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Introduction

* Flavor production and study of its properties is one of the most
interesting areas among the particle physics community.

* There are many unsolved questions in this sector (listing only few):

-> What are the principles for the observed pattern of fermion
mass and mixing angles ?
-> Are there any new sources of flavor symmetry breaking apart
from SM Yukawa couplings at TeV scale ?
-> Are there new sources of CP violation to explain the observed
matter-antimatter asymmetry of universe ?

 LHC erais very important pin down some of the flavor questions.

It allows us to probe the NP in two ways:
* Produce heavy particles beyond SM. The production cross-section of those
particles is usually small.

 Measure the observables/parameters of SM processes (specifically rare decay
modes). Any significant deviation from SM prediction might be hint of NP.
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Why we can do better at higher energy ?

proton - (anti)proton cross sections

-> Because of large production rate
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Event with di-muon from CMS @13TeV
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Physics with dimuons from CMS @13TeV

13.1 fb' (13 TeV, 2016)

Trigger paths
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* Many flavor physics analysis depends on the prompt and displaced quarkonia triggers.

* The trigger requirements are tightened due with increased luminosity and higher
production rate

 ~10% bandwidth is given to flavor physics



B* production cross section @13TeV from CMS

ARXIV: 1609.00873

Provides important information to understand particle interactions.
B* differential production cross section as function of B transverse momentum and
rapidity

Uses exclusive decay mode B* -> J/WPK* (J/W ->u*u”) [ pp -> B*X -> J/PK* X]

Both muons must be within [n| < 1.6 or one of the muons must have P; > 11 GeV.
J/W¥ candidates must have P; > 8GeV and minimum %2 probability for vertex fit.
Combined with charged track (considered to be kaon) with P;>1GeV

The cut in decay length significance in transverse plane ( distance between secondary
vertex and beam spot in transverse plane divided by its uncertainty)

The signal is obtained by extended maximum likelihood fit to the B* invariant mass
distribution in bins of B* P; and |n].
The differential cross-section is calculated to be

do(pp — B*X) Mg (P7) do(pp — B*X) i

_ y°!)
dp? ~ 2A-e(p}) BLAPY' dy® ~ 2A-e(|yB]) BLAy®

Result shown is based on 49.4 pb! data collected at 13TeV



B* production cross section @13TeV from CMS

CMS 49.4 pb™ (1 3 TeV)
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* Signal -> Two Gaussian

* The mean of two Gaussians fixed, while
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B+

ross section from CMS & ATLAS
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Facts about B.—~utu”

* It’s a flavor changing neutral current (FCNC) process. Tree level contribution
is forbidden in Standard Model.

* Only occurs via loop diagrams as shown below.
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The process is helicity suppressed by factor (mM/mB) <—P—$—BS—<:IJJ—>

(forces one of the muons to have wrong helicity direction)

e By>pru is further suppressed compared to B,.>ptp™ as |V, < | Vil

* Sensitive to pseudo-scalar and scalar couplings

* Any New Physics could change the branching fraction (extra amplitudes will
contribute to the decay process).

* Probably the cleanest rare decay both experimentally and theoretically. 10



History of B —»u*u search
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SM branching fractions for B—>utu”

The SM branching fraction for B> pu*p™ can be written as

G4 M4 4m?2
E=Worp, fp mp,m2[1— mzp Vi Vs |?|C1o0l?

Bs

BtZO(Bs — /.l,+/j,_) =

w2

To compare with experimental result, which is time integrated, a correction
due to the B_-mixing need to be taken into account
(De Bruyn et al. [PRL 109, 041801], [PRL 108 (2012) 101803)

1 AT
B(Bs(t=0 o =2
- (Bs(t=0) »p'u), Ys = 5T

Most recent time integrated predictions:
Ref: Bobeth et al, PRL 112, 101801 (2014),
B(Bs>pp) = (3.65 £ 0.23)x107° and with full electroweak 2 loop corrections

B(Bd9u+u_) = (1.06 i O,O9)x10‘10 and 3 loop QCD correction [ Bobeth et al.
[1311.1348 [ Hermann et al. [ 1311.1347])

B(Bs »p'u) =

Main uncertainties from f;. and CKM factor |thVts*|

fB, CKM 74 | My «s | other | non- >
param. | param.

