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A broad and versatile
physics programme

® CP violation in B decays

® New Physics searches at high energy scales

® |n rare beauty and charm decays

® Understanding QCD

® Heavy flavour production, hadron spectroscopy (pentaquark
states, bc states), unique fixed target programme

® Quark Gluon Plasma studies:

® Rich heavy ion programs (production at p-Pb/Pb-p,
fixed target p/pB-Ne)

2 [ALL LHCB PUBLICATIONS]


http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_all.html

LHCDb is desighed for B-physics

® Built in the high b-hadron production cross
section region 2<n<5

* O(pp—bb)-"> @ 13TeV ~155ub
« Run |; 500 billion b-hadrons

[PRL 118, 052002 (2017)]

* Run lI: I 150 billion b-hadrons T



https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.118.052002

LHCDb is desighed for B-physics

® Built in the high b-hadron production cross

section region 2<n<5
[PRL 118, 052002 (2017)]

* O(pp—bb)-"> @ 13TeV ~155ub
 Run |: 500 billion b-hadrons
« Run ll; 1 150 billion b-hadrons T

3 K
LHCb Integrated Recorded Luminosity in pp, 2010-2017

® | HCb recorded 3fb"!in E
Runl and 3.7fb"! in Ru HE
® High efficiency in 2017 F
(~9| 4%) 4 .,',,;;if'"""’ E :

4

Month of year


https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.118.052002

LHCDb detector @ LHC
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e Clean collision environment ® Good mass resolution
(U ~1.6) and high boost (yY~20) (~23 Me.\‘_/"‘fdr B‘*WIJ) ;

Excellent charged hadron identification, vertexing, high trlgger and
tracking efficiencies (>~90%) also in the low ptrange. ==
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The large sample of precisely reconstructed B-decays is
a true goldmine for New Physics searches.



Expose New Physics effects where the
Standard Model is suppressed

® b—sll and b—dll transitions are rare in the SM

No tree level contributions
(GIM, CKM, possibly helicity suppressed)

baryon f lepton helicity EW penguirD semi-leptonic
number flavour suppressed
violation violation By — MM b—-sltl B DX|*y-
fr—— . —— - - } i } >
0 \_ ~10%0 107 107 ) 102 branching ratio

i )
|

lepton flavour universality tests




Expose New Physics effects where the
Standard Model is suppressed

® New Physics can (in principle) enter at both tree
and loop level:

NP at tree level NP at loop level

* I b W -
NP e Z°,H°,h°,.
L - I .
- + > - ‘ S(d) ’ W-,‘ZO |+

W
Bs > U sensitive to Z's up to In Bs >p*p" (pseudo)scalars can
~150TeV or new scalars up to bypass the helicity suppression

|000TeV [A.Buras etal,
JHEP 1411 (2014) 121] 8




case for indirect

® |ndirect searches are sensitive to
higher energy scales (~100TeV)

® Historically, indirect searches have
led the way in shaping the Standard

Model (e.g. charm predicted 4 years
before the direct proof)

® Complementary to (but no
substitute for) the comprehensive
direct NP search programmes

9




® For several reasons, rare decays involving b— sl
transitions have emerged as possibly the most
interesting phenomena in particle physics..

|10



First: exclusive b—=su™ -
branching fractions

[JHEP 04 (2017) 142]
[PLB 753 (2016) 424]

0-6

[JHEP 09 (2015) 179] [JHEP 06 (2015) 115]
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https://link.springer.com/article/10.1007/JHEP04(2017)142
https://arxiv.org/abs/1506.08777
https://arxiv.org/abs/1403.8044
https://arxiv.org/pdf/1503.07138.pdf
https://arxiv.org/abs/1403.8044
https://arxiv.org/abs/1403.8044
https://arxiv.org/abs/1507.08126

0.5

Second: tensions in
b—sl*l- angular observables

BO—»K*”+”-

[JHEP 02 (2016) 104

1 ] L] L) T L I

SM from DHMV

®* LHCb Run 1 analysis 7
t LHCb 2()l 1 analqu

0.0

0.5} ‘H:
- N
R 5 10 15
g* [GeV?/c*

[PRL 118 (2017) 111801]

SM from DHMV/LQCD

10l Be”e v All Modes

' W Electron Modes

H  Muon Modes

0.5
e _L
Lo 2.60 for p’s
e 1.1o.fore’s | 1

0 5 10 15 20

q° [GeV*/c?

® Theoretically clean angular parameter Ps
diverges from the predictions (3.40)

® The tension is larger for muons

12


https://arxiv.org/abs/1512.04442
https://arxiv.org/pdf/1512.04442.pdf
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.118.111801

New Physics is not the only possible explanation to these
effects:

Z’, leptoquarks.,... Hadronic SM effects
_ SM cé loop /-
Possible NP
b S ¢t
/‘/ M S
w d d
NP S
Co + 09 Co + Z 77]'6253 A;es (q2)

Long-distance charm resonance
effects far from the resonances

/ on the g° plane.

