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The LHCDb analysis group:

- Seniors: Lluis Garrido, Eugeni Graugés Pous, Carla Marin Benito, Ricardo
Vazquez Gomez

- Postdocs: Lukas Calefice, Alessandra Gioventu

- Ph.D. students: Paula Garcia Moreno, Paloma Laguarta Gonzalez, Aniol

Lobo Salvia, Albert Lopez-Huertas, Alejandro Rodriguez Alvarez, Pol
Vidrier Villalba

Analysis topics:
- | Lepton Flavour Universality (LFU) tests in b = cfv,and b — s£¢
transitions This presentation

- Electroweak penguin decays analyses, b — d¢’¢ transitions
- Radiative decays studies

- Electron reconstruction at LHCb
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> The SM predicts equal couplings between gauge bosons and the three lepton
generations. This is called Lepton Flavour Universality (LFU)

- Observation of LFU violation — sign of new physics (NP)
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» Tensions between measurements and SM predictions in b — ¢ and
b — s decays

» Different observables to test LFU:

- Integrated and differential branching fractions

- Angular observables — need high statistics

- Branching fractions of fully leptonic decays such as BR(B, — u*u™)

( /
. o drY dre’
- Ratio observables R(¢") = — /——| [ ~
. dg=" dq ) |- Very well predicted
g ! , ) : .
,. dI'B—=D""7*y) [dI'(B— D ~¢*v,) - Cancellation of theoretical
Rp(q”) = dq? dq? and experimental
- » uncertainties in the ratio
2 ~ J
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Main features of LFU tests

Flavour Changing Charged tlavour Changing Neutral
Current (FCCQ) current (¢CNC)

¢ =7, u (e only B factories)

- Tree level processes. In the SM - Only loop diagrams in SM = lower
mediated by a W boson branching fractions

- Potential NP in different couplings - Sensitive to either tree or loop NP
between generations contributions

- At least one undetectable v in the - Electrons in the final state
final state
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FCNC processes

- LFU tests: definition of R(H,)
- Electron recovery at LHCb

- R(pK)

- R(H,) measurements status



Tests of LFU in » — sZ17~ transitions

[JHEP 12 040 (2007)]
[EPJ C 1676 440 (2016)]

= Within a given range of di-lepton mass squared, g*

J/1 ~'(‘ 15)
qu2 dl'(H, - Hutu™)
s L min> Dmax 402 dI'(H, — H.e*e™) .
I q dq2 :l'r’
)
where H, = B, A} and H, = K, K*, K¢, ¢, pK \J
» SM expectation R(H,)) = 1 £ O(1%) 1 [m(y))? L\x
q* =m*¢7¢)
- Exploit rj,, = 1 = double ratio to reduce systematics:
BR(H, > Hu"u™) BR(H, -» He"e™)

R(H,) =

BR(H, - HJ/y( — p*tu~))/ BR(H, - HJ/w( — ete™))

» Electrons and muons — different reconstruction
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https://iopscience.iop.org/article/10.1088/1126-6708/2007/12/040/meta
https://arxiv.org/abs/1605.07633

» Electrons lose a large fraction
of their energy through

Bremsstrahlung radiation o |
>~ Improve electron energy | ‘l |
resolution by using a - e |
recovery procedure: | » |
Velo "
- Look for photon clusters in T stions ‘
the calorimeter compatible LHCD detector, ™'z -

upper view Ma

with the electron direction
before the magnet
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» Test LFU in Ag — pK~¢1¢~ decays by measuring the inverse of R(pK):
BR(A) = pK~=e*e™) BR(A) = pK=pu*u™)
BR(AY — pK=JIy( — ete™)) [/ BR(A) = pK-JIw( — u*tp-))

R (pK) =

> First test of LFU using Ag baryon

> LHCb Run 1+2016 measurement (4.7 fb~!) = Update with full sample
(9 fb~)

JHEP 05 (2020) 040
1 | 1 1 1 1 I 1 1 1 1 I 1 1

U U - i
> 45 — A} = K > 140k — A =pkwwe ] Runl+2016,4.7 fb!
é) 40 LHCbH Combinatorial - é) - LLHCb Combinatorial 7] JHEP 05 (2020) 040
Ay — pKnlere 120F s - KKty ]
% 35 B A — pK Ty —; 2 - . -Eoef‘oum‘ i
— BB - K'Keter b o 7
8—1 30 -FO LK ete _E al 00 -
ﬂ_,z 25k 3 ,3_? 30 F ]
= 20F 1 2 _F -1 _ 11~+0.18
] E-C: L= 11715318 £ 0.07
3 E 206, s
(5) | s asunes ; 0 ﬁ'}ﬁ-‘H%+ : | :
5 5.5 6 54 5.6 5.8
m(pK ~ete”) [GeV/c?] m(pK " u*u~) [GeV/c?]
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https://link.springer.com/content/pdf/10.1007/JHEP05(2020)040.pdf
https://link.springer.com/content/pdf/10.1007/JHEP05(2020)040.pdf

R(H

........ S

) status

> First measurements of R(K) and R(K*) performed at B factories: Belle and
BaBar

> Several measurements considering different b and s hadrons

> Currently all measurements in agreement with SM predictions

LHCb only
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https://doi.org/10.1103/PhysRevD.108.032002

FCCC processes

Strategies for LFU tests: muonic vs hadronic 7 decays
- LHCb measurements

- R(D” ) with T — 7Z'+72'_7T+(72'0)I/
- R(D( ) with 75 — u 1/ U,
- R(D"") and R(D) experlmental status
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. BR(Hb —> HCT+I/T) where H, = B, B(Jg), /\2, BSO,
> Test LFU by measuring R(H,) = and H. = DO, DY, D, AY, Jly..

> Clean theoretical prediction . {17-%
T ) 3500 - m,

v

R(H_) deviates from unity due to different lepton masses

v

Missing momentum of neutrinos

v

B factories (BaBar and Belle (I1)):

Channel B (x107%)
: + + =

- nsider htt — n
Consider both 7 € LU, a d TT = WU, 17.39 4+ 0.04
N Iu+y’uﬂf decays for the denominator - , -5, 17.82 4+ 0.04
T = 1 v 25.49 = 0.09

. LHCb: T

R 10.82 = 0.05
- Muonic decay of the tau: 7 — u*y 1, oty 9022005

T~ > an wlr. 449+ 0.05

- 3-prong decays: 77 — 2Tz 2T (2")0,
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Hadronic -

-
-
-
-
-
-
“
-

> €
P PV
>~ Same final states for signal and > Different final state for signal and
normalisation normalisation
> No 7 vertex reconstruction » T vertex reconstruction
- B-frame approximation > Background contributions:
Mp
— (P)p = . (P) Dy - PromptB — DS(*)37:(X ) decays
D*u

- Doubly charmed inclusive decays,

> Large partially-reconstructed B .
with H, = 37z(X)

backgrounds
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Run 1,3 ~":PRD 97 072013

R(D*) measurement’ hadronic T @018.PRLI20 1718022010

......... 15+16,2 fb~': PRD108 (2023)

012018

» 7 reconstructed with 3-prong 7 decays 7+ — ztx 2 (2"),

» Measure BR(B' - D" t%v_) w.r.t. the normalisation mode B* — D™ ztn n™:

N

K(D*) — Sig . gnorm . 1
Noorm — &sig | BR(zT — rtr—nt(x)o,)

BR(B® - D" ntn—rn")

R = RO kB = D)

»  Approximations to estimate B and 7
momenta

> Largest background channels:

- Prompt B’ = D" ztr 7zt (X)
background suppressed by Az > 40,

External inputs

BR(B® - Dtz n") = (7.21+£0.29) - 1073
BRB’ —» D" put*y,) = (5.05£0.14) %
BR(z* — ntr xtv) = (9.02£0.05) %
BR(z* - ntr ntv) = (449 £0.05) %

- Doubly charmed B — D" "D}( — 37)(X), b

treated with multivariate analysis (BDT)
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https://arxiv.org/abs/1711.02505
https://arxiv.org/abs/1711.02505
https://arxiv.org/abs/1708.08856
http://arxiv.org/abs/2305.01463
http://arxiv.org/abs/2305.01463

15+16,,2 b1

R(D*) measurement, hadronic r  mousezsoas

D | | N L | | |
S, 8000 — 4
= . b : LHCb
> ] 10000 - > iyl
O 6000 - = - \ Dua Totl
W - o~ I W B’ —~D v, [ B—D" 1",
N i 3 [ B—D"DJ(X) W 5D D'(X)
X ] b=, B ] B—D" 32X I B—D" D, (X)
N 4000 ] §= I [ Comb. B" B Comb. D
~ | o) B [_] Comb. D™ _
z ] = 5000
5 S -
é 2000 ] .
= ]
O —
0 1 1 1 1 - - — — |
0 5 10 . . 2
g? [GeV?/c4] t. [ps]
T T T I T T T I T T T I T L) L) [ o ° f.
1 » Normalisation yield — invariant mass fit to
10000 LHCb
N i *_
> fb! m(D ~3x)

> Signal yield — 3D template fit in 7 decay

5000 time, g> and BDT

Candidates / (0.117)

> Including Run 1 result:

02 "0 02 04
Anti-D! BDT output > Agreement with |[R(D*)q = 0.254 = 0.005

%A. Gioventu Experimental overview of LFU tests 06/02/24 15


http://arxiv.org/abs/2305.01463

norm Runi3 !

R(DY)) = J

BR(BY - D®utv))  Nyorm Esig PRL131 (2023111802

v

Muonic 7 decay — Same final state for signal and control channel

v

BY boost along z axis > boost of decay products in B rest frame —

(p)p = —2

Mpxy, P

v

Main background partially reconstructed muons

v

R(D; ™) measurement (ICCUB) — Analogue strategy with BY — D_~tv_decays
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https://arxiv.org/abs/2302.02886

R(D*) and R(D) measurement " — u*y, 0.

» Separation of 7 and i channels via a 3D binned template fit to data:

- q* = (pg— pp)*
- mpi = (Pg—Pp=— D)’

- W energy in the B rest frame, E;
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%A. Gioventu Experimental overview of LFU tests 06/02/24 17



Global picture

» Combined R(D) and R(D*) measurement in tensions with SM
predictions by 3.20

[HELAV]
%A O .4 B 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 _
s LAY Ay’ =10 contours -
- i Prelim. 2023 i
035 BaBarl2
- Bellel5 -
03| :
B LHCDb23 LHCDb22 -~
- ® —
- | S -
025 f 7 -Bellel9
B Bellel7 PRD 94 (2016) 094008 _
B PRD 95 (2017) 115008 World Average N
0.2 =  $HFLAV SM Prediction  JHEP 1712 2017) 060 R(D) =0.356 £0.029,
- R(D) = 0.298 = 0.004 LB gg}g; . R(_I)>‘)3= 0.284 +0.013, -
B R(D*) =0.254 + 0.005 EPIC 80 (2020) 2. 74 1‘3(‘ 2_;) - ;50/ ]
B PRD 105 (2022] 034503 x)= ¢ =
1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1

0.2 0.25 0.3 0.35 04 0.45 0.5 0.55
R(D)
BR(B — DOry)

BR(B - D®¢+u,)
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https://hflav-eos.web.cern.ch/hflav-eos/semi/fall22/html/RDsDsstar/RDRDs.html

PROSPECTS AND
CONCLUSIONS
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Conclusions

v

Perform Lepton Flavour Universality tests to probe the SM

» Several measurements considering both b —» sZ7¢~ and b - ¢ 71,
transitions

- No observation of LFU violation at 5 standard deviations

» The global average of R(D)-R(D*) combination is in tension with the
SM by 3.2¢0

» New measurements — more hints on the LFU puzzle

» The LHCb group of ICCUB has a central role in LFU tests

THANK YOU
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| = Run 1(2010 - 2012) /s = 7 TeV(8 TeV) |

The LHCb detector

| = Run 2 (2015 - 2018) /s = 13 TeV |
[JINST 3 S080005 (2008)] Side View HCAL o el
S ECAL M5 1
[Int. J. Mod Phys. A30 1530022 (2015)] SPD/PS S v e ‘R“,” 1+Run29 1b R
[PRL 118 052002 (2017)] Magnet 2 e '

> Large amount of b and ¢ hadrons produced, 6, = (144 £ 1 £21) pb at 13 TeV
»  Forward spectrometer for b— and c—hadron decays (2 <# < 5)

- Good vertex and impact parameter resolution (c(IP) ~ 20 pum)

- Excellent momentum resolution (op/p = [0.5—-1]% p < 200 GeV)

- Excellent charged particle identification (1 ID 97% for (4 — z) misID of 1-3%)
- Capability for neutral identification
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https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
https://www.worldscientific.com/doi/10.1142/S0217751X15300227
https://arxiv.org/abs/1612.05140

LHCDb
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-
I
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m(K*utu) [GeV/c?] m(K*ete™) [GeV/c?]
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> The decay is governed by the angles 8, ¢, 0x (angular analysis) and the
squared momentum transfer to the dilepton system g

» At g? = 0 the two leptons are at rest.

» Usually lower values of g have less uncertainties from the theory =
many observables are measured on the low g“region.
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dB(B! — ou*p)/dg? (GeV2c?)

dB/dg? [10® x ¢*/GeV?)

> Measurements of differential branching fractions of b — su™ ™~ transitions

» Below SM predictions
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https://link.springer.com/article/10.1007/JHEP06(2014)133
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.074501
https://link.springer.com/article/10.1007/JHEP06(2014)133
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.151801
https://link.springer.com/article/10.1007/JHEP06(2014)133
https://spiral.imperial.ac.uk/bitstream/10044/1/48678/4/JHEP04(2017)142.pdf

R(D) and R(D*) status
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Candidates / ( 0.6 GeV?/c*)
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LFU tests in charm sector
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