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About myself CNFN

e PhD in physics in Padova
o Development of High Level Trigger algorithm for the CMS experiment for events with muons in
the final state (2002)
e Currently Staff Researcher at INFN Padova, Italy

o  Gruppo 1 coordinator for Padova (physics at accelerator)

e Member of CMS 1999-now (phasing out, currently 10%)
Muon reconstruction responsible

EWK conveener

Workload management

Computing technical coordinator

B-physics: Rare decay and angular analysis coordinator

e Member of Bellell 2015- now

o Data processing manager
o TDCPV working group conveener
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B-physics at CMS

significant contribution to beauty and heavy flavour physics
o in some field able to compete with a dedicated experiment as LHCb

e Key elements:
o Large production x-section at LHC
o Excellent tracking and muon id performances
o Flexible trigger system able to collect data at high luminosity and large pile up

e Trigger for B-physics:
o L1: hardware trigger based on muons
o HLT: full tracking and vertexing, specific trigger paths for each analysis
m ‘“displaced” J/y, ¢’
s ‘“displaced” u*u
m BOS — WU no displacement, but strict inv mass cut
| 4
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CMS detector in a nutshell

Superconducting Solenoid

Silicon Tracker

e Design prioritization om0 7 e
> lepton ID Coloimete ~ s e Excellent muon-ID

e 'I:~|nl|an%‘r -
| e capability
> b/T tagging =5 o Low fake rate

~# Wacking veriexing e All silicon tracker

> jetsand K . .
— well suited for B physics o high granularity, low

occupancy
Weight 12’500t .
Length 21.6m o well described by MC
Di t 15 . .
Magnetic field | 38T simulation

o Pixel detector

Calorimeter

Electromagnetic 3
Muon

Glormeter ] eecs 0 100 x 150 ym? pixel size
Component | Characteristics Resolutions Compact Muon Solenoid o substantial Charge Sharing
Pixel 3/2 Si layers 8, ~ 20 um, §, A 10 um . — low V..
Tracker 10/12 Si strips o)) p l"z 1% Tracking resolution: ( 0 bias ) ] ]
ECAL PbWO, SE/E ~ 3%/VE & 0.5% impact parameter & 15 um o excellent resolution in r¢ and
HCAL (B) Brass/Sc, > 7.2\ SE/E ~ 100VE% ) . v
HCAL (F) Fe/Quartz §(Hr) ~ 0.98\/3 Er Primary vertex resolution: = tial in high-oil
Magnet 3.8T solenoid Az =~ 20 — 80 um o -
Muons DT/CSC + RPC 6(p)/p =~ 10% (STA) ssential In Ig pl eup

environment!
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CMS trigger for B physics

L=3.9f" (Vs =13 TeV, 2017)

10'° x10° CMS P, y L= 39fb (vs-13Tev 2017)
% cMS Trigger paths % Ev T 3
- 90F 3 C
O 10°k Preliminary —-— = F o =85 MeV | Expetimens
PR Jhy == M ~ 80 p.(ww)>12Gev - Setup: dedicated
£ 10 ' 8, 3 T0F M s < HF triggers
> 7 Y B low mass double muon + track qc’ 60 ™) < 1. 3
w 10 B, double muon Inclusive o E k|
50 -
6 y 4 E 3 7
10 ik Y(1S,25,3S): Using 2017 data:
10° 301 5 CMS-DP-2017-029
10° o
107 <
10° SN VTN SN SRV
9 9.5 10 105 11
- e - e e invariant mass [GeV]
1 0 . 10
w*w invariant mass [GeV] " 5?(103 CMS Prelimnary =391 ({5 = 13 TeV. 2017)
e 60):10{ CMS Preiminary L =391 (15=13TeV.2017) x10° CMS Preliminary L =39 10" ({5 = 13 TeV, 2017) < 40.& \ ]
2 | 13 250 41 @ & o =42 MeV E
~ | = -
© 5o o =14 MeV ] e r o = 34 MeV 1o 30::7 ‘P(ZS) P,(1'1) > 18 GeV |
a8 P1W)>14GeV 1 T 200 plwuw)>25Gev | & - =
& 40 Cytw)| <1.25 c : om o 25E ]
> [ L 4 E =
i @ 1o JV¥ = 20F =
30 F . E E
[ ] 156 =
: 100 - - E
20 5 = ] 105 =
10 1 50 = St E
1 F ] | SPAPRPIFL [AUPEPRPTS IR [PRPSOPSN LPRPRTroll PSPIIRIE [ Sr TS by =
O Lo ] g fe e o g foa g cla i d T e T oy 5 355 36 365 37 375 38 385 39
0.9 0.95 1 1.05 11 89 2905 3 305 31 315 32 325 33 w*u invariant mass [GeV] 6
p*u invariant mass [GeV] p*u invariant mass [GeV] 6
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Results using 2017 13 TeV data

L=39fb" (Vs =13 TeV, 2017)

S 10" ——r CMS  Preliminary L=391" (/5 =13 TeV, 2017) Experimental
ﬁlu o > o
S i CMS _— 2 setup: trigger
2 10°E Preliminary — el 50000 | optimised for
w o : o o .
£ 10° JAp 8, g Jy different analysis
& ' Y 40000 10 GeV
> 7 Y M low mass double muon + track L P> e
w 10 B, double muon inclusive C 2 — Total fit
30000 = [ w(2s) ; .
10° z C ] e Combinatorial bkg USIng 2017 data:
C £ X(3872) CMS-DP-2017-029
10° 20000
4 2 et
10 10000/
10° r
AP R I PG Y Il RN T
S e 86 365 37 375 38 385 39 395 4
M{J/y =) [GeV]
1 10 107
u*u invariant mass [GeV]
CMS  Preliminary L=39fb"(/s=13TeV, 2017)
CMS  Preliminary L=39M" (fs=13TeV, 2017) CMS  Preliminary L =397 (5= 13 TeV, 2017) E 2200
§ t %,16000r = 2000f
250F Ty, 5o(1P2P.3P) 5 Y(18) ¥ = £ S 18005
2 E 1P P> 126ev i § :g BNy 0)
2 £ ook Uy KE i 190G
§ 200 — Total fit 12000 B (J/y K°) . 1400 p>10 GeY
] eeee Signal © E p,>10 GeV e — Total fit
Combinatorial bkg '0000:' — Total fit F . Signal
150} Y(1S) y+ X eoool= 0l | e Signal 10001 Combinatorial bkg
C Combinatorial bkg 800}
i - Jy KeX =
5o 3 : IPEEN RO Baes. o SR REL ) =
~ 055162753 54 55 56 57 58 150 6
i ._{;_ : I MUy K'K) [GeV]
8% 04 706

% £ 56 57 58 59 6
Miyp' w) [GeV] M(J/y K') [GeV) 7
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Some recent examples (not covered today)

Observation of the y;(3P) and x;,(3P) and Measurement of their Masses

L . 0 p
100~  CMS Phys. Rev. Lett. 121, 092002 Observation of the {\‘.’ — J/¢PA¢ decay in proton-proton
P s=13Tev collisions at /s = 13 TeV
- 80~ L=800fb" ->Y(3S)y CMS 60 b (13 TeV)
g L . %J [ 1 Data |
- 60 — Towliit L‘E) [ —Fit
e [ - signaly 6P) = 200 -~ Signal >9 o
c L = L e
L%, a0 - Background + L% 8 Background
20 1000
C |J\ |4x [

1 1
10.4 10.45 10.5 10.55 10.6

Y(3S) Y invariant mass (GeV) ] 0 o L
Measurement of properties of B — p "y~ decays and 54 N

; : .
search for B — u*pu~ with the CMS experiment WA (5N

A = Jjp A

CMS 36 1b(13 TeV) + 20 fo '(8 TeV) + 5 b’(7 TeV) CMS 36 fb'(13 TeV) + 20 fo™'(8 TeV) + 5 b (7 TeV)
50— ¢ Data

Full PDF 160 ¢ Daa . . .
[ L - Full PDF
Pt e T is baryonic equivalent to
. ombinatorial bkg «+++++ B — hu*u + semileptonic bkg 140} o] BS s u*u” + peaking bkg
0~ N e Combinatorial bkg B+ _) J//l/) ¢K+
. 120\ 0 e B — hu*u” + semileptonic bkg
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Bl=p K* uu
angular analysis



Physics case

e b — sl'l"isa FCNC decays, doubly suppressed
in SM.