But...if it were due to hadronic effects..
..then we should see no deviations from the SM in the

ratios of b—sll branching fraction.
13



Third: tensions in ratios:
b—sU"U"/ b—se’e

® [he measured muon and electron mode ratios
are lower than predicted in the SM (LFU)

« LHCb = Belle  + Babar [JHEP 08 (2017) 055]
v 2 T T T T T T T T L S S S N B rrJrrrrrrrr LB AL B
X ! 1 2 i
i LHCb ] o LOF vao- :
1.5_ - - Yu®e 4
i ] 0.8 |- + d
IF ] . 0.6 * ® LHCb
- Il 1 - BIP ]
i [ ] 04 Y CDHMV ]
0.51 2 60 1 ,[>20 8 zos
L | 4 ). flav.10 7]
[PRL 113 (2014) 151601] - - LHCb * IC ]
O-‘.,.1....1....1....1.Aq o0l b 1]
0 5 10 15 20 0 1 2 3 4 5 6
q2 [GCV2/6'4] q2 [(}(\.V‘“)/(:’]
R(K) = R(K*) = 5L hon)

- B(BtT — Ktete™) B(BY — K*ete™)

| 4


https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.113.151601

.a footnote: LFU divergencies are also seen in the
semi-leptonic B decays via b—cl*I transitions:

B(B? — D —7rty7)

R(D™)) =
o 0 *)— 1+ —)
B(BY — D™~ putuy,
VN B | 1 1 1 1 | 1 1 1 1 | | | ]
% 05F — BaBar,PRL109.101802(2012) 5 i
a) - ——— Belle, PRD92,072014(2015) Ay~ = 1.0 contours -
Y _ LHCb, PRL115.,111803(2015) . n
0.45 Belle, PRD94.,072007(2016) e=== SM Predictions s
""" ——— Belle, PRL118,211801(2017) R(D)=0.300(8) HPQCD (2015) -
. ——— LHCb, FPCP2017 R(D)=0.299(11) FNAL/MILC (2015) -
04 _ |:| Average R(D*)=0.252(3) S. Fajfer et al. (2012) __
0.35 __ /,"/’— . B ‘~~\\\\4:0. —_
03F 4 ] l 20 —
= 1 v E
_ SM FPCP 2017 | -
02 | | | | P(XZ) =71.6;70—_

2IIIO3IIO4II05 0.6
Combmed significance of 4.1g R®D)

|5



https://www.slac.stanford.edu/xorg/hfag/semi/fpcp17/RDRDs.html

What can fully leptonic
B-decays add!?




All B-decays include processes over a wide energy range:

0.2GeV...... 4GeV...... 80GeV...... ~100TeV ?

Aacp Mo NAew Anp
(non-perturbative (b mass) (W mass) (new physics scale)
regime)

and can be described by the effective field theory and operator
product expansion by splitting the scale at b mass (Ub):

AB = f) = (f|Hesr|B) = Z Ackm Ci(pw) (f1Qi(1s)|B)

Wllson coefficients Hadronic matrix el.
(perturbative) (include non-perturbative QCD)

/

Leptonic modes Semi-leptonic modes:
(U Ju - Gqq| Bq) = (U|71]0) 'E (UM i1 - Joq| B) = (U]3ul0) - F(q°) + Cron—fact
Lattice QCD corrections

Lattice QCD (large q?)
Light Cone Sum Rules (small q?)



The A-V semi-leptonic current (O)o) contributes to both semi-
leptonic and fully leptonic B-decays:

= Electromagnetic ) e ~ »
: penguin T T 1672 M (501w Pry 1) S
\
) m()(
: . . 2 —
b W __s Semi-leptonic ) _ & /2 7 \
t vector cpurrent % = 1672 SCEODICED
70
'7"/‘ Semi-leptonic ) e2 _
£ ¢ A-V current Qig = 16722 (57uPrL(r)b) ({7 51)
v s O _ € . - %O
b W._3 Scalar Qg = = (Sr(r)bRr(L))(U) \,
t
S,P (/) 62 _ (X
7 7 Pseudo-scalar Qp = 62 (§L(R)bR(L))(ZW5l) “\

*In SM only O\¢ contributes to the leptonic modes, Higgs contribution via Osis negligible
B New Physics can
w alter the SM operator contributions (Wilson coefficients)

m enter through new operators (right-handed Q’s, Qs,p)
8



The Wilson coefficients are determined from global
b— sl*I*(Y) analysis, which point to

® tensions at 4-50 level w.r.t SM in left-handed muon couplings

® two favoured (model independent) solutions to the tensions:

2.0 : 2.0 ~
ATLAS ATLAS g ~J g
CMS CMS Liw3
1.5 LHCb 1.5 ' LHCb i ES
BR only , BR only N5
. (A O 5
all , \ all (&) O 7]

. \ | S|

1.0 4 p 1.0 4 Q -
T 9
—fy
+ Q o
a_ 0 0.5 D =
?_'2 $ / s- ‘D
O + ~ 7 o
3 & = S
00 = 0.0 1= A ——t — i
p—
2'm
Q |0
-0 -0 - =

| o |
=13
1.0 1.0 » N
~1.0 1 ~1.0 1 T o
flavic =i
aAVIU N

15 L T T Y Y I..') T T Y T Y Y
2.0 1.5 1.0 0.5 0.0 0.5 1.0 1.5 2.0 1.5 1.0 0.5 0.0 0.5 1.0 1.5
Re Cg,\ P Re C,f P

(~90 measurements e.g. in Descotes-Genon, Hofer, Matias, Virto [JHEP 06 (2016) 092],
Altmannshofer, Straub [EP]C 75(8) (2015) 382], Hurth, Mahmoudi, Neshatpour [arXiv:1603.00865] 19



https://link.springer.com/content/pdf/10.1140/epjc/s10052-017-4952-0.pdf
https://link.springer.com/content/pdf/10.1140/epjc/s10052-017-4952-0.pdf
https://link.springer.com/content/pdf/10.1140/epjc/s10052-017-4952-0.pdf
https://link.springer.com/content/pdf/10.1140/epjc/s10052-017-4952-0.pdf
https://link.springer.com/content/pdf/10.1140/epjc/s10052-017-4952-0.pdf
https://arxiv.org/pdf/1704.05340.pdf
https://arxiv.org/pdf/1704.05340.pdf
https://arxiv.org/pdf/1704.05340.pdf
https://arxiv.org/abs/1510.04239
https://link.springer.com/article/10.1140/epjc/s10052-015-3602-7
https://arxiv.org/abs/1603.00865

The Wilson coefficients are determined from global
b— sl*I*(Y) analysis, which point to

® tensions at 4-50 level w.r.t SM in left-handed muon couplings

® two favoured (model independent) solutions to the tensions:

a) CoNP = -CNP 4 b) CoNP < 0

2.0 T 2.0 7 ~
‘ ‘ ATLAS ‘ | ‘ ATLAS | |g |\] ;

Rare fully leptonic B decays provide:

® 2a clean, reliable and complementary way to
determine the axial-vector contribution (CNFo)

® also sensitive to new (pseudo-)scalar contributions
(Ces free from helicity suppression)

=1 | | - I ~
1.5+ Y T T T Y Y 1 1.5+ T T Y T T Y 1
2.0 1.5 1.0 0.5 0.0 0.5 1.0 1.5 2.0 1.5 1.0 0.5 0.0 0.5 1.0 1.5

Re C{;P Re (.75\1’

(~90 measurements e.g. in Descotes-Genon, Hofer, Matias, Virto [JHEP 06 (2016) 092],
Altmannshofer, Straub [EP|C 75(8) (2015) 382], Hurth, Mahmoudi, Neshatpour [arXiv:1603.00865]
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https://link.springer.com/content/pdf/10.1140/epjc/s10052-017-4952-0.pdf
https://link.springer.com/content/pdf/10.1140/epjc/s10052-017-4952-0.pdf
https://link.springer.com/content/pdf/10.1140/epjc/s10052-017-4952-0.pdf
https://link.springer.com/content/pdf/10.1140/epjc/s10052-017-4952-0.pdf
https://link.springer.com/content/pdf/10.1140/epjc/s10052-017-4952-0.pdf
https://arxiv.org/pdf/1704.05340.pdf
https://arxiv.org/pdf/1704.05340.pdf
https://arxiv.org/pdf/1704.05340.pdf
https://arxiv.org/abs/1510.04239
https://link.springer.com/article/10.1140/epjc/s10052-015-3602-7
https://arxiv.org/abs/1603.00865

The experimental
success story of

B?S) — :u—l_:u_

One of the most important indirect
New Physics probes at the LHC.

21



Persistence that paid off after 30 years

[PRL 110, 021801 (2013)]

2013: first evidence
seen by LHCb

-+ —
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.021801

[Nature 522, 68-72 (04 June 2015)]

The combined Run | B%g— p*- analysis models
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https://www.nature.com/nature/journal/v522/n7554/full/nature14474.html

[Nature 522, 68-72 (04 June 2015)]
2015 ' ‘ 5

The first observation of Bs— UM decay and the first
evidence of Bq— U J:

@

CMS+LHCb, Run |

—4— Data
- Signal and background
CB-u'n

B'—u'u
-« = Combinatorial background
----- Semi-leptonic background
- = Peaking background

MS and LHCb (LHC run I)
. ©r r' 1t r

W
o

N
o

-
o

Weighted candidates per 40 MeV/c?
& & &
llllll]llll'lllﬂllllll|'||||||||

LUl lllllllllllllllllllIllllll

L;
|

5000 5200 5400 5600 5800

", [MeV/c?]
B The fitted central BF values

BR(Bs — p ™) =2.8702 % 1077 6.20 obs. (expected 7.20 in SM)
BR(By — put ™) =3.971% x 107Y 3.20 obs. (expected 0.87 in SM)

*Cross-checked with Feldman-Cousins:

24 3.00 (official significance)


https://www.nature.com/nature/journal/v522/n7554/full/nature14474.html

[Nature 522, 68-72 (04 June 2015)]
2015 ' ‘ 5

The ratio R = BF(Bq— uM) / BF(Bs— L) is a precise
test of minimal flavour violation (MFV):

cuswoscs ______ CMS+LHCb, Run|

—2AInL
o

SM and MFV

0.08
R =0.14"7 ¢

»

OIIIlIIIlIIIlIII

w SM compatibility: 2.30

4 (including theory uncertainty)

2

O | | | | | | | | | |
0.1 0.2 0.3 0.4

0 O HEEEEEE NN RN
Ol
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https://www.nature.com/nature/journal/v522/n7554/full/nature14474.html

2016 [EPJC 76 (2016) no.9, 513]

Run | results from ATLAS are in agreement.
Bs— U excess at 20

— 08 LB | LB B B o B B B AL B B S B S B B B N
(@)} \
= : T\ ATLAS -
T o4k (s=7TeV,4.9f" -
=4 O 1
g (s=8TeV,20fb™ -
T o4l -
o -
Q I
m N
0.2 —
0 1 \ 1 1 l 1 i
Contours for -2 Aln(L) = 2.3, i
02 6.2, 11.8 from maximumofL _|
N L N
0 4 5 6 7

B(By — u* u)[107]
BR(B, — u ™) =0.970% x 1077 (20)

BR(Bg — pp~) <4.2x 1071°(95%CL)
26


http://inspirehep.net/record/1446983?ln=en

201 7! [PRL 118, 191801 (2017)]

In

Candidates / ( 25 MeV/c?)

Run I, LHCb observes B;— iU independently with 7.80:

-9
1 T l ' - 7 ~ 0.9 ?(10 T T TN ] .
22 Total = '1 - b :
20 LHCb — =B -up ERR 0.3F LHC 3
I8E1  BDT>05 B ERE 3 E
16g1, | eeeees Combinatorial ~ 0.6 E_ —f
14 ‘Boh'l 4 m : )
12 | -t °B°—)n(K)p.v 4 = 0'55 E
10 - B™ 5 2 = M 04F =
8 Ay P, E 0.3F =
6E. B, = Jyu'v, = 3 E
4E <I> — s s .
2 . 0.1F g
o E= !ﬁm-u-n e “e 0 E— 1. 3x107
5000 5200 5400 5600 5800 6000 0 8
m,..- [MeV/c?] BF(BS — u)
» LHCb Runl data (3fb-!) + 2015 (0.33fb!') + 2016 (1.4fb"')
» Several improvements compared to the old analysis:
w better di-hadron background rejection (50%) (. _9)

B(B, — pp~) = (3.0£0.6703) x 10

m exclusive background estimates validated on data
w new isolation variables improve BDT B(Bg — putp~) <34x101

» The most precise results up to date, | Bs~HH (7.80) and Bs=p (1.60) |

first single experiment Bs— U observation.
27



https://arxiv.org/abs/1703.05747

Bs— U U is sensitive to new physics even if its
branching ratio is not.

28



Altmannshofer et al

for exal ] |P|e [JHEP 05 (2017) 076]
[ N ]
1.0 ‘N present
o 1!, Run 5 NP
| \f Run 4 NP
0.8 u Run 5 SM
8 It - Run 4 SM
C |
e I
o / i
E 0.4 "' l.
8 /| .||
% z
= i
0.2 - [T ]
/1] |".l
MFV NP: new (pseudo-)scalars N/P K
(MSSM, two-leptoquark 0.0 - LR
scenarios) —0.04 —0.03 —0.02 —0.01 0.00 0.01

ReCs = —ReCp [GeV ']

® Measured BF alone leads to ambiguity: e.g. Cs=-Cp
equally likely to the SM solution (Cs= Cp = 0)

® Mass-eigenstate-rate asymmetry (Aar) can solve the
ambiguity:
By = ptp) —T(By = ptp)
- T(BE = ptp~)+T(BY = ptp)
29

SM:Aar = +1

AAr


https://arxiv.org/abs/1702.05498

LHCDb goes beyond the counting: the first
effective lifetime measurement

® AAr can be determined from the effective Bs— U

lifetime:
[PRL 118, 191801 (2017)]
'g g; T T T T T T E 8 N T T L3 T T 12 Lljiva T T T T ]
S T S ]
2 20 LHCb PR :
VS 18 BDE S0 3 6 [ - Effective lifetime fit ]
S 16 = Total %
g 14 :
3 12 — =B - puu 2 -
5 108 |\ ... ot 2
- 8 Combinatorial background 2 ]
S -
6 @
3 af —I—- E ==
Z
;ﬁ g " _-%: S v— e S ‘3‘-’ S T |
5400 5600 5800 6000 0 S 10
m,.. [MeV/c?] Decay time [ps]

T(Bs = =) = 2.04 +0.44 4+ 0.05ps
(stat)  (syst)

® Compatible with the SM: 7(B, — pp )" = (1.615 + 0.010)ps
B First (proof of concept) measurement (no attempt to extract Aar yet)

B Result consistent with the Aar = +1(-1) at 1.00 (1.40)
30


https://arxiv.org/abs/1703.05747

Goals for both before and after the upgrade(s)

2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 203+
Run III Run IV Run V
I | | [ [ ] |
LHCb 40 MHz L=2x103 LHCDb Consolidation L=2x10 LHCb PhII [ =2x]03
7" ohase 50 fb! UPERADET 300 fir!
ATLAS ATLAS HL-LHC ATLAS HL-LHC
Phase I Upgr L=2x]10¢ Phase II UPGRADE L=5x10 L=5x10%
CMS 300 fb! CMS CMS 3000 fb!
Phase I Upgr ' Phase II UPGRADE ’
Belle II | Sab’! L= 8x10" | 50ab”

® |mprove the BF(Bs— M) to constrain NP in Ciosp

® Measure B’— ul and test MFV in the BF ratio
® |f very lucky, could see evidence as early as 2019 (expect ~20
SM candidates after Run 2, ~60 together with Run 3)
® Determine the Aar to probe the hidden New Physics
effects in Cs and Cp

® First discriminating Aar measurement expected after Run 3 with

~35% rel. precision (~20%,<10% uncertainty after Run 4,5)
31



Other B— 1"l modes



Other B—1"I- modes

® B —e*e heavily helicity suppressed (~10-'3) in the
SM and experimentally difficult

® B —TT challenging experimentally, but also affected
the least by the helicity suppression:

N i Bobeth et al
® BFsm(Bs—T'T) =7.7(5) x107 [PRL 96:241802 (2014)]

® previous limit only for B°
Aubert et al

BF(B°—T"T) < 4.1x103 @ 90%CL BaBar [PRL 96:241802 (2006)]

® LFU tensions R(D), R(D*) could imply a O(103%) faessien
boost (Z’, leptoquarks, 2HDM,..)

33


https://arxiv.org/abs/1505.05164
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.96.241802
https://arxiv.org/abs/1311.0903

By T"T search in Run | data

[PRL 118, 251802 (2017)]

® | HCb analyses Runl data (3fb-!) for the hadronic T-
modes: BF(T—=1TTTTTV) = 9.31(5)%

® T[wo final state neutrinos render B-mass useless for
signal/background (and B%Bs) separation

® |Instead use the intermediate p%(770)— TT*1T-
resonance of the predominant decay chain:

T~ — a; (1260)v, — p°(770)7 v

34


https://arxiv.org/abs/1703.02508

Bs)— T"T search in Run | data

PRL 118, 251802 (2017)

® Optimise the selection,
train NN: one-T in |-3-7-9
® Background model from:

one-T in 4-5-8 and other in
one-T 4-8 (58% Ns;g)

® Signal region: both T'sin 5

35

m_._ [MeV/c?]

1200

1000

T~ — a; (1260)v, — p°(770)7 vy

- - e -

400

600

TR R B
800 1000 1200

mn+n— [MCV/Cz]

Decays
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Bs)— T"T search in Run | data

PRL 118, 251802 (2017)

T~ — a; (1260)v, — p°(770)7 vy

® Optimise the selection, train LHCb simulation .

NN:one-T in 1-3-7-9 (13% 2 1200 .." %", i < 3 | 3
: § i . .:-, o R

Ns'g) 11000_ : 2

® Background model from: = kA Ul =1 s
one-T in 4-5-8 and other in i D REk )
one-T 4-8 (58% Nsig) Mg . e

® Signal region: both T's in 5 : > et & <P
(ﬁléS?ébI\JSﬁg) ) :1 C i I !

! P I PR S T B
800 1000 1200
2
mn+n- [MCV/C ]

00 L PR P
200 400 600
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Bs)— T"T search in Run | data

PRL 118, 251802 (2017)

T~ — a; (1260)v, — p°(770)7 vr

M-

e Optimise the selection, train LHCb simulation .
NN:one-Tin 1-3-7-9 (13% 2 12000 .7 5w g5 e N =
Nisig) 5 0 ' 20

EIOOO:-
® Background model from: O | dys
. . 800 BN ¢
one-T in 4-5-8 and other in - ¥ESh e
one-T 4-8 (58% Ns;g) N 2 10

® Signal region: both T’sin5 400 s

(16% Nisig) : |

200-———t s A e M e
200 400 600 800 1000 1200
mn+1t- [MCV/CZ]
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Bs)— T T search

® The separate signal from the
background using a neural-net

® 29 discriminating variables (geom.,
kin., iso., T params.)

® Signal MC distributions calibrated on
the normalisation modes

® Normalise the BF to Bop— D D™,
(where D—3h):

in Run | data

PRL 118, 251802 (2017)

(signal region)LHCb

[ —+ Data
10 F — Total
- = —1 X Signal
10 £ — Background

Candidates

%0 70.1 0203 04 05 06 07 08 09 1

Neural network output

B(B° - rtr7) < 2.1 %

_|__
B(Bs - 7777) <6.8 X

1073 @ 95%CL
107° @ 95%CL y

(assuming one or the other B mode) 38

PRL 118, 251802 (2017)


https://arxiv.org/abs/1703.02508
https://arxiv.org/abs/1703.02508

Leptonic B decays have
more to offer..

baryon
number
violation

— - -
0

flavour
violation

rIepton \

e ———

~ ] 0-50

\_

helicity EW penguins  semi-leptonic

J

suppressed
By — MW b—osl*l B— DX [*y-
} } } >
107 107 102 branching ratio

\ )
I

lepton flavour universality tests

Fully leptonic B— 1" |, decays are practically
non-existent in the SM
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Lepton flavour violation
searches in LHCb

® Especially interesting in the light of the recent lepton non-
universality hints: R(K®), R(D®).

® A large number of modes (SUSY, Z’, leptoquark, Pati-

Salam,..) could enhance
PRD 92, 054013 (2015)

® BF(By— T 'U) ~ O(108) in generic Z’
® BF(Bs—e'pr) ~O(10')
® Existing limits:
e BF(B'->T'p7) < 2.2 x 10° @90% BaBar
e BF(B°—e*u’) < 3.7 x 107 @95% LHCb Ifb-!
® BF(B.~e'l) < I.4x 10°@95% LHCb Ifb-

PRD 77, 091104 (2008)

PRL 111 (2013) 141801


https://arxiv.org/abs/1504.07928
https://arxiv.org/abs/0801.0697v1
https://arxiv.org/abs/1307.4889

e
Bs)— e search in Run | data

arXiv:1710.04111
submitted to JHEP

® Analyse full Runl sample (3bf') with improved
selection (esp. BDT)

® Similar to B — U M, yet more challenging

® Bremsstrahlung correction to the e-momentum

® Seclected e*p- candidates in meue[4.9, 5.85]GeV/c?

® contaminated by combinatorial background

® sample split in two depending on the nr. of recovered
photons: a) e+0y and b) et+ny
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e
Bs)— e search in Run | data

arXiv:1710.04111

o . . . submitted to JHEP
® The combinatorial is suppressed using a

multivariate classifier (BDT):

® trained on B — e MC and same sign
e*"u*’- data

® signal response calibrated on B?—K*TT- data
(accounting for Bremsstrahlung)

® Simultaneous fit on 2x7 BDT bins. Model:

® Signal+mis-identified bkg.(B—hh,B— hlv)
+combinatorial bkg.

® individual for both bremsstrahlung categories
)


https://arxiv.org/abs/1710.04111

Candidates / ( 50 MeV/c?)

new!
No B — e’ signal in Run | data

arXiv:1710.04111
submitted to JHEP

® a) No Bremsstrahlung ® b) Bremsstrahlung
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https://arxiv.org/abs/1710.04111

e
Bs)— e search in Run | data

arXiv:1710.04111
submitted to JHEP

® | HCb sets the most stringent limits up to
date:

channel expected observed
B(B?— e*uT) | 3.9(5.0) x 107 | 5.4(6.3) x 10~
B(BY— e*uT) [ 0.9(1.2) x 107° | 1.0(1.3) x 107°

® The limit on Bs—e"d is set assuming only

® Bl BF(Bs— e ) < 6.0(7.2)x 10 @90(95)%CL
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Rare leptonic B-decays
at the end of 2017

® B-decays have provided us with some of

the most interesting puzzles in particle
physics:

® global W. coefficient analysis show a
coherent picture

® anomalies either in vector (Cg) OR in

both vector and axial-vector currents
(Co, Cio)
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® Fully leptonic B-decays can constrain the
axial-vector contributions (Co)

® SM like BF(Bs— M*™Y") excludes very large
contributions to Cjosp, but not yet precise
enough to distinguish btw. CNP|o+CNPg and CNPg
alone scenarios.

