: ;o it SR
Greg Landsberg - 8th Workshop on Theory,
Phenomenology and Experiments in Flavour Physics
Anacapri, Italy, June 11, 2022

| SN0 T AR * B . ARATYTESSET TR 9 T B 49 A




Observation of Triple J/y Production

BROWN

+ Recent result [arXiv:2111.05370], accepted by Nature Phys

+ Dominated by DPS (~80%)
and TPS (~20%); SPS DPS:
contribution is small

® First time TPS is directly accessed experlmentally
+ Observed 6 events in the J/P(up) mode, with the background of
1.0+1-4.0.8 events
® Shape analysis results is a 6.80 observation

® Measured cross section:
oqq(pp = Jiyllylly + X) = 272“3}1 (stat) =17 (syst) tb

10CMS 133 b7 (13 Te V 10CMS 133 b (13 Te V 1OCMS 133 b (13 Te! V
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Fiducial phase space:
pr > 3.5GeV for ] < 1.2
pr>25GeViorl2 < |y <24

pr > 6GeV and |y| < 2.4
29 < M+, < 3.3GeV

0 Data
— Total fit 3
N\ Uy JAp Iy signal 3
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For all muons
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PP—=¥1 X

pp—¢+X O.PP_>‘P2+X
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+ Using fiducial cross section and s = (082£01) caiors gg
calculated in [arXiv:1612.05582] yields “pes = 27215 exp) i (theo) mb,
uarkonium measurements

In line with d

m) Usps

Ueff, DPS

UPP—>1/J1‘/721/’3+X _ (MY Ygpg
TPS ~ 31

pp—9P1+X _pp—9p+X pp—y3+X

T3ps

Effective DPS Cross Section

+ Definition of effective nPS cross section is given by:
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CMS, {s5=13 TeV, Jiy+JAy+Jy
CMS*, {s=7 TeV, Jiy+Jiy
ATLAS, Vs=8 TeV, Jy+Jiy
DO, Vs=1.96 TeV, Jy+Jy
DO*, Vs=1.96 TeV, JAy+Y
ATLAS*, Vs=7 TeV, W+J/y
ATLAS*, Vs=8 TeV, Z+J/y
ATLAS*, Vs=8 TeV, Z+b—J/y
DO, Vs=1.96 TeV, y+blc+2-jet
DO, Vs=1.96 TeV, y+3-jet

DO, Ys=1.96 TeV, 2-y+2-jet
DO, Vs=1.96 TeV, y+3-jet
CDF, Vs=1.8 TeV, y+3-jet
UA2, Vs=640 GeV, 4-jet
CDF, Vs=1.8 TeV, 4-jet
ATLAS, s=7 TeV, 4-jet
CMS, {s5=7 TeV, 4-jet

CMS, Vs=13 TeV, 4-jet

CMS, Vs=7 TeV, W+2-jet
ATLAS, {s=7 TeV, W+2-jet
CMS, Vs=13 TeV, WW
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Observation of Rare B%—w(2S)K%sm*ni- and

BROWN

B0 (2S)K0s decays

+ New CMS analysis based on 2017-2018 data, using the K0s — i+~ decay
mode with a large displacement of the i+t~ vertex, inspired by searches for
exotic states in B meson decays [arXiv:2201.09131, EPJC 82 (2022) 499]

_ BB p(29)KY) _ B
Ry = B(BY = zp(ZS)Kg) = (3.33 £0.69 (stat) £ 0.11 (syst) £ 0.34 (f/ fq)) x 10

_ BB — ¢p(2S)Kt )

Rotn-= B(BY — ¢(25)KQ)

= 0.480 == 0.013 (stat) & 0.032 (syst)

B(BY — 1 (2S)K2) = (0.97 £ 0.20 (stat) & 0.03 (syst) = 0.22 (f,/ f4) £ 0.08 (B)) x 1072,
B(B® — (25)Kn "7 ™) = (13.9 £ 0.4 (stat) - 0.9 (syst) = 1.2 (B)) x 107,

