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ﬂzgei LHCDb

[JINST 3(2008)S08005]

Vertex locator RICH detectors Muon system

Tracking system Calorimeters @
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http://cdsweb.cern.ch/ejournals.py?publication=J.+Instrum.&volume=3&year=2008&page=S08005

% LHCDb

/ [JINST 3(2008)S08005]

Optimized for beauty and charm decays
Low-p_ trigger thresholds
Excellent momentum and mass resolution
Unique particle-identification capabilities

Unique forward coverage
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LHCD
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LHCDb

Integrated Recorded Luminosity (1/fb)

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2017
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Results presented here based on Run-| data:

1fb'at7 TeV +2fb* at8 TeV
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LHCD b—)Cf'Ve

Test Lepton-Flavour Universality: e, H, T

Ver Vir V;

Weak coupling constant identical
for all three lepton families

W-
\ ]
Possible violation e.g. due to
extended Higgs sector or Leptoquarks:

Expected to couple predominantly to 3™ family
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LHCD R( D*)

Test Lepton-Flavour Universality: e, H, T
by comparing decay rates, e.g. , w- Ves Vo Vs
EO \
_0_) (%)+ _— — — c
R(D") = BR (B0 D() T v,) d ~ "
BR(B°» D"y v, =

“Tree” decays:
— Relatively large branching fractions (~ 1.2 %)
— Well understood in Standard Model — precise predictions

Many systematics cancel to first order in ratio

But also experimentally challenging:
Multiple neutrinos from W and t decays
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rLach R(D™) witht~— uv v,

Determine B flight direction
from reconstructed vertices

Estimate B momentum as

m
(pB)z = m = ><(preco>z

reco

Look at kinematic variables
in the B rest frame:

D**vwv_| D*w v,

E’ softer | harder

[PRL 115(2015)111803]
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K
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LHCD

R(D*) with t~— wv v,

—— Data

B B - D*tv

B B — D**lv
BN B — D*uv

B B — D*H(— WX)X

Combinatorial
I Misidentified u

D*’“t:‘V17 D** u~ Vu
EM* softer | harder
2 ~
miss >0 ~0
g | >m> | >0

Candidates / (75 MeV)

Candidates / (0.3 GeVZ/c*)

[PRL 115(2015)111803]
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rLach R(D™) witht~— uv v,

[PRL 115(2015)111803]

BaBar had. tag : H
0.33£0.0210.02 : =

Belle had. tag

0.29 £0.04 +0.01 i —

[ R(D) = 0.336 + 0.027 (stat) + 0.030 (syst)]

Belle sl.tag ] :
0.30£0.03£0.01 1

Belle (hadronic tau) :
0.270£0.035£0.027 ¢

Average : :
0310+ 0.015 = 0.008 *:

2.1 o above Standard Model prediction S

0.252 +0.003 A

Compatible with BaBar and Belle

Systematic uncertainty dominated by v " RO

limited size of simulated event samples
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&Sk R(D*) with t~— w n* n (n°) v_

[arxiv:1708.08856]

Reconstruct T decay vertex

Large background from
B— D*"nntnw X

— Suppress using T decay length . Az>do, b

Long-lived background from
B— D™ D X with D" —n "7 X"

LHCb simulation

Prompt (D*xrmX) |
B Double-charm (D*DX) 3
[l signal (D*Tv)

— Kinematics, Dalitz structure,
partial reconstruction of D

— Combine in BDT

Candidates / 0.1

-8 -4 0 4 8 12 16 20
AZ/GAZ
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LHCD

R(D*) with t~— w n* n (n°) v_

Reconstruct T decay vertex

Large background from
B— D"nntnw X

[arxiv:1708.08856]

— Suppress using T decay length . Ae>do, L.
P ‘ p at
Long-lived background from
B—>D*+D(S)Xwith U(s)—>wn+wX' | | o
g 0.1 LHCb simulation | +H _
— Kinematics, Dalitz structure, :% 0.082— e ++ ++ _
partial reconstruction of D 0.06F :" . b
— Combine in BDT R | -
0.02 K ¢>+ - .
R i ""61'2"':”’
BDT response
DIS 2018 — B flavour anomalies @ LHCb (12) O. Steinkamp
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&Sk R(D*) with t~— w n* n (n°) v_