® Only beginning to tap into B U Y-

® Effective Bs— W' lifetime will help to expose/
exclude Csp contributions invisible to the BF
alone (first LHCDb results on Runl+Run2 are

out, Aaraccessible in Run 3)

® By— U U could enter the game soon
(2019? but most likely in Run 3)
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® |n the light of the recent LFU tensions
other leptonic B modes are as

important:

® | HCb sets best/first By T*T" limits on Run |
data at O(1073)

® | HCb sets best Bs)—e*d" limits on Run | data
at O(107)
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Back-up
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Historical success of the ‘effective’ approach

* The ‘effective’ model independent approach has
historically played a crucial role in understanding the
underlying theory from both direct and indirect
measurements:

» 1933: First model for the weak decays. Similar coupling in the beta

decay and muon decay suggested an underlying structure (V-A)
» 1960’s: Motivated charm prediction to make GIM work and

explain missing FCNC.
» 1970’s: In predicting lower bounds on Z and W masses from

muon lifetime (motivate SPS)
» 2010’s: Lepton Flavour Universality Violation? Z’? Leptoquarks?
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B— U future in numbers

Unofficial crude back-of-the-envelope Standard Model yield
estimates based on the Run | performance:

Assuming SM and Run1 Run1 +Run 2 +Run3 +Run4 +Run 5 (assume

performance (raw est.) (2019) (2024) (2030) 309% have good S/B)
Lumi (fb1) 3 5,3 15 15 250
N(Bs—= p+) 35 155 0.5k 0.9k 2.7k
N(Bda— p+i) 4 20 60 0.1k 0.3k

ORelative(BF (Bs— M*|")) 40% 20% 15% 13% ~10%
UReIative(AAr) - 115% 35% 20% <10%
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Rare di-lepton modes

_I_ —_
[B(S) — WU ] [Phys. Rev. Lett. 112, 101801 (2014)]

. o o with updated top mass
» Precise Standard Model predictions for individual modes: [http://arxiv.org/abs/1403.4427]

BR(By — ptp)~t><¢P> =36640.23 x 1077 (6.4% unc.)
BR(By — ptp)<t><¢P> =1.06 £0.09 x 107° (8.5% unc.)

Bl—p'u~ fg, CKM 13, M; as  other param. | non-param. Z

@ 1.3% 1.6% 0.1% <0.1% 1.5% 6.4%

BO—ptp- de CKM 73, M, as  other param. | non-param. Z

.@ 05% 16% 01%  <0.1% 1.5% 8.5%

» Even more precise Standard Model predictions for the ratio (MVF test):

4m? Error budget of R:
— 2 2 M 1——7“—
R=pbror s = v () [ve] it =00 RRERTE S
p— 0 - = s 4 2 — . O 0025 7 7(7 . A% rom 1Bd/1Bs
B(Bs — KT ) 1/FH Vis Mp, I_me_ ( ) . 1.4% from Bs lifetime
By

* Top mass, Wilson coefficients, and Vi, cancel in theory predictions
* Experimental side: no need for the normgqsation Nature 522, 68-72 (04 June 2015)


http://arxiv.org/abs/1403.4427
http://arxiv.org/abs/1311.0903

Coefficients and Cp in fully leptonic B decays

[B(S) — :LL—I_M_J

» Only C10 contributes in the Standard Model

» NP sensitivity in Cs and Cpis larger than in C1o (no helicity suppression)
(K*mumu sensitivity to Csis lower than initially expected)

o (1 _ 4mj 2
BR(B, » £+¢-) (1 E%’;)*'P' SM: S=0

BR(B, = {07 )sm |C5M 2 SM: P=1

2
mg,

S_

(Cs); = (€8] P=[(Cr0)t ~ (Cl)e] + 5on [(Cr)l — ()]

» Very precise Standard Model predictions (limited by CKM and B decay constant):

2mg

g Rel. Unc. from 6.4% -> 5%

B(Bs — p ) = (3.59 £0.18) x 102 Phys. Rev. Lett. 112, 101801 (2014)

updated in arXiv:1702.05498
- P D
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Dimuon constraints: two examples

