Tests of Lepton Flavor Universality

Renato Quagliani (EPFL) on behalf of the LHCb collaboration
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LFU tests in b — ¢V
Prospect and conclusions
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Lepton Flavour Universality (LFU)

- [PDG, PRD 98,030001 (2018)] ——
J/v—ee/J/Y — pu *’*

» In the SM, EW couplings are independent from lepton flavours |

“ T = PVl — eve,, : G-/ g, »

e~ po T 1
| T — eVplr[lh — €Velmy * G/ Gu - |
M/___ L W= M/___ L ‘ W — v, /W = py, ,‘im o | - | ’ ;
ge 9gu 9r W — v, /W — ev, 1; | i é [
W — ev./W — uy, r—-—i " la
Ve Uy, Ur ‘ ,‘

Z > T1T/Z — ee M ‘
» Extensively verified in Z - ¢¢,7 - v, Jly - ¢, 7 - v, K - #nfv Z = pp/Z — ec r [ |
. . . e . _ R X S R ¥ '1.'10' 3;
» EW couplings universality verified at per-mille level since LEP I S S
+ W — v longstanding tension of 2.50 solved by recent ATLAS measurement I L A 4 |
» BSM new particles can break LFU at high energy scales ATERS rapplogiubiin it
P g gy /s =13TeV, 139 fb’ Statistical Uncertainty
: Systematic Uncertainty
: —eo— Total Uncertainty
g P + | = EI [Nature Physics volume 17,
Z/ e ﬂ T L l : pages 813-818 (2021) ]
............................................ Q _ .
e T _
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R(t/uw)=B(W—-1v)/B(W—-uv)
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http://ific.uv.es/~pich/Papers/PPNP_75(2014)41.pdf
http://ific.uv.es/~pich/Papers/PPNP_75(2014)41.pdf
https://arxiv.org/abs/2007.14040
https://arxiv.org/abs/2007.14040

Lepton Flavour Universality tests with B decays

LFU tests in b — s£¢

» B ~ O0(107°), suppressed at tree level b W — S
» Highly sensitive to NP (10-100 TeV scale)

+ Ayp probed depends on NP structure (LFUV, LFU universal)
» NP can affect:

+ decay rates and differential decay rates

I not in this talk

+ angular distributions

» |s BSM physics hierarchical in lepton sector?

» LFU tests with u/e

LFU tests also in b — cZv at LHCb b \ C

» Large &, tree level processes \ —
» Tree level transition, missing neutrino makes it experimentally challenging

» t/u, tle
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The LHCb experiment [Int.J.Mod.Phys. A 30, 1530022 (2015)]

y4 _
» Lower luminosity than ATLAS/CMS for 5 oot Tracking Catorimators MUOD System \
() ~ 1.7, L ~35% 1072 cm™%s7! \ / -
.

— 0(10") b hadrons in LHCb
acceptance in Runl/Il (2011-2018)

A

» Acceptance in forward region of pp collisions
(2 <n<35)

» Excellent displaced vertex identification

Turicensi§

» Dipole magnet with very precise tracking

detectors o,/p ~ 0.5 %

» Particle ID with calorimeters, muon system

and Cherenkov detectors (RICH)
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LFU tests in b — s¢¢

.

R ~ 1
H Q20 AB(B—Hete™ )d 9
q?nin dq2 q
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b — s¢¢ phenomenology and sensitivity to NP

Full theory
b > . S
ot
\\\ W’ ) B
T H
v, Z°
+
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b — s¢¢ phenomenology and sensitivity to NP

Full theory
b > . S
ot
\\\ W’ ) B
T H
v, Z°
ut

A1G R
* )
Hefr = Vib Vis E > s
V2 z. Ci
I‘E‘ffe:ctlve coup}np 5 " Local operator a
Wilson-coefficient” |}— . :
: : long distance physics

short distance physics n

7
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b — s¢¢ phenomenology and sensitivity to NP

Full theory V-A (EW penguin) dipole (e.m. penguin) scalar, pseudo-scalar
b ' >t . S b (R) 0L R DR(L) DR(1) lrL
\ /
\ /
W L O30 = O = y |09 =
o K SL(R) bl R SL(R) SL(R) bLR
ZO
ki O = (57, Prr)b) (£7*0) 0 _ ;
+ 9 — \STu L(R) Y n my , ny OS — SPR(L)bgg
M () _ ¢ iy |97 = o SOuw Pra)D)F oL 5Pr(1b lvst
O1g = (57 P b) (0" 50) € P SER(L)0 L5
AG p Effective description
Heff = NG VibVis L [g%] b ———a s
?: (]
Effective coupling =
A g S Local operator H
W|Isor3-coeff|C|ent. - long distance physics
short distance physics
ut
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b — s¢¢ phenomenology and sensitivity to NP