[arxiv:1708.08856]

Reconstruct T decay vertex % o

g
[k LA LA LR L R LA LA

Large background from g
B— D*mm'm X :

— Suppress using T decay length

Long-lived background from
B— D™D X with D" — " X

— Kinematics, Dalitz structure,
partial reconstruction of D

— Combine in BDT ¥ inrei

B - D7 3nX

<€ )ndino | qg Buiseaoul

C mmB - DDX)
E [ Comb. bkg

(')_ 2 4 6 8 10
q2 [GeV¥/ ¢4
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1D R(D*) with t~— w n* n (n°) v_

[arxiv:1708.08856]

To reduce systematics, measure BR relative to
decay B° — D** 7w n* v with similar final state

0 S T — =0 ¥+ - + =
= =
R(D") = BR_(OB D" 7 v,) " BR(B0 D" n n'nx)
BR (B">D"7w a'n) BR(B"»>D"u v,
\— 4 \— _/
' '
measurement external inputs™

[ R(D*) = 0.286 + 0.019 (stat) + 0.025 (syst) + 0.021 (ext)]

Systematic uncertainty again dominated by
limited size of simulated event samples

(*) BR(B°— D** & s* s ): LHCb, [PRD 87(2013)092001] BR(B°— D* v, ): HFLAV, [arxiv:1612.07233]
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R(D*): Current Status

Combine with measurements of R(D*) and R(D) from BaBar, Belle

0.35

0.3

0.25

0.2

1 1 1 1 1 1 1

BaBar, PRILII]Q,_IOISO2(20[2) !
Belle, PRD92,072014(2015)
LHCb, PRL115,111803(2015)
Belle, PRD94,072007(2016)
Belle, PRL118,211801(2017)
LHCb, FPCP2017

0 Average

I T 1
Ay’ = 1.0 contours

—— SM Predictions

R(D)=0.300(8) HPQCD (2015)
R(D)=0.299(11) FNAL/MILC (2015)
R(D*)=0.252(3) S. Fajfer ct al. (2012)
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P(x?) = 71.6% —]

0.5 0.6
R(D)

All results above Standard Model predictions

R(D*) and R(D) combined give ~ 3 o deviation,

using latest Standard-Model predictions
[arXiv:1703.05330, 1707.09509, 1707.09977]
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B R(Jhp)

Test other b-systems, e.g.

W~ Ve, Vip V¢
b
BR (B, »>J/yTt Vv, B,
R(J/y) = < — c s c
BR(B,~»>J/yu v, J/y

Standard Model predictions affected by form-factor uncertainties
R, (Jp) € [0.25, 0.28]

[PLB 452(1999)129] [arxiv:hep-ph/0211021] [PRD 73(2006)054024] [PRD 74 (2006)074008]

Small hadronisation fraction
(= 0.2 % for B_vs = 40 % for B°)

— Expect smaller statistics, larger systematic uncertainties

April 17, 2018 DIS 2018 — B flavour anomalies @ LHCDb (16) O. Steinkamp



B R(Jhp) witht-— pv v,

[arXiv:1711.05623]

Approach similar to
R(D*) measurement:

Reconstruct B_flight direction
from production and decay vertices

Estimate Bc momentum from

ch

(ch>z = m ><(preco)z

reco

Extract signal components from fit to
decay time, m? Z(q?, E %)

miss ’
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B R(Jhp) witht-— pv v_

[arXiv:1711.05623]

Approach similar to
R(D*) measurement:

H 7

LHCb

Reconstruct B_flight direction

from production and decay vertices 2000

Candidates / ( 0.6 GeV?/c*)
2
S

Estimate Bc momentum from

anc
(ch)z = X (preco)z
mreco
—+— Data
: . Mis-ID bkg.
Extract signal components from fit to Ty comb. bke,
decay time, m* ., Z(q?, EM*) B — x (IP)I'V,

