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>Quest for BSM physics
>Why b-hadron decays?
>b-hadron decays @ LHCb

»b—sll
»b—clv

>Qutlook
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Direct production Indirect production
> simpler to interpret > model-dependent interpretation
> probes masses <E > probes very-high mases

> No evidence of new heavy on-shell particles below ~2 TeV
... except for a very much Standard Model Higgs-like scalar at 125GeV

> Most of the unexpected anomalies have been neutralised by the
additional statistics

... all but the anomalies in b-hadron decays
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> Flavour-Changing quark-transitions

Charged Current (tree level) Neutral Current (loop level)

> FCCC well understood inthe SM > FCNC suppressed in the SM
»e and p final-states insensitive to  »only allowed at loop level (GIM)

non-SM contributions »involve an off-diagonal CKM
»1 final-state sensitive to additional element
amplitudes »(possibly) helicity suppressed
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> b—sll decays proceed via FCNC transitions that only occur at loop order
(or beyond) in the SM

> New Particles can for xcoAite olo-or*re—level diagrams
by enhancing/suppressing decay rates, introducing new sources of CP
violation or modifying the angular distribution of the final-state particles

by probing energy scales higher than direct searches
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‘ , Tree
4GF * ’ / i=3-6, Gluon penguin
Heff = —— th Vts E [C,('U,)O,(,U») -+ C,' (/J:)O, (,LL)] i Photon penguin
| \/i ; N— N— i=9, Electroweak penguin
left-handed part  right-handed part i Higgs (scalar) penguin |
i Pseudoscalar penguin

> C; (Wilson coefficients): perturbative, short-distance physics, sensitive
to E>Aqy

> O; (Operators): non-perturbative QCD, long-distance physics, depends
on hadronic form-factors

0.2GeV 4GeV
Aacp Ab

| (non-perturbative (b mass)
regime)
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> BSM physics can

» alter the SM operator contributions (Wilson coefficients)
» enter through new operators (right-handed O/, Os ;)

> Different g? regions probe different operators

Photon pole Speqtrum
enhancement dominated by
(no pole for narrow charmonium
B— P#¢ decavys resonan(}es.
v (vetoed in data)
()
C'?

/ /
Cé ) and C‘I(O)
interference Long distance
contributions from CC

above open charm
Form-factors

threshold
| from LCSR Form-factors from

—> .
- ~ Lattice QCD
calculations parameterisation

—> % = m(11)?
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> Optimized for beauty and charm physics at large pseudorapidity (2<n<5)
» Trigger: >95% (60-70%) efficient for muons (electrons)
» Tracking:  o,/p 0.4%-0.6% (p from 5 to 100 GeV), G5 < 20 pum
» Calorimeter: o./E ~10% [ VE © 1%
» PID: ~97% W,e ID for 1-3% n—u,e misiD

LHCD

RICH2 Tracker

Electromagnetic
Hadronic Calorimeter

LHCb MC Calorimeter
\s=8TeV

Muon
Chambers

JINST 3 (2008) S08005
Int. J. Mod. Phys. A30 (2015) 1530022 |
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LHCb Efficiency breakdown in 2012

] FULLY ON: 94.26 (%)

[ ] HV: 0.54 (%)
[ | VELO Safety: 0.78 (%)

- DAQ: 2.15 (%)
2017G5TeV): 10970 | - DeadTime: 2.39 (%)

2016 (6.5 TeV): 1.67 /fb
2015 (6.5 TeV): 0.33 /fb
2012 (4.0 TeV): 2.08 /fb
2011 (3.5 TeV): 1.11 /b [~
2010 (3.5 TeV): 0.04 /fb
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prompt-like sample
pr(p) > 1GeV,p(p) > 20 GeV

B ptpm

B ot

Candidates / a[m(pp)]/ 2

10° 10°
arXiv:1710.1710.02867 m(pp) [MeV ]

> Due to luminosity levelling, same running conditions throughout fills
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> Three main areas of study

1. Differential branching fractions of B°—K®°uu, B*—K™*uu, B.—duy,
B*—m*uu and Ay,—Apup
» Presence of hadronic uncertainties in theory predictions

2. Angular analyses of B—>K®)uy, B,—~dup, B>—K*ee and A,—Apup
» Define observables with smaller theory uncertainties

3. Test of Lepton Universality in B*—K*ll and B°—K™II
» Cancellation of hadronic uncertainties in theory predictions
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JHEP 19(2016) 047 S
JHEP 04 (2017) 142
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> Four-body final states

