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Introduction



Standard Model of particle physics

® Successful but many things
unexplained

» Gravity

Dark matter, dark energy
Smallness of Higgs mass
Neutrino mass
Matter-antimatter imbalance

Why three generations o
Generationg of
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® Hunting for new physics beyond the SM at the LHC
» Direct search at energy frontier (ATLAS, CMS)
» Indirect search in flavor physics (LHCb)

Grayity

How
does
that fit
in ?




LHCDb Collaboration

\

1263 members, 77 institutes, 17 countries

RE: FBEXE, Ehlikx, ERX, RXKEFE, SR, £/@inX




LHCb experiement

HCAL

ECAL
SPD/PS

M1

Design for flavor physics Already a general purpose
> Charge-parity violation detector in forward region
> Rare B, D and K decays » Electroweak physics
> Lepton universality test » Heavy ion collisions

> Hadron spectroscopy



LHCDb running (pp collisions)

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018
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» 9 fb-taccumulated after Run-2
» Results presented here based on Run-I data:
1fblat7TeV +2fb!at8TeV



LHCDb highlights
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b — clv;. lepton universality test



Lepton universality (LU)

® SM: couplings of gauge bosons are identical forl =e,u,t

Charged currents Neutral currents
- -

W~ NV‘< Z '\AN<
Vi It

® Branching fractions to different lepton generations differ
only due to lepton masses

_ B(Z - ttt”
R :B(W—>rvr) RZ:B(Z " _)
w B(W - uv, (Z > ptp”)
B(B » D™1v,) B(B - K®Wpu*u™)

*¥) — R x) —
R0 = BB = DOww,) KO “ BB - KOete)



Previous LU tests

® Lepton couplings have been thoroughly tested at LEP, NA42,
BESIII, CLEO and many other experiments

» Neutral currents: universal within 2% precision
» Charged currents: universal within 2% for l = e, u

LEP: 2.8 upward tension in W - tv, CERN-PH-EP/2005-051

Assuming only partial lepton universality the ratio between the tau fractions and the average of
electrons and muons can also be computed:

2B(W — 17,) / (B(W — e¥) + B(W — pp,)) = 1.077 £0.026

resulting in a poor agreement at the level of 2.8 standard deviations, with all correlations included.
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Tree-level LU tests

B(B —» D™M1v,)
B(B - DOIv)) (t=emn)

R(D™) =

® Tree-level b - cl™v; transitions are well understood in SM

® Sensitive to extended Higgs sector or Leptoquarks, which are
expected to couple predominantly to 3'9 generation leptons

Vs
W_; H_@Q\A ?e, ‘7‘1{, FT // T_
= P B ° <~ 1 <
B — ~
\ D)+ \
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* : — — =
B - D*tv,with T~ - u"v,v,
Vertices => B flight direction => B momentum=> missing mass
B - D*lVl

Small missing mass

B - D*tv;

Large missing mass
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Candidates / (0.3 GeV%c*)
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Combinatorial
R(D") =0.306 = 0.013 = 0.007 [ Misidentified w

20 above SM prediction: RSM(D") =0.258 = 0.005
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R(D*)witht~ » m v,

B(B® — D*+vtv,.) B(BY— D*3n)

Rp+~ =
P" 7 TB(BY = D*31) B(B®— D*putu,)
measured ratio IC(D*7) external inputs

Ki'
» 7 | B® =Dty

D° . B - D*3m

[ R(D") =0.291+ 0.019 = 0.029 ] PRL120 (2018) 171802

lo above SM prediction 14



LHCb combination

R(D*) = 0.310 = 0.016 = 0.021

LHCDb, Babar and Belle results consistent
with each other, all above SM predicitons

R(D*) results

Average

Belle hadronic tau
bt TR

BaBar had. tag
0332 £ 00024 £ 0,015

Belle had, tag
0293 0038 20015

Belle sl tag
0,300 + 0030 +0.011

LHCh muonic tau
0336 20,027 £ 0,030

LHCh hadronic tau
LTI N S T el

0306 £ 0013 £ 0.007
SM Pred. average
0,258 + 0,005
PRIXFSS (20017) 1150408
0.257 £ 0003
JHEF 1711 (2017) 06l
0,260 & (LO0E
JHEP 1712 (2017 0&0
0,257 +0.005
HFLAV