B 5 = JvTtty,
W B Iy,
B //v +u comb. bkg.
Bl 5 —JvH!
Bl B = w25y,

April 17, 2018 DIS 2018 — B flavour anomalies @ LHCb (18) O. Steinkamp




B R(Jhp) witht-— pv v,

[arXiv:1711.05623]

Measured value about 2 o above Standard-Model predictions

[ R(J/y) = 0.71 + 0.17 (stat) = 0.18 (syst)]

Systematic uncertainty dominated by form-factor
uncertainties and size of simulated event samples

Also: first evidence (3 o) for the decay

B.»>J/ytw,

April 17, 2018 DIS 2018 — B flavour anomalies @ LHCb (19) O. Steinkamp



b—sé€é:
RK*andRK



ILHI{ISCEI‘QI b— s €

Flavour-Changing Neutral Current decays

Suppressed in Standard Model,
can only occur through loop processes

b -
Excellent sensitivity to possible
“New Physics” contributions
— Branching fractions b .
— Angular distributions
b

April 17, 2018 DIS 2018 — B flavour anomalies @ LHCb (21) O. Steinkamp



ILHIIJSCEQI b— s €

Perform measurements as a function of g>=m?(€*¢):

Different sensitivity to potential New Physics contributions

New Physics would affect

. . . JP(1S)
Wilson coefficients C.
in the effective Hamiltonian: P(2S)
4G, . . dr Co and Cqot"
Ho =~ VoV 2. [ COo + Co | Long distance
2 i — — . .
contributions

Ieft-handed right-handed T C (N C ") f b
70 - Co rom cc above

interference open charm
Relevant for b — s €* €-:

threshold
i=7: photon penguin L/\‘\,\

i =9,10: electroweak penguins —>

Right-handed contributions strongly suppressed in Standard Model

April 17, 2018 DIS 2018 — B flavour anomalies @ LHCb (22) O. Steinkamp



rch b— sp"u Branching Fractions

Measured values in the “interesting” g° range
consistently below Standard-Model predictions

Bl .CSR Lattice —eData

foan) T T T S L A A B
% B'-K'utu~ {1 L sg LHCb - 3
+ + = o 1 & 7F SMpred - 3 0 + -
B*-K'p'u < LHCb 1 £ el - 3 Bl optp
[S) ] — E E
= SE 3
[JHEP 06(2014)133] X ¥ iE +- —+—+ [JHEP 09(2015)179]
= +t s T E
A T E
o s .
) ] g8° 5 10 15
R ¢ [GeV7/e]
g2 [GeV?¥c4]
_6
—oas 16 .
E LHCb i 1.4+ dB : _
B° — K* u* u- % 1 wp dg? 1077 Gev™ A —-Autu
uw u X 0.1%- 4l b uu
[JHEP 04 (2017)142] 2 | 1 s} _} [JHEP 06(2015)115]
o i 4
005 ML, + 0'6§== -
[ ——1  oafl], - Detmold, Meinel
—+
i ] oz\__féz [PRD 93(2016)074501]
| P I N 0.0 '_:_ T
0 5 10 15 %0 5
¢? [GeV*/ ] GeV2
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http://inspirehep.net/record/1287928
http://inspirehep.net/record/1469448
http://inspirehep.net/record/1380188
http://inspirehep.net/record/1355377

rch b— sp"u Branching Fractions

Measured values in the “interesting” g° range
consistently below Standard-Model predictions

But: significant theory uncertainties
from hadronic form factors
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LHCD RK and RK*

These form-factor uncertainties
largely cancel in ratios:

S

BR(B' > K pu)
BR(B'»>K'e'e’) B’

A

R, =

\
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LHCD RK and RK*

These form-factor uncertainties

largely cancel in ratios:
_ BR (B°> K u*u) b
" BR(B°>K*e'e’) B’

A

R

K*

\

April 17, 2018 DIS 2018 — B flavour anomalies @ LHCDb (26) O. Steinkamp



Lach RK and RK*

These form-factor uncertainties
largely cancel in ratios:

_ BR (B°> K u*u) b
"~ BR(B'> K e'e’) B’

