Ny |€B+—>J/WK'I ,
BB — ™) = [t

Signal selection:

« starting from dimuon triggered data, pairs of well identified
opposite charged muons are combined to form a displaced vertex;

f d(s)

€d(s)

NB+—>J/1//K+

€ the acceptance

times efficiency

e additional criteria on isolation and kinematics

Invariant mass of the 2 muons is used to identify a signal enriched region
and two sideband mass regions enriched in backgrounds

(used for background prediction)

Events / 40 MeV
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{s=13TeV, 15.1 fb™ — Total fit result
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https://link.springer.com/article/10.1007/JHEP04(2019)098
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* Continuum background - dominant 2 e "
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+ modeled with bb — u"u~X MC sample, checked L : _;
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. . Dimuon invariant mass [MeV]
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https://link.springer.com/article/10.1007/JHEP04(2019)098
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O = 165_ (s =13 TeV, 26.3 b Total fit B
+ — - - E 14H-0.4163 < BDT <=1 — = Continuum background —]
B,;.. — u"u": signal extraction 0 R R
( S) LIi L Peaking background E
10 == By > pt e +BY ot T
The dimuon candidates are classified according to the BDT output 81 —
. . . . 0 . 6 T
ATLAS yield, determined from the unbinned maximum likelihood fit A ,
of highest (3) BDT bins: o / ! l e
. . 0L | I Y T 2 R L ,;I
« N=80+22 and N =-12 +20, in agreement with SM 1800 0000 5200 54005600 5800
t tiOnS Dimuon invariant mass [MeV]
expecta
CMS 36 b (13 TeV) + 20 fb™ (8 TeV) + 5 fb™' (7 TeV)
CMS yield is determined from each BDT bin and data subset F e ol
category (14- split by year and detector region) B e I R
30 High BDT Categories

* in agreement with SM expectations >
Q)

Uncertainty is statistically dominated: S
Source BY [%] B [%] f‘é
fs/ fa 5.1 ‘ . \
B* yield 48 48 LD weghl \ e
R 4.1 4.1 . ----- 4 T T h +
BB — J/ Y K )X B(J/ Y — ,U+,U_) 2.9 2.9 N r el .f/-;.*--fef‘f-‘::"'if""ii“'31"?'-3‘i'?3?3ii':5?2::9?"53311i'"3?555%3111\ # Lol i
Flt Systematlc uncertalnties 8.7 65 49 5 5. 52 53 54 55 56 57 58 59

Stat. uncertainty (from likelihood est.) 27 150

m,.- [GeV]



Achilli's

CMS-BPH-20-003, presentation
LHCb-CONF-2020-002, Moriond EW
ATLAS-CONF-2020-049

B, = u*u": branching fraction

« The branching fraction measurements for Bg — utu, BY - uu~, and the upper limits on the
BY — uTu~at 95% CL are:

ATLAS CMS LHCb (2017) Combination LHCDb (2021)
BB, = ptu”) 2.8+05-107° [2.9%7 ¢(exp) £ 0.2(frag)] - 107 3.0 £0.6793]-107° [2.69+937] . 1079 [3.09+0:46+015] . 19
BB = utu) (-1.9+1.6)-10719 0.8+ - 107" (1.5+12+02y . 10710 (0.6 +0.7) - 10710
BB° — p*p) <2.1-1071 <3.6-10710 <3.4.10710 <19.1071 <2.6-1071
Upper Limit at 95% CL with Neyman procedure
Thoyhy- MO (1.70+9%0 +0.09) ps (2.04 £ 0.44 £ 0.05) ps (1.91+937) ps (2.07£0.290.03) ps
\
06 ATLAS, CMS, LHCb - Summer 2020
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= 1'2:_ ATLAS Run1 data B 07 i ................. P - Y e R e P . LHCb . discrepancy with the SM
T e —— 2015-2016 data - - - | C ~ 3>~ 3 tat :
+3. E Run 1 + 2015-2016 data E 0.65- - cm— ---------------------------------- 4_3* 0.4 __,/ \\'. — Comblned V; ex%ec d Iins_ or
R T e 00 . 3. f N B(Bg — pu~)and
z b ERRY e T 03F E BB - utu)
I 1 @ L <2 C .
I 1 Sosh o T . a 02F —
- 1 o e Q x ] o
E 1 B 0.1F - FBg—prp= TOUN
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olioioh BN . Ix107° s - 0 _ _
BED - 4 1) (10 ST el T 01 S B_};-only contribution (SM)
0 — -9
BB — pi) (107) | 9



http://moriond.in2p3.fr/2021/EW/slides/3_flavour_01_archilli.pdf
http://moriond.in2p3.fr/2021/EW/slides/3_flavour_01_archilli.pdf
http://moriond.in2p3.fr/2021/EW/slides/3_flavour_01_archilli.pdf
https://cds.cern.ch/record/2727216
https://cds.cern.ch/record/2727216
https://cds.cern.ch/record/2727216
https://cds.cern.ch/record/2727216

B(S) — uu": prospects

* |n Phase-2 (

) expected precision:

CMS and ATLAS upgrade of the
iInner tracker is expected to provide

a 40-50% improvement on the

mass resolution

(reduce B -B; mass correlation)

* ALTAS:
955(]3(8) =32
. BBY - u
CMS:
955(]3 — U
(B‘S) — W

,l/t ) ~1 50/0
//t ) ~30°/o

U (~7%)

//t ) (~1 60/0)
« 3% precision on the TR0yt -
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https://cds.cern.ch/record/2650545/files/FTR-18-013-pas.pdf
http://cdsweb.cern.ch/record/2317211/files/ATL-PHYS-PUB-2018-005.pdf

B — K*uu angular analyses



B — K*u™u~ motivation

l+
* Flavor changing neutral current decays are also Y, ﬁf< - - VoS
interesting for angular analysis: S R R
b W S b t,c,u S
» The properties of the decay can be _ i _ _ _
q q q q

thoroughly investigated

* The angular distributions of these decays can
be parametrized in observables where the
dependence on (and uncertainty due to) * Results

hadronic effects and form factors is minimized + CMS: |
B+:JHEP04(2021)124 Recently published!

BY:Phys. Lett. B 781 (2018) 517

« Some tensions (~20) with the SM predictions

—1 _
have been reported (LHCb and Belle) + 20 fb~'at /s = 8 TeV (2012
. ATLAS:
BY:JHEP10(2018)047

Phys. Rev. Lett. 103, 171801 (2009)

12


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.111.191801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.103.171801
https://dx.doi.org/10.1007/JHEP04(2021)124
https://www.sciencedirect.com/science/article/pii/S0370269318303149?via=ihub
https://link.springer.com/article/10.1007/JHEP10(2018)047

JHEP04(2021)124

CMS-PAS-BPH-15-009

Bt - K'(892)utu~

. pp collisions from 2012 corresponding to 20 fb~lat \/E = 8 TeV:

* Dimuon trigger with requirements on displaced vertex
and transverse momentum collinear with decay flight
. K" is reconstructed through K%(K? — z*z7)x+:
. 77~ with a common vertex and |rm,., — my,| < 17.3MeV (30

m

)

0
Kg

. ‘WLK(S)]T+ _ mKM—‘ < 10() M@V y and mK(S)ﬂ.+M+IM+€ [4.76,5.8] G@V
. Selection on the dimuon invariant mass (g?) to suppress Bt — K *J/yyand Bt — K Ty (2S)

* Aim is to measure two decay observables:
the muon forward-backward asymmetry, Arp, g

and the K’ longitudinal polarization fraction, FL,
in bins of squared dimuon invariant mass (qz).

 Decay described by four independent kinematic variables:
. g% and angles Ok, 0., P)

0
K¢ rest frame

13


https://dx.doi.org/10.1007/JHEP04(2021)124

Bt - K'(892)utu~

* The differential decay rate is:

I’ dcos Oy dcos 6, dg?

. In each bin of g° , App and F; are
extracted with unbinned maximum

likelihood fits, parametrized in terms of m, cos @, cos 6,

* signal distributions based on the prediction -
* data-driven background estimation from mass

sidebands

o Efficiencies are obtained from simulations
* Data / simulation agreement is checked

in Bt — K" *J/w enriched control region

angular analysis

9 (2
—E{ﬂ&

+ (1—Fg) [ZFL cos” O (1 — cos? )
1
+§(1—FL) 1 — cos” O ) (1 + cos®6))
4
3AFB 1 — cos? B ) cos 6,
—. CMS Simulatigs 8 TeV
>, | MC
> - -
%_ ] ) -
9 - - \
2 [ _
= l :
0.01 -
S Ry
cos Oy
. CMS simulation 8 TeV
SR 1418<¢q2<19GeV2 | MC |
S —Fit
QC) 0.02—— -—
o _ ;
e T~
0.01-— —-
O—1l - .015‘ — (l) - ‘OISI - 1

2A; cos GK] (1 —cos®6,)

Candidates / 0.04 GeV

Candidates / 0.125

Candidates / 0.125

JHEPO04(2021)124
CMS-PAS-BPH-15-009

CMS 20.0 fb' (8 TeV)

lllllllllllllllllll

40-1418<q <19 Gev? 1 Data .
— Total fit

30k — Signal ]
[ ) ----- Background ]

—

pa—

" " .. .. ‘. .IL e l - L;
52 5.4 5.6 5.8
m(K gerut”) [GeV]

vvvvvvvvvvvvvvvvvvvvv

a0F14.18 < 4> <19 Gev® + Data .
i — Total fit ]

— Signal
----- Background ]

cos 0,

vvvvvvvvvvvvvvvvvvv

[ 1418 < g2 <19 GeV? t Data
i — Total fit

— Signal
[ e Background
20~ —_

14


https://dx.doi.org/10.1007/JHEP04(2021)124

AFB

Bt - K (892)u*u™ : results

* Results in agreement with the SM:

0.5

]

L L L I L L I L L I I L

20.0 fb' (8 TeV)
I — o 1 - 1
1 K
E 0.8
.
; - 0.6
0.4
iData—: 0.2
$SM -
| | | R 1 ! !
10 15 0
g2 [GeV?]

CMS

20.0 fb™" (8 TeV)

JHEPO04(2021)124

CMS-PAS-BPH-15-009

lllllllllllllllllll

o

# Data

¢ SM

Ll l L1 1 I | I — | l L1 1

-

—

—

10 15

g2 [GeV7]

Source Agg (1073)  F (1073)
MC statistical uncertainty 12 -29 18 - 38
Efficiency model 3-25 4-12
Background shape functional form 0-9 0-33
Background shape statistical uncertainty 16-73 20-87
Background shape sideband region 28 - 153 3878
S-wave contamination 4-22 5-12
Total systematic uncertainty 42 - 174 55-127
7* (GeV?) Y App b
1-868 221481 —014[0321017 060723 H0.13
10.09-12.86 259463  0.09[")1$#0.04 0.88"0 3 H0.05
14.18-19  451+80  0.33[7)3; #0.05 0.55[ )15 H=0.06

uncertainty is statistically dominated

Other angular results using 8 TeV data in the following slides..

15


https://arxiv.org/pdf/2010.13968.pdf
https://dx.doi.org/10.1007/JHEP04(2021)124

BY - K™(892)utu~

 ATLAS analysis at 8 TeV
* Angular fit for several observables
» Folding in ¢ and 6, for simplification
. Extended ML fit in 3 ¢~ bins

— e ——

| by predictions

 CMS performed similar analysis at 8 TeV
and fitted for P, and P’s
» precision comparable with other results
» consistent with predictions based
on the standard model.

Phys. Lett. B 781 (2018) 517
CMS-BPH-15-008

1

d‘T 9 [30-Fp) .

dI'/dg? dcos @ dcos Oxdpdg? ~  32n 4

sin’ O + FT. cos? O +

1 -Fp

—Fy cos? g cos20; + Sy sin® Ok sin? 87 cos 2¢

+S4 sin 20k sin 207, cos ¢ + S5 sin 20k sin 07, cos ¢

+Se sin? Ok cos 07, + S sin 20k sin 67 sin ¢

+Sg sin 20k sin 26 sin ¢ + Sg sin’ Ok sin’ @1 sin 2¢]

LL_’ 1.8 UL |
1 6: ATLAS
Bl - ATLAS -~ BaBar .
1.4F - LHCb CFFMPSV fit 3
- -+ CMS theory DHMV A
1.2 -+ Belle theory JC .

13
0.8;—
* All measurements are within 3o range covered | l ! l

sin” 6 K €0s201

JHEP 10 (2018) 047

ATLAS-BPHY-2013-02
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https://link.springer.com/article/10.1007/JHEP10(2018)047
http://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-15-008/
https://www.sciencedirect.com/science/article/pii/S0370269318303149?via=ihub

BY —» K™(892)u*u~: prospects

- B | T T T T I T T T T T T T T .
A 2 ATLAS Preliminary r ATLAS JHEP 10 (2018) 047 —
. {s=14TeV, 3000 fb ' -
~  Projections from Run 1 data CFFMPSV fit .
1.5 B—=Kuu theory DHMV -
N theory JC .
1 [_J ATLAS HL u10u6 E
r [ ] ATLAS HL u10u6 (stat. only) -
| oo e e -
0.5 /> factor 8 —
: | . : ] :
O -
E £ ] E
-0.5— 3
-1 -
- ' | P A TR TN R NN T SN SN S N
0 2 4 6 8 10
2
g° [GeV’]

¢ Estimation from Run 1 results keeping into account
improved tracking performance and different trigger

scenarios:

e the precision in measuring a representative P’s
parameter 1s expected to improve by factors of 8

CERN-LPCC-2019-01

05 _CMS Phase-2 Simulation Preliminary 3000 fb™' (14 TeV)
am BU_) K.D”‘“ CMS PLB 781 (2018) 517
i . | with Stat. uncet. only
—— with YR18 syst. uncert.
0

i />factor 15
-0.5— |

1 =
Q 0.1 Finer binning
: O iNEEREN | = S S - ————— —
-0.1~
Q 0.1
> OF

-0.1 |- —— L P T : Lo )
0 2 4 6 8 10 12 14 16 18 20
q° [GeV’]

e Estimation from Run 1 results keeping into account
improved tracking performance = higher mass resolution

e the precision in measuring a representative P’s
parameter 1s expected to improve by a factor 15

e capability to perform a full angular analysis
17


https://arxiv.org/ftp/arxiv/papers/1902/1902.10229.pdf

T — U



T — 3U

« Observing a charge-lepton flavor violating decay 7 — 3u would be a
major breakthrough in understanding the matter content of the universe i— ey

Historical view of the LFV experiments

® T uy
® u— 3e ( T — 3D
uN — eN

* Allowed by neutrino oscillation, with very small branching fraction:

10
* In some extension of the SM, including new physics scenarios, i |
9B(t — 3u) could be enhanced to order of magnitudes of 10-1° - 1078 .|
* Experimentally accessible and clean three-muon final state o 106 | 2 3
fo 10~ |
 Most stringent limit (Belle I): %(r — 3u) < 2.1 107° (90% CL) S
OO\ - ® A MEG
e Results 10 SINDRUM  SINDRUM II
» ATLAS: Eur.Phys.J.C76(2016) 232 0™ ke Phase 1O |
+ 203 fo'at /s = 8 TeV (2012) ] | L ek
e Results from W — 7 production 1940 1960 1980 2000 2020
« CMS: JHEP01(2021)163 e

. 33 fblat4/s = 13 TeV (2016)
« Combination of results from W — 7t and B, D — 7 production recently published!
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https://arxiv.org/pdf/2010.13968.pdf
https://cds.cern.ch/record/2120855/files/Eur.%20Phys.%20J.%20C%2076%20(2016)%20232.pdf
http://dx.doi.org/10.1007/JHEP01(2021)163
https://www.hindawi.com/journals/ahep/2014/282915

7 — 3u: ATLAS

The European Physical Journal C, 76, 232 (2016)

« Tauproducedin W — 71, events:

Wl

tinmr

« the neutrino manifests as missing transverse energy (EITmSS)

the 3 muons from the tau decays are expected

to have geometrical proximity and form a displaced vertex(tau

ifetime 10-12 g)

The branching fraction is estimated as:

Ns

Br(f —> 3/1,) —

ere N¢ is the number of sigr

(ﬂs X GS) N"V—n'\..'

al events, & ¢ X € the acceptance

es the efficiency for the signal and N is the number of tau leptons

produced in the collision, extrapolated from 2011 oy,_, »,,
measurement
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7 — 3u: ATLAS

A loose preselection on 3 muon events reject kinematically
inconsistent with the signal: muon kinematics, track isolation,
vertex displacement, and missing energy

A BDT discriminator is trained with signal and background events
from data witlr Ly sidebands ([750,1450] and [2110,2500] MeV)

A tighter selection is applied:

* displacement and invariant mass of two muons
(to remove contributions from meson/light resonances)

+ with a loose BDT score cut (x,=-0.9)
(to further reduce the backgrounds)

* the shape and the expected yields of backgrounds
In the tau mass signal region are extrapolated from a fit
In sideband regions

The European Physical Journal C, 76, 232 (2016)

Ln LBl ' LA | | ' LI ] ] ] LB I ] L I LI ] ‘l ] LB l LA | ] L] L I LB 1
o —&— SB data (loose)
o 10 E —e— SB data (tight+x>x,) ATLAS -
~— - Signal (loose) — 4 9
8 Signal (tight+x>x ) \ S=8 TeV, 203 fb1 N
- = -
2 10 F —
N ()
10° E ©c =
= 00, =
B "{}.*'O‘C' o
B L {“_x':)‘? A
- T {y %U ¢*<?'¢
1% WH H it H+ HH
| T

(final yields are then re-scaled for the optimal BDT cut (x;=0.933))
RB(t — 3u) < 38 107 %at 90% CL

Events / 30 MeV

1 -08 -06 -04 -02 0 02 04 06 038

BDT score

25 _l 1 I I L} | L I I 1 | L} I | ] 1 ] 1 I L 1 L 1 I L 1 I 1 I | ] | L 1 L
.  —— Data (tight+x>x_ selection) ATLAS -

[ —— D-ata (tight+x>x_selection) \s=8 TeV. 20.3 bl -

Fit to the SB data ]

- Rl Fituncertainty Sidebands (SB) ]

- Signal (tight+x>x_ selection) -. - Signal region .