0.2

World average: R(D") =0.306 = 0.013 = 0.007

30 above SM prediction: RSM(D") =0.258 = 0.005

R(D*)
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b - cl"v; LU tests: overall status
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R(D)

B(B; - J/Ytv,)
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e Recent LHCb result of R/, R(J/YP) =

RJ/¥)=0.71£0.17+0.18 ] PRL 120 (2018) 121801

20 above SM prediction: RM(J/y) = 0.12 ~ 0.28
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b — sl™l™: lepton universality test
& angular analysis

17



b - sl

® b — sl*l-decay rates sensitive to heavy non-SM particles

SM contributions NP contributions

® Cannot compute hadronic form

- i ? el
factors reliably - g § %@f -
® Theoretically robust observables —— e ——— ———

v BRratios between e and u W, )
: i
v' Special angular observables Z“-.N*\<
_|_
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Dependence on g% = m*

Photon pole
enhancement
{no pole for
B—FPfe decays)

\A{?@”
dl

dg=

1

Form-factors
from LCSR

calculations

4[m(p))?

H

It~

i Spectrum
J Jg’ -q's{l,‘-}'} dominated by
< narrow charmonium
/ resonances.
0 (2 9) (vetoed in data)
1]

1) o7
(. (¥} and { 1 []EI
Long distance
contributions from oF

above open charm
threshold

Form-factors from

(1) —~(1)
T (ﬂ
interference

Lattice QCD

parameterisatio

n dimuon mass

—3p(]” squared

® \eto J/y and ¥ (2S) regions

® Significant interference of short- and long-distance
contributions remains and have been observed
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b — sl*l™ branching fractions

® Measured values consistently below SM predictions
® But: significant theory uncertainties from hadronic form factors
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http://inspirehep.net/record/1287928
http://inspirehep.net/record/1469448
http://inspirehep.net/record/1380188
http://inspirehep.net/record/1355377

LU test with R(K™)

B(B - K®utp™)

()} =
R(K™) B(B » K(e*te™)

® Theoretical uncertainties in form factors largely cancel in ratio
® R(K™) close to unity, predicted with precision of O(103) in SM
® Experimental challenge: electron reconstruction

Difficult to recover

Magnet

Electron Bremstrahlung recovery
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Ktete " vs KTutu~

B’ - K‘utu- B? - K*ete™
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Pulls Candidates per 34 MeV/c?

10 §py
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Pulls Candidates per 10 MeV/c?

5200 5400 5600 5800 500 5000 5500 6000
m(K+7rﬂ WJ') [MCV/CZ] m(K+71'_€+€_) [MCV)(CQ]

Electron modes suffer from
v' Lower trigger efficiency
v' Higher background
v Worse resolution

v Contamination from radiation tail of J/ — e*e” )



R(K)

-o-LHCbh -m-BaBar -4 Belle

—-o-1.HCb E‘H 2r —_——— T T
PRL 113 (2014) 151601 LHCb
LoE U g
—m-BaBar -
[PRD 86(2012)032012] 1k |
. ! SM
—— Belle 3
[PRL 103(2009)171801] 0.5 -
o s 10 15 20
g2 [GeV¥c?]
[ Ry = 0.745%0092 £ 0.036; 1< q* <6 GeV? J

2.60 below SM prediction
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Ry =0.667031+0.03; 0.045 < g% < 1.1 GeV?2

Ry = 0.697031 + 0.05;

1.1<qg*<6.0 GeV?