A

R

K*

— Tests of Lepton Flavour Universality

M ECAL

. agnet

Experimental challenge: &

Electron reconstruction Y E,
— Algorithms for T p

Bremstrahlung recovery,
but never perfect

April 17, 2018 DIS 2018 — B flavour anomalies @ LHCb (27) O. Steinkamp



LHCD K™ e* e~ vs K% Tl

Lower trigger efficiencies — smaller statistics

Worse resolution, radiative tail of signal — have to consider
partially reconstructed background at lower mass

Additional background from radiative tail of Jhip — e*e-

LHCb . LHCb
------ B K utur 30 s B'5K Vete
Combinatorial 25 Combinatorial
20 B—Xe e
B B —K )y

1.1<¢%<6.0 [GeV?*/ 4] 1.1<¢?<6.0 [GeV?/c*]

Pulls Candidates per 34 MeV/c2

Pulls Candidates per 10 MeV/c?

5
5 —‘L ____________________ 2
E 0 ;:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::__;
5400 5600 5800 1500 5000 5500 6000
m(K*n—u+u-) [MeV/c?] m(K*me*e) [MeV/c2]

[JHEP 08(2017)055]
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LHCD R K*

Measure R,. in two bins of ¢

[JHEP 08(2017)055]

JAp(1S)
Q‘% 1.0 ;l.‘l ....................................... P PSS OP _E
0.8 | 1 .
Lx 06 ® LHChH -
AT 04: BIP ]
L v CDHMV ]
i B EOS
Measured values below 0.2 F — @ flav.io ]
Standard Model predictions: N T ST
0 1 2 3 4 5 6
2.1'2.3 (0] and 2.4'2.50 qQ [GeV2/04]
/ 11 2 2 4 \
o 0.66 %7 (stat) = 0.03 (syst) ; 0.045 < g° < 1.1 GeV’c
] 0.69°%" (stat) + 0.05 (syst) ; 1.1 < g* < 6.0 GeV?c®
\ J
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LHCD R K*

[JHEP 08(2017)055]

BaBar and Belle also measured R,,,
but larger uncertainties

2-0 i ] ] 1 1 | I I I I | I I 1 I | 1 1 I I ]
P ]
| Q: B ]
-o-1.HCb 15 |- =
-m-BaBar T e T -
[PRD 86(2012)032012] ' i .
_a—Belle —— ;
[PRL 103(2009)171801] 0.5 [ @® LHCH
i BaBar -
- LHCb Belle |
00 ] ] ] ] | ] ] ] ] | ] ] ] 1 | ] ] ] ]
0 5 10 15 20

¢* [GeV?/ct)
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LHCD
\ \)

R

[PRL 113(2014)15601]

Earlier measurement of R,_for 1 < ¢*> < 6 GeV*¢*

also below Standard Model, compatible at 2.6 o

—o-1.HCb

- BaBar
[PRD 86 (2012)032012]

——Belle
[PRL 103(2009)171801]

< i LHCDb -
0.5F -
0' ol L A N B

0 5 10 15 20

q* [GeV?#/ 4]

[ R, = 0.745'0%, (stat) = 0.036 (syst) ; 1<q°<®6 GeVzc4]
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b—s€é:
angular observables



wch - Angular Observables in B — K* p* p-

Reconstruct K*? in its decay to K*n~
— four final-state particles
— three decay angles (6,,6,,¢)

Angular distribution
fully described by
8 independent coefficients

These are related to the
underlying Wilson coefficients

1
T

d3(r' +T)

dcosf@,dcosbx do

9
27

3
[Z(l sin? Ok OS2 Ok

_I_

+ S5 5in? Ok sin® By cos 2¢
-+ S4 5in 20 sin 260, cos ¢
+H Ss $in 20 sin 6y cos ¢
_I_
+
+

Se 5in2 0 cos 0, in 20k sin By sin ¢

Sg $in 20K sin 20 sin ¢

So sin? O sin® O sin2¢ }

To reduce dependence on hadronic form-factors,
construct “optimized” observables such as

S;

p:

5 = \/FL(1_FL>

[JHEP 1305(2013)137]
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http://arxiv.org/abs/1303.5794

LHCD
\)

P’

5

[JHEP 02 (2016)104]

