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LFU in B-decays

Flavour changing charged current: Flavour changing neutral current:
b — clyy b — st
pt /Tt ¢ !
B~ W K~
b s
b W+ v
B pfe
C 7/z0
D*
ple
@ Tree level decay in SM @ Loop level decay in SM
e BF ~ 1072 — abundant o BF ~ 107° — rare
e Compare 7 with p/e mode e Compare p with e mode
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The LHCb detector [JINST 3 (2008) S08005]

@ Very good momentum resolution (dp/p ~ 0.1%)
@ Excellent identification of stable charged particles
(7T7 K7 p; i, e)
@ Clear separation of B meson decay vertex from pp collision
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The LHCb detector [JINST 3 (2008) S08005]

e Very good momentum resolution (dp/p ~ 0.1%)
@ Excellent identification of stable charged particles
(m, K. p, 11, €)
@ Clear separation of B meson decay vertex from pp collision
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The LHCb detector [JINST 3 (2008) S08005]

e Very good momentum resolution (dp/p ~ 0.1%)
@ Excellent identification of stable charged particles
(ﬂ-a Kv P, i, e)
@ Clear separation of B meson decay vertex from pp collision

sy

Event 146539692
Run 174933
Sat, 21 May 2016 05:45:41

PP
collision point
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Semi-leptonic b — clv, decays

pt/rr
o R(XM) = B(B—)XE(:;TVT) a2,
B(B—Xe" pvy) b W v
@ Reconstruct 7 — ui,v; B
(muonic), 7 — 3mv; .
(hadronic) D*
@ Neutrino in final state —
no clear mass peak Control sample for B — D(D — (X):
. R PRL 115 (2015) 111803
e Significant backgrounds, S mf g e g S
checked with control ‘= 5
samples (enriched in E 5
background) P FE
@ Use different topological 3 A
variables per analysis in §
template fit (e.g. q7,) 5y

6 8 10
m2,_ (GevZc?)
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R(D*) muonic

@ SM expectation: 7K 7 B Dy,
R(D*) = 0.256 + 0.005 l/ )
VT
o R(D™) with 7 — i, v, o7
@ Separate 7 from p by using S A .\ v
extra neutrinos in final state . o
o Fit to: —@—
o g% = energy in W transfer
o E; = energy muon
o m2,. = energy neutrino’s m.. €u(s)
@ Main backgrounds:
B — D**{v,B — DD B° 3
@ Main current systematic: D4 @ = (Pgy Py )? Ay

size of simulation sample
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R(D*) muonic

Fit result in most sensitive g> bins with 7 mode and ;& mode:

—— Data PRL 115 (2015) 111803
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R(D*) = 0.336 + 0.027(stat.) + 0.030(syst.) at 20 from SM
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R(D*) hadronic

R(D*) with 7 — 37v,
o Extra vertex to reject background
o Need to reject
B — D*3m, D*(D — 3m)
backgrounds even more

B(B—D*70;)
Measure B(ESD3n tO reduce

experimental uncertainties

o Fit variables:
) q2
e BDT to separate 7 and D
e t; toreject B — D*3m
@ Main current systematic:
size of simulation sample
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[PRL 120,171802,
T T

2018], [PRD 97,072013 2018]

Candidates/ 0.1

T T T T
LHCb simulation
Prompt (D* rrrmX)
[ Double-charm (D*DX)
B signal (D*7v)



R(D*) hadronic

Fit result in most sensitive BDT bins with signal in red:

[PRL 120,171802, 2018,
PRD 97,072013 2018]

60F 4 Data

— Total model
SOF mmB -~ D1y,

B - D"rtv

40 B — D" DX
30f EEB - D'D'(X)

B - D*7371X
20F mmB - D"DX)
m Comb. bkg

15 8 10

g2 [GeV?/ ¢
R(D*) = 0.291 £ 0.019(stat.) & 0.026(syst.) & 0.013(ext) at 1o from SM

20
t, [ps]
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Status of R(D™))

e Many measurements of R(D),
@ Combining all, HFLAV finds tension with SM at level of 3.8¢0

R(D*) at B-factories

~ I T T T T T T T T I
¥ 05F — BaBa, PRL109,101802(2012)
@, | ——— Belle, PRD92,072014(2015)
x - LHCb, PRL115,111803(2015)
0.45F — Belle. PRD94,072007(2016)
"7 ——— Belle, PRL118,211801(2017)
[ ——— LHCb, PRL120,171802(2018)
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== Average of SM predictions

R(D) = 0.299 + 0.003
R(D*) = 0.258 + 0.005
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R(J/)) muonic

PRL 120, 121801 (2018)
LHCb

+ prtvr
e In SM, R(J/¥) = % -
[0.25,0.28]

o Fit form factors from data : .Eil-s_

@ Use same fit variables as in R(D*)
muonic + B candidate lifetime 3

5 0 5 2 4]0

[GeV /c?]

@ Main background: B — J/ih" X : . Mo

e First evidence for Bl — J/¢7 v,
R(J/4) = 0.71+0.17(stat.)£0.18(syst.)
at 20 above SM

@ Main current systematics:

form factors,
size of simulation sample

15 2
decay time [ps]
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Semi-leptonic b — sl{ decays

B~ w K~
b S
— BBoK®utum)
® Rit) = BESKFere ) B
- M €
@ Three body decay: bins of qfe /70

@ Measure Ry =
B(B=K®utu—) B(B—J/p(—ete )KH)
B(B—K®ete—) B(B—J/y(—ptu=)KE)

ple
to reduce system.at.|cs N — /w'(
@ Rare decay: statistics limited =

. 25
@ Experimental challenges: o o)
. dr
o Hardware trigger: muon vs. el
electron/hadron/ 0 el C) s CYY
interference Long distance

rest of event
o Electron reconstruction

contributions from CC
above open charm
threshold

4[m(p)?
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Electron reconstruction

Electrons

R [GeV A
o [GeV A

4800 5000 5200 5400 5600
mK* ) [MeV/c? m(K*e*e’) [MeV/cj

4800 5000 5200 5400 5600

@ Bremsstrahlung reduces efficiency and mass resolution
@ More background from partially reconstructed decays

o Lower trigger efficiency because of higher p threshold needed
for electrons and hadrons

@ In total reconstruct about 1 electron pair per 10 muon pairs
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Measurement of Rk

Fits for Rk =

B(BT K utu™)
B(Bt—Ktete™)

, for ¢ € [1,6]GeV?:

198
=
s

— Full fit
H Comb.

()
(=]
S

_.
S
S

s

Candidates / ( 12.5 MeV/c?)

PRL 113, 151601 (2014) ]

LHCh | = 4O
] 30
background 20

10

Candidates / ( 40 MeV/c?)

0

LHCb
— Full fit
Part. reco.
B Comb. back. ]

At
5200 5400 5600 5000 5200 5400 5600
m(K*u) [MeV/e?] m(K*e*e”) [MeV/c?]
-e-LHCb -m-BaBar -a—Belle

v 2r T T T T ]
& C LHCb 1
@ Rk = 0.745759% (stat.) + 0.036(syst.) St I I —

@ Tension with SM at 2.60 IF 1 T
@ Consistent with New Physics only o5k 1
coupling to muons . PRL 113, 151601 (2014)]
(}7 ! ! ! ! ]

0 5

10 15

20
g% [GeV?/ct
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Measurement of Ry-o

e Main difference with Ri: photon penguin at low g
@ Therefore, measure in two bins in g2:

o Low (q? € [0.045,1.1]GeV?)

o Central (¢° € [1.1,6]GeV?)

Low ¢ Central ¢° J/

S theb 3 2% LHoh s © Lo
£o 8K 3 20 R By
S b [ Combinatorial =1 © [ Combinatorial =] Combinatorial 3
T sb E T E B W A-KpIy 3
- 2 2 E y E
/["Iu, 8 s i85 ERE] mE-K Yy A
B wf ooss<e<L1Gevicld 8 - 1.1<?<6.0 [GeVZ/ct] £ E
20F E E k-] E
5o E - B JHEP 08 (2017) 0553
4% i s = 3
i v 5 )
33 W z b 5 i g0 5 T T
500 5400 5600 5800 ) 5400 5600 5800 5200 5400 5600 5800
mK ) IMevic?] mK* ) IMeV/c] mK ) Mevic?]
§ =E LHCb 3 S % LHCb 3 ij‘m 3 LHCh i
2 E e BKe 3 2 o e B K O gsg 3 o B KUY
S E B Combinatorial $ = B Combinatorial 3 5000
+ . — E B-Xe'e 4 20 B Xe'e" 3 3 3
e e % ok E % -l mE Ky 3§ gYop
B F } ooss<q<rifcevicl] 8 Licg<60lGevic] § 8 ﬁ 3
L b ERNS- 5 2000F
3 ! I E § s I ERE
w i =2 s ’ 4 =
3 0 = ™ R e I B
:’% 5000 5500 6000 = 74%(1) 5000 5500 6000 - :’% 5000 5500 6000
mK*re'e) Mevic] mK*e'e) [Mev/e?] mK*ree) Mev/c?]

Mick Mulder on behalf of the LHCb Collaboration Lepton flavour universality tests at LHCb 14



Measurement of Rk-«o: cross-checks

@ To control absolute efficiencies, measure R;/,;, =

B(BY—J /vy tum)K*0
B(( 2 J// w((jég—))w)) = 1.043 + 0.006(stat.) & 0.045(syst.)

(flat ratio in various event, kinematical variables)

@ Double ratio of J/1 and ¥(2S) modes:
measured with ~ 2% precision, consistent within 1o

o Data and simulation agree in g? distributions:

= F — 04
) F T T £ T T T T
& o05F LHCb . 0.045<g%<1.1 [GeV?/c*] 5035 LHCb | 1.1<g*<6.0 [GeV*/c“]
8 F B°—>K’°u*u' 7 Data — Simulation 8 B°—>K‘°u‘u' 7 Data — Simulation
g o4f  B—kTere Data — Simulation 5 03 B K ee Data — Simulation
k=1 3 =]
=] =]
S g
= Gy
o =]
=] =]
(=] o
i g
< <
= =
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2F : E 2 /. 3
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@ Results are consistent for each trigger category

0.66 = 50} (stat) £ 0.03 (syst) for 0.045 < ¢ < 1.1 GeV¥/c?,

Ryeo =
K7 00.69 + 9 (stat) + 0.05 (syst) for 1.1 < g% < 6.0 GeVZ/ct.
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Measurement of Ry-o: results

2.0 . .
=10F R — <
i . & sh ]
08k 1
1 I i I
1 L
06 o i 1.0 =
[ BIP ]
041 v CDHMV ] . o +
r m EOS 1 05 ® LHCH
021 i B
FLHCD MR LHCh JHEP 08 (2017) 055 5 v
oot v e e 1l 0.0 L L I
0 1 2 3 4 5 6 0 5 10 15 20
& GV /e @ GV /el
BIP arXiv:1605.07633
¥ CDHMV arXiv:1510.04239, 1605.03156, 1701.08672
B EOS arXiv:1610.08761, https://eos.github.io
@ flav.io arXiv:1503.05534, 1703.09189, flav-io/flavio BaBar PRD 86 (2012) 032012
* JC arXiv:1412.3183 Belle PRL 103 (2009) 171801

@ Most precise measurement

@ Uncertainty dominated by yield of electron modes
@ Tension with SM at 2.2,2.5¢ for low, central g°
@ Also consistent with NP only in muons
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Rk and Rg-o: the bigger picture

Look at gIobaI fit combining b — st/ results: [pro 96 (2017) 055008]

LFU observables
b — sup global fit
— all

flavio vo2: ——~-all, fivefold non-FF hadr. uncert.
i

T T

—20 -15 -10 -05 00 05 L0 L5
ReC¥

Rk, Rk~ together deviate 40 from SM

LFU consistent with other b — s/¢ anomalies! (see talk by Davide)
Many other global fits:
JHEP 1801 (2018) 093, arXiv:1704.05447, PRD 96 (2017) 093006, ...
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Conclusions

@ Intriguing deviations found in lepton universality tests at LHCb

o In b — cly, transitions, R(D®*)) measured 3.80 above SM by
LHCb and B-factories

@ In b — s/l transitions, Ry(.) measured 40 below SM by LHCb
in EFT interpretation

@ Both might be described with same New Physics model

(see previous talk)

@ LHCb is investigating!

e These results were with Run 1, now analysing our Run 2 data
(~4x Run 11)

o New decay modes: R(D™*°), R(D*), R(AY), Ry, Ry, ..

@ Exciting times in flavour physics!
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Conclusions
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Conclusions

!
! SonewHerRe N THE Swiss CoulNTRY\pE ... i/

_,/'—""“-,.._V-#—H-—P-H-h /
’ﬂ-\ose d&v\.\n ?é‘f}d“ —e

are loac e afain

Thanks for your attention!
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Backup slides

Backups are often required
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How to interpret b — s/ measurements

Effective Field Theory!
Most famous example: Fermi interaction

d < e~ d e~
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How to interpret b — s/ measurements

Effective Field Theory!
Most famous example: Fermi interaction

'
¢ m

w u
({ '_/ - ) =
\ W—
Ve Ve

Similar approach for b — sé¢:

P

,(l_ b i"_
v/Z

nr

pt
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How to interpret b — s/ measurements

An EFT probes different couplings:

4GFp
Hepp = ———VaVis ) | Ciw)Oilw) + Ci(w)O;
11=="5 Vo i[ (1)0i(n) (WOi(w) ]
left-handed part right-handed part

e Photon penguin (&)

e Vector (Gy)

e Axial vector (Cyp)

o Left-handed (V — A = Gy — Cyo)

8 S

ut Ths
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How to interpret b — s/ measurements

An EFT probes different couplings: of
Hey = —29Fy, e S Ciw)Oin) + CLwOiw) ]
eff \/itbts i\H)Vill i\ Uil

*  left-handed part  right-handed part

= ﬁ
e Photon penguin (&) z
e Vector (Gy) I
e Axial vector (Cyp) -2 N
o Left-handed (V — A = Gy — Cyo) e
3 S

b < o -
- ut

H
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Possible models

@ Many papers discussing these anomalies
e My favorite model: vector leptoquarks! (arXiv:1706.07808)
@ Couples mainly to 3rd generation, so main signatures:
o 100x enhancement of b — s77, for example B? — 7+7~
o ATLAS, CMS: pp — 777 or direct searches (ttvv)
@ Possible relation with Standard Model Higgs couplings?
Extensions of these models can explain hierarchy in
generations [PLB 779 (2018) 317-323]

30T p S AT 2 11609.07138T
e @2 1 "
5 & 1 /
2.5 2 g : L ]
2 A
20 33/? i pp- r*:;;'soo b
1 -
_b E L -7 £+ e
2157 8 §L-E
E ,/ér 81 B
Lof _mr” 8 b LO .
L= ol ten R S S A
1y ~!
0.5 T ] B° K'©
1
0.0 sl VectorLQ d d
05 1.0 15 2.0

M (e
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