B |4.0% 4.3% 1.3%|1.6% 0.1%|< 0.1%| 1.5% |6.4%
Bae|4.5% 6.9% 0.5%(1.6% 0.1%|< 0.1%/| 1.5% |8.5%

Sensitive to NP e.g. BF (B.>p*u") a tan® g where g = v,/v,, ratio of neutral Higgs
field vacuum expectation values -



Analysis methodology

* Measure B> pu*u~ relative to the normalization channel
(cancel uncertainty due to bb production cross-section
and integrated luminosity)
-> B*->J /vy K* with very precise branching fraction
-> nearly identical selection to reduce systematic uncertainties

obs obs
n
By BY
o 0
NBQ ngﬁa(pp%Bs)

n

O —
BBy »p'p”) =
€Bg

Ns fu €by
— Ju BT i b
NEF Fo euo B(B") (N, is same as n°bs, )

* Calibrate MC with reconstructed exclusive decays
-> B*—=J /1 K*: normalization with high
B> J/¢y ¢ : B2signal MC: Used to validate MC simulation and to evaluate
effects from differences in fragmentation between B* and B,°
* The efficiencies of all samples including detector acceptance are studied using MC
* Finally, the total data sample is split into sub-samples based on different
criteria, e.g. in CMS the data are separated based on whether it is barrel or
end cap event



Analysis strategy

* Signal B,.~>u*u™:
-> Two muons from one decay vertex
-> well reconstructed secondary vertex
-> momentum aligned with flight direction
->mass around m (B, )
-> blind analysis

5
© 0.3

0.2

® Toy Data (sideband)-|
O Toy Data (blinded) -

jB—mu N

L |B%—>pn

* Background: 01
1. Combinatorial (from sideband of B, ,-mass)

i i king BG
-> two semi-leptonic B-decays rare peaking

i B rare sI BG
-> One semi-leptonic and one hadronic B-decay oh—“ R N
. . . 5 52 54 56 58 6
2. Rare single B-decays (from MC simulation) M, [GeV]

-> peaking background, e.g. BY - K"K~
-> non-peaking background, e.g. B) » K utv, Ay — pptv

il /4

ﬁp % mp

Signal Sequential Double b decay 14
b—c decay



Candidates/0.025 GeV

Backgrounds for B>u*tu”

Understanding the background is very important to this kind of rare decay mode
Plots below show peaking and non-peaking backgrounds
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Invariant u*u~ mass

The dimuon mass is further sub-divided into (apart from barrel and end cap
in 7 TeV & 8 TeV) bins of BDT (boosted decision tree) discriminant. Uses 5fb! with
7 TeV and 20fb! with 8 TeV data.
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CMS results for B—u*u~

PRL 111 (2013) 101804
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CMS & LHCb combination for B—u*u"-

Both CMS & LHCb data are simultaneously
fitted with BFs as common free parameters
An un-binned maximum likelihood fit to the
di-muon invariant mass is done over all BDT
bins (12 bins for CMS and 8 bins for LHCb)

Observed branching fraction:
BR(B%) = (2.8"07_ ¢ ) x 10 (35% syst) 6.20 observed

»BR(B°)= (3.9716, ,)x 1010 (18% syst)  3.06 evidence
SM compatibility: 1.2 for B, and 2.20 for B?
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B(BY — p* )10

ATLAS result on B~ ptu~

8 rrT rrrT rrrT ISR L L
i ATLAS Preliminary | . _
"""""" N 1 Using the data collected in Run-1,
6/~ | \s=7TeV, 4.9 fb" .
i o e X 4 1 ATLAS showed preliminary results
L 55 5 omsgLHep ‘STOTeY-20TT 1 0 0
4 F 8 o8 i 7] onthe rare decays of B, and B
A ) 1 into muon pairs.
2 P .
_/\ = 1 For BOS:
s e R B 1 ¢ BR(BY% ->p'p)=0.9""" ;%107
1 <3.0x 107 at 95% CL
5 ‘Contours for -2AIn(L)=2.3, 6.2, ]
el N, o M8 from the madmum of L (from CL,)
0 1 2 3 4 5 6 7
B(B) — p*u7)[107]
For B:

* BR(B®->up) <4.2x100at 95% CL (from CL,)
* The limit is above the SM prediction

 and reaches the central value of the CMS & LHCb combination
BR(B®)cwisaunce = (397701 4)x10°7,

The compatibility with the SM, for the simultaneous fit, is 2.0 ¢ .

19



10° x BR(Bg — ptu™)

NP constraints with B-u*u-

NP can enter through the Wilson coefficient (C/’s) of operators in effective Hamiltonian

0] my _ 7
Og" = (5Pr(r)b)(£€)
Heg = — Sy vz S Z (Ci0i + C!OL) + h.c. "B
72 i 0f) = % (5Pzyb) (Brst)
Bs

The BF for B>u*u™ can be enhanced in the presence of NP in the scalar or pseudoscalar
operators, which can lift the helicity suppression.

Can create some correlation among different decay modes such as B> u*u™ and B;~>ptp”
A large part of parameter space of SUSY models with large tan are ruled out.

However, SM4 or RSc or SUSY models with low tanf is to be probed now.

For example, SM4 is ruled out if enhancement in both B> putu™ and By>u*u™ is observed.

20 T 2.0 T

D Straub
arXiv: 1205.6094
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NP constraints with B—u*u-

CMSSM - tan =20, A =-2m,

CMSSM - tan p=40, A =-2 m,
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Takes different experimental measurements
Constrains m, , and m, SUSY parameter space
Trilinear soft breaking parameter A, = -2m,

is chosen to keep consistency with observed
Higgs mass

Constraints from B.->pu*u at large tanf} are
stronger than lower tanf (also to direct search)
Plot on the right shows the allowed region

by B.->u*u” BF measurement and the mixing
induced CP asymmetry (¢s)

10° x B(B, = p* ™)

S. Stone
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CMS future p
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* Expectation assuming SM branching fraction and planned detector upgrade.
* Large pile up will affect detection efficiency, tightening selection criteria, reduce
background, better determination of peaking background. 22
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Measurement of B->K*utu~ at CMS

PLB 753 (2016) 424 (arXiv: 1507.08126) d d
Forbidden at tree level, but allowed via loop
diagrams (as shown on the right)
Sensitive to NP through BSM particles in the loop
Small branching fraction (10°) .
Observables to compare with SM predictions:
differential BF, A, Ap, PS’, Isospin asymmetry...
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Measurement of B->K*utu~ at CMS

PLB 753 (2016) 424 (arXiv: 1507.08126)
CMS 2051 ' (8 TeV)
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B->K*u*u~ at CMS (cont.)
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<& [ —+Data
08E-777 (SM, LCSR )
8 G 0.6 XJ (SM, Lattice )
RRIPIRRRRIIILELK C
< KRR} 04__ % i
0.5 ’_I_( 0:— --------------------------------------------------------------------------------------------
= 7
0.4F- ¢—I—. 7 0.2
0.3F -0.4F
0 25_ —+— Data 0.6F
“E Z2(SM,LCSR ) =
015 =7 ( M, Lattice ) 0.8}
:IllII|III|III|IlI|III|III|[IIIIIIII __I|III|III|III|III|III|III|III|III|I
=246 T8 10 12 14 16 18 L S R (VRN I VR T T
7 (GeV?) q (GeV?)
-1
Experiment F Arp dB/dg? (1078 GeV2) — 129'!'3 Data 205% (8 TeV)
CMS (7 TeV) 0.68 £0.10 £0.02 —0.07 £0.12£0.01 44+06+04 > | (SM, LCSR } 7
CMS (8 TeV, this analysis) | 0.73 +£0.05+0.04 —0.161 00 +0.05 36+03+02 O 10-— oM Lattice ) /
CMS (7TeV + 8 TeV) 0.72 +0.06 —0.12+0.08 38+04 0 f ’
LHCb 0.657098+£0.03 —0.17 £0.06 +0.01 34+03704 2 8- s
BaBar — — 41711401 % L
CDF 0697937 +008  0.29752040.07 32411403 § 6 | $ | B
Belle 0.67+023+0.05 026702 +0.07 30705 +02 © &%
009 > + 003 23 dpssescsasass
SM (LCSR) 0.79 7012 —0.02Z 46777 5 o S
. . y 5
SM (Lattice) 0.73 5% —-0.03% 903 38717 NI
0_12|I 1 I4|'l 1 Iél 1 Iél 1 I1IOI 1 I1|2| 1 I1I4I 1 I1|6I 1 1118]
CMS results consistent with theory prediction 7 (Gev)
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Summary

The 13/8TeV results from CMS are consistent with theory prediction.

CMS and LHCb reported a first observation of B—~>u*u™ (6.20 from combined data). The
measured BF is compatible with SM prediction (within 1.20)

Combined result reported first evidence of B> u*u™ . The measurement is compatible
with SM within 2.20

The result provides strong constraint to the NP parameter spaces.

However, we look forward for new (13 TeV & 14 TeV) datasets to give us B >u*u~
observation soon.

B->K™u+u” results are consistent with theory prediction as well as other experiments.

The next few years would be very crucial for LHC to look for

something beyond SM.
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