1 5 [ Sveereees s -
10 — —

2100
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T — 3u: CMS (W, B-D production)

_ _ R < I fb'1' 13 TeV

* Trigger: three muons or two muons and a track with mass and vertex requirements S fcMS  Bame -
o ¢ Data

- Candidate: three vertexing muon with mj3 , in [1.6,2.00] GeV + requirements on the S rSemEeso o)
invariant mass of any of two muons to remove backgrounds from meson/resonances $ 3

« BDT discriminator is trained with signal and background events from 13 R
data mass sideband ([1.60,1.74] and [1.82,2.00] GeV) O 77515 2
Niio(w) m(3u) [GeV]

e 18 variables:muon quality, displacement, isolation B(r—3u) =
_ 9 Y, P , ( ) Lo(pp—W + X) B(W—1v) AB;:(_V\"} €3 (W)
e 2 categories: endcap and barrel

————— ——— — = —_—— -

103 33.2 fo! 13 TeV x10° 33.2fb" 13 TeV
s > gof Tty € Foms
2 « D — 7(65%), B — 7(25%), B > D — 7 (10%) [~95% Dg] = 3 s
-— ¢ Data =~ irect D
— ] £ @B - D;
S e D¢ — @ — pun as reference channel to reduce £ g ©
= > - . = a s
- uncertainties of the heavy-flavor hadrons production: 0 4
. ‘ 3
T ° from a fit to mass spectrum in data )
~ .« fraction of the D candidates from B meson decay is ;
as I B 0 002 0.04 006 0.08 0.1

1.7 1.8 1.9 2

established by a fit to the proper decay length — m(un) (Gev] " Proper decay length fom]
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7 — 3u: CMS

Maximum likelihood fit performed simultaneously
In 6 categories:

B,D — 7 production

0.08

0.06

0.04

0.02

 Three signal subsamples based on mass resolution

according to muon rapidity (0.4-1.5%)

« BDT discriminator trained using vertex- and muon- quality variables

CMS Preliminary
1 1 1 1 I 1 1 1 | I

] l331 f?-1 1(113 TeIV)
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0.03f
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0.01F

oFo

CMS Prel/m/nafy

Signal (from simulation) discriminated from
background (from data sidebands)

Just 2 categories (richest in signal) used in the final fit

33 fb (13 TeV)

Category A
- —— Signal
— —— Background
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N greco Zutrig
B(D:—)’( l/) AB}J{D] 3u(D) 63;4 D)
Nsig(p) = N '

norm + + I reco  2utri
B(DS 2 ¢t —ptp ) Ayn €uiin eun®

B(t—3u)

Acceptance efficiency corrections

from decay length fit 2utrig

A
Nuio(s) = Noo . B(B— 1+ X) . 3u(B) 3::51 z;;:m B(t
B B(DS ¢t —putu—nt)B(B—=Dy +X) Ay,n €5i% ey};‘gg

3u)

160 CMS Prellmlnary 33 fb (13 TeV)
_']]]]lll llllllll Illl]l IIIIIIIIIIII

140 —_

i Signal (B(t—3u)=10")
120 + + +
100 } i

hin
P,

s Weighted combination of the 6 .

Background-only fit —

S/(S+B)-weighted events/0.01 GeV

DOmlnant SyStemath i Categories -
uncertainty: Dy 200 .
normalisation (10%) N ST T, i SUUUE P T

NoO excess observed in the signal region

Combination of results . R (7 — 3py) < 8.8 108
W-78BD-7 at 90% CL
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T — 3u: prospects

arxiv:1812.07638

ATLAS: extrapolated from Run 1, including

effect for tracker update:

More than 1 order of magnitude
iImprovement

CMS: extrapolated from Run 2 (2016) for

Just one channel, includes expected
amelioration for tracker

and muon system update:

More than 1 order of magnitude

ggg/: C;_ ”3 r/nll?c Exp Comments
3.8 x 107 ATLAS Limit (Run 1)
8.8 x 10-8 CMS Limit (2016)
2.1x108 Belle | Limit
2.3 x10° ATLAS - HF channel expected - 3000/fb
6 x 10-° ATLAS - W channel expected - 3000/fb
3.7 x10° CMS - HF channel expected - 3000/fb
3.3 x 10-10 Belle |l expected - 50/ab

Improvement

Quite exciting prospective
for HL-LHC!
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Conclusions

 Main results presented in this talk were:
o B?S) — "~ branching fractions

« B — K*uu angular analyses
e 7 — 3u decay

* Future prospects were given for the expected sensitivities of HL-LHC (3000/fb)

 However these results use just fractions of the data collected so far by ATLAS
and CMS

More results are in preparation with Run 2...
... Stay tuned!

25



Back up

26



-.GC-)' ET :; oF Zoom on LHC
B % 5 10-4§ T ..... % .............................................................. %4_ y
(s) 'M” s Pl ST X WU
I TR U 1B g
@ 10°E ? T o’ F ! 1
e F 11 51 g
L 406 T ..... | . TSI T
m " E X
* A three decades long quest 5 F I %ﬁ
T LA e e T
* ReSUItS (_Ig § * CLEO A  Belle ﬁ Eﬁ, ITT [
g 10—8? ¥ ARGUS O BaBar [ T ........... T i? ...................................
+  ATLAS: JHEP 04 (2019) 098 S Elvrum meuwe e e
. 26.3 fb~lat4/s = 13 TeV (2015 and 2016) R DO I —_— My % """"""" 1 """"
(g-to|__L OO ATLAS+CMS+LHCb SM:B - ww Y i
« 25 fb_lat\/g =7 and 8 TeV (2011 and 2012) 1T R— 'éolz‘b
ear
* CMS:JHEP 04 (2020) 188 + LHCb: Phys. Rev. Lett. 118, 191801 (old)
. 36 fb'at\/s = 13 TeV (2016) . 1.4 fblaty/s = 13 TeV (2015 and 2016)

. 5(20) fb~lat/s = 7(8) TeV (in 2011(2012))
Recently combined with
the LHCb !!

. 1(2) fb~laty/s = 7(8) TeV (in 2011(2012))

« 3 fb~'Run 1+ 6 fb~! Run 2 (not presented here)
- LHCB-PAPER-2021-007, Archilli's Moriond EW
and Santimaria's | HC seminar (new)



https://link.springer.com/article/10.1007/JHEP04(2019)098
https://link.springer.com/article/10.1007/JHEP04(2020)188
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.191801
http://moriond.in2p3.fr/2021/EW/slides/3_flavour_01_archilli.pdf
https://indico.cern.ch/event/976688/attachments/2213706/3747159/santimaria_LHC_seminar_2021.pdf

By = #HT

The branching fractions of the of the B?S) — uTu~ channels are measured with similar strategy

« BT — J/wK™ is used as reference channel since abundant and with a well measured branching fraction

Nysy N€proimk+ | f,

BB, = uu7) =

Np+sgrd  €asy  Waes)

| ¢ the acceptance
Selection: times efficiency

BB - JIWKNHBI Iy — u u)]

e starting from dimuon triggered data, pairs of well identified opposite charged muons are combined to

form a displaced vertex;
* additional criteria on isolation, kinematics and geometrical requirements
Multivariate discriminators to distinguish signal from background events

Analysis kept blind, i.e. signal mass window is concealed,
while selection optimization and signal extraction procedure are defined

« ATLAS: m,+,- in [5.166,5.526] GeV
« CMS: M+~ in [5.200,5.450] GeV

Events / 40 MeV

ol

20—
151
101

51

I I I 1

] I I

I I I 1 1

* By—pu'u MC

—— Double Gaussian fit

B - u* u MC

Double Gaussian fit e

——————

4800 5000

I I I 1 I I | I I 1 I I

ATLAS Simulation .
\s=13TeV,26.3fb" —

- I | I |
5200

ATLAS: JHEP04(2019)098

5400 5600 5800

Dimuon invariant mass [MeV] 28


https://link.springer.com/article/10.1007/JHEP04(2019)098

B

0
(s)

. RO
:Bg)

misidentified as muons

particles (X) in a b-hadron decay are not reconstructed
e contribution in low dimuon mass region