+ No peaking structures in the 2- and 3-body {(2S)h1(h2) spectra observed

Greg Landsberg - B — sll Physics in CMS - April 2022
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..M Lepton Flavor Anomalies
BROWN
+ Recentlly, a number of lepton flayor | e N A
anomalies have been observed in various * o4f—=—1 ~3¢g tension E
% semileptonic chgnnels, largely driven by o | BaBar12 E
2y the LHCDb experiment: F | aewti :
s ] : "
< ® ~30 tension in R(D/D*), the ratio of S E
2 B — ctv)/AB(b — clv) [tree-level 025k & Telelo |
O B i
= process] E Beller? Word v T3
é O ~20 tenS|On |n R(J/l.p), the I’atIO Of 02 :_ iizid(l)i,e(::mbinow 15::135?52(;;95:04010104010 _:
£ B — ctv)/AB(b — clv) [tree-level N Y T 'R'D
1 o :
m ® ~20 deficit in various b = sp+y- ~30 tension | .
o transitions, compared to theory : - — 01 <g" <8.12GeV" o
§ predictions, both in inclusive and '
o differential measurements . 102 ¢ <60 o2 o*
3 [loop-level process] ; et
(@)} : 1
g ® ~30 tension in R(K), R(K*), the ratio of e 11 % g <60 GoVe
: Ref. "
ABb — sutu)/ABb — sete) j
: LHCb 9 fb™
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years of the LHC program LHCb Nature Phys. 18 (2022) 277

v
)
2
7]


https://hflav-eos.web.cern.ch/hflav-eos/semi/spring21/r_dtaunu/rdrds_2021.pdf
https://www.nature.com/articles/s41567-021-01478-8.pdf
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Lepton Flavor Anomalies

+ Recentlly, a number of lepton flayor | e N A
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8 + Arguably the strongest hints of new - 1.1< % < 6.0 GeV2/c*
£y physics to date that survived a dozen of i ] 5 .
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https://hflav-eos.web.cern.ch/hflav-eos/semi/spring21/r_dtaunu/rdrds_2021.pdf
https://www.nature.com/articles/s41567-021-01478-8.pdf
https://cerncourier.com/a/lhcb-tests-lepton-universality-in-new-channels/
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CMS and Flavor Anomalies

BROWN

+ In CMS, a number of analyses probing these anomalies are
ongoing
® While no new results are available as of yet, expect the first new
results to become public this summer and the coming fall

+ These analyses use both the 2018 parked data (1019 unbiased b
hadron decays on tape) and standard dimuon triggers:
® R(K) - parked data
® R(D*) - parked data (leptonic T decays)
o RW/) = BB — JlytTv)/ BB — Jlwu™v,) - non-parked data
(both the muonic and hadronic T decays)
® B/Bs(up) - non-parked data, full Run 2 analysis

- April 2022
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® Ps' and differential branching fractions in B —> ,u+,u_K0* decays -
non-parked data, full Run 2 analysis

e Also have B* — it~ K* and BY — ¢ angular analyses in
progress using non-parked data, full Run 2 analyses
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CMS 2018 B Parking

~As the luminosity drops, turn on various single-muon
Tag B In|-restricted seeds, which allow to keep L1 rate
w deplacedy constant and increase HLT rate toward the end of

o
~13B events =

~10B b hadrons Mul2erlp5 Mul2 IP6 1585 0.92

1.5 MulOerlp5 Mu9 IP5 3656 0.80 ~50/fb of data
1.3 Mu8erlp5 Mu9 IP5 3350 0.80 recorded
1.1 Mu8erlp5 Mu7_IP4 6153 0.59
0.9 Mu7erlp5 Mu7_IP4 5524 0.59
Trigger strategy — HLT
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R(K) General Strategy

+ Low-pr electrons are very hard (spent three years
optimizing the reconstruction and selection - a lot
more challenging than we originally thought) - do not
expect competitive precision in R(K) with the 2018
parked data

® Rethinking trigger strategy for Run 3

® Focusing on high precision in the muon channel, which
may shed light on whether muons are suppressed
compared to the SM predictions, which LHCb data
seem to indicate

- April 2022
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+ ATLAS, CMS, LHCb combination: ~2c tension w.r.t. the SM prediction -
similar to other b — spp decays

) + New LHCDb result based on full 9/fb data set reduces the tension to ~1c
% ATLAS, CMS, LHCb - Summer 2020
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+ ATLAS, CMS, LHCb combination: ~2c tension w.r.t. the SM prediction -
similar to other b — spp decays

) + New LHCDb result based on full 9/fb data set reduces the tension to ~1c
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.128.041801
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+ At the moment, all three LHC collaboratio

On the Normalization

ns use B+ = J/PK+ as the

normalization channel [LHCb also uses B? — K+rt-, assuming fu = fq, but
the statistical weight in the combination is dominated by the former]

® This brings the fs/fu fragmentation function
branching fraction measurement

ratio as the necessary input to the

® The current LHCb best value is 0.254 + 0.008 [assuming fu = fq]

® |n the CMS case, we increase the

uncertainty to cover possible <036 —— , —

8 TeV/13 TeV and pr variations Z 034F — B %DMX LHCb-
[the latter is reported at ~8c by ~03EFE — Fit 17 !
the LHCDb at 13 TeV, but not seen 0. 3: 13 TeV 2
by ATLAS or internally in CMS] 028 _slope (-17.6 £ 2.1)x10+4 pTIGeV_

® As a result, in CMS we add a 0.015 = 0.26:
0.008 @ 0.013 uncertainty and use: 0.24F

*fo/fu = 0.252 + 0.019 0.22;
0‘20 10 20 30

® This 6% uncertainty is one of the most
dominant in the overall result, so it's
important to reduce it

LHCb PRD 104 (2021) 032005

40
p. [GeV/c]


https://journals.aps.org/prd/pdf/10.1103/PhysRevD.104.032005

World Average fs/fq

BROWN

+ Given the tension between different measurements
of FFR and the claimed prt dependence by LHCD,
world average FFR are no longer being updated:

®© From HFLAV arXiv:1909.12524

3The LHC production fractions results are still incomplete, lacking measurements of the production of
weakly-decaying baryons heavier than A?. In Ref [1], we provided also a third set of averages including mea-
surements performed at LEP, Tevatron and LHC, but this was mostly for comparison with previous averages.
We have decided to discontinue these “world averages”, because they mix environments with different fractions.

+ PDG still provides the world average values:

Table 75.1: Y and b-hadron fractions (see text).

in Z decays [8] at Tevatron [8] at LHC [89-91]

Greg Landsberg - B — sll Physics in CMS - April 2022

X 0.1259 £ 0.0042 0.147 £ 0.011
fu=fa 0408 £0.007 0.344 £0.021
fs 0.100 +£0.008  0.115+0.013

foaryon  0.084 £0.011  0.198 +0.046
fs/ fa 0.246 +0.023  0.333 + 0.040 0.247 4+ 0.009

Prog. Theor. Exp. Phys. 2020, 083C01 (2020)
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https://academic.oup.com/ptep/article/2020/8/083C01/5891211

Normalization (cont’'d)

+ One possibility is to use the Bs = J/P¢ decay, for normalization, which
should eliminate the need for the fs/fy ratio

+ Currently, the world average [PDG] is based on two results:
® Belle, Y(5S) = BsBs, B(Bs = J/d) = 1.25 + 0.24

® LHCb, 7 TeV: B(Bs = J/Wd) = 1.050 + 0.105

<+ Unfortunately, the LHCDb result uses B+ — J/psi K+ as the normalization channel,
so this measurement is ~100% correlated with their fs/fu measurement - not an
independent result

“* N.B. ATLAS uses a theory prediction on B(Bs —»J/p$)/B(B —J/PK*) = 0.83 +-
0.03 [Liu, Wang, Xie, PRD 89 (2014) 024010] for their fs/fq ratio - but it's not
reliable

+ Can CMS use some other Bs decay mode to normalize?

® Not really as none of them have been measured to a precision better than
10%, and most are affected by the same normalization channel issue

+ Really need a Belle Il Y(5S) measurement to make a breakthrough in
precision

® Why don't they run on the Y(59) first??? &

- April 2022
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BRowNm
+ Several analyses are ongoing, with the results expected
this summer:

® FFR with charmonium Bs = J/{¢, B? = J/PK* (hon-parked
data; shape measurement - testing claimed prt dependence)

® FFR with fully hadronic charm decays Bs = Dst+/K+, BO —
D-K+ via D1t (parked data)
® FFR with charmonium Bs = J/{¢, B® = J/PpK* (parked data)

+ However, one has to use theoretical input to calculate the
FFR in hadronic charm decays (the present measurement
of B(Bs — Ds11%) is dominated by LHCb and uses fs/fq as
an input): B(Bs = Ds11t) = (2.99 + 0.24)x10-3

+ Belle measurement has a 20% uncertainty: B(Bs = Ds11+)
= (3.6 £ 0.5 = 0.5)x10-8

- April 2022
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Theoretical Calculations

BROWN
+ The LHCb extraction is based on the QCD factorization
framework [Fleischer, Serra, Tuning PRD 83 (2011) 01401 7]:

= ® Cabibbo-suppressed D-K+ channel is cleaner than the D-mt+
: channel, due to the lack of an extra non-factorizable diagram
§ é _ B(BO—> D_K+) €EDK NDSW
é fd B(Bg—) DS_7T+) €D NDK
% _ Vs 2<fK>27'BO 1 B(D_—>K+7T_7T_) €EDK NDST('
? B Vud Jr RO NaNF B(DS_ —>K+K_7T_) ep,r NDK
C? Input | Value Reference
S B(D°— K+r-) (3.999 =+ 0.045)% [6]
5 B(D-— K*r=77) | (9.3840.16)% 7]
= B(D; » K-K*tr~) | (5.47+0.10)% [6,39]
o 750/ 750 1.006 = 0.004 (6]
% (Tp+ + 7o) /270 1.032 + 0.005 (6]
(1-¢&) 1.010 & 0.005 [34]
N, 1.000 = 0.020 [36]
N 1.000 = 0.042 [19,40]
Nz 0.966 4 0.062 [7,36]
Vil e/ Vaal £ | 0.2767 [9]
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Theoretical Calculations

BROWN

+ The LHCb extraction is based on the QCD factorization
framework [Fleischer, Serra, Tuning PRD 83 (2011) 01401 7]:

= ® Cabibbo-suppressed D-K+ channel is cleaner than the D-mt+
: channel, due to the lack of an extra non-factorizable diagram
% é _ B(BO—> D_K+) EDK NDsﬂ'
2 Jfa ~ B(BY— Dgnt) €p,r NpKk
%’ _ % Vis 2<fK>27'Bo 1 B(D_—>K+7T_7T_) €EDK NDST('
? - Vaud Jr RO NoNF B(DS_ —>K+K_7T_) ep,r NDK
GIJ Input | Value Reference
S B(D°— K+r-) (3.999 =+ 0.045)% [6]
5 B(D-— K*r=77) | (9.3840.16)% 7]
= B(D; » K-K*tr~) | (5.47+0.10)% [6,39]
o 750/ 750 1.006 = 0.004 (6]
% (Tp+ + 7o) /270 1.032 + 0.005 (6]
(1-¢&) 1.010 £ 0.005 [34]
N, 1.000 + 0.020 [36]
Nr 1.000£0.042 [19,40] «¢= Bordone et al., EPJC 80 (2020) 347 and 951
Nz 0.966 == 0.062 [7,36]
Vil e/ WVadl f= | 0.2767 [9]
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Using non-Cabibbo-Suppressed Channel

BROWN

+ In CMS, due to the lack of particle ID, Cabibbo-
suppressed channel is difficult

® Use non-Cabibbo-suppressed B® — D-mi+ instead and
normalize to the theoretically clean channel via the ratio of
the branching fractions: B(B? — D-K+)/B(B® — D-1+)
® This ratio is known to a rather fine 3.3% precision [PDG]:
(8.22 + 0.11 = 0.25)%
® This is better than the precision on the non-factorizable
diagram contribution Ng = 0.966 + 0.062
+ Using parked data we can also |
measure B(Bs = J/Ypd)/ A
B(Bs— Dstt) and normalize the :
charmonium channeltothesame . |
(clean?) theoretical value!