Measure the observables in bins of g°=m?(€*€")

— Find deviations with local significance of 3.4 ¢

for two g* bins in the observable P,’

2&4 w1 - T I ]
L LHCb i
0‘5;}_ SM from DHMV -
: : J/P(1S)
0 _ i (25)
: . |
- . dr
B 7] dq? - -
-05 — ] T ::7('> cg()‘
: \ + : interference J
-1 ! T — T — | L\(\_\
0 10 15 B
g* [GeV?/c?]
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LHCD P5'

[JHEP 02 (2016)104]

Belle, ATLAS, CMS also look at P,’, but larger uncertainties

[PRL 118(2017)111801] [arXiv:1710.02846] [ATLAS-CONF-2017-023]

e LHCbdata o ATLAS data
m Belledata © CMS data

P'

5

A T
f 3 l :

05 I SM from DHMYV
- SM from ASZB IS)
0 _ | i (2S)
_ — - a
: | &
~ - ! I - .
0.5 L |y
: ////////V% T i nterference J LR_\
_1 [ ; | | , . i ] ] ] ] 1 ] 1 1 1 _u
0 5 10 15 o

g* [GeV?/ 4]
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LHCD P5’

Belle measure B > K**u*u~ AND B°— K*?e*e-

[PRL 118(2017)111801]

! e SM from DHMV/LQCD
1_0-_ All Vlode b
- 1 Electron Modes
HH  Muon Modes
1 JAP1S)
$(29)
——
. dar
. dr
1 | ; Fm m 5
1 £- Co
' L2 ] interference J
10 15 20 —> q?

¢* [GeV?/c?]
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rch Possible Interpretations

Fits to R, and R,. and angular observables give consistent picture:

— Deviations can be explained with modifications
eitherto C,orto C,and C,

3
L 1.5
2.
1.0 1
1] P 3 Belle” [ Ny / ]
B 3 1 i 1 .
i ] 1 [ 1 oo 0P
3 ! ) - 1 [ o
© ; : : ‘ 00
-1 ;E" | ol | ] S ' - ]
I ] [ ] ~0.5 1
1 ] 1.0 b — spp global fit
avip — all
-3 i N S -3 NS I TN I S : . . | : :
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3 20 <15 Lo =05 00 05 L0 L
cs; s e
Capdevila,Crivellin,Descotes-Genon, Matias,Virto Altmannshofer,Stangl,Straub
[JHEP 01 (2018) 93] [PRD 96 (2017)055008]

Charm-loop effects could contribute to C,
but cannot explain Lepton-Flavour Universality observables
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rch Possible Interpretations

Charm loop: WW\'<

QCD contribution which at present
cannot (yet) be computed reliably h %%

Ciuchinietal. [arXiv:1512.07157]

Altmannshofer, Straub [arXiv:1503.06199]
Lyon, Zwicky [arXiv:1406.0566] d d

Possible New Physics contribution:

— Z' boson or Leptoquark, e.g. Tt
Bordone etal. [PLB 779(2018)317] :,LL_
Buttazzo et al. [JHEP 08 (2016) 035] A
Barbierietal. [EPJC 76 (2016) 67] b S

>

Greljoetal. [JHEP 07(2015)142]
Baueretal. [PRL 116(2016)141802]
Crivellinetal. [PRL 114(2015)151801]
Altmannshofer etal. [PRD 89(2014)095033]
Diptomoy et al. [PRD 89(2014)071501]
Gould etal. [JHEP 01(2014)069]
Descote-Genon et al. [PRD 88(2013)074002] b

Buras etal. [JHEP 12(2013)009]

April 17, 2018 DIS 2018 — B flavour anomalies @ LHCDb (38) O. Steinkamp
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Outlook



LHCD Summary

Intriguing tensions with Standard-Model predictions:

— Branching Fractions of b— su*u™ decays
— Angular observables in B —» K*Ou* u-
— Lepton Universality in B*— K*#*#~and B° —» K*0 ¢ £

— Lepton Universality in tree-level B—D™#v, decays

Taken individually, none of these is very significant,
taken together they might point to common pattern

Various explanations in terms of “New Physics”:
Z' boson, lepto-quarks, low-mass resonances, ...