Continuum background - dominant

: one or more of the final-state

Events / 40 MeV

 (Combinatorial component: muons originated
from uncorrelated hadron decay

+ modeled with bb — u"u~X MC sample, checked
in the signal mass sidebands in data (ATLAS)

 from the mass sideband in data (CMS)

 BDT discriminator to distinguish background form signal

e variables related to: B meson decay, muon quality and

the rest of the event (isolation, number of tracks)

15 ATLAS, 12 CMS

— u" " background composition

— > hh' decays with both hadrons

> il I I L I 3

= o.8F ATLAS Simulation 3

Q - Vs=13TeV, 26.3 b -

s OTE — Total B — h h'

S 06F ' Blinded region 1 .

o - 1 g [ 0—> e —

8 oef < =

ol m . RO KK ]

ATLAS: JHEP04(2019)098 s BRI
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R -Bcdecays :
1 02 Semi-leptonic decays N
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7 BO—>|.,L+|.,L' _
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0

B(S)

— 1" u " normalization channel

\"
T

% 900005_ ATLAS . 2015-?016data _E
0 80000;— \s=13TeV, 15.1 fb — ;?iljlltwrezflt _i
¢« The B™ yield for the normalization channel is extracted with an gggggg — Py e
unbinned extended maximum-likelinood fit to the J/wK™ invariant s ¢ | -~ L
mass distribution 30000 E
20000: —=
10000~ —=
% :
* In CMS split in two subsamples of the 2016 dataset in different = +
regions of pseudorapidity regions based on the most forward 4560651005200 5300500580 [Gﬁl‘\’?i
my, - [Me
muon.
cms __ 20f7(13TeV) cms __ 16fi(13Tev)
- Fitincludes: - A Cows ook A s -
. Bt = J/wK* deca o, 100001 — Total fit 7 S — Total it
l// yS 8 i J! 4 1B = JK* 8 1B = JK*
— Comb. background- — Comb. background’
» Cabibbo suppressed B — J/wrx™ 2 B Ik 2 B gk
> ! B B — Jhyp > B2 BT — Jhp
e Partially reconstructed decays B — J/yK*X £ 000l | | T £ 2000 ’
 Continuum combinatorial background 2 ' 2
@ @




O + CMS-BPH-20-003,
—_— - - - LHCb-CONF-2020-002,

By = uu: effective lifetime

A 2D unbinned maximum likelihood fit to the dimuon invariant mass and the proper decay time is

: : : 0 + - : : : :

implemented for extracting the effective B, — u™ ™ lifetime, including the signal and each background

components, the proper decay time resolution is as a conditional parameter

CMS
0.60 : - :
Tpo_, ,+,- = (1.70727 £ 0.09) ps, which combined with OLD LHCb
STOUTU —0.43
Tro_ e, = (2.04 = 0.44 £ 0.05) ps

_ _ _ _ _ _ s—TH U
CMS 36 fb'(13 TeV) + 20 fb''(8 TeV) + 5 b (7 TeV) CMS 36 b (13 TeV) + 20 fb''(8 TeV) + 5 fb"'(7 TeV)
I Full PDF 160~ L Data

B°—>u+u‘+peaking bkg E + AR ;b‘"_fo _

B — hu'u™ + semileptonic bkg 140 if?fiﬁfi\f?fiﬁii 83 N 3+3_ + peaking bkg

--------- Combinatorial bkg

120— \ 0 e B — hu'un~ + semileptonic bkg

—
-
o

oy = (1.912039) ps

Entries /1 ps
3

Entries / 0.04 GeV
S

NN
o

Recent update from LHCDb :
TR0ty = (2.07 £0.29 £ 0.03) ps

20 el

NN W\ S Archilli's

0 A RO A Y e T LR R R LR N AT R AT o e | -
49 5 51 52 53 54 55 56 57 58 59 1 2 3 4 5 6 7 8 9 10 11 bresentation
Moriond EW

m,.. [GeV] Decay time [ps]
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B(B) — p*u”) B(B" — ptu7)

stat [107'9]  stat + syst [107'°] stat [1071°] stat + syst [10717]
B 0 — +,, pro S pe cts Run 2 7.0 83~30% 142 143
(S) //t //t . HL-LHC: Conservative 3.2 5.5 0.53 0.54
HL-LHC: Intermediate 1.9 47 ~15% 0.30 031 ~30%

HL-LHC: High-yield 1.8 4.6 0.27 0.28

 Prediction for full Run 2 and HL-LHC

ATL-PHYS-PUB-2018-005

— 18— & 06—+ ————1+———— 17—

e |n Phase-2: o ol g?:List Sji_mulation Preliminary __ Runt tatistis E ] 055_ ATLAS Simulation Prokinery E
* CMS and ATLAS upgrade of the B I - B wokig point 60 Fun statstes o o
inner tracker is expected to provide 1 12 17 4 S

a 40-50% improvement on the 5 b T \ 13 f E
mass resolution ool | i -
(reduce B -B; mass correlation) oaf i3 E

0.2F% % - g

0—— 01 | | | 3

* Uncertainty dominated by external 2 3 4 5 &

physics parameters on B S B(B] — " ) [10°]
(dominated by f./f )

L (fb~') | N(Bs) | N(BY) | 6B(Bs — up)  6B(B? — up) | o(B? — up) | 8[t(Bs)](stat-only)
300 205 21 12% 46% 1.4 — 3.50 0.15 ps
3000 2048 215 7% 16% 6.3 — 8.3c 0.05ps  precision of 3%
CMS-FTR-18-013
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By = #THT

Fraction of events / 0.05

ATLAS BDT
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Table 1: Description of the 15 input variables used in a BDT classifier to discriminate between signal and continuum
background. When the BDT classifier is applied to B* — J/y K* and B? — J/y ¢ candidates, the variables related
to the decay products of the B mesons refer only to the muons from the decay of the J/i. Horizontal lines separate
the classifications into groups (a), (b) and (c) respectively, as described in the text. For category (c), additional tracks
are required to have pt >500 MeV.

Variable Description

2 Magnitude of the B candidate transverse momentum pt2.

Xlgv DV xy Compatibility of the separation A_,)r between production (i.e. associated PV) and decay (DV)

’ —
vertices in the transverse projection: BT-ZA_,'I -AxT, where Lo s the covariance matrix.
XT T

ARgight Three-dimensional angular distance between 72 and Ax: vasp? + (An)?

|amp | Absolute value of the angle in the transverse plane between p_T)B and A_))CT.

Lyy Projection of A_))CT along the direction of 7)),? : (K)XT .p1B)/|prB|.

IP3BD Three-dimensional impact parameter of the B candidate to the associated PV.

DOCA,, Distance of closest approach (DOCA) of the two tracks forming the B candidate (three-dimen-
sional).

Aduy Azimuthal angle between the momenta of the two tracks forming the B candidate.

|do|™¥*-sig. Significance of the larger absolute value of the impact parameters to the PV of the tracks
forming the B candidate, in the transverse plane.

|dp|™"-sig. Significance of the smaller absolute value of the impact parameters to the PV of the tracks
forming the B candidate, in the transverse plane.

PI‘f‘i“ The smaller of the projected values of the muon momenta along pt5.

Iy7 Isolation variable defined as ratio of |p7Z| to the sum of |p7Z| and the transverse momenta of
all additional tracks contained within a cone of size AR = \/ (Ag)? + (An)? = 0.7 around the B
direction. Only tracks matched to the same PV as the B candidate are included in the sum.

DOCA sk DOCA of the closest additional track to the decay vertex of the B candidate. Only tracks
matched to the same PV as the B candidate are considered.

N)ftlflfe Number of additional tracks compatible with the decay vertex (DV) of the B candidate with
In( X)%trk, pv) < 1. Only tracks matched to the same PV as the B candidate are considered.

)(ixpv Minimum y? for the compatibility of a muon in the B candidate with any PV reconstructed in

the event.




ATLAS efficiency systematics

By, = uu”

BB —u' i) = X [BBT - Iy KX BUN — uu)] 2 2
HH ) ) . J/pK*  Jd(s) Table 2: Summary of the uncertainties in R.
_ Nd(s)B(B 2 W K)XBUY = p 1) 5 Ju , Source Contribution [%]
Diret Ja(s) Statistical 0.8
.o Kinematic reweighting (DDW) 0.8
Dret = Nyjyr+ X (/€3 jyx+); Muon trigger and reconstruction 1.0
BDT input variables 3.2
Kaon tracking efficiency 1.5
Pile-up reweighting 0.6

Ratio between the efficiency of the reference channel and the signal
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Isp/o(lzp): The flight length significance of the B candidate (the distance between
the secondary and primary vertex, divided by its uncertainty);

d3p/0(é3p): The significance of the 3D impact parameter of the B candidate with
respect to the selected primary vertex;

a3p: The pointing angle of the B candidate;

d’,: The minimum distance of closest approach to the B candidate vertex of a track

(not belonging to the B candidate) in the event;
x?/ndf: The vertex fit x? of the dimuon vertex;
Nglose: The number of tracks in the vicinity of the B decay vertex;

Isolation variables:

o I =p, . /(p1, + LucPL): The isolation of the B candidate while p;, >0.9 GeV,

AR < 0.7 and d°, < 0.05 cm.

e [y=p,,/(pL, +Luk PL): Theisolation of the muon candidate while p, >0.5GeV,

AR < 0.5and d°, < 0.1 cm.