> System described by three angles
and the di-lepton invariant mass

squared, g>

provides many observables
sensitive to different types of
BSM physics

> Each observable depends on
different Wilson coefficients and
form-factors
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> First full angular analysis of B°—K™uu: measured all CP-averaged
angular terms and CP-asymmetries

> Vast majority of observables in agreement with SM predictions giving
confidence in theory control of relevant form-factors

> Can construct less form-factor dependent ratios of observables

e LHCbdata © ATLAS data

= Belledata © CMS data
|| SM from DHMV
SM from ASZB

—

15
2.8 and 3.0c from SM qz [G€V2/6'4]

« JHEP 02 (2016) 104 * ATLAS-CONF-2017-023
* PRL 118 (2017) arXiv:1710.02846
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> Test of Lepton Universality with B*—K*ll decays manifests a tension
with the SM at 2.6

B(Bt— Ktutu) / B(BT— Ktete)
Ri = B

B(Bt— KtJhp(— utu™)) BT — KT Jhp(— ete))

-&-LHCb -m-BaBar -a—Belle

Ry = 0.74570:072 (stat) =4 0.036 (syst).

0 5 15 20
PRL 113 (2014) 151601 q2 [GeVZ/c“]

* PRD 86 (2012) 032012
* PRL 103 (2009) 171801

> Consistent with BF if BSM physics does not couple to electrons
> Observation of LU violation would be a clear sign of BSM physics
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| JHEP 08 (2017) 055 |

> Test of LU with B°—K™II

(W
~
‘@_
—
&

central-q?

> Two regions of g

»Low [0.045-1.1] GeV?/c4 0O g 1)
» Central [1.1_6.0] GeV2/C4 Long distance

contributions from CC |
above open charm
threshold

> Measured relative to B°—K™J/y(ll) in order to reduce systematics
> K* reconstructed as K* within 100MeV from the K*(892)°
> Blind analysis to avoid experimental biases

> Extremely challenging due to significant differences in the way muons
and electrons “interact” with the detector (bremsstrahlung and trigger)

Simone Bifani
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> Electrons emit a large amount of bremsstrahlung that results in
degraded momentum and mass resolutions

> Two types of bremsstrahlung

» Downstream of the magnet

- photon energy in the same
calorimeter cell as the electron
- momentum correctly measured

Upstream
» Upstream of the magnet brem

- photon energy in different
calorimeter cells than electron

- momentum evaluated after
bremsstrahlung
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> A recovery procedure is in place to improve the momentum
reconstruction

> Events categorised depending on the number of recovered brem ys

20
10* 18

% g 16 i
10° y(2S) . -

102 Jy

10 central-q? 4[EEg

low-q?

m(K* ) [MeV/c?] m(K*nete”) [MeV/c?]

> Residual inefficiencies cause the reconstructed B mass to shift towards
lower values and events to migrate in g2

J,,E,P 08 (2017) 053 |
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> Trigger system split in hardware (Lo) and software (HLT) stages

> Due to higher occupancy of the calorimeters compared to the muon
stations, hardware thresholds on the electron E; are higher than on the
muon p; (Lo Muon, p; > 1.5-1.8 GeV)

> To partially mitigate this effect, 3 exclusive trigger categories are
defined for the electron sample * :

» Lo Electron: electron trigger fired by
clusters associated to at least one of the
two electrons (E; > 2.5-3.0 GeV)

» Lo Hadron: hadron trigger fired by clusters
associated to at least one of the K™ decay
products (E; > 3.5 GeV)

» Lo TIS: any trigger fired by particles in the
event not associated to the signal candidate
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> Partially-reconstructed backgrounds arise from decays involving higher
K resonances with one or more decay products in addition to a Kr pair
that are not reconstructed

> Large variety of decays, most abundant due to and
B—K,"(1430)ee

> Modelled with a simulation cocktail or using B*—K*n*nup data

| Primary Vertex

K,(1270)
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Combinatorial
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LHCb

Combinatorial
B—>Xe e

0.045<q%<1.1 [GeV?/cH

-

Pulls Candidates per 34 MeV/c?
=

m(K*rete”) [MeV/c?]

Pulls Candidates per 10 MeV/c?2

LHCb

Combinatorial

1.1<¢?<6.0 [GeV¥/ ¢4]

LHCb

gombinatorial
Bl A -K'pJly
B B°—>K )/ y

m(K - utu) [MeV/c?]