2.10 and 2.40 below SM predictions

JHEP 08 (2017) 055
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Angular analysis: B® - K*%utu~

1 d4r 9 [3 . 1 |
: = (11— sin? ¢ 44:;):.-29 —(1— sin? B cos 26
T /dq? dcos by deosfy do dg® 327 L( ®“m K cos™ O+ 7 @“m fe o S
cos? O cos 20, ——@3‘1112 05 sin? By cos 20 *@5111 20k sin 260, cos ¢

sin 20 sin by cos ¢ +1112 Ok cos by i11 20 sinfly sin o
5i11 20k sin 26, sin ¢ —@51112 A sin? B sin 26 ]

Eight independent observables

v' F_: fraction of longitudinal polarization
v Sg = 4/3 Aqg: forward-backward asymmetry of the u*u~ system
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JHEP02(2016)104

LHCb

FL and AFB

CMS
PLB 753 (2016) 424

MS 2051 (8 TeV)

0.8F

i |
{}.6;— ++

LHCb
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+

3l 1

15 ‘ I_ I
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LHCb 3fb! |
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10

15
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Folo v liaa oy,

2 4 8 8

CMS
E —— Data

18
q° (GeV?)

Measured values agree well with SM predictions

ATLAS
arXiv:1805.04000
O X L L s B S R S S LA a
L 1 o ATLAS {s=8TsV,20.3fb" ]
e -4 Data E
1.4F CFFMPSV fit
C theory DHMV

1.2 theory JC E
5 E
0.8 -
0.4:—_i_' + .
0.2;— —;

B S 3
9 [GeV?]

SM predictions

ABSZ: EPJC 75 (2015) 382
LSCR: JHEP 08 (2016) 98
Lattice: arXiv:1501.00367
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P: puzlle

Form factors cancel at leading order in new observable

PL = 35
5 =
VFL,(1—F))
JHEP 04 (2016) 104
TR F¥ T T e BF ET &7 B -|---;1d:i---=|d"'_
g s LHC ta 7 AITLAS data i
LHCb i m Belledata = CMS data R
i 0.5 ] SM from DHMV
SM from DIIMV - A

[THEP 12 {2014} 125]

SM from AS7B

Global deviation from SM: 3.40

L R — - 0
. I : | :
o I : - %—_L :
-0.5 - ~0.5F —t
: 4 S ; =H
o = 0 15 _Iﬁ_"" : -
g% [GeV jf"(i'“l] GeV2/ ]
Local deviations from SM : 2.8¢ for 4< g? < 6 GeV?;
3.00 for 6< g% < 8 GeV?2.
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Possible explanations

® Statistical fluctuation?
More data will shed light

® Experimental artefacts? SM ¢¢ loop

e and t are difficult to reconstruct

® Underestimated SM charm loop effect?

Possible, but LU observables should be
robust ... d ‘ d

® New physics if all above are excluded
Z’ or leptoquark could explain the anomalies

28



Interplay with direct search

® If the flavor anomalies are due to exchange of a new particle,
it could be searched for at high pr

® No sigh seen yet
Example: leptoquark search at LHC
® May need HL-LHC to see them if they are there ...

......

8 TeV20fb"' |

\ e
U [1812.01560] ATL.

=
~
0.5 Y _
i | ]
- § = VectorLQ ]
0.5 1.0 1.5 2.0

My (TeV) 29



Summary and outlook
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Summary

e Intriguing tension with Standard Model predictions

R(D™): 3.80 Py: 3.40 R(K): 2.60 R(K"): >2.50

L =T 1 —

—-LHCh -m-BaBar —i-Belle

] o 2 ———T— e
L1ICh ] : LHCD = Sob e
3 Laf - - - [iYmt ]
8N e TIETRY A 3 - orE -
. FHIRERERMT ETRPC [ ) i i | ; 1
i l: | 5M : 051 ® Lice ]
: ] i : 04F v STIZ]:HMV .
o3l - I : ]
+ & : : L B ECs ]

] . 0.2 av.io
g 7 [y —— 1 . . . PP . [ LHCk : f(]: ]
---------- o 5 10 15 20 0.0 L L L

m 15 o rrsomrdy 4 0 1 2 3 4 5 ]

i GeViet "
7 [Geviic Geve ¢ [GeV?/e]

e Many possibilities remain

Optimist's view point ~__ Pessimist's view point
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Outlook