95% CL limits on MFV Z' frompp = pu* y~

1.4F 3 TeV, 36.1 !
12}
.Boo.sf- ...............
of | M
'Y 7
Y i
ol 05 10 15 20 25 30 35 40 45 5'.0 *®T 000 4000 6000 8000 10000
M, [TeV] Mz [GeV]
Altmannshofer and Straub Greljo and Marzocca
» For Mz < 3.5TeV, coupling to light > MFV-like coupling to quarks is
quarks must be suppressed already excluded
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Wilson coefficients are measured in

w No evidence for right-handed FCNC (C’; = 0) and C7,9,10) signs [-,+,-] agree

©
with the predictions (pre LHC discussion) s
2
w [here are tensions w.r.t SM (up to 40) 3 §
w Tensions are driven by B’—~K*u*p-angular observables and by several E f
exclusive b—sl*l- branching fraction measurements; supported by R(K). B2
: : 5 8
w Tensions are relieved by (NP effects?): =
NP __ NP _ NP __
(Co)d]™ T = —1.1 or [(Cy)s]™" = —[(Cro)s|™" = =05
Altmannshofer, Straub Descotes-Genon, Hofer, Matias, Hurth, Mahmoudi, Neshatpour
[Eur.Phys.J.C75(8)(2015)382] Virto [JHEP 06 (2016) 092] [arXiv:1603.00865]
LT e P
1.0} 2! AT aeovarcomecions | 04 B s
[ [[] 10% Power Corrections | - ;:'rlrls:rm
0.5 1‘_ \\ri_, . 1 02 ~=+  4xFFerr
S > y .| FRtjo PC-insensitve obs - = _ - .
%5 00 | | C
;:6 5 o : § o.oz
03 -1} ~0.2
-1.0+ ) _2:> '
. -04 - ,
-05-04 -03 -02-0.1 00 0.1 0.2

~1.55 : : : : i d o af : ‘ S P 8Cy/C3M
-25 =20 -15 -10 -05 0.0 05 8 -2 =1 0 1 > 3
Re(Cy) c




Understanding of the tensions

Z. leptoquarks.... Hadronic SM effects -
28
S -
Possible NP SM cé loop Vs 2 §
b S % ;
Al O X
4 S
Z, 'U,_ <

or

=
|
9

d
09 + CéVP 09 + aneiCsjA;eS(qZ)
J

Large long-distance charm
resonance effects fag from the
resonances on the q plane.

» Measure the resonance effects in Coin an inclusive analysis:
BT - K utuy~ 4+ Bt - KT Xe(— pp™)
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Measuring [arXiv:1612.06764]

submitted to EPJC Ney,,

[B* _ K+M+M—j

» The differential decay rate depends on the Wilson coefficients:

dI'  GZa?|VuVi|? 2 4m?(m% — m)?
=Cre Dt |k|ﬂ{§|k|2ﬁ2@+<q2)|2+ 78~ ) ()]

dg? 12873 g’>m%
fix C7 to the SM value (small)
1 m.,_-l—m—
[k 1= 36| o) @) =7r(d) }
Phase: neg. neg.
N 30— T
w Parametrise resonance effects: X2 250 LHCb |q2 — 2 J '
eff __ i0; Ares( 2 % —e— data =
CsT=Co+ Y mie i AT(q°) 200 ol
. —— | =1 e short-distance
J .
relative Breit-Wigner/ AN 150 NeRriances
phase to Co Flatté ®(3770) Q ‘;‘:’:"“’“";
~ 100 CKgroun
Resonance Y(2S5) %
p(770) ¥ (3770) _*g 50
w(782) ¥ (4040) = of
$(1020) %(4160) g b Qe
T/ 1(4415) ) O 1000 2000 3000 4000

my;5, [MeV/c?]

o)
»



Measuring [arXiv:1612.06764]

submitted to EPJC Ney,,
[B* — K*;ﬁ;ﬁj . MLCSR Luicc eDux ¥
> B > K'pu -
Q 4 LHCb -
» The short-distance branching fraction 3 3 3
agrees with the previous (exclusive) resuilt: & b+ Tyt X E
— + ]
- + ) — -7 R E
B(B*— K*p"p™) = (4.29 £ 0.07 (stat) £ 0.21 (syst)) x 107" old I ! JHEP 06 (2014) 133
B(BT— K putp™) = (4.37 + 0.15 (stat) £ 0.23 (syst)) x 1077 hew 3 N B T
g? [GeV¥c?
» 2D (Co.C1p) fit: ~ 0
»» 1D (Co.C10=SM) fit: Co>SM C19<SM S
Co<SM (as the global (@s [JHEPO6(2015)115]) 3
CgNP i
» The main conclusion: contributions from J/w '4f
and Y(2S) are contained around their (narrow)
resonances. ' | |
_6 L 1
» Inclusive BO—K*p*u- analysis will foll ’ ’ * Y
nclusive pM*p-analysis will follow Re(C,)

57



Possible New Physics

St L
by L
» 7

» SU(2). singlet or
triplet

by I

» Leptoquark
» SpinOor1

Talk hv | Nigandzire R Grinains
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by

» New scalars/vectors,
also leptoquarks
possible