LHCb

Combinatorial
B—Xe e
B B°—K %y
1.1<¢?<6.0 [GeV*/ ¢*]

Pulls Candidates per 34 MeV/c?

central-q2 ee

m(K*r—e*e”) [MeV/c?]

m(K* ' utu) [MeV/c?]

LHCb
Combinatorial

Wl A, -K'pIly
B B'>K "y

m(K*re*e”) [MeV/c?]

> In total, about 290 (90) and 350 (110) B°—K™upu (B°—K*ee) candidates

at low- and central-g?, respectively

Simone Bifani
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> Control of the absolute scale of the efficiencies tested via the ratio

BO K*O +,,—
B(B"— K™JA & b17)) _ 1 043 4 0.006 & 0.045

"W T B(BY— KOk (= eve))

Compatible with unity and independent of the decay kinematics and
event track multiplicity

> Further checks performed by measuring the ratios

B(B?— K*y(— ete™))

Ty =

B(B°— K*°(2S5)(— ,u*u_))/B(BO—> K*9(28)(— ete™))

09 =B KO ata) | BE S KO ee) B(B®— K*Jfp(— e*e))

Compatible with the expectations
> BR(B°—K™pp) in good agreement with [ ]

> Relative population of bremsstrahlung categories consistent between
data and simulation

> When corrections to simulations are not accounted for, the efficiency
ratio changes by less than 5% | JHEP 08 (2017) 055

i
I
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> Rg+ determined as a double ratio | JHEP 08 (2017) 055

» Many experimental systematic effects much reduced
» Statistically dominated (~15%)

arXiv:1705.05802 ARg-o/Rgo [%]

Trigger category LOE LOH LOI | LOE LOH LOI

Corrections to simulation

PID

Kinematic selection «— Description of brem-tail

Residual background «— Residual background
Mass fits . , , , , , contamination due to

B°—K™J/\y(ee) with a

Ke>e or m«—e swap

2
Trigger
|
|
|

Bin migration

Tgpy Tatio

> Total systematic uncertainty of 4-6% and 6-8% at low- and central-g?
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(syst) for 0.045 < ¢? < 1.1 GeV?/c!
(stat) £0.05 (syst) for 1.1 < ¢? < 6.0 GeV¥/ !

BIP
CDHMV ]
EOS
flav.io 7]

JC
AR

5 6
q2 [GeVQ/CA‘] * PRD 86 (2012) 032012
 PRL 103 (2009) 171801

> Compatibility with the SM prediction(s)
» low-q? 2.1-2.3 standard deviations
» central-q> 2.4-2.5 standard deviations
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> Several attempts to interpret results by performing global fits to
data

NP YL - - - - .
Coy > C 6Ch

arXiv:1704.05340 arXiv:1704.05435 arXiv:1704.05446

> Take into account O(100) observables from different experiments,
including b—pp, b—sll and b—sy transitions

> All global fits require an additional contribution wrt the SM to
accommodate the data, with a preference for BSM physics in C, at 3-50

> Or is this a problem with the understanding of QCD?
e.g. Correct estimate of the contribution from charm loops?
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> Good consistency among different fits
» BFs and Angular Observables
» Different modes
» Different g2 regions

i Only large recoil
__li_-Only bins within [1,6] region
” " Only low'recoil

NP
CQ

arXiv:1510.04239

> n.b. Different theory issues in each case
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> The O,, operator has a component that could mimic BSM effect in C,
through cc loop

> Community started to look critically at the theory predictions

4

¢ [GeV?]

arXiv:1703.09189

> “The absence of a g and helicity dependence is intriguing, but cannot
exclude a hadronic effect as the origin of the apparent discrepancies”
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EJPC (2017) 77:161 Muy
> Br—>K*up: “The measured phases of the J/w and y(2S) resonances are

such that the interference with the short-distance component in
dimuon mass regions far from their pole masses is small”
> B>—K™pp: considerably more complex but same principle (ongoing)
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> Models containing a new heavy gauge boson or leptoquarks have been
proposed to explain the anomalies in the flavour sector

b,

> 7 » Leptoquark » New scalars/vectors,

also leptoquarks

» SU(2). singlet or » SpinQor1 _
possible

triplet
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Central ¢°

Pl Cyt = -Cygt € (-0.76, -0.04) 2 S
Gy =-Cy# € (-0.70, -0.16) 75 : 0.9 0.95 75 . 0.85