Greg Landsberg - B — sll Physics in CMS - April 2022




L] Bs(up) Prospective

+ 3x more Run 2 data is yet to be analyzed - expect a
significant improvement! - coming very soon!

+ For the B(pp) discovery, need HL-LHC; will also be able
to probe the lifetime with sufficient enough precision to
resolve the two Bs states

3ab'(14 TeV) ) 3 ab’(14 TeV)

- April 2022
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P's: Experimental Situation

BROWN

+ Experimental situation: all over the place

® The results are consistent among the experiments; inconsistency with the theory
is an open question (both experimentally and theoretically!)

+ In CMS, working on the 13 TeV analysis with significantly higher statistics
®© Will attempt to have flner blns and mcludmg the ones between J/P and P(2S)

L0 T T I T T T I

o 2—ATLAS (s =8 TeV, 20.3 b=
- -§- ATLAS CFFMPSV fit
1.9 ~#- LHCb theory DHMV
- — CMS theory JC
1 - Belle

o
o
|

Ps

2 4 6 8 10
DHMV: JHEP 12 (2014) 125 2 [GeV?]

JC: JHEP 05 (2013) 043, PRD 93 (2016) 014028
CFFMPSV: JHEP 06 (2016) 116
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https://link.springer.com/content/pdf/10.1007/JHEP12(2014)125.pdf
https://arxiv.org/abs/1212.2263
https://arxiv.org/abs/1412.3183
https://link.springer.com/content/pdf/10.1007/JHEP06(2016)116.pdf
https://arxiv.org/abs/1805.04000
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+ Run 3 and HL-LHC projections

® Up to x15 improvement w/ 3 ab-1 compared to the
8 TeV CMS result [PLB 781 (2018) 517]

® Should be possible to resolve the situation

experimentally already in Run 3
CMS PAS FTR-18-033

P's: HL-LHC Projections
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https://reader.elsevier.com/reader/sd/pii/S0370269318303149?token=AF6E0FCEADE8C3F905084598B386715F4BC4CBDFDE1FAD26B512BFD041D1A85F309C566C989064BAE1E86C3F50C76203
https://cds.cern.ch/record/2651298?ln=en
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+ Recent result on a challenging charged B angular analysis, with

the K+* reconstruction via the KOsttt decay w/ 8 TeV 2012 data
® Good agreement with the SM predictions in muon Arg and K* F_
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https://link.springer.com/content/pdf/10.1007/JHEP04(2021)124.pdf

BROWN
+ Uncontested DO result [PRD 82 (2010) 032001]

- N—H- N——
sl — N_|__|_ —|—N__
+ The measured value is 3. 20 from zero

® While CMS always has the opposite solenoid .,
and toroid fields, they have never been
switched to an opposite polarity (this can be
potentially done but would require some

0.01
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much smaller than for the DO drift chamber
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investment in the solenoid control circuit) -0.01F

® On the other hand, the systematics due to the  -092

Lorentz angle in the CMS silicon tracker is 003"
- DO B—D,uX

Search for Dimuon Asymmetry

+ Probes charge asymmetry in semileptonic B meson decays:

A% = 40.0094 £ 0.0112 (stat) £ 0.0214 (syst)

+ This is a very hard measurement to make; DO has used the fact that
both the solenoid and the toroid polarities were periodically switched

» Standard Model
— B Factory W.A.
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.82.032001

Can CMS Test This?

+ Not with the standard triggers, as most of the low-
mass dimuon triggers required opposite-sign muons

+ Could potentially do this with the parked data
sample, using the trigger side, which guarantees at
least one muon per event

+ Systematics may be hard to control, but given the
enormous size of the data set, many sources could
be studied in situ

+ Hard, but not impossible measurement!
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+ CMS has succeeded in a bold and aggressive program of
putting ~1079 b hadron decays on tape in 2018

® Unprecedented data set, with very huge potential
+ Allows to do a number of B physics measurements,
thought not to be possible before in CMS:
® R(K)
® R(D%)
° FFR

© [ ]

+ New CMS results on flavor anomalies, including the first
results on B parking dataset, will come this summer and fall

+ Rethinking trigger strategy for Run 3 in order to get more
data for R(K/K*/®) analyses