CMS BDT

0
B(S)

— pu

BT

BT

Category N(Bg) N(BO) Ncomb Nobs /100 <pT (Bg» [GeV] 8tot/g’cot
2011/ central 3.6 708 047157 23+10 750430 16.4 3.9+ 0.5
2011/forward 20103 027153 07+05 220+10 14.9 7.5+0.8
2012/ central /low 37198 04719% 299429 790+ 30 16.1 3.8+ 0.5
2012/central/high 9323 10117 76+18 2360+ 100 17.3 3.2+ 04
2012/forward/low 1.7 127 027193 299+29 190+ 10 14.3 7.3+ 1.0
2012/forward /high 4.7 714 05709 83+17 66030 15.5 59+ 0.8
2016A/central/low 22702 027197 103417 580420 17.5 3.1+ 0.4
2016A /central/high 40139 0405 34+12 1290+60 19.3 2.5+ 0.3
2016A /forward/low 3.7 709 0407 435435 780430 15.8 3.9+0.5
2016A /forward/high 8179 08117 159+24 1920+80 17.5 34+04
2016B/central/low 41759 04198 344432 1020440 17.2 3.3+ 0.4
2016B/central/high 3.6 703 04187 22+10 1320450 20.8 2.240.2
2016B/forward/low 6.1 0.6 1y 33.4+31 1260+50 16.2 3.9+ 04
2016B/forward/high 3.9 ;9 04795 4.0+13 1180+50 19.5 2.7+0.3
2011 2012 2016A 2016B
Central Forward Central Forward Central Forward Central Forward
Low — — 0.27 0.23 0.19 0.19 0.18 0.23
High  0.28 0.21 0.35 0.32 0.30 0.30 0.31 0.38

Table 4: Analysis BDT discriminator minimum requirements per channel and running period
for the 1D and 2D effective lifetime fits.

2011
Forward Central

Central

2012

Forward Central

2016A

2016B

Forward Central Forward

0.22

0.19

0.32

0.32

0.22

0.30

0.22
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CMS Systematics

By, = uu”

Table 2: Summary of systematic uncertainty sources described in the text. The uncertainties
quoted for the branching fraction B(BY — u*u~) are relative uncertainties, while the uncer-

tainties for the effective lifetime 7+, are absolute and are given for both the 2D UML and

sPlot analysis methods. The relative uncertainties in the upper limit on B(B? — u*u~) differ
for the background yields and parametrization, but have negligible impact on that result. The
bottom rows provide the total systematic uncertainty and the total uncertainty in the branch-
ing fraction and the effective lifetime measurements. Contributions that are included in other
items are indicated by (*). Non-applicable sources are marked with dashes.

Source B(BY — utu~) [%] T+, [Ps]
2D UML sPlot
Kaon tracking 2.3-4 — —
Normalization yield 4 — —
Background yields 1 0.03 (*)
Production process 3 — =
Muon identification 3 — —
Trigger 3 — —
Efficiency (data/MC simulation) 5-10 _ (*)
Efficiency (functional form) — 0.01 0.04
Efficiency lifetime dependence 1-3 (*) (*)
Running period dependence 5-6 0.07 0.07
BDT discriminator threshold — 0.02 0.02
Silicon tracker alignment — 0.02 —
Finite size of MC sample — 0.03 —
Background parametrization/Fit bias 2.3 _ 0.09
C correction - 0.01 0.01
Absolute total systematic uncertainty 0.3 x 10~ 0.09 0.12
Absolute total uncertainty 0.7 x 10~ e 032
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CMS: Phase-2

By = #THT

Table 1: Input sources of systematic uncertainties and the propagated uncertainties on the B —
uu~ branching fractions, B(BY — uu~) and 6B(B" — utu~).

Source Input uncertainties §B(BY — u"u~) OB(B' = utu)
Muon ID efficiency ratio 1% 1% 1%
B™ normalization yield 1.4% 1.4% 1.4%
fu /fb ratio 3.5% 3.5% -
Effective lifetime 2% 2% -
Trigger efficiency 1.5% 1.5% 1.5%
Other sources 3% 3% 3%
Peaking background yield 10% 0.5% 5 79,
Semileptonic background yield 7.5% ' '

38



B(BY — ) B(B" — ptu7)
stat [107'9]  stat + syst [1071°]  stat [1071°]  stat + syst [10717]

ATL-PHYS-PUB-2018-005

O + Run 2 7.0 8.3 1.42 1.43
Bp,, — u"u": prospects (i S
HL-LHC: High-yield 1.8 4.6 0.27 0.28
* Prediction by ALTAS: 5 O arlis smmon iy ] g 08
» Extrapolation from Run 1 S B il B S
results to Run-2(130fb 1) and HL-LHC % |, S BN —smoy
* Analysis sensitivities are shown LI S O E
with BR contour plots T os S -
+ Different scenarios for HL-LHC, iy -
depending on trigger 02 %\l ok -
[15x, 60x,75xRun 1] R 23 4 5 6

B(B, — p* 1) [107]

Phase-2: CMS and ATLAS Phase-2 inner tracker is expected to provide
a 40-50% improvement on the mass resolution
Uncertainty dominated by external physics on Bsdominated by fs/fs

. . _ L (fb~1) | N(Bs;)  N(BY) | 6B(Bs — uu) | 6B(B" — uu) | (B — uu) | 8[t(Bs)](stat-only)
Prediction by CMS: 300 205 |21 | 12% " 46% 14—350 | 0.15ps
3000 2048 | 215 | 7% 16% 63 —83c | 0.05ps
e Run 2 results are in preparation from both

ATLAS and CMS - stay tuned!
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oK —
B™ — K 7(892)u™u R
20 fb~'at4/s = 8 TeV (2012)

. pp collisions from 2012 corresponding to 20 fb~!at \/E = 3 TeV:

* dimuon trigger with requirements on displaced vertex and transverse momentum collinear with decay
flight

. K™t is reconstructed through K(S)il'+, where K(s) is reconstructed as 77z~ with a common vertex and
| My — My | < 17.3MeV (3, ) [vetoed mass window compatible with A — pz~ decay]

S
< 100 MeV , and I 1+ € [4.76,5.8] GeV
. selection on the dimuon invariant mass (¢°) to suppress Bt — K tJ/yrand Bt — K ty(25)
(<7-10°/o)
. Four independent kinematic variables: square of the dimuon invariant mass (¢%) and angles (O, O, )

* Two angular distributions are used to measure two decay observables, the muon forward-backward
asymmetry, Arg, and the K™ longitudinal polarization fraction,F , in bins of qz.

* dimuon trigger with requirements on displaced vertex and transverse momentum collinear with decay
length pr, > 3.5GeV, |n,| <2.2, y* > 0.1,pr,, > 6.9GeV,m, e[1,4.8] GeV

o ‘ ngﬂ+ — My
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Bt - K™(892)u*u~

. pp collisions from 2012 corresponding to 20 fb~!at \/E = 3 TeV:

JHEPO04(2021)124
CMS-PAS-BPH-15-009

* dimuon trigger with requirements on displaced vertex and transverse momentum collinear with decay

flight

. K™ is reconstructed through Kozt, where K is reconstructed as ztz~ with a common vertex and

| My — Myo | < 17.3MeV (3,

0
Ks

o ‘ ngﬂ+ — My

< 100 MeV , and IO 1ty +€ [4.76,5.8] GeV

) [vetoed event with mass compatible with A — prz~ decay]

. selection on the dimuon invariant mass (¢°) to suppress Bt — K tJ/yrand Bt — K ty(25)

. Main background K™ u™ ™ : data-driven in mass sidebands

* Decay described by four independent kinematic variables:

« square of the dimuon invariant mass (qz)
and angles (O, 0., @)
* Aim is to measure two decay observables:
the muon forward-backward asymmetry, App,
and the K™ longitudinal polarization fraction,

F; , in bins of g~

0
I(Sﬂ' rest frame

[ s rest frame )
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Bt - K'"(892)u* ™ : angular analysis

S-wave fraction

* The differential decay rate is:

1 d3T

. In each bin of g*, App and F; are

extracted with unbinned maximum _
likelihood fits, parametrized in terms of m, cos O, cos 0,

 I'.and A fixe at zero in the nominal fit, since negligible

* Yields are obtained from fit in data
* data-driven background from mass sidebands

» Efficiency are obtained fitting simulations first
separately on each angular variable and then
considering the correlation terms

 Data / simulation agreement are checked

in B

- K

J/y enriched control region

+

+

= N =~

T3

13 2
- = — - 2A 1— ,
I'dcos O dcosf,dg?> 16 {3 ‘ 2 ] 91(] (1—cos”6,)

1—F;) [ZFL cos” O (1 — cos”6,)

(1—-F) (1 — cos® GK) (1+ cos®6))

App (1 — cos? GK) COS 96] } :

Efficiency [%]

Efficiency [%)]

0.02

0.01

0.03

0.02

0.01

CMS Simulation 8 Tev
[ 1418<g?<19GeV? | MC |
I — Fit i
SN ]

cos O,
RS Shdston S Tey
[ 1418<q2<19GeV2 | MC
: — Fit
1I - .—01.5 llllllll O.ISI — 1

cos 0,

Candidates / 0.04 GeV

Candidates / 0.125

Candidates / 0.125

40

30

20

10

40

30

30

20

JHEPO04(2021)124

CMS-PAS-BPH-15-009

CMS 20.0 fb' (8 TeV)
--------------------- .
~14.18 < 2 <19 GeV? Data 7
i — Total fit
‘_ — Signal ]
[ ) ----- Background ]
| ] * C ) : 4 i
¢ PRI AL L i D Nt e
4.8 5 52 54 5.6 5.8
m(K gerut”) [GeV]
CMS 20.0 fb™' (8 TeV)
.....................
[ 14.18 < g2 < 19 GeV? Data ]
I — Total fit
- — Signal E
- e Background ]

[ 14.18 < ¢2 <19 GeV? Data

- — Total fit
I — Signal )
. Background 1
RANY | BE:
1 L]
T T B .
0 0.5 1

COS 91 49


https://arxiv.org/pdf/2010.13968.pdf
https://dx.doi.org/10.1007/JHEP04(2021)124

PLB 753 (2016) 424
CMS-BPH-15-008

Phys. Rev. D 98, 112011

BO N K*O(892)ﬂ+ﬂ— and B+ N K+//t+,lxt_ CMS-BPH-15-001

* Results in agreement with the SM:

. pp collisions from 2012 corresponding to 20 fb~!at \/E = 3 TeV:

* dimuon trigger with requirements on displaced vertex and transverse momentum collinear with decay
flight

. K™ is reconstructed as K™z~ (| Mg+~ — Mo
mass compatible with ¢(1020) - KTK™ decay]

. selection on the dimuon invariant mass (g°) to suppress B’ = K™ J/yrand B - K™y (2S) (10%
contamination)

e |my. - — My« |is minimized to avoid Br B candiate mis-assingment (12-14%)

. Background K*u*u™ :

* Negligible contributions from misID muons from hadronic and semileptonic b-dacays

. Few events from Az — J/wX (not peaking-same as combinatorial) and B¢ — KV~ <1ev.

* data-driven in mass sidebands

< 90MeV) with a common vertex [vetoed event with

43


https://arxiv.org/pdf/2010.13968.pdf
https://www.sciencedirect.com/science/article/pii/S0370269318303149
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.112011

PLB 753 (2016) 424
CMS-BPH-15-008 Phys. Rev. D 98, 112011

CMS-BPH-15-001

BY - K™(892)u*u~and BT — K*utyu~: distribution

1 dr, 3 i I
. K+//t+//t_ : T = 4(l — Fy)(1 —cos°0;) + 5 Fyy + Apg cos 0.
gl uvy <
e NP contribution could lie in forward backward
asimmetry
e Pseudo-scalar/scalar/tensor contribution FH
e 23000 events across different bins
k,,+,,— . 1 d*T 9 (2
o« K¥u"p: dF/dqqudeOSGedCOSGKd€0_8_71{5[(PS+ASCOSQK) (1= cos"60)

» Folding in ¢ and 6, to simplify the fit
e 1400 events across different bins

+ A2 /1 — cos? fx+/1 — cos? §; cos @

+(1 - F) [ 2 F cos” Ok (1 — cos® 6;)

+ % (1—-F) (1 — cos*6k) (1 + cos® ;)
+ % Pi (1 — F)(1 — cos?6k)(1 — cos? ;) cos 2¢

+ 2P COSGK\/FL (1 —FL)\/l — cos2 O /1 —COSZGgCOS(p]}

44


https://arxiv.org/pdf/2010.13968.pdf
https://www.sciencedirect.com/science/article/pii/S0370269318303149
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.112011

I d'T 3(1-FL) 1-F;
= O + F Ox +
dI'/dg? d cos 81.d cos O d¢pdg? 3271 4 sin® Ok + F, cos” O

sin’ Ok cos20;

—Fy cos? g cos20; + Sy sin® Ok sin? 87 cos 2¢

>I< +S4 sin 20k sin 207, cos ¢ + S5 sin 20k sin 07, cos ¢ JHEP 10 (201 8_) 047
B O E I <: O 8 9 2 + _ +S¢ sin” Og cos O, + S7 sin 20k sin Oy, sin ¢ ATLAS-BPHY-2013-02
ﬂ ﬂ +Sg sin 20k sin 26 sin ¢ + Sg sin’ Ok sin’ 01 sin2¢
B e S A s sy sk e oSS R e B
* ATLAS analysis at 8 TeV R Sl S S N SO o
« Angular fit for several observables e Tove Soeoyomwv I F F o et
] ] ] . ] 2F - Belle theory JC - . — Belle -
« Folding in ¢ and 8, for simplification 13 E :
. Extended ML fit in 3 g* bins o H:
0.4%; S oy :
| Vs=8Tev,203fb"§ & 2-ATLAS = {5=8TeV,203fb "~ 0.2} = i + E
~4- ATLAS = 1.5 ~4- ATLAS = 0 N BT S S S ST R
—4- LHCb - - ~#- LHCb - 2
— CMS = 1 — Belle = o? [GeV?] o° [GeV”]
theory DHMV - - theory DHMV - . .
heory IC 3 O-SEFiL_ { e * All measurements are within 3o range covered by
= OF 3 C e
1 ER — : predictions
E R “+= E e 2.7 aodeviations for P'4, P’5in q2€[4,6] GeV?
E R E « Consistent with what reported by LHCb
T —2F | | 1 1 | o
8 10 0 6 8 10
q2 [Gev2] q2 [Ge Q- 3E —+CMS &lo 1.5 - —CMS
- —+-LHCb - —+ LHCb
. . oF g"M"ﬂE?,"‘Yt 7% i+ ATLAS
 CMS performed similar analysis at 8 TeV g : N2 S SM-DHMV

and fitted for P, and P’s
e precision comparable with other results
» consistent with predictions based

on the standard model. Phys. Lett. B 781 (2018) 517
CMS-BPH-15-008

SM-HEPfit
‘ X

—

_ i, X \'bb'y S ~>, %ém\% _0'5 ;
DT { !| | \\\\\¥\f\\\ -1 :

T T | _15;1111111111111111 a1y RTINS S N A
68101214161820 "0 2 4 6 8 10 12 14 16 18 20

92 (GeV?) g% (GeV?) 45
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BY - K™(892)u*tu~and B*

« K'utu™:

Systematic uncertainty Apg (x1072)  Fy(x1072)
Finite size of MC samples 0.4-1.8 0.9-5.0
Efficiency description 0.1-1.5 0.1-7.8
Simulation mismodeling 0.1-2.8 0.1-1.4
Background parametrization model 0.1-1.0 0.1-5.1
Angular resolution 0.1-1.7 0.1-3.3
Dimuon mass resolution 0.1-1.0 0.1-1.5
Fitting procedure 0.1-3.2 0.4-25
Background distribution 0.1-7.2 0.1-29
Total systematic uncertainty 1.6-7.5 4.4-39

 K¥utu™:

» Folding in ¢ and 6, to simplify the fit

e 1400 events across different bins

P!(x1073)

Source P;(x1073)
Simulation mismodeling 1-33
Fit bias 5-78
Finite size of simulated samples 29-73
Efficiency 17-100
K7 mistagging 8-110
Background distribution 12-70
Mass distribution 12
Feed-through background 4-12
F ., Fs, As uncertainty propagation 0-210
Angular resolution 2-68
Total 100-230

10-23
10-120
31-110

CMS 20.5 b (8 TeV)
0.4 4 Data
0.2
— | ["=
0.2 -
04
i | 1 | | 1 l | 1 1 2 1 1 | 1 1 l 1 1 | 1 l |
0 5 10 15 20
q* (GeV?)
= —--CMS
E — = LHCb
25— -+ ATLAS
- Y SM-DHMV
2F 7771 SM-HEPfit
1.5F
1E
0.5F
05F G TS ST
05 E— L B NN \T\\\\
A 1
_15311 d oty et pas b taele sl oyl
0 2 4 6 8 10 12 14 16 18 20
q° (GeV?)