05 06 07 08 09 1.0 i :
Rx Rg- (central bin) Ry (central bin)

ATLAS T: 13 TeV, 3.2 o'
ATLAS 77: 8 TeV, 19.5fb™"

13TeV;-300 b !

arXiv:1609.07138
lgu |
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> Anomalous effects also seen in tree-level decays

B(B° — D®~1%v.)/B(B® - DWW~ ptu,)
B(B~ — D™ 5,)/B(B~ — D" 7,)

BaBar, PRL109,101802(2012) ,
Belle, PRD92,072014(2015) Ay = 1.0 contours
LHCb, PRL115,111803(2015)

> Tau reconstructed using . Belle, PRDO4 0720070016y S SM Prdictions
Belle, PRL118,211801(2017) R(D)=0.300(8) HPQCD (2015)

LHCb, FPCP2017 R(D)=0.299(11) FNAL/MILC (2015)

Aver R(D*)=0.252(3) S. Fajfer et al. (2012)

» T—uvv decays [ ]
» T—3nv decays [ ]
> Confirms effect seen by BaBar/Belle

B HFLAV

> Combined significance at 4.1c

> LQ models exist that are able to explain Ryw), Rp« (and (g-2),,)

[ ]
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> Anomalous effects also seen in tree-level decays

B(Bf— Jhy1rv,)

R(Jb) =

> Tau reconstructed using
» T—uvv decays [ , PRELIMINARY]

R, = 0.71+ 0.17 (stat) £ 0.18 (syst)

> Consistent with the SM (0.25-0.28) at 2o

B(Bf— Jhputv,)

Simone Bifani University of Birmingham - PP Seminar
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> Very lively discussion in the community, e.g.
just ~1 month after the Ry« CERN seminar

> Updated measurements with ~% Run-2 data
» B°—K*°up angular analysis: ~V2 improvement in precision
» Ry: ~1.8 improvement in precision
» Ry ¢ ~V2 improvement in precision

> New measurements also in preparation

» Ry: signal suppressed by f/fy and BF=1/2, but narrow ¢ mass and reduced
part-reco backgrounds

» B°>—K™ee angular analysis enables to form ratios of angular observables
» Additional final states under study, e.g. K K™, higher K” resonances, pK
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> Single-particle explanations of anomalies predict C,"" = -C N
— expect to see effect in B—pup

> Latest LHCb measurement
» B.—pu established at 7.8c
» BR(B°—pup) <3.4x10"° @ 95% CL

10°BR(B, = ptp™)

BE(B® — p*u’)

X107

0 2 4 6 8
PRL (2017) 118:191801 BF(B] — p*p’)

-1.50 -1.25 -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50

DS@InstaWorkshop  Cio/Cy

> No evidence for any deviation from SM so far, but important
measurement for the future
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> Can try and compare b—s and b—d transitions e.g. to see if Rg=R,
> Run-1+Run-2 data would give ~500 B*—xw*up events
— with Ry=R_expect ~50 B*—n*ee events (might be able to see decay)

> LQ could presumably give diagrams with different b—d suppression
and/or different lepton flavours
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LHC

Run 2

EYETS
13-14 TeV

injector upgrade cryolimit

splice consolidation
cryo Point 4 interaction

8 TeV button collimators
7 TeV R2E project Civil Eng. P1-P5 regions

___”

radiation
damage

2 x nominal luminosity
experiment nominal luminosity experiment upgrade H/P_| experiment upgrade
phase 2

beam pipes phase 1

> During LS2 the detector will be upgraded to run at a 5 times larger
instantaneous-luminosity and collect a total of O(50) fb™' in Run-3

[ ]
> The upgrade detector will record data without any hardware-based
online-selection and adopt a full online-reconstruction

> Eol for a Phase-ll upgrade of LHCb to take full advantage of the flavour-
physics opportunities at the HL-LHC [ ]
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> Interesting set of anomalies observed in b-hadron decays by
LHCb

> If taken together this is probably the largest ‘“coherent” set of
BSM effects in the present data

> Near-term updates should clarify the experimental situation
and can help constrain some of the theoretical issues

> Wide range of measurements will be added to broaden the
constraints on any BSM physics model

> The full Run-2 dataset will give a factor ~5 more statistics than
Run-1 on the timescale that Belle-ll will start its physics run
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