LHCb Integrated Recorded Lumingsity in pp, 2010-2018

2018 (6.5 TeV): 1.80 /ib

2017 (6.5+42.51 TeV): 1.71 /b + 0.10 /fb ?01 2_’—‘

ny

2016 (6.5 TeV): 1.67 /ib
2015 (6.5 TeV): 0.33 /b

e Significant progress
expected in next five years
with new measurements from
the LHC and from Belle Il

2012 (4.0 TaV): 2.08 /fo
2011 (3.5 TeV): 1.1 /fb
2010 (3.5 TeV): 0.04 /fo

120 /- 2011
kit 2018 /j /
0.8:

/[ 2011
r/

Integrated Recorded Luminosity (1/fb)

n— —— N P o - L
Yar T May Jul Sep Nov
Month of year

e LHCDb will run at 5X higher instant luminosity after LS2,
and has expressed interest to further increase it by 10X
after LS4 at 2031

We are — ACb >

hore | Upgrade

=N o—— HL-LHC >
2012 2014 2018 2020 2023 2025 2029 2031 2034

7,8 TeV 13->14TeV o 14 TeV



Backup slides

33



R(D*) with T~ » u~v,v,

® \With neutrinos missing, B momentum is estimated using D*
and u~, and flight direction

® Look at variables in B rest frame

m2

u iss
;’"
,:"‘_.-'-—-
co

3
D*T-v [D*pV
T M
= Softer harder
M
m 2 > O =~ O
miss
@ | 7™ >0 y




Entries / (0.25)

Angular analysis: A},

Results compatible with SM predictions
[Boér et al, JHEP 01 (2015) 155]
[Detmold et al. PRD 93 (2016) 074501]
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- Autu”

Rl o
5 - e L KA
5 angles
q*-dependent observables K;
Method of moment
Signals only observed in
15 < g% < 20 GeV2

arXiv: 18080264 Run 1+I1, 5 fb—1

—— — LHCb

-
+

[~
Ip—
IIIIIIII
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Heps = —

Effective theory for b — sl*l™

e Described by an effective Hamiltonian

AG .
7 ViaVia DIC(1)0i () + € s(w)O's ()
left handed right handed
(suppressed in the SM)
Wilson

Operators 0;

\

coefficients (;
\

( by

0.2 GeV ..l14Gev
I
/\QCD | /\b

(non-perturbative) I b mass

\

80 GeV 10-100 TeV
/\EW /\BSM
W mass BSM scale

b _W: s
t

|=7 £
’Y? p‘._

b _VI_/': S
_k nr

1=9 &

Z l‘l'_

b= 10 ¢ s
W— \ \ W+ +

7, M
P
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Global fitto b — sltl™ results

® Include angular and LU results in b - sl*l™ transitions
® Allow for €Y # €37

v’ Preference for Cg; # 0

v' Data disagree with SM by more than 3.50

4

—— LFU observables
ZTig i Al P --= b — sup global fit
flavipo.1 bob o L
1 i 5 e " L Loa i i P | El L
-3 -2 -1 0 1 2 3 20 -15 -10 -05 00 05 10 1.
oP ReCH
b J1

37



	幻灯片编号 1
	 Introduction
	幻灯片编号 3
	幻灯片编号 4
	幻灯片编号 5
	幻灯片编号 6
	幻灯片编号 7
	𝒃→𝒄𝒍  𝝂  𝒍 : lepton universality test
	幻灯片编号 9
	幻灯片编号 10
	幻灯片编号 11
	幻灯片编号 12
	幻灯片编号 13
	幻灯片编号 14
	幻灯片编号 15
	幻灯片编号 16
	𝒃→𝒔 𝒍 +  𝒍 − : lepton universality test &   angular analysis
	幻灯片编号 18
	幻灯片编号 19
	幻灯片编号 20
	幻灯片编号 21
	幻灯片编号 22
	幻灯片编号 23
	幻灯片编号 24
	幻灯片编号 25
	幻灯片编号 26
	幻灯片编号 27
	幻灯片编号 28
	幻灯片编号 29
	Summary and outlook 
	幻灯片编号 31
	幻灯片编号 32
	Backup slides
	幻灯片编号 34
	幻灯片编号 35
	幻灯片编号 36
	幻灯片编号 37