(@)

Penguin and box mediated

e (Good test to probe new physics via angular

1+
analysis and BR measurement v,;;rg<1_ gt Yy

@)

New physics can enter in the loop b £.C.u 5 b e <
W

q q q g

e B K*u decay

©)
©)
©)

Trigger possible via the yu pair: no peak in invariant mass but displaced tracks
Fully charged final state: can be reconstructed at CMS
Flavour eigenstate identified via K'°— K-mr*decay
m  No PID (K/1r separation) at CMS
Statistics not very high O(1000) events in whole g2 range
m Need some smart way to perform fit in g2 bins in spite of low stat.
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Effective operator expansion

: INFN

. 2 - /
Rare b decays are a multi-scale problem: Axp > mw > my, > Agep
FCNC eftective hamiltonian described as operator product expansion

Wilson coefficients e The Wilson coefficients encode

(“effective coupling”) short-distance contributions and possible

i=|.2 Tree
M=~y e S ETe) | e NPefeos
% V2 L) il bt 20 e pesein @ SM prediction for Wilson coefficients
1 i=P Pseudoscalar penguin H
Local operator - available
e Different processes sensitive to different
Sensitivity to Wilson coefficients Wilson coefficients
b s B?s) — [t~
; [C“).C’,\'.C’[']
Cz7,Co.10 .
oy ] b— sl
[+Cs.pP] [C7,Co,C10]

1"
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Sensitivity to Wilson coefficient vs g2
i

J/P(1S)

'l‘l‘(’(‘ ]1‘\'l‘li b — cCS

('.(()I) and ('1(6)

Long distance
contributions from CC
above open charm
threshold

4 [m(p)]? il

evey’

interference

di-muon invariant mass squared, g2

Op = 7o (B7uPLb) (Br40)
O = 167 z(s 7.PLb) (Z’)’H'Ysé)
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And different regions of q2-M2 are
sensitive to different current type
Eg: new vector or axial-vector currents
(Cg and C, ) and virtual photon
polarization (C.)
No reliable prediction for the region
between the two resonances
Optimized parameters, P(‘.

o combination of Wilson coeff.:

o less dependent on hadronic form
factor.
Robust SM prediction available

12



BY — K*u*u~ — K*mu*u~ angular analysis

e Decay is fully described by three angles: 8,, 6, Phys.Let B 761 (2010) 61741
ys. Lett. -
@, and q2 - M2W Phys. Lett. B 727 (2013) 77

o 0, the decay angle of the dimuon system
o 6, ,the decay angle of the K*
o @, the angle between the two decay planes
e The g?range has been divided in 9 bins
o 7 signal bins, in each of them the angular analysis is
performed independently
o 2 control-region bins, covering the two resonant
decays
m B°— JyK*®
m B°— g(2S)K®

13
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Old CMS analyses Py Lot 5753 (2016) 24-443

CMS 205" (8 TeV)

e Two angular analyses were published by CMS with ¢ 3+
0877 (sM, LCSR )
2011 (7 TeV) and 2012 (8 TeV) data 057 (oM Lattce )
0.4 W
e The parameters space was reduced by integrating oz- s T,
. OF ik 1 R g i -~ - e
over the ¢ angular variable 2t T
o  Agg (forward-backward asymmetry of the muons) :g:;;
o F, (longitudinal polarisation fraction of the K*) 08—
o dB/dq? differential branching fraction T e e e '15;2'((;152)

e No deviations from SM prediction

CMS 20510 " (8 TeV)
 —+ Data

- 1) (SM,LCSR )
Y ( SM, Lattice )

—_
N

—_
o

dB/d¢? (10° x GeV P

N\

oooooo

Y ( SM, Lattice )

ce b b b by b b b Iy

0l|IlI|lllllllllllllllllllllllIIII[I 2 4 6 8 10 12 14 16 18
2 4 6 8

TTTT

o
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LHCb measurement of P’ 2F JHEP 02 2016) 104 LG

Pl

SM from DHMV

e In 2016 LHCb measured for the first time the -

complete set of angular parameters

o Tension with SM prediction for P’, parameter, 1—
o Bothin 2011 and 2012 data

e ¢ angular distribution is sensitive to P, E s swe y o osu gy san sy g

|

Illlllllllll lIIlIlIIllll

o Our integration of that variable makes our old 2 [GeVZc
analysis not sensitive to P’,

=S
e

e Setup a task force to repeat the analysis
including the ¢ dependency with focus on fivees -
independent measurement of P’_ parameter. = + l

o Same dataset, same selection, different fit : ® LiCY

e Since then interesting measurement on R(K") by _ v o

LHCb have switched a bit the focus on LFV O e ® tlav.io

JC

o More on R(K*) in CMS later b

CDHMV 7]

ro
o
o
—
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Angular decay rate

Full angular analysis very hard with low statistics: focus on P’,

@ Final state K+7r_,u+,u_ has contribution from P-wave (K"), S-wave, and interference

@ in total, it has 14 parameters: [fold around ¢ = 0 and 6, = 7/2 to reduce them

o

4 =
1 a‘r 9 (2 2 5 2 2 ]
=— < = |(Fg + Agcos@ 1—cos"6,)+ Ag\/1— cos™ 0 1 — cos” 0, cos ¢

dr/dg® dg°d cos6,d cos O dep 8T { ( . . K)( I) q\/ K\/ l

3
2 2 1 2 2
+ (1 - Fg) [2FL cos” Ok (1 — cos 0,) + 5 (1-Fp) (1 — cos OK) (1 + cos 9,)
1
+ EPl(l - F)(1 - cos’ 0k )(1 — cos> 0,) cos 2¢

+2P; cos Oy v/ Fr, (1 — FL)\/l — cos’ OK\/I — cos® 6, cosqb] }

.

@ 6 angular parameters left: fit with all of them free to float shows convergence issues

16
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Angular decay rate

o Final state K"7# 7 "1™ has contribution from P-wave (K*), S-wave, and interference

@ in total, it has 14 parameters: fold around ¢ = ﬁand 6, =m/2 to reduce. them

1 a‘r 9
=— Fq + Ag cos @ 1\ cos®6,) + A24/1 — cos? @ 1— cos’ @ cosgb]
dr /dg® dg?d cos 6,d cos Oy d¢ 87r{ }[( TR K)( & ’) S‘/ K\/ !

+ (1 — Fg) {ZFL cos’ Ok (1 _'(;05 9,) + 2 (1 - Fy) (1 — cos QK) (1 + cos 9,)

1
+ 5Pl(l — )1 - cos’ 0 )(1 — cos’ 0,) cos 2¢

+2P; cos O v/ Fy, (1 — FL)\/l — cos’ BK\/I — cos? 0, cosq&} }
W |

@ 6 angular parameters left: fit with all of them free to float shows convergence issues

Stefano Lacaprara, INFN Padova
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Angular decay rate

INFN

o Final state K"7~ "1~ has contribution from P-wave (K*), S-wave, and interference

@ in total, it has 14 parameters: fold around ¢ = 0 and 6, = 7/2 to reduce them

s

4
1 d*r

9 (2 2 5 2 2 }
— L dos 6 1—cos"6,) +Ag\/1—cos“ 0 1 — cos”6,cos ¢
dr/dq? dg?d cos6,d cosfxdp 87 {3 @ o ( ) 3 </ :
+ (1 —@[@os2 Ok (1 — cos? 9,) + % (1 —@(1 — cos® GK) (1 + cos? 9,)

1
+ EPl(l @1 — cos’ Ok )(1 — cos’ 0,) cos2¢

+2P; 9 1 —cos® O\/1 — cos” 6 ¢]}
| 5 COS O @ \/ cos K\/ cos” 0, cos

@ 6 angular parameters left: fit with all of them free to float shows convergence issues

@ F,, Fs, and A, fixed from previous CMS measurement

18
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INFN

Angular decay rate

@ Final state K+7r_,u,+,u_ has contribution from P-wave (K*) S-wave, and interference

@ in total, it has 14 parameters: fold around ¢ = 0 and 6, = 7/2 to reduce them

B N

4
dr/ldq2 dqzd o :,drcos brcdo :% {% [(FS + Ag cos 6y ) (1 — cos® 9,) 1 — cos? OK\/I — cos? 0, cos qb}
+ (1 - Fg) [2FL cos” B (1 — cos’ 9,) + % (1-F) (1 — cos? OK) (1 + cos? 9,)
+ — F)(1 - cos’ 0 )(1 — cos’ 0,) cos 2¢
+59Km\/1 — cos’ BK\/I — cos’ 0, cos 45} }

e >

@ 6 angular parameters left: fit with all of them free to float shows convergence issues
@ F,, Fs, and A, fixed from previous CMS measurement
@ P; and P measured, Ai’ nuisance parameter

19
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Signal selection . e 205 '@ Tev
Y10
e Trigger selections %1035
o L1:dimuon low p. £
L

o dedicated High-Level Trigger path:
o Low p; dimuon, displaced, low invariant mass 10
e Offline selections
o p:p;”>3.5GeV, p/H>6.9GeV,
m with high-quality displaced vertex
o h:p">0.8GeV, IMKm)-M,]|<90MeV,
m M, >1.035 (¢ veto), displaced from the primary vertex
o B p; > 8 GeV, |n| < 2.2, with four-body displaced vertex requirement and global momentum
alignment

e both BY and B°-bar considered

e J/y and Y’ resonances used as control regions and treated in the same way.
o anti radiation cut against feed-down of J/y and y’

2
_IIIIII[ T IIIIIII| T IIII|'|T| T IIIIIII|

20
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Signal sample and B Tagging

20.5fb " (8 TeV)
- D
500F- et e NoK/mPID at CMS
- o hRAight-tag sig e The CP-state is assigned based on the
o --.- Mis-tag sig ) 0
-.- Comb, bkg closest mass hypothesis to K™, mass.

K*(892)poc

w
o
o

Events / (0.028 GeV )
N
o
o

.....
--------

lll]llllllllllll

0
S x - —71+ torF
m(K'TW ) (GeV) B R Mees)
e Thisis a B®not a B%bar event
Dataset: 2012 8 TeV Data: 20.5 b’ e mistag rate 14%, measured on MC

Signal sample: ~1400 events in all g° regions

21
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Full pdf description

p.d.f.(m, cos Oy, cos b, ¢) = YSC . (SR(m) - §%(cos Ok, cos ), @) - eR(cos9K, cos b, ¢)
M
+ M . SM(m) - §%(—cos Ok, —cos b, —¢) - eM(COSOI,cos OK,¢>)>
1

+ Yg - B™(m) - B %K (cos ) - B (cos ) - BY().

22
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Full pdf description

p.d.f.(m, cos fk, cos 6, p) = . (S (m) - S?(cos Ok, cos b, d) - € (cosOK,COSO,,q’))
M

N

i SM(m) - §%(—cos Ok, —cos b, —¢) - eM(COSHI,COSOK,qS))

=E
1—-f

+ Y - B™(m) - B®* K (cos Ok ) - B°*%(cos §)) - B®(¢)).

Signal components for correctly-tagged
and mis-t | events, each composed by:

@ double-Gaussian mass shape
@ angular decay rate

e 3D efficiency function

Stefano Lacaprara, INFN Padova
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Full pdf description

p.d.f.(m, cos bk, cos b, ) = YSC . (SR(m) - §%(cos Ok, cos ), b) - eR(cos Ok, cos b, d)

fM

+ o SM(m) - §%(—cos Ok, —cos b, —¢) - eM(COSO,, cos Ok, qS))
1

+ Yg |B™(m) - B°K (cos O ) - B (cos 6)) - B®(4).

Signal components for correct!| Background component

and mis-tagged events, each composed by: o exponential mass shape
@ double-Gaussian mass shape @ polynomial shape for each angular
@ angular decay rate variable

@ 3D efficiency function e factorisable angular component tested

24

Stefano Lacaprara, INFN Padova



Validity range CNFR

e Final fit performed with 6 parameters:
PP, F.Fg A, AP (interference P-S

wave) re q2 bin 1
e Not all phase space is allowed: "B .
o Positive pdf for P-wave: (P’.)>-1<P, <1 oz {\\ physical
e Interference term complex 04 region
o Boundary depends on all other parameters o.af—
o In particular P’_,P, o~ .
e This caused a lot of fit convergence _15_“":::;’3’2:3' N, |
Issue -1.2: g Vool g fiqupeey .-..‘;-:‘}.Lzéi"'.;-,i?r-.,_n ; .',-
e Required dedicated fit algorithm PERTE R R R mTSe B

25
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Fit algorithm

INFN

s 2
p.d.f.(m, cos Oy, cos 0, ) = . (S (m) - S7(cos Oy, cos b, ¢) - € (cosBK,cose,,qﬁ)
M
+ : : P S;I‘A(m) - 57 (—cos Ok, —cos B, —9) - e,M(cos Ok, cos 0, qS))
+ Yg - BM(m) - B K (cos O ) - B (cos 0)) - BY (¢).
\ 4

(o Fit performed for 7 (+2 CR) different q° bins
@ Fit m side bands to determine the background shape;

@ Fit whole mass spectrum with 5 floating parameters;

@ used unbinned extended maximum likelihood estimator

> discretize P;, Ps space
> maximize £(Ys, Yg, A2)
» fit £ with 2D-gaussian

» find abs max of L inside the physically allowed region

| @ stat uncert using FC construction along the 1D profiled £

Blind procedure: fit data on signal region once fit
procedure fully validated and tested on MC and CR

Stefano Lacaprara, INFN Padova

205" (8 TeV)

CMS Preliminary
T

L L L L N

[_JaLL<os ]
{[_Jos<aLi<2 ]
ey [:j ALL>2 3]

—Sne Phys boundary

(X DL LN %

’2oo<q <43Ge

v2 (‘
B

1 -0.8-0.6-04-02

502040608 1
P1
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Fit results for bin 4.3<g%<6 GeV?

CMS

20.5 fb™' (8 TeV)

C 2 2
50_4.3<q <6 GeV

40

30

Events / ( 0.028 GeV )

20

10

O_IO

5.1

¢ Data

Total fit

NN Correctly tagged signal
24/4. Mistagged signal

- - - Background

.~ 55
m(K ' p) (GeV)

20.5 fb ' (8 TeV)

Events/(0.1)

.

Stefano Lacapiaia, nvriv rauuva

N

MHENEN SEREN RN SRR .-A\n.mo.amm,m.w!x»?)0}0‘»:0.'. v\\\
-1 -08 -06 -04 -02

SO0

0

¢ Data

Total fit

NN Correctly tagged signal
%474, Mistagged signal

- - - Background

VNN

02 04 06 038 1

cos(6k)

Events /(0.05)

Events / (0.15708)

INFN

CcMS 20.5 fb~' (8 TeV)
60
43<g?2<6GeV? ¢ Data
Total fit
50 NN Correctly tagged signal
2474, Mistagged signal
40 - - - Background
30
20F
T R Skt
.’“A O MOIOOD .A;..‘x:“,u.. DBISINPNN \n.\-. i &
0 01 02 03 04 05 06 07 08 09 1
cos(6p)
8 CMS 20.5 fb ' (8 TeV)
43<qg2<6GeV? ¢ Data
45 sashEe Total it
40 NN Correctly tagged signal
35 2474, Mistagged signal
- - - Background
30
25 l
20 1 |
15____{___. l I 1 ! .
10 { ----------- * Tt

0 0.5 1 1.5 2 25 3

¢ (radians) 27



Statistical uncert: Feldman-Cousins estimation

o 0.45 ¥ Bestfit s
i ® FCin ]
0.2: e FCout —|
0: —1oreg 1154 @ Feldman-Cousins method used to estimate
' ] the confidence interval
'0-2: i 173 e Produce a robust uncertainty estimation
0.4 o even in proximity of the physical boundary
-065— - bin1 12 e Approximation used to limit the computing
O ] usage:
-0.8H E [ e Parameter space probed only along the
15_ ] E profiles of the likelihood distribution in data
Elllllllllllllllllllll\lllllllllllllz _0

-1-0.8-0.6-0.4-0.2 0 0.20.4060.8 1
P
1
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Fit validation

extensive fit validation with MC: used as systematics N —
@ compare fit results with MC input values (sim mismodeling) SE |
@ compare with data-like MC (fit bias) .of
s T
e signal only correct tag o =~ _B B
T 0 12 1416 b‘l.a 2'0
q° (GeV)

e signal correct+wrong tag

& (INFN

e signal + background
@ Data control channel (J/4) and ¥(2S)), comparing fit results

with PDG (F,) (efficiency)
@ compare P; and P on J/i and v(2S) w/ and w/o F; fixed: no bias

BO K*O; 2 Yw € u') ' -+ —
BE 2K wES) _ Yes yw BUA-—0H) — 0.480 - 0.008(stat) + 0.055(R"")

B(B® — K™°Jp)  ewies) Yyu B(y(2S) = p'u”)

vs PDG 0.484 + 0.018(stat) + 0.011(syst) & 0.012(R¢;)
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& (INFN

Systematics

( )
Source P(x10-3) Pi(x107®)
Simulation mismodeling 1-33 023 | o Fit bias with cocktail signal MC + toy
Fit bias 578 10-120 < background from data side-bands
Finite size of simulated samples 29-73 31-110
1E<fﬁdency 157;:1(138 2:22 e MC stat due to limited statistics in
7T mistagging T :
Background distribution 12-70 10-51 \\ efficiency shape evaluation
Mass distribution 12 19 w6 5
Feed-through background 4-12 3-24 N thaenCY- comparing FL on CR wrt PDG
F , Fs, Ag uncertainty propagation 0-210 0-210 a 2 .
st resoluﬁontyp e -68 01-12 K7 mistag evaluated in J/i) control region
Total 100-230 70-250 and propagated to all bins
\ J

~Propagation of F;, Fs, and A, uncertainties:
@ Generate pseudo experiments, with x100 events, for each q2 bin

@ Fit with F;, Fs, A, free to float and with F;, Fs, A, fixed

@ Ratio of stat. uncert. on P; and Ps with free and fixed fit used to estimate syst uncertainties

\ i
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Propagation of Fl, Fs, and As uncert

e (Generate pseudo-experiments, with x100 events, for 42 bin P, Pl
2 hi index SF syst SF syst
eaCh q bm 0] 1.014 0.077 | 1.003 0.025

e FitwithF, FS,A free to float and with F, , F_ , A_fixed 1 :
_ s .o LTSS _ 2 1113 0.139 | 1.385 0.206
e Ratio of stat. uncert. on P, and P’ with free and fixed fit 3 1.082 0.103 | 1.028 0.041
. .y 5 1.048 0.053 | 1.143 0.069
used to estimate syst uncertainties 7 0.982 0.000 | 1.090 0.072
8 1.091 0.083 | 0.989 0.000
g
SF = floar P'5 (bin 8)
Ufix %2.4:—
= .- Constant SF for
Syst =0 gz, /SF? — 1 * b pseudo-experiment statistics
s tested
165
1af:
1’23_ = ™ = " L
i i 3
0.8;— . . .
O8E 5 4 v oEw w pE 4 v ES % EN 4 P B 31
20 40 60 80 100
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Results

ﬁp 1.5

1

0.5

T T 1T

R B R

R

—-4-CMS

— LHCb

- Belle
SM-DHMV

~—

Lo b by I

-1.5

o

2 4 B$—/8 10 12

14

16 18 20
q° (GeV?)

g° bins with
LHCDb largest
tension wrt SM

e SM-DHMYV prediction computed using

o  soft form factors + parametrized power corrections
o hadronic charm-loop contribution derived from calculations

e Results compatible with SM predictions
e No significant deviations with other experimental results
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. Capdevila, B.. et al. Patterns of New Physics in b — s#+8-
Global fit o ta. J. High Energ. Phy

transitions in the light of recent data. J. High Energ. Phys. 2018,

93 (2018) doi:10.1007/JHEP01(2018)093

e (¢lobal fit to all available b—sl*I” data
o |=u,e[Belle]
o Cgprzcg'CQSM
o 3o constraint for each experiment
e constraints from b — sy, B(B — X_up)
and B(B, — pu) included
e 3o constraint for each experiment

e CMS is consistent with (0,0)
o As Belle and ATLAS

e LHCbis not
e And it drives the global fit

o 1,2,36 contours shown
o 5S¢ effect (?)
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B™->K"

Phys. Rev. D 98 (2018) 112011 - arXiv:1806.00636

34
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B*—K"uu decay: overview

e The decay B*—K"uu is a FCNC process of the type b — sll
o forbidden at tree level in the SM (BR ~ 4.4 x 10-7)

e New heavy particles from NP can appear in competing
diagrams, affecting the differential angular distributions

e Previously studied by BABAR , Belle, CDF, and LHCDb
o no hints of beyond SM physics

e CMS analysis is based on Run 1 data at 8 TeV (20.5 fb-1)

o events selected by a displaced dimuon trigger
o cut-based selection determined to optimise signal significance
o 2286 £ 73 signal events with 1 < g? < 22 GeV?

Phys. Rev. D 98 (2018) 112011 - arXiv:1806.00636

Stefano Lacaprara, INFN Padova

CMS 20.5 fb” (8 TeV)
1<q?<22GeV?

Events / 0.025 GeV

Lozl (810Z) 86 Q ‘AdY 'shud

A 52 53 54 55 5.6
m(K'u*w) (GeV)
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Angular analysis of the B*—K*uu decay

e Fully described by the angle 8, and g = M ;

o @, angle between p and K*in the dimuon rest frame H 8 \ g+
e Angular decay rate: —
K
]. ng 3 . 1
— =—(1—Fy)(l —cos“Oy) + =Fy + App cosby +
I'¢ dcosby 4( )( 2 g e : p

e A_;: forward-backward asymmetry of dimuon system
o Expected to be zero in SM (up to small correction)
e F,: contribution from the (pseudo)scalar and tensor amplitudes to the decay width
o Predicted to be small as well in SM
e Range of g2 divided in 9 bins:
o 7 signal bins
m Plus 2 resonant decays B* — J/@yK" and B" — @(2S)K"* used as control channel
o 2 additional special bins:

e [1-6] GeV? (clean predictions) and [1-22] GeV? (full signal)

36
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INFN

e Extended 2D UML fit p.d.f.(m,cos8;) = Ys - S;(m) - 57 (cos8,) - €;(cos b))
e Signal: + Yg - B"(m) - B{™"(cosb))
o Double gaussian mass shape

Parameter extraction

1 <

o Angular decay rate g 6 .35_ CMs ZSimulation )
e Efficiency: g I Bl E
o From MC, parametrized with 6th-order polynomial -80’2:_ )
o Validated on control region B* — J/yK"and B* — y(2S)K* So.l:—
e Background extracted from data side-bands 2 AT
1

e Two-step fit: 05 0 0.5

o fit m side bands to determine the background shape (fixed in second step)
o fit whole mass spectrum with 4 floating parameters (2 yields + 2 angular param)

e Statistical uncertainty using profiled Feldman-Cousins method

cos(),1
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B* mass distribution and signal yield

CMS 20.5 tb” (8 TeV) CMS 20.5 b (8 TeV) CMS 20.5 b7 (8 TeV) . .
Z [ 1<g¢?°<2GeV? Z 200F- 2<g?< 4.3 GeV? % 400E 4.3 < g2 < 8.68 GeV? 7S|gnal bins
O 100 ¢+ Data &) F &) -
" C — Tf)ta‘l fit v, 150F- " 300:—
g r 4 = Signal g - g = 7 2
3. 50__ ..... Background S 100;_ S 200;_ q (Gev ) Ys
*:E: C , B g e ‘é 100¢ ‘ i 1.00-2.00 169 + 22
5 3‘...,...-l"‘."...'l.,"”l calii § P S o W 5 {f...,..«.-«f',,..|...f11...|....
5.1 5.2 5.3 55 5.6 5.1 52 5.3 55 5.6 5.1 5.2 53 5.5 5.6
m(K*u W) (GeV) m(K+u ) (GeV) m(K‘”u W) (GeV) 2.00-4.30 331 +32
CMS 20.5 b’ (8 TeV) CMS 20.5 b (8 TeV) CMS 20.5 b (8 TeV)
250 150 ERE!
Z 10.3 < g% < 12.86 GeV? Z [ 14.18<g?<16 GeV? Z [ 16<g?<18GeV? 4.30-8.68 785 £ 42
&) O 100 &) N
0 e r e 100{— * 1009—1286 365 ot 29
o S < R
= < sof- =~ 8 ' 14.18-16.00 215+ 19
j22] 72] 72} .
= = n = Y
o o] 2 F Dby S bbb b 16.00-18.00 262+ 21
= s6™ 51 52 53 54 55 56— 51 52 53 54 55 56
m(K+H W) (GeV) TR T (GEY] TR [T (GEVT 18.00-22.00 226+ 20
CMS 205" @ TeV)|| ...CMS 20.5 b (8 TeV) CMS 20.5 b (8 TeV)
> L 18<q?<22 GeV? > "FE 1<q2<6GeV? > I 1<q2<22GeV?
g o =4 £ : I 1.00-6.00 778 +47
w Te} w
S S S 500 1.00-22.00 2286 +73
o \ o m - o -, '_l
= 5.1 5.2 +5 4 = 5.1 52 +5 4 55 5.6 = 5.1 5.2 +5 4 55 5.6
m(K pr) (GeV) m(K urw) (GeV) m(K ) (Gev) ) ) .
2 inclusive bins
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cos(0,) fit results

Stefano Lacaprara, INFN Padova

e Peak structure in

cos(6,) presents in side

o Modelled from SB

¢ Origin not understood,
e systematics included.

l_,GCMS 20.51b" (8 TeV) 3(}3CMS 20.5fb" (8 TeV) 500CMS 20.5fb" (8 TeV) . . '
= F1<q?<2GeV?, pua =" F2<q?<43GeV? =" E43<q?<8.68GeV? 7 signal bins
S r — Total fit 3 r S 400
& 100~ %lfglféround & 200~ { L
= L = B
5] C } ) -
> - > s % X
=50 = 100~
N S n or : i i
okt D N s S — 2 inclusive bins
-1 0.5 0 0.5 1 -1 —0.5 0 0.5 1 7
cosb), cosb), cosb),
2GGCMS 20.5 fb (8 TeV) 80CMS 20.5 b (8 TeV) 80CMS 20.5 b (8 TeV)
= 10.3 < g% < 12.86 GeV? x 14.18 < g2 < 16 GeV? = 16 < g2 < 18 GeV?
150 Z < 60
z a8 sz L
5 100 5 S 40| |
> > > B
= = = C
SO A T 2001
oy 511111|11||1 ’i"'l~. 0 "’l"'l [0 Y0 W Y 0 v W Y 1 v Wl W 0 || 9:’3 Y0 105 0 Ul Y Y 7 Y W V2 vk Wl vk |
-1 —0.5 0 0.5 1 -1 —0.5 0 0.5 1 -1 —0.5 0 0.5 1
cosd; [r €659, €650 — bands
80CMS 20.5 fb™ (8 TeV) 6G,\CMS 20.5 b (8 TeV) 1000CMS 20.5 b7 (8 TeV)
— 18 < g2 < 22 GeV? = 1<g?<6GeV? ! 1<q?<22GeV?
- S r S 800
2 2 4001
= = B
<5} 5] ~
> > -
= R 200
s o 0.5 1 05
cos0,
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Validation and systematic

e Efficiency, fit procedure validated: _02 CMS Simulation
o High statistics MC N C
o Data-like statistics MC 0.15
o Toys N
o  Control regions (resonant) 0.1 :—

r N\ 0.05
Systematic uncertainty Apg (x107) Fy (x10™7)
Finite size of MC samples 0.4-1.8 0.9-5.0 o
Efficiency description 0.1-1.5 0.1-7.8 NP N LSS SRS
Simulation mismodeling 0.1-2.8 0.1-1.4 : 5 14 o GZ{’,Z
Background parametrization model 0.1-1.0 0.1-5.1 g (GeV?)
Angular resolution 0.1-1.7 0.1-33
Dimuon mass resolution 0.1-1.0 0.1-1.5 Systematic dominated by
Fitting procedure 0.1-3.2 0.4-25 e Fit procedure
Background distribution 0.1-7.2 0.1-29 e Background description
Total systematic uncertainty 1.6-7.5 4.4-39
. J/
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Results
£ 04l + CMS 20.5/fb
< 4 LHCb 1/fb
02 +LHCb 3/fb
0: ;ﬁ-ﬁdz Jé 1% T
“oaf
_0.4:_ SM prediction: A_;=0
N L S L PR

0 5 10

5 20
¢* (GeV?)

° AFB and FH:

o Good agreement with SM and LHCb measurement

e Measured also differential branching fraction vs g2 —_—
o Good agreement with LHCb

o Confirm lower values than SM predictions

Stefano Lacaprara, INFN Padova

FH
L5 LsEMS 20.5 o' (8 TeV)
X +CMS 205/ | (=L
- SLHCbUM | = [ + Data
e ~+LHCb 3/b L — DHMYV
0.5 0.5
C I [
T B 4
0 —4—"32&&::' :%:E :QFTIT ! T ——
B T | [ y 1, ., . . Ly o |
0 5 10 15 20, 0 5 10 15 20,
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N; + CMS 20.5/b
D 0.6 2= LHCb 1/fb
&) s LHCb 3/fb
l\\ B SM prediction
% 0.4
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C M | N FN

Perspective:

e Run 2: 13 TeV

e Other channels for angular
analysis

e Parking data
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CcMS 20.5 b1 (8 TeV)

B°—K*uy at 13 TeV o o2 | G

& 80 201 2 b7 7 gistfgged l:;ignal
> F - . - Backgroun
< 60

e So far, CMS used 7+8 TeV data (5+20 fb™") E.t
o Other 140 fb™! collected at 13 TeV 20 P N\CH i
o a(pp->bX) increase 2x between 8->13 TeV PR e S
e Di-muon displaced trigger was active ;
o harder threshold at L1 but still effective
e Foreseen improvements:
o  Optimized signal selection (BDT vs cut): higher eff, same background
o Larger statistical sample: O(15’000) candidates (was 1400 at 8 TeV) i
m Expected O(13000 for Belle2 at 50 ab™") per lepton channel [
o Full angular fit: all parameters and correlations
m Possibly a finer binning
o Alternative analysis using moments method
m Exploit orthogonality of terms of decay rate (3D spherical harmonics)
m Robust for low signal yield (more bins)

e Timescale: goal is summer 2020 (we will see)

,s;sssasii

o3 ssz8ssgalil

By
3
°
5

o B 5 B B B & &
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-_—— 1

BO—>K*|JH at HI gh Luml CMS-PAS-FTR-18-033 - coms phase-zs-maump,eﬁmm: —

0.2
i Phase-2 (14 TeV)

au

e Extrapolated sensitivity to P’ with 3000 fbo %5
o Expected 200 Pile Up 01
o Same analysis strategy and trigger

4.3 GeV* <? <6 GeV?

o Statistical improvement: expected ~700 k events in o
full g% range 54 5
m Systematics scaled by factor 2: more control MERIRIE
Samp|e 05 CMS  Phase-2 Simulation Preliminary. 3000 fb' (14 TeV)
F B K%'y ~}~ CMS PLB 781 (2018) 517 |
o Mass resolution will be better with new tracker i + 5:":3‘:“8“"“““” &
) ) ) ) 7 syst. uncert. g
e Uncertainties are estimated to improve up to a T Y
factor of 15 compared to the Run-1 result sl Lz
o Much finer binnig will be possible i % == B =
P =3
g 03 :—Eﬁﬂﬂm Finer binning
€ %k
_0.1(.— ,.é..,‘lt...é‘.‘é...110...112.A.114,..116.“1. 2

# [oev)
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Other possible measurement in CMS

° BdO N K*O MM
o Published for Run1: BR and partial angular analisis
o At Run2: BR and full angular analysis.
m Yield O(15.5k) events (was 1.4 at Run1): Summer ?
e B °— qpp
o Not done at Run1, being done at Run2
m Extrapolated yield O(800) events in full g? range
o Expect BR and partial angular analysis. No self tagging final status
e B"— K"pp
o Run1: full angular analysis, no BR
m Yield O(2300) ev: extrapolated to Run2: O(25k) events
Y B+ N K*+ ”l-‘
o Run1: partial angular analysis, no BR, not published yet
o  Currently in approval process: Spring?
m Yield very low O(100) events: extrapolated O(1000) events at Run2
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Parking concept

>
©
~

Used with success for Run1 2012 -
e DAQ bandwidth exceed computing capacity for experiment
o Can write ~1kHz on tape, cannot prompt process all of them :
o Park some of the data, to be processed later during LHC downtime
o In particular LHC long shutdown e
e On 2012, recorded ~1kHz extra data (7-18 fb™" at 8 TeV) with VBF, single

photon, and B-physics trigger

o It worked: published several paper with that data
m "Search for exotic decays of a Higgs boson into undetectable particles and photons",
Phys. Lett. B 753 (2016) 363
m "Search for the standard model Higgs boson produced through vector boson fusion and
decaying to bb", Phys. Rev. D 92 (2015) 032008

e 2018: devote all extra capacity to B-physics program

46
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Motivation and goal

e Lepton Flavour Universality seriously challenged by R(K()) measurement

o Mostly LHCb but also Belle [also charged] (and BaBar) x 207

BR(B — K)uu)
Ry =
BR(B — K*)ee)

RUEl — 0745799 1 0,036 Theory: RY® =1.00+0.01

R4 — 0,661 + 0.03

RL:"® = 0.691011 +0.05
- +0.060 +0.016
Rk = 0.846 Z(o54 ~ 0014

e Can CMS enter the game?
o “Easy” for muon channel, hard for electron one: trigger is the
problem
e Goal: to record ~10'° unbiased B hadron decays in 2018,

using the flexibility of the CMS data taking model

Stefano Lacaprara, INFN Padova

RL® = yooxroan , AN —0g1L008

LHCb

= BaBar
+ Belle

e LHCbRun I +2015 + 2016

15 20

||||||||

® LHCH 7]
B BaBar
A Belle ]
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B parking trigger strategy

e Trigger on Tag side: look at unbiased probe side

e L1 seed: single u, |n|-restricted
o L1 is the limiting factor
e HLT: non isolated, displaced u in the TAG side

o As lumi drops during LHC fill, enable lower single u, |n|-restricted, L1
threshold and increase HLT rate

Trigger strategy — L1

Fill 8371 L1 trigger rate  — Rawbsce deadime PRIcA cha

RAate atier deadtime Fiun ¢ hange

N 41 T T ] : T

E 120y 1 W i 1 T

e Hi o jimo J2017I§ |

c‘:"looll III | 1 Al

sl Wil L uf

84 7 | | e A PR iw. Lj[

iy - b VAT
80 4. _: . Ao

{I i:_:': ;L [ I

a0t Lo, il & F

S IEP beo 2o )oY

20,.1.‘. 3 | -t 1|| [ ‘ I R DI 1..‘: -

i AR

05760 18.00 21:00 00.00 05:00 06:00 oeoo 12:00

2017-11-08 13:47:38 10 26171110 14:02:45 Time
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Rate [Hz]

Fill 6759 L1 lrigger rate Rate belore deactime — = Prescale cha
x10_’4 —— Rate 3%10r desdtime -~ Run change
/ T B Tl
b 12018
-+ A I B
K| ' * | a I
80 2 dad . ﬁx
= *; B | i .
L N . . I T
o R A0 e [ |5
ue- N i ;
tl - l l & l’ ;
0 00: CIO 02 00 04 00 06 00 OSﬂO 10 00
2010-06-04 22:17:35 16 Z018-06-05 11:3318 Time

Lumi
(E34)

1.7

1135
1.3
1kl
0.9

L1 seed

Mul2erlp5

MuZ10er1p5
Mu8erlp5
Mu8er1p5
Mu7erlp5

Tag B

w/ displaced p

Probe is virtually

unbiased!

HLT

Mul2_IP6

Mu9_IP5
Mu9_IP5
Mu7_IP4
Mu7_IP4

rate

1585

3656
3350
6153
5524

‘\j‘::'.‘\\,
\
y)',' A
\.‘; o \'74
Probe B
purity #B
092 10.5M
0.80 21M
0.80 20M
059 33M
059 29M
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Purity CNFN

e Fraction of triggers from b->u decays, using BO->D*uV->KJl’JtS uv
e Average purity probe side: ~73% (using 5% of the full parked dataset)

CMS Preliminary CMS Preliminary

22/ ndf 272.3/59 E =
B po -6142 + 125 C o B
1400— Pl 7.9626+04 + 1.1626402 10° —_
- P2 -2.536e+05 + 5.466+02 E =
1200_— p3 1304 + 19.9 10°E -
C p4 0.145 + 0.000 E =
= p5 0.001081 + 0.000014 r T
1000}~ 10 Y
r : b
800— 1ok Ty
- E . Y
- = Soft pion pr spectrum™,
600— £
: RS F
400/ E
C WS 10 =
200} B
- Noeamre—epes 15—
L -8 l 1 1 1 E I 1 1 1 o | (l
0935 0.14 0.155 0.16 0.165 1071 1 0
M(K7.x) - M(K7) p, ()
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Data collected

e An impressive success! No incident (eg saturation of DAQ/Tier0Q)
e Collected ~1.2 x 109 triggers, or ~10"° B, 40 fb"

o  Full reconstruction finished december last year

Mode Nao1s fs [17] B
Generic B hadrons
B 4.99 x10° 0.4 1.0
B* 4.99 x10° 0.4 1.0
B, 1.56 x10° 0.1 1.0
b baryons 1.56 x10° 0.1 1.0
Be 1.25 x10” | 0.001 1.0
B hadrons total | 1.25 x10'° 1.0 1.0
Interesting B decays
BY — K*(te~ 3290 0.4 2 x99x1077 [14]
B* —» K*¢te~ 2250 0.4 4.51 x 10~7 [15]
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Electron reco

e First observation of these
decays K, in CMS

% ’

B — J/U(— ee)K e 5% of parked data

K* 5 1K e Out of the box reconstruction,

o optimized for high pT
electrons

CMS Preliminary Run 2018 (13 TeV) CMS Preliminary Run 2018 (13 TeV)

B— J/U(— ee)K| &

M :

events
e
o

255— E!s >
0 l!%

C \ { 30
L } !%\ :
102— 'l 205 o 13361 + 529 J/y(ee) events

5k \ 10; %500; o ‘ .

g . i : Soool e

v 5 N\\nm-"! 0-26 48 5 52 54 56 58 6 :mo%“m ,/ \ s

K=e*e mass [GeV] K*(K*x)e'e” mass [GeV] .%2 E W
N B e .
e significant effort to improve electron reconstruction at low pT“""E \
o Combination of ECAL cluster-seeding and track-based seeding 94 " 26283 A _G—
o x3 eff increase achieved, still some more room for improvement meeee
51
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First All-Hadronic Decay in CMS
BT = D%— K*nF)r™t

0
CMS Preliminary {s=13 TeV ~5 /0 Of data
90'._—' . I l | I e ] T T 1 71 I T 17171 l v 0208 I T T T ]_—

i 5_ 1.8<m(D%<1.9 GeV _f
—— Data ]
70 — B*-n*D"(Kn) =]

—— B">n*D (Knn)

a.u.

60
50 F
40F

30F

20

10

[ 1
81752 53 54 55 56
B mass [GeV] 52
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LFV program
+ Three main channels: o
B™ = K /T4
B° - K¢t~ - Ko 0t
B e N i
® The third one has never been done before!
+ Also possible baryonic channels: o
A) — AT s pr e
=, > E LT s At s pr T T
Q, - QU 5 A°K (0 —pn K014

Charged channel (done by Belle,

not by LHCDb) can be interesting
o Possibly also

B > K**I"I"— KOS It

A\, polarization and angular
distribution studied at CMS with
~6000 ev (Run1 7+8 TeV)
o CMS, arXiv:1802.04867
With same cuts:
o O(20k) events in parked DS
o Maybe O(100) non resonant
"I~ ?

® Need further investigation, as yields are probably too low;

rarely discussed in the current literature

Stefano Lacaprara, INFN Padova
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Other B Physics Topics CNFN

e So far, we only brainstormed other potential physics cases

e Some (rough) ideas:

Rare B_ decays: 11, ¢@, KK, K, K*K* , K171, K* 171

R(D")) measurement

Flavor violating decays: B (s) — Ty, 1€

CP-violation in various decays, using opposite-side tagging

Perhaps even probe 1 — 3y via 3x108 DO1v decays —D) ppp v

Explore CMS strengths over LHCD: KOS , \ reconstruction, and use of narrow
resonances (e.g., ¢, D*) to reduce backgrounds given the lack of particle ID in
CMS

e Your favorite topic here

O O O O O O
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Conclusion

e B%->K*un partial angular analysis performed at CMS with Run 1, 8
TeV Data

o With 1400 signal event, no significant deviation from SM prediction for P’,
found
o  WIill perform a full angular analysis on run2: 15’000 signal events

e B*->K+up full angular analysis performed
o no deviation as well
e 10" unbiased B events collected in 2018 via parking which are

being analyzed
o Expect competitive results on R(K")) and many more channels

e Exciting time for B-physics in CMS
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Backup
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3D tracking and vertexing

e All silicon tracker
> high granularity, low occupancy
— well described by MC simulation

e Pixel detector
> 100 x 150 um? pixel size

> substantial charge sharing (low Vias)

— excellent resolution in r¢ and z

(2]
o

21.8 b (2018, 13 TeV)

EO
%

iminary

4]
o

Strip Hit Resol. (um)
3

n
o

ey
o

TIB 1-2, 2-side, 80 um, strips along 2

TIB 1-2, 2-side, 80 um, strips at 6=100 mrad

TIB 3-4, 120 um, 1-side

|tracker hit resolution

~++~

-
_—4=+—+
'++4—
~++—

o

w
oIIIIIlIIIIllllollllllllllllll
RO
[ —+—

= Essential in high-pileup environment!
CMS Preliminary 2015 5= 13 Tev

CMS Preliminary 2012, {5 = 8 TeV, Pixel Barrel Layer 2
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JINST,13,P06015

Muon reconstruction ST, 7,P10002

I —~—__ ea=08/ RF"C 1 :
S e

e Large muon acceptance |n| < 2.4
> drift tubes
> cathode strip chambers
> resistive plate chambers

e 3 muon reconstruction algorithms

> standalone muon:
in muon system (trigger ingredient)

> global muon (‘GM’): outside-in
standalone muon — to inner track

> ‘soft’ and ‘BDT’

Muon misidentification for BDT muons
e(p|lmr) = 0.06% muon track
e(p|K) = 0.10% global muon track
e(plp) < 0.01% =

measured/validated in data:
Kl —sntn,¢ > K Kt, A — prn~ inner track
D** —» D°znt — K—ntnt

58
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Displaced J/y and B_° — p+u- triggers

e HLT ‘displaced’ J/y
> two muons with opposite charge
2.9 < my, < 3.3GeV

> cosa > 0.9, P(x%/dof) > 15%

e HLT ‘displaced’ J/i» + track(s)
> two muons with opposite charge
2.9 <my, <3.3GeV
> cosa > 0.9, P(x?*/dof) > 15%
> invariant mass requirements on tracks
(targeted towards ¢ — K"K )

e HLT B — utpu~
> two muons with opposite charge
> p1 > 4.0(3.5) GeV, P(x%/dof) > 0.5%
> inv. mass 4.8 < my, < 6.0GeV
> no displacement requirement!

Stefano Lacaprara, INFN Padova

Efficiency
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Significance of dimuon transverse flight length
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5 7 INFN

Anti radiation cut

» Remove mass window evt by evt: |[m(uu) — m; y(my,)|< 304 (04 = 26 MeV)

» Cuts combining mpgo&m,, applied to furtherreject feed-through from control

channels (/ /Y (Y") - p*p17y):
» Events are rejected if |(m(Kmup) - m..) = (m(uu) - m...)| < Am

o
L
T

miutuKx) (GaV)
»
in

mu“u'Ka) (GeV)

o
>

5ap
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Decay rate

Decay rate involving b

dif[B°— K*%u*tu=] 9 .
U dq? d0 =32ﬂ- ZQQQ) quark, i.e. B%ar meson

d.-BO—> K*Outp] _ 9 Zqzﬁ) Decay rate involving boar
32 £ :

dg2 d§ quark, i.e. Bmeson

I" and I'va: expression of the decay

f(C)): combinations of spherical harmonics

Iand /».r: g2-dependent angular parameters (combinations of six complex decay amplitudes)
1 d4{(Tr' +7T) 9 [3

Z(l —@ sin? Oy + Fp, cos® O

d( +T)/dg* dq2d  32n

1
+ Z(l — F) sin? O cos 26,
Assumptions / simplifications: — F1, cos? Ok cos 20, +in2 Ok sin® 6 cos 2¢
CP-averaged measurement 5 g 3 ;
g 4+ S sin 205 sin 20, cos ¢ +.S5 51n 20 ;¢ sin 0 cos ¢
Massless limit, i.e. @2 » 4m2,, K v K !
! . 9 ar ; ;
‘ S 5.41':13 sin“ O cos 6, +@'m 20k sin @ sin ¢
& independent angular parameters + sin 260 g sin 26, sin ¢ +;Sg iin? O sin? 6; sin 20
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Decay rate

Decay rate parameterisation
(JHEP 01 (2013) 048)

S5
vVF.(1 - F)

For example Ps' =

Two channels can contribute to the final state K* - p* p-:

d*r

dq? dcos Ok dcosf; d ¢ 321

+(ZFL sin Ok — F cos” ) cos 20; +

3
[ F, sin 2 0k + F cos? Ok

2

lpl E; sin2 0 sin? 0 cos 2¢

+vVF_FL (§P4 sin 20k sin 20, cos ¢ + P sin 20 sinf, c05(b>

- F.Fy, (P;, sin 20 sin 0, sin ¢ — %Pg sin 20 sin 26, sin c'))

+2P,F  sin?f cosf; — P3F_sin® Ok sin® 6 sin 2@] =

P-wave channel, K+ - from the meson vector resonance K*° decay

S-wave channel, K+ i not coming from any resonance
We have to parametrise both decay rates !

dq2dQ

dlMrotal

=(1 _.

dr P-wave

dr4S/SP-wave

dg?dQ

dq2dQ

dlMs/sp- : ; :
il o mz 0y +s1n 6y cos O ﬂ\‘m 0 ;¢ sin 20y cos ¢

dg?2dQ lb7r -
+HAZsin O sinf; cos ¢ + sin @y sin 0 sin ¢ + sin @ ¢ sin 26, sin (.)] parameters

Stefano Lacaprara, INFN Padova

dr4P-vmvc
dq?2dQ

Both S-wave and S&P
wave interference

6 independent



Background considered included:

e Partially reconstructed B® decay might pollute left MBO side bands

@ restrict left s.b. (5.1 < M < 5.6 GeV, default 5 < M < 5.6 GeV)

@ redo fit: change in P; and P; within the systematic uncertainties.
o BY - Kiuu plus and additional random 77

@ distribution ends at M > 5.4 GeV, further reduced by cosa cut, and BR similar to B - K*Ou.u.

o Ay — pKIAb(p 1)

® look at event in the Mk, ~ MBO peak, reconstruct them using p, K mass hypothesis: no peak seen.

o B” — DX, with D — hh and h mis-id as u

@ requires two mis-id: P,y ~ 1- 103 given BR ~ 1 - 10~> negligible.

o B® — J(up)K™(K), with one h and one yu switched

& P s + (L8 ) ok 107%, YBO—+J/-¢‘:;1‘;1, ~ 1.6 -10°: few events in bin close to J/

@ J/i) feed contamination in close bin included in the fit model

Sterano LaCaprdra, INFN Fadova
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FC statistical uncert determination

e Not fully 2D, only 1D profiling 2D-gaussian description of likelihood inside the
physical allowed region

e Generate 100 toys for each point of the path

e Fit the toy and rank according to likelihood-ratio

e Confidence interval is found when data likelihood-ratio exceed the 68.3% of

the the 1.:0.yS . o An example of DLL toys distribution
o Statistical fluctuation expected due to limited number of toys compared with DLL(Data) (red)

o Data ranking is plotted along the path explored

1149 /55

5718+ 0.635

o Intersection with 68.3% found with linear fit 14 — i
—— DLL data
N Gz
10 Lower=47.47%
8 Higher=52.53%
6 Inside
Data DLL does not exceed 68.3% of 4
toys DLL. '

Point generated is inside 1o

00 05 1 15 2 25 8 88 4 45 &
nil
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Single Toy fit

w 1.5 T T T ¢ T TeygempeRt T ]
L +  Freefit 4

Pl

Each toy is fitted with the full pdf as done for data 1_ Prys boundary _

¥ Max inside phys reg.

@ we repeat the fit with 20 different set of 20 initial 0_5:_ plocreasns
- L(GP)=59.95 -

/
values Of Pl and P5 - DLL= 0.00

» to find the absolute max, we fit the 20 values with a 2D
gauss function
» the max must be inside the physical region

@ Eventually, we have 100 toys, and 100 values for the
likelihood.