Or poorly understood hadronic effects,
e.g. cc interference in b — s €€ ?

April 17, 2018 DIS 2018 — B flavour anomalies @ LHCDb (40)
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LHCD
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Outlook

Run-2 updates ; :;
of all measurements shown here §
— Expect ~ factor five in statistics g

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2017

. 2017 (6.5+2.51 TeV): 1.71 /b + 0.10 /fb
. 2016 (6.5 TeV): 167 /b

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

, LSt

2010 2011 2012 2013 2014 2015 2016 2017

Year

People are also working on other related analyses, e.g.

- R(D), R(A)

— Angular observables in B’ > K* e* e~

and more ...

April 17, 2018
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Lach Outlook

LHCb Upgrade for LHC “long shutdown” (LS2) in 2019/2020:

— Factor 5 in instantaneous luminosity

— Improved trigger efficiency for hadrons

Expression of Interest for further LHCb Upgrades

"- [90)
(= D
V]

Phase | upgrade Phase |Ib upgrade Phase Il upgrade

Looking forward to friendly competition
with Belle Il here in Japan
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Lach Outlook

Close collaboration with theorists is crucial

Optimist’s view point ~ Pessimist’s view point

N ——————- I £ I — T . —
S it
ANNN
Z
b 2 8
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% LHCDb

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2017

a — . 2017 (6.5+2.51 TeV): 1.71 /b + 0.10 fib
L._‘-‘ ? __ ....... .
— — 2016 (6.5 TeV): 1.67 /b
; — 2015 (6.5 TeV): 0.33 /fb
-‘5 6 . 2012 (4.0 TeV): 2.08 /fb
g — . 2011 (3.5 TeV): 1.11 /fb
I= 5 e 2010 (3.5 TeV): 0.04 /fb
: | H H
- N
e 4 PP R ERRUEIEE! RIS S’ SISRISUIS SULIRINRE
g -
5 aFiiii g | LSt A=
(7] — :
o -
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Test Lepton-Flavour Universality: € BT
i . . - v.,V,V
Weak coupling constant identical , W e tw Tt
for all three lepton families
\ C
Tested in W decays @ LEP to precision of a few percent
LEP W—ev _: 10.71- J_rio..1 6
W- W- W- Su oo o1
S — -_—— - - - == LEP W—pv o 10.63 £ 0.15
Ye I gr B8 . R
Pwon  [w 1136- 001
Ve Uy Vr LEP Wolv 4 10.86 + 1(5)_:;(/)193

10 ﬂ"1 127777
Br(W—lv) [%]

2xBR(W»> 7 v,
BR(W->uv,)+BR(W->e v,

April 17, 2018 DIS 2018 — B flavour anomalies @ LHCb (47) O. Steinkamp

= 1.066 + 0.025 (~2.60)




LHCD K™ e* e~ vs K% Tl

Lower trigger efficiencies — smaller statistics

Worse resolution, radiative tail of signal — have to consider
partially reconstructed background at lower mass

Additional background from radiative tail of Jhip — e*e"
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[JHEP 08 (2017)055]
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Lach R K*

[JHEP 08 (2017)055]

JAP(1S)

Measure R,. in two bins of ¢°
m P(2S)
‘
To reduce systematics, measure double ratio: 5’? I
|
|
p - BRIB°>K"u'u)/BR(B">K"JIy(>u'p)) JL\\
§ = [ | | |
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As a cross-check, determine also:

_BR(B"»> K" y(2s)(»u'p’)) /| BR(B’> K" Jly(>u"u))

R =
y(2s) BR (Bo N K*O '(/J(ZS) (_)e+e—>) / BR (BO 5 K*OJ/,‘/,(-)e+e_))

Result compatible with expectation
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LHCD R K

[PRL 113(2014)15601]

Earlier measurement of R, for 1 < ¢*> < 6 GeV*¢*
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&Sk Angular Observables in B - K* p* u-

[JHEP 02 (2016)104]

Angular acceptance in (0,,60,,¢) from simulation,

cross checked on large samples of B > K** Jhp (— n* u-)
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