PLB 753 (2016) 424

CMS-BPH-15-008

Phys. Rev. D 98, 112011

CMS-BPH-15-001

— K™u™u": distribution

| s CMS 20.5 b (8 TeV)
i 4 Data
- +
. - DHMYV
1 W
: ——
05
i L L 1 L l 1 L 1 L L 1 L L 1 l L 1 L L l L
0 5 10 15 20
g% (GeV?)
ae 1.5 ' o CMS
- — = LHCb
1 —x- Belle
& 4+ ATLAS
05 N Y SM-DHMV
B 777} SM-HEPfit
0—_
- ) #
0.5 | } &p}
' ,_-+[._ R
1
_15:“.1...1. Loy ol N MRS APETEE BT A
0 2 4 6 8 10 12 14 16 18 20

Consistent with SM prediction

q° (GeV*
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BY - K™(892)utu~ CMS

 K¥pTu™

. Folding in ¢ and 8, to simplify the fit .
* 1400 events across different bins

Source

Simulation mismodeling

Fit bias

Finite size of simulated samples
Efficiency

K7 mistagging

Background distribution

Mass distribution
Feed-through background

F, Fs, As uncertainty propagation
Angular resolution

Total

P, ( X10—3)

1-33
5-78
29-73
17-100
8-110
12-70
12
4-12
0-210
2-68
100-230

P!(x1073)

10-23
10-120
31-110
5-65
6-66
10-51
19
3-24
0-210
0.1-12
70-250

PLB 753 (2016) 424

CMS-BPH-15-008

Phys. Rev. D 98, 112011

CMS-BPH-15-001

-+-CMS

— = LHCb

—- Belle

4 ATLAS
SM-DHMV
SM-HEPfit

lll

¥

lllll Ll
10 12 14 1

Qr 3 --CMS Qv 1'5:
= —+ LHCb -
= -+ ATLAS 11—
- Yy SM-DHMV :\%
2 7771 SM-HEPfit R
15 ;_ 0.5 '_;{:?
i3 o
0.51 -
0 -0.5
1 -
-0.5F — —l—y -
= ANGNRN \f\\\\ _1__
-1 -
_1_5: W I pas b taele sl oyl R ST B B B
0 4 6 10 12 14 16 18 20 0 2 4 6 8
q° (GeV?)
7% (GeV?)  Signal yield P Ps Correlations
1.00-2.00 80+12  +0.121955+0.10  +0.10 T35 £0.07 —0.0526
2.00-4.30  145+16  —0.69 T935+023  —0.57 1037 +0.18 —0.0452
430-6.00  119+14 40531953 +£0.19  —0.96 157 +0.25 +0.4715
6.00-8.68  247+21  —047 7574+ 015  —0.64 733 +0.13 +0.0761
10.09-12.86  354+23  —053 190 +£0.15  —0.69 T11 +0.13 +0.6077
14.18-16.00 213+17  —033192:+020  —0.66 7950 +0.18 +0.4188
16.00-19.00 2394+19  —-0534+0.194+0.16 —-056+0.124+0.07  +0.4621

Consistent with SM prediction

T B RN A
6 18 20
q° (GeV?)
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BY - K™(892)u*u~: ATLAS

. pp collisions from 2012 corresponding to 20.3 fb~!at \/E = 8 TeV:
 single, di- and tri-muon trigger
« Displacement, PV-pointing and vertex )(2
. K™ is reconstructed as K*7 ™ ( | Mg - — Migeeo
[vetoed event with mass compatible with ¢»(1020) — K*K™ decay]
. selection on g to suppress B” - K™J/yrand B’ — K™ %(2S) :
e used as control sample to extract values for nuisance parameters
describing the signal probability density function from data (Mg, resolution)

is minimized to avoid B or B" candiate mis-assingment (10%)
. Background K*u*u~:

* ‘ MK+ - — M=o

< 50MeV)

JHEP 10 (2018) 047
ATLAS-BPHY-2013-02

50000 . I
. ATLAS
/s =8 TeV, 20.3 fb™

40000

Events / 40 MeV

30000
20000

10000

“eo
e

I ' I
¢ Data

— Total Fit Model

----- Signal
----- Combinatorial
Ay —=Jp A
e BY = Jp K
e By = Jp K*

« Combinatorial background is suppressed by requiring a B candidate lifetime significance 1/0> 12.5

. Radiative J/wK* — J/yyK* contribution at high g (>6 GeV)
. Partially reconstructed B — 11 ~X suppressed excluding low tail:
* residual contribution accounted as systematic

 Moreover, accounted in the systematic evaluation:

. 2 background peaking at cos(6,) = 1: mis-reconstructed B* — K*u*u~ and B* — 7n7u*u~, Fake K* from 2

charged tracks

. peaking at cos(6,) = 0.7 partially reconstructed B — D decays
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BY - K™(892)u*u~: ATLAS systematics

Table 3: The values of P, P,, P, P, and Pg parameters obtained for different bins in g*. The uncertainties indicated are statistical and systematic, respectively.

q* [GeV?]

P,

Py

Ps

P

Py

[0.04, 2.0]
[2.0,4.0]
[4.0,6.0

—0.05 £ 0.30 + 0.08
—-0.78 £0.51 £ 0.34
0.14 +£0.43 £ 0.26

0.31 £ 0.40 +£ 0.20
—-0.76 £ 0.31 £ 0.21
0.64 £0.33 +0.18

0.67 £0.26 +0.16
-0.33 +£0.31 £0.13
0.26 +0.35+0.18

-0.18 £+ 0.21 £ 0.04
0.31 £0.28 +0.19
0.06 £ 0.27 £ 0.13

-0.29+0.48 +£0.18
1.07 £0.41 +£0.39
—-0.24 + 0.42 + 0.09

JHEP 10 (2018) 047

[0.04, 4.0]
[1.1,6.0]

[0.04, 6.0

-0.22 +£0.26 £ 0.16
—-0.17 £0.31 £0.13
—-0.15+£0.23 +£0.10

-0.30 £ 0.24 £ 0.17
0.05+0.22+0.14
0.05+0.20+0.14

0.32+0.21 +£0.11
0.01 £0.21 +£0.08
0.27 £0.19 +£0.06

0.01 £0.17 +£0.10
0.03+0.17+£0.12
0.03+0.15+0.10

0.38+0.33+0.24
0.23 +0.28 +0.20
0.14 +0.27 £0.17

Table 2: The values of Fr, and Sz, S4, S5, S7 and Sg parameters obtained for different bins in q2. The uncertainties indicated are statistical and systematic,

respectively.

q* [GeV?] Fr S3 S4 Ss S7 S8

[0.04,2.0] | 0.44 £0.08 £0.07 -0.02 +0.09 +0.02 0.15+0.20+0.10 0.33+0.13+0.08 -0.09+0.10+£0.02 -0.14+0.24 +0.09
[2.0,4.0] | 0.64+0.11 £0.05 -0.15+0.10+£0.07 -0.37+0.15+0.10 -0.16+0.15+0.06 0.15+0.14 £ 0.09 0.52 +0.20 £ 0.19
[4.0,6.0] | 0.42+0.13 +£0.12 0.00 +£0.12 £ 0.07 0.32+0.16 £ 0.09 0.13 +£0.18 £ 0.09 0.03+0.13+0.07 -0.12+0.21 £0.05

[0.04,4.0] | 0.52+0.07+0.06 -0.05+0.06+0.04 -0.15+0.12+0.09 0.16 £ 0.10 £ 0.05 0.01 +£0.08 £ 0.05 0.19+0.16 £ 0.12
[1.1,6.0] | 0.56 £0.07 £0.06 -0.04 +0.07 +0.03 0.03 £0.11 £ 0.07 0.00 £ 0.10 £ 0.04 0.02+0.08+0.06 0.11 £0.14 £0.10

[0.04,6.0] | 0.50+£0.06 +0.04 -0.04 +0.06 +0.03 0.03 £0.10 + 0.07 0.14 £ 0.09 £ 0.03 0.02 +£0.07 £ 0.05 0.07+£0.13 £ 0.09

ATLAS-BPHY-2013-02
Source F, S Sa S« S5 Ss
Combinatoric K (fake K7) background | 003 003 005 004 006 0,16
D and B' veto _ 0.11 0.04 005 004 001 006
Background pdl shape 0.04 004 003 003 003 0.0
Acceptance function 001 001 007 00] 0.0] 0.0]
Partially reconstructed decay background | 0.03 005 002 003 005 006
Alignment and B held calibration 002 004 005 004 004 00M
Fit bias 0.01 001 002 003 001 005
DatayMC ditlerences for py 0.02 002 0.0] 0.01 0.01 0.01
S -wave 001 001 00} 0.0] 0.0] 0.03
Nuisance parameters 001 001 00] 0,01 0.0] 0.01
Ay B and B, background 0.01 001 0.0] 0.0] 0.0] 0.01]
Misreconstructed signal 001 001 001 o001 o001 00]
Dilution - - - < 0,0] - < 0.0]
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JHEPO1(2021)163

T — 3u: CMS (W production)

* Trigger: three muons or two muons and a track with mass and vertex requirements

« (Candidate: three vertexing muon with my, in [1.6,2.00] GeV

* requirements on the invariant mass of any of two muons to remove background from
meson/resonances

e Combination of results from W — 7z and B, D — 7 production

 BDT discriminator is trained with signal and background events
from data ([1.60,1.74] and [1.82,2.00]) with 18 variables regarding muon quality,
displacement, isolation

33.2fb"' 13 TeV 33.2fh" 13 TeV

> T T T l T T T T ] T ] ] > 14 T L] L ' T T L J T I T
_ . g J- CMS Barrel . § . CMS Endcap :
* 2 categories: endcap and barrel o | § Data ] o § Data L
o - Signal (B(x — 3u) = 107) Y [ e Signal (B(x — 3u) =10") ]
; 4:_ -~ Background-only fit - ; 10 ~ Background-only fit B
I 3 1 2 ° :
B(T—3u) = Nsig(w) P 5 6 :
— - ¢
Lo(pp =W + X) B(W = 1v) A3 (w) €35 (w) ] 4 .
! 1 q 21t ¢ " 9 o“ * ’ 0J -
R N S— - Oll.l.u.i.lll‘,nll.x,
1.7 1.8 1.9 2 1.7 1.8 1.9 2
m(3u) [GeV m(3u) [GeV] 50
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T — 3u: CMS (B-D production)

* Trigger: three muons or two muons and a track with mass and vertex requirements

 Candidate: three vertexing muon with 1, p in [1.6,2.00] GeV

requirements on the invariant mass of any of two muons to remove

background from meson/resonances

from B. D — 7 production

D — 7(65%), B > 725%), B > D — 7(10%) [~95% from D]

D¢ — ¢ — pur used as normalization channel to reduce
uncertainties in the production of heavy-flavor hadrons

Events / 50 um

* selected similarly to signal for trigger and kinematic

« fraction of the D candidate from B meson decay is
established by a fit to the proper decay length

©C a4 N W & O OO N 0 ©

JHEPO1(2021)163

33.2fb"' 13 TeV
——————r—

- Background

Events /10 MeV

P R
01.7 1.8

x10°
—r———r—
CMS

33.2th" 13 TeV

———t ,
¢ Data
[]Direct D
@B - D;

0 0.02 0.04 0.06 0.08 0.1
Proper decay length [cm]

1.9 2
m(uur) [GeV]
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T — 3u:CMS syst

Uncertainty (%)

Source Barrel Endcap

Signal efficiency 7.9 32

Limited size of simulated samples 4.3 6.2

Integrated luminosity 2.5 2.5

pp — W cross section 2.9 2.9

B(W —uv) 0.2 0.2

B(W —Ttv) 0.2 0.2

Total 9.8 33
Source of uncertainty Uncertainty (%) Yield (%)
D, normalization 10 10
B(DS —1t'v) 4 3
B(Df —¢n™—u"u m) 8 8
B(B—D; + X) 16 5
B(B—1+ X) 11 3
B/D ratio f 11 3
Number of events from L1 trimuon trigger 12 3
Acceptance ratio Az, /A, 1 1
Muon reconstruction efficiency 1 1
BDT requirement efficiency 5 5
Total 16

JHEPO01(2021)163
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7 — 3u:ATLAS

1)Loose selection: displacement of the

vertex,

Table 2 The event count for the different steps of the analysis in the
sideband and signal regions. The signal sample used to evaluate the

As X €5 has 2 x 10° events

Phase Data SB
loose 2248
loose+x>x 736
tight 42
tight+x > xq 28
tight+x>x; 0

Data SR Signal MC SR5 The European
[out of 2 x 107} Physical Journal C,
580 12672 76, 232 (2016)
203 12557
5503
5501
0 4616

3 muon kinematics, track isolation and

missing energy

The L., significance, S(L,,)=L,, /oy, ., must satisfy
—10<S(Lsy)<50, where o7 __ 1s the uncertainty in the
Lyy.

The aO significance, S(a?‘)za?‘/o 0, must satisfy

S(a?,)<25, where o a0 1s the uncertamty ina? .

The three-muon track-ht probability product, ’Pub = p1 X
p> X p3 (where p; 1s the track fit p-value of track i), must
satisfy Py = 1077,

The three-muon transverse momentum must satisfy pT‘ >
10 GeV.

The missing transver§e energies, E-'}“Lj‘] and E}“'l‘ri, must
both satisfy 10 < ET™ < 250 GeV.

The transverse masses, m‘f" and m‘]fk, must both satisfy

mt > 20 GeV.

The three-muon track isolation is obtained from the sum
of the pt of all tracks with p.‘I!k > 500 MeV 1n a cone
of AR + 0.20 (and AR.", + 0.30) around the three-
muon momentum while excludlng its constltuent tracks;
it must satlsfy Eka(ARm‘n + 0.20)/ pT < 0.3 (and

uk (AR, + 0.30)/ pp”

ARm‘u, between any pair of the three-muon tracks 1s on
average 0.07 for the signal.

< 1). The largest separation,

e

AN ¢

10.
11.
12.
13.
14.

15.
16.

 2)BDT is trained

The calorimeter-based transverse mass, mfral.
The track-based missing transverse momentum, E%“[Sri

The isolation variable, p (A Rply + 0.20)/ p3"

The transverse component of the vector sum of the three-
muon and leading jet momenta, 2.

The track-based transverse mass, m't~.

The difference between the E%“Csjl and E‘Tm;f( directions,
cal |
A(btrk :

. The calorimeter-based missing transverse momentum,

miss
E T,cal*

. The track-based missing transverse momentum balance

Il / EmlSS 1.

T,trk
The difference between the three-muon and ErT“‘CS:l direc-
tions, Aqbcal
Three-muon vertex fit probability, p-value.
The three-muon vertex fit a0 significance, S (a_(,c)y).
The track fit probability product Prrks-
The three-muon transverse momentum, pT :
The number of tracks associated with the PV (after refit-
ting the PV while excluding the three-muon tracks), N&Y :
The three-muon vertex fit Ly significance, S(Lyy).
The calonmeter-based missing transverse momentum
balance, pT o E%“(f‘gl

3)Tight selection: tighter
requirements and minimal
BDT score

Additional tight cuts are applied after the BDT training and
the application of the x>x( cut on the BDT score. The fol-
lowing requirements are tightened or added:

e A number of the loose requirements are tightened, namely
Puks > 8 x 1072, m$! > 45 GeV, m' ¥ > 45 GeV and
1 <S(Lxy)<50.

e Three-muon vertex fit probability must have p — value >
0.2.

e The angle between the X and ’Tm(f:l ( -‘r“‘tsri) directions is
required to be Aqﬁ‘iﬁi ~ 2 (A¢§l; >~ 2).

e The same-charge two-muon mass, mss, and opposite-
charge two-muon mass, mos] or mos2, satisfy mss >
300MeV, mos1 > 300 MeV and mosy > 300 MeV, where
mos1 (mos2) 1s the mass of the two opposite-charge muon
pairs with the highest (second highest) summed scalar pt
among the three muons.

e Theeventis rejected if [mos — my| < SO0 MeV or |mos —
mg| < S0 MeV if either of the p;", the EXIS or the ERiss
is lower than 35 GeV.

e The event is rejected if [mos — my| < 50 MeV if [m3, —
mp_ | < 100 MeV.
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T — 3u: prospects

ATLAS: extrapolated from Run 1, including
effect for tracker update

CMS: extrapolated from Run 2 (2016),
iIncludes expected amelioration for tracker
and muon system update

arxiv:1812.07638

Category 1 Category 2

, Number of background events 2.4 x10° 2.6 x10°
Scenario W-channel g HF-channel g Number of signal events 4580 3640
| 90% CL UL [10 "] 90% CL UL [10 7] Trimuon mass resolution 18 MeV 31 MeV
ATLAS ngh‘ 5.4 1 B(T — 3u) limit per event category 4.3 X 1077 7.0 x1077
AILAS Medium 6.2 2.3 B( — 341) 90% C.L. limit 3.7%x 107
; ATLAS Low 13.5 6.4 B(T — 3p) for 3-0 evidence 6.7 x 1077
B(T — 3p) for 5-0 observation 1.1x 107"
BR(7 — 3u) Ref. Comments
(90% CL limit)
3.8 x 107" ATLAS [429] Actual limit (Run 1)
4.6 x 1075 LHCb [428] Actual limit (Run 1)
3.3x 107" BaBar [417] Actual limit
2.1 x 107° Belle [423] Actual limit
3.7x 107" CMS HF-channel at HL-LHC ~ Expected limit (3000 fb™ )
6 x 1077 ATLAS W-channel at HL-LHC  Expected limit (3000 fb™ ") : - :
_ _ uite exciting prospective
2.3 x 107" ATLAS HF-channel at HL-LHC ~ Expected limit (3000 fb™ ") Q gp ,p
o(107%) LHCb at HL-LHC Expected limit (300 fb™ ") for HL-LHC!
3.3x 10" Belle-11 [196] Expected limit (50 ab™ ')
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