—_
_:U ’_III
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Example for bin 1

RAso

Asso

—— 10 reg

peld T 1T I T 0 T 1 U0

Raso

Rato

| O P Y P ) D B O o O )

\_)
:lllllllllLllllllllN‘llllllllllll _0

R 1-0.8-0.6-04-02 0 0.20.4 0.6 0.8P1 e
1

&)
)
o)
)
|
=
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Example for bin 8

llllllllllllllltllllttllll[lll]v

Ratio
Ratio

¥ Bestfit

IIIIIII

0zk

1 1 1
045 044 042

-«

2 Done
14 Done

Rato

'.1.1..11...11\1

3 .1-0.80.6-04-0.2

l\lllllllllllllll

-
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Tracker upgrade

* Needed to deal with radiation damage and cope with higher pileup

¢ Inner tracker:

0.0 0.2 0.4 0.6 0.8 1.0 12 1.4 16
. I Elz()() 8
* pixel sensors _—— — —
P %uxm | | [ |I l} 18
e narrower pitch than present 800 ! | [ l ! 20
pixel detector e ———— | 3h) . l [. 12
N WA N NN YN " I' II l| II 24
) . G & 400 :' 1 ) N Iy 2.6
¢ increased granularity to limit T Y ey :: N " L b
NN \ \ \ \
the occupancy 20 g , . 40
e ———A| L \ [ § \ { $ ¥ n
° Coverage up to ]n|~4 0 500 1000 1500 2000 2500 z [mm]
e Outer tracker:
g = S aia o Wl e x 1.6 Phase-2 Tracker Wl -
e design driven by addition of B S S —
hardware track trigger capabilities =°-“ ='-f’~=“

Phase |

d=p

e pixel-strip & 2-strip sensors

e progressively tilted modules

e Substantial reduction of the material
budget with respect to present
detector

15§ 2 25 3 35 4

Inl

n|
68
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Tracker performance: resolution

= CINFN

CMS Simulation Preliminary CMS Simulation Preliminary
A}_ 1.Llll’llII'Illl!llll!llll'llll!l!llllll‘: E‘ _""!""!""|""l""l""!""!""-
Q CUEUNITED simulated muons ISl St o i Simulated muons
) . p_=10GeV ey p_=10 GeV
Q.’_ o o —_— ¥ 3
o e Phase-1tracker © e Phase-1 tracker
= + Phase-2 tracker L, 2 + Phase-2 tracker
i {704 10k e e .
107'E :
¥ " .
[ o e
-4 -3 -2 -1 0 1 2 3 4 -4 -3 -2 1 0 1 2 3 4

Simulated track n Simulated trackn

e Significant improvements in transverse momentum and transverse impact parameter
resolution with respect to current detector

e thanks to better hit resolution and lower material budget
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CMS Trigger strategy

i u.'. b L1 Trigger: ~40 MHz — 100 kHz
LI B e Hardware-based
e Only muon stations and calorimeters
— No electrons from B’s
e Decision time: ~4 us

» Software
-+ | * Fulldetector information, but simplified reconstruction
e * Decision time: ~300 ms

(_‘ l\‘ 5 HLT: 100 kHz — 1 kHz(*)

CMS i Offline:

e Software
e Reconstruction time O(s)

e Event size ~1MB for standard events
3 70
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L1 is (and will be) a limiting factor

75k

~

% 50k

T

2

: 25k
Only 10% of the L1 rate m
is kept to achieve good N 5
purity. o 5000

& 4000
The number further ; :

decreases at very low L1 3000f ok
muon pt threshold :

2000

1000 & e iy s ——r——
: R
T I T T I N

k
5 Y o] 1 . | |
22:00 00:00 02:00 04:00 06:00 08:00

|
l
|
1
|
|
1
i AR i o
I -
L
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Trigger tuning and HLT

— Physics Streams
= Data Parking

Fill 6759 HLT rate

— = Prescale change
~== = Run changc

1 1

;24500
@ 4000
T 3500
3000
2500
2000
1500
1000

|

!—f—fl—rl-ﬂ'i rH'—TH'— rH —I-TT'i-ﬂTF

a?hy H

i —

A. AV9 rate: >2kHz RN X

I
-
oW

|

|

- —

0 a .
2 I T

ol 1 I M| i (Y 1‘[

‘

..
— c-h,d
g

:4'

: 3
‘ L
L

O

2018-06-04 22:17:35 tc 2018-05-05 11:33:78
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Each point in the cloud
n
in pr(M) and IP significance
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Trigger level di-muon spectrum

CMS Preliminary (13 TeV, 2018)

107
~5% of data, tag side

108

Events / GeV

10°

104

10°

102

10

IIIIII|T| IIIIII|T| Illlllﬂ] IIIII]|T| T TTT

llllll

1 10 o 10
uru invariant mass [GeV] 73
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Displaced muons

CMS Preliminary (13 TeV, 2018)

—h
o
(&}

~5% of data, tag side
J/y

10°

IIIIIIII I IIIIlIII

Events / GeV

104 |
10°
102

10 |

lIIIIII 1 ] 1 II

1 10 ) 10?
u*u invariant mass [GeV]
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Challenges for R(K"")

+ Main challenge: Br ~ 10-7
+ This is why need ~1010 B's!
+ Low-energy electron reconstruction

® Default reconstruction has an (arbitrary) cutoff at 2 GeV

® Need significant investment to improve it down to
~1 GeV

® Finalizing the significantly improved electron ID now

0 LEE.60 2 L WA /L6 e e R RN TR
< —red - :Cj 09F .9/ a0 T 00199 o 00y
> 1 & osfk* 3
© 2000 ] E 3
= i 0.7 =
g 3 +1 l H ‘ E
< . 0.6 =‘d:$: —
N = > E
1 o 05 o +* E
|l € 04F - —
1000 o g @ & KFtrack (K ,) =
1 © 03F paTS . —
i o - KF track (ew) 3
1) 02F & —@- GSF electron (e;,,), lowered p_ thresh. 3
7] 0.1 E_ . —&- GSF electron (e;n), nominal p_ thresh._f
o) 8 e IS R IR RS Mrtrurs o o800 O N N [T WSO [ O | B SO -~
0 10 00 1 2 3 4 5 6 7 8 9 10 75
gen
p, [GeV] 14 Py [GeV]
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N

New electron seeding >

+ Created an alternative reconstruction path for low-pr electrons

® Remove limitations of the current seeding without touching the default
(particle-flow) electron reconstruction

® Focus on improving the efficiency for low-pr electrons by using a
combination of ECAL supercluster -based seeding and track-based
seeding

® A factor of three improvement compared
to the PF electron case is achieved
for the B — J/P(ee)K decay
® Potentially up to x4 improvement is
expected

® Finalizing the ID to keep fake rate under
control : Standard

EGamma

056  0.14 .
Low p, 056 041  0.23 | 76
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Asymmetric Conversions

+ Use asymmetric conversions to study low-pr
electrons

bther datasets are also1 2°

; i 154 e Inl <1
[being considered ) T

=5

(Use conversions
stemming from the first
_pixel layer/beampipe

7
¢ B

Example of 15
discriminating variables ~20

_used in the seeding

} )\

1 Require R'< 4 ¢in

-20 -10 0 10 20 30
x(vtx) [cm]

16
i [ electrons [ electrons
144 [ background 60 [ background
12 50
104
10
3 3
< ¢ £ <
Il 30
‘ il
20 s
14 -
e
5. e 10
2 iy
— —
[ (
020 —015 -0.10 005 000 005 0.0 015 020 15 0.000  0.25 0050 0.075  0.100 0125 0.1%0 0073 0200

Ap(ECAL, kif track) An(ECAL, kif track) 77

Stefano Lacaprara, INFN Padova



Purity 0 (NN

‘-\

1 N(BY = D*Tuv

N3 i) =g (N pv)

(Feorr)@(D*t) x e(D**+) x(B(D*+ — DO(— Km)m))

1 1

f B(B° — D**pv) a(B® — D)) (Acceptance x efficiency _

B — pX) alb = pX) of the D*+ decay chain. From literature:
2.6%
. From MC ) { Computed on MC. ’

This value does not include
any acceptance on the probe B
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Thoughts on R(A | ) @FN

+ Among the baryonic channels, R(/\v) perhaps is most interesting
@ The branching fraction is similar to that for R(K/K*)

® The production cross section is about a factor of 4 lower, but can be
doubled by considering an additional channel (both have very distinct
experimental signature) e —

® Problem: no trigger available for such dimuon decays in 2017/18 -
something to bear in mind for Run 3 - not a big issue for R(A\v), but is

a big issue for angular analysis
strong decay

79
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A, in CMS CNFR
+ We actually published Run 1 paper on Ay polarization and
angular distributions

® Signal is extremely clean, so could afford less stringent cuts (such as
PT(J/ V), pr(/o))

® Expect about 20K events in the parked data with the same cuts, but
could be much more with looser cuts

® O(100) non-resonant dilepton events is not impossible!

1980 (8 TeV)+52 b’ (7 TeV
(a) CMS

19810 (8 TeV) + 520" (7 TaV
0 cMs

FY
8
>
-'8

4 Data
— Fit

Events /3 MeV
8
T
Events / 3 MeV
w
3

~6000 events in the
7 + 8 TeV data

n
"'8""

n
11'8-

1Cﬂ’ 100

S T T i i I TR s
Ty T 558 56 562 564 566
m (Jip A) [GeV] m (Jiyp A) [GeV]
CMS, arXiv:1802.04867 80
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