Full theory V-A (EW penguin) dipole (e.m. penguin) scalar, pseudo-scalar
b ' >t . S b (R) £ R bRr(L) DR(1) LRt
\ /
\
W L Og10 = O = y |00 =
T H SL(R) bl R SL(R) SL(R) bLR
v, Z°
) / _ - _
— 09() — (SWMPL(R)b)(EfYMé) (1) my , ny OS(/) — §PR(L)b€€
2 () _ (s~ P oy f O, = —(SUMVPR(L)b)F O(’) _ gp b Orvef
Oro = (57uPrw)b) (€v"5¢) € P R(L)V75
AG y ) Effective description Cou pllng b — Sy B — L4 b —) SZE
Heff = VibVis ' A s
Effective coupling P T o 7
“Wilson-coefficient” |— ] P :
: : ong distance physics
short distance physics n ( /)
L
c$ /
Flavour-violating coupling ()
C
AHnp = O; ()
c! /
/
cy /
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b — s¢¢ phenomenology and sensitivity to NP
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BVED (CM 4+ AN O,

J/¢ (15) ‘/‘/ tree b—ccs

h(25)

/ /
Cg( ) | C1(())

q* = m*(£¢t)

ith PseudoScalar H._ in final state, K, K™

W Vector H_ in final state, K\, K T, ¢, ...



Lepton Flavour Universality in b — s£¢: the actors at LHCDb

2 |
Dnax AB(B—Hu"pu") 7.9 S ) S
i o o dq® | 2 = b
H = Q70 dB(B—)He"‘e—)d o et ut
2 e q i
e U

» Electrons at LHCb

Recover brem

+ Emits bremmshtralung y, high occupancy in ECAL in this region 1\\/II:U\QN<

Magnet Tracker RICHN

+ ECAL tight trigger thresholds and ID mostly from CALO W sF

\
0 R \*.: B _Hil

+ &.,., and 2 worse thanpg Magnet|
’ VELO - \ = e —

» Muons at LHCb IJ‘F ‘

|
cator [}

+ Negligible bremmshtralung, MUON has low occupancy

+ Muon soft trigger thresholds and ID mostly from MUON

6 =] ' | | ! ! | !
+ Excellent Eroco and Z Overall, a ratio of ~ 3:1 of reconstructed muons to

P . . .
electrons in LHCDb in Runl/2 data taking
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Pattern of deviation from LHCDb in LFU tests

LHCb only

» Coherent pattern of tension to SM in LFU i AD s p Il
| . RpK 1 2 el0.1,6] Gev/c? — e :4 4.57]%_1, i
tests with b — sZ¢ transition: :
2¢c[1.1,6] GeV?3/ct : Bo_1>[2(20€€
q A, C C I o o Ao
+ Ry ratios : F decay rates R0 1 g2 0045, 1.1] Geveret — : 30775 250
e I
: BT — K*T ¢/
RK” - ¢%€[0.045,6.0] GeVZ/c? | . : 9fb_1 1 4o
» R, ratio extremely well predicted in SM | .
_ _ o _4 RK - ¢*<[1.1,6] GeVZect | ° : 9bej li%w
+ Cancellation of hadronic uncertainties at 10 S : , L.Oo0
|
+ @(1%) QED corrections [Bordone et al arXiv:1605.07633] : » : B+ %K+€€
| L Ry o e1,6/Geve ) 9fb~1,3.10
+ Experimentally only statistically limited |
| -—-SM
| | | !
0.0 0.4 0.6 0.8 1.0 1.2

» Any departure from unity is a clear sign of

0.2
_ B(b— spp)
fix = B(b— see)

() Vl€asurements I1roim pbelle excluded (larger statlstiCal uncervalnules)

Renato Quagliani LHC Days in Split 2022 7

new physics


https://arxiv.org/abs/1605.07633

How 1is Ry measured in LHCDb?

2 >
bin Dbin
NB—>XM+M— NB—>XJ/w (—ete™) EB" Xet e EB— X I (—utp—)
Ry — - . : . - . 2
B—XJMp(—putp—) Dbin B—XJh)(—eTe™) Dpin
NB—>Xe+e— 55—>XU+M_
\—/—/ —/—/
mass fits corrected simulation samples

» .1 from mass fits, € evaluated from data-driven corrected simulation

» B - XJ/w(£¢): normalisation and ¢ calibration mode

AB(J/
+ Take advantage of Uly = up) = | for double-ratio and 6,5, cancellation in e(u)/e(e)

RB(Jy — ee) e

» ¢(e/u) goodness of calibration tested » Backgrounds vs g° specific analysis dependent

BB — XJ/y(up))
BB — XJly(ee))

BB - Xy(2S
+ Measuring R(y(2s)) = (B = Xy )('M'M)):l ? [ using the double-ratio approach |

RB(B — Xy(2S)(ee))
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Pattern of deviation from LHCDb in LFU tests

[JHEP,2020,40 (2020)] LHCb only
I 0
R (A, — pKet ) I g
pK | B — K04
_1 _1 R 0 qz€[1.1,6] GeV2/c42 ! : 3fb_1 2 Ao
» LHCb Runl (3fb~')4+2016(1.7fb~') data K0 relonmaioaee :
|
o : L L N ! + * +
RS, 45 ! _AO_)'K_W_ RS = _AO%'K_/ﬁ/r ] RK** - ¢®€[0.045,6.0] GeVZ/c* | i 9bej’[f 40€€
E 40 Cgmbilr)latorial 2140 5 LHCb Cgmbiflatorial E :
0 - 0,4, o i 0 s i 0 0
- A(’;_)pK_”ee 1 120 -‘Eg"’f*({‘/’“/f - R0 - ¢€ll1,6 Geviict : B jKS%
A 35 B A, = pK Ty v— i "B =K pu Kg | 9fb ", 1.50
2,30 3100 B : Bt — K+
% o RK — ¢2€[1.1,6] GeV2/c* —o—i : 9fb_1 3 1o
2 25 2 80F - . > 3.
£ 205 = - d [Unofficial, illustration purpose] : ———SM
R S 60F | : ]
& é 8 40F & 0.0 0.2 0.4 0.6 0.8 1.0 1.2
10¢ - f Validation
5E 20 . . )
e 5 Nk . + : > 77, = 0.96 £ 0.05 (stat. @ syst.)
S 3.5 6 5.4 5.6 5.8

m(pK “e*e-) [GeV/c?] m(pK 1) [GeV/c?] > R¢(2 S) Compatible with unity within 1 0.)

» First LFU test in baryonic decays (unique at LHCb)

. S

RO, 1

> R, = 0.8677 ] (stat.) % 0.05 (syst.)

» Systematics dominated by background modelling

» g* € [0.1,6.0] GeV?/c* , m(pK) < 2400 MeV/c*

LHC Days in Split 2022 9

» Agreement with SM at < 10 level
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https://link.springer.com/article/10.1007/JHEP05(2020)040

Pattern of deviation from LHCDb in LFU tests

[JHEPO8(2017) 055] LHCD only
0 *() 1. » o A = pKee
R K0 ( B> K "“CC ) By relraioans | N e
_1 R g - q° €[1.1,6] GeV?/c* | o | : 3B;bj Igzg%
» LHCb Runl (3fb™") data used K| ' cloos Ll Geviet 1— | e
I
!
ol C T > = T - o 1 T T - + * +
§ 25 :— LHCb —: § 35 LHCb —E RK* + - ¢*€[0.045,6.0] GeV?/c* | o i 9be j’ ?40_ et
§ 20:_ Lo B =K Vete E § 30 SRRt B'—=K Vete _; :
< - I Combinatorial 3 T 25 2 Combinatorial — 16l Gevid | BY — Kgtl
5 15F B—Xe*e™ = 3 20 B—Xe'e = RKS o eibelaeVTe ) . 9fb~", 1.50
o E : BB =K Iy 3 : R
é S * O.O45<q2<].l[GeV2/c4]§ éf 10 +| 1.1<¢%<6.0 [GeV?/c4] _ Ry 4 ¢*ci16Gevie! — i 9be__1>’§ 1££
= T » a-d — = T =
8 53mm ..... - O > ‘f T++ = [Unofficial, illustration purpose] : ——=SM
L] S ———— S = 5 - S | | | | |
o oI e s e e & Ty a 00 02 04 06 08 10 1.2
500 5000 5500 6000 ¢ 1ois
m(K*mete) [MeV/c?] Validation \
> Dedicated kinematic cut to reduce partially | > 75/, = 1.043 £ 0.006 (stat.) =& 0.045 (syst.)
C—* ______________
reconstructed background g Vi > Ry2s) compatible with unity within 1o
] 2 ] Primar_}_/ _____________________ és—{;é;{éx Bl ~ <
» Measurement in 2 g“ regions e !
Q_i \
+ low  g?€[0.045,1.1] GeV?/c* o 220 [ 0.6 8 (stat.) £ 0.03(syst.). low
K*9 = +0.11
245 | 0.697 557 (stat.) £ 0.05(syst.),central
+ central g° €[ 1.1,6.0] GeV?/c* L ’ J
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https://arxiv.org/abs/1705.05802

Pattern of deviation from LHCDb in LFU tests

[Phys. Rev. Lett. 128 (2022) 191802] LHCD only

| 0
+ *.'. , - | | Ay — pKU/
Re. ( B* = K (Kt ) P
[ 0 *()
_1 R 0 qz€[1.1,6] GeV2/c42 ) | . : 3bej 15.4066
» All LHCb data used (91b™ ") e | e
I
I
38 L 1% | | | | | | o R — ¢°€[0.045,6.0] GeV?/c* | . : B+jK*+M
= 70 LHCb  § Data9 fb- EES LHCb  § Dawom | “K7 o L PR e
D) N e
S 60 — Total #: —; é) Ll — Total | i : BO _s K0y
3 ol T B"— K “efe” s ¢ TY B*—> K 'utu R0 q #eliroGeviet o | 9 fp—1 1*.950
=~ - Comb. Back. i Comb. Back. i ° : ’
S 40F WB* - K ntr 1 £ ] | + +
= = L e 60 — BT — KW
;g C -B+% J/l//(e+e‘)K + :-S - RK - ¢*€[1.1,6] GeV?/c* —o— : 9fb—1 3.1c
= 30 § ERE i : o
= = B Part. Reco. K 18 40 B |
© 20 i IS i [Unofficial, illustration purpose] : ——=SM
£ . 20 _ | | | | |
0 E : 00 02 04 06 08 10 1.2
() Banzapeazenper= 1 T . 0 - Validati()n
5000 5500 600 5 & R
0t ot 2 | T S — 2 —
m(Kgm'e*e) [MeV/c?] (K ) (MeVIel | el — (0.965 4+ 0.011(stat.) £ 0.032(syst.)

J/
> KSO( — 7o) in final states: 2/3 of them decays after the VELO |» R;(gs) = 1.017 4 0.045(stat.) = 0.023(syst.)

\ S

» First observation of BT — K Tee m
» g° € [0.045,6.0] GeV?/c*

> R+ = 0.7070 5 (stat.) Toof (syst.)
» Agreement with SM at 1.4 0 level
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.191802

Pattern of deviation from LHCDb in LFU tests

[Phys. Rev. Lett. 128 (2022) 191802] LHCD only
(Not to Scale) I 0
0 0 A) — pKee
2 2, .4 . [ b p
R, ( B’ = K%7¢ ) - S IPPRE
_1 . . : 0 q2€[1.1,6] GeV~</c - .: o 3 b_l, 2'45
» All LHCb data used (91b™") : Frt ] weposonie — | o
|
|
& i L 1  90F | | | | ] 4 R 1 42€[0.045,6.0] GeVZ/ct | . : B+?K*+€€
> ,sF LHCb § Data9fb™ E 805— 1 HCh § Data9 fb q R e | . 9fb", 1.40
§ ) -] — Total - £ — Total - : BO s K0y
80 |, A B’ — Kete {4 °F 0 .. B’ Kjutu- - R0 4 @ennocevie . : 5 fbj 5%
~ Comb. Back. { ©O0F Comb. Back. E ° : T
5 e 0 0,4+ ] = =
g 158 WB° > Kmm 1 50F = : Bt s Kt/
s F W3- yee)K | 4f 4 Ry A ¢elnoGevi - i 9fb1,3.10
S 10F B Part. Reco. K = 20k - | |
C ] : : [Unofficial, illustration purpose] I -—=SM
sk 1 20 - | | | | f
= N 1 10F ] 2 00 02 04 06 08 10 1.2
o R N J <+ Ty Validation
5000 5500 6000 5200 5400 5600 B
e > 0 5 _
m(Kse*e”) [MeV/c’] m(Ks pu”) MeVies] | p TJ/lw = 0.977 £ 0.008(stat.) + 0.027(syst.)

» K)( — 7zr) in final states: 2/3 of them decays after the VELO |» R (55 = 1.014 +0.030(stat.) £ 0.020(syst.)

. S

. . 0 0
» First observation of B” — K ee Result 4

> g% € [1.0,6.0] GeV2/c* > Ry = 0.66777, (stat.) “gos (syst.)
» Agreement with SM at 1.50 level
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.191802

Pattern of deviation from LHCDb in LFU tests

[Nat. Phys. 18, 277-282 (2022)] LHCD only
T I 2 » ' A — pKL/
RK ( B — K ff ) RpK 1 42€0.1,6] GeV2/e — e i4 4.1’7]%—1, 1o
_1 R 0 — q° €[1.1,6] GeV?/c* | o ' : 3B;bj nggw
» All LHCb data used (9fb™') K0T oot —s : o
i BT > K*TW
‘E LHCDb {\]:600 :_ LLHCb RK*+ — ¢?€[0.045,6.0] GeVZ%/c* | ° : 9 b j’ 1 4o
> —— Data 9 b’ — C —— Data 9 fb! I
Q  Total £ = 500 - ' 0, F0
> otal fit é) - —— Total fit ; o | B” — K¢t
< 1608 "N+ LI e B*— K'ete- 400 Py e Bt— K*um- RKS | ¢ €ll1,6GeVTe ' : : 9fb_1, 1.50
N ~400 |
g B B — J/ly(ete)K* Z Combinatorial : .\ )
% B Part. Reco % 30)) |- 1 e S o BT — KT
§ Combinatorial § RK r e : 9fb_1’ Sol &
:'é ! :-éZOO - [Unofficial, illustration purpose] : ——=SM
< h S , | | | | f
O e <100t 4 00 02 04 06 08 10 12
: : '1--.,...' 7 e e T BT 0 -| T e R 5 Validation
5500 6000 5200 5300 5400 5500 560 R
m(K*e*e”) [MeV/c?] m(K* @) IMeVIE] 1= 0.981 4 0.020 (stat. @ syst.)
» Together with K™ mode, the highest statistical yield > Ry2s) = 0.997 £ 0.011 (stat. @ syst.).)
achievable at LHCb m
2 21~4 0.042 0.013

» Tension of 3.1 0 with the SM
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https://www.nature.com/articles/s41567-021-01478-8

LFU tests 1n b — cfv

4 —only @ LHCb pu

u,e @ B — Factories

Ratio sensitive to
possible NP coupling

to 3rd generation —
(e.g. LQ) R(H ) — %(Hb — HCTDT)
[PRL 116, 081801] ¢ %(Hb —_ HCKU_T)

[PRD 94, 115201]
- d — D5t DO p+ pt AT

_ < H.=D"*,D°, D*,Df Al Jly

Unique at

LHCDb

__ 0 + 0 1
T Hb — B ,B ° - C?
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.081801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.115021

R(D) — R(D*)

| o 1 ¢ = u, e for B — factories
B Ayx” = 1.0 contours ]
0.4 1 ¢ = pu for LHCb
SIS -
R IS = - - .
+l~) i,i; . C BaBarl?2 1l » Usmg MuoNIC T — ULV | [PRL 115,111803 (2015)]
| | : 30
% " L _|
> S b uos 1| + R(D*¥) =0.336 £ 0.027 £ 0.030
Z | & 0.3 = . — (2.10 above SM)
-~ | O L _
RS - ‘ 1| » With 3-prong hadronic | or. orz0:
I 025 — ¥ Belleld = — - Bellel5 — P & (2018) ]
% - | = Tt — JZ'+JZ'_7Z'+(7TO)I/_T [PRL 120, 171802
Q B Bellel7 PRD 54 (2016) 054008 World Average B (2018)]
~ — . RD 95 (20 5 B -
% HFLAV SM Predict P 1719 (2017 06 R(D)=0.339+0.026 £0.014 |
R 0 R D)=020950003  pib ot oty e R(D*)=0295+0010+0010 || 4+ R(D*)=0.280=%0.018 £0.026 +0.013
- R(D*) =0.254 +0.005  PRL123(2019) 091801 p=-0.38 _
B EPJC 80 (2020) 2, 74 P(%?) = 28% —
1 | ] 1 ] 1 | 1 1 ] ] | 1 1 1 1 | 1 ] 1 (10 above SM)
0.2 0.3 0.4 0.5
R(D) B(BY - D7'T)

RB(BY - D-¢+1,)
3.3 0 above SM

(in combination with all measurements from B-factories)

- J
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072013
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072013

R(J/y) |using B. decays, leptonic 7]

[PRL 120,121801 (2018)]

> R(J/y) =
Uy BB — Jlyu~1,)

» Use Runl (3 fb™!) data

+ First LFU test in B, mesons

+ Observation of B. — J/y7v_ with 30 significance

+ 0O, driven by MC-stat and B, form factors

LHCb R(J/wy)

PRL 120 (2018) 121801 b ——

0.71£0.17 £ 0.18

SM prediction

PRL 125 (2020) 222003

0.2582 £ 0.0038

l 1 l_l_l_l_l_L | I_l_l — l
-0.5 0 0.5 I

[2 o above SM prediction ] R/ y)

Renato Quagliani

%(Bc_ —> J/l//T_I/_T) ¢ 7T - Iu_y_MI/T

& 5000 f LHCb
Q

N

2 4000

&, 1400 = 300

3000

S

b
S
S

Candidates / ( 0.6
S
-

=+

—— Data
Mis-ID bkg.
J/yy comb. bkg.
B — XC(IP)l+vl
B B —Jytty,

BN B = Jyputv,
B J/y +u comb. bkg.
B B. — J/yH;
B B! — yw(2S)I*y,

]
—

Pulls
b ou

Result 3D binned

> Rq,(J/w) = 0.2583 + 0.0038

LHC Days in Split 2022

0 5

10
m2 . [GeV?/c’]
Template fit (Z,m>. .t.)

mis.s’

» R(J/y) =0.71 £0.17(stat) £ 0.13(syst)

[PRL,125,222003(2020)]



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.222003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.055008
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.121801

R(A,) |using A, decays, hadronic 7]

[PRI. 128, 191803 (2022)]

> R(A,) = —
BN, = Nfp1,)
» Use Runl (3 fb™!) data
+ First LFU test in a baryonic b — cfv
+ Initial state S = 1/2 : NP coupling could be different

+ o0, driven by double-charm background

Syst

LHCb R(A)
LHCb-PAPER-2021-044
0.242 +0.026 = 0.040 = 0.059

SM prediction
PRD 99 (2019) 055008

with input from
PRD 92 (2015) 034503

0.324 £ 0.004

0.2 0.3 0.4 0.5
+
[1 o agreement to SM ] R(A.)
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BN, — AjT_I/_T) + 7T - 7Z'_JZ'+7Z'_(7TO)VT

350
300
250
200
150
100

50

Candidates / (1.83 GeV?/c%)

LHCb
3 fb!

—— Data

- Total model

- Y xad
A= AID(X)

B - AD(X)

B A0- A Dx)

Combinatorial

5 10
g2 [GeV?/ 4]

Result 3D binned Template fit (BDT, qz, t )

» R, (A7) =0.324 +0.004 [PRD, 99, 055008]

LHC Days in Split 2022

» R(AF) = 0.242 = 0.026(stat) £ 0.040(syst) £ 0.059(ext.)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.055008
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.191803

Prospects of LFU tests

[LHCb Implication Workshop 2020]

[LHCb Upgrade II TDR]

> LHCb plans to also inCIUde [ \ . P'rojecti'onfor'avec'tor-aizl-ve'ctorN'Pcont!ributic'm E -
| Bgllg T Ri* - gK-
. K . — — LHCb Ry — E 5
* COmblned R(K)/R(K 90) Wlth 9fb 1 g LHCb Rp ProjectionforavectorNPcontriEution i
210F @i?fs'h";ﬁ'fgztgon -
ij: + Ry [ B, — @77 |, tull dataset R = | R rofection for the 51 — i
s N ol
- 2 hinc ; 0y = | \ —=
T + Ry and high g~ bins in R(K)/R(K"7) = | Run I/I| |Run II/IV | | RumV/VI| | remreenes 5
Q 0 » " " . '_ ‘ | V | ‘ | V ‘ QED thepryun>aintyy 1 1 :
+ ReaCh O(/O) preC|S|on In commg years 2010 2015 2020 \2{025 2030 2035 2040 0.6 p 0.8 1.0
. ear X
with Belle-1l and LHCb Run IlII.
| I%un '3 | | I}un '4 - I%un '5 | lRu'n6
— R(D*)
" = i ==! R(D) |
» LHCb plans to also include 2 L
g X1 systematics scenario — R(AY) |]
+ 2 . g 107 -~ R(A)
5 + R(D™) , R(D*) elu 35 R(J/¥)
4+ Combined R(D*) — R(D) -
3 2 |
T + R(D**) Exploiting new observables beyond & : = B
S + R(D*) Angular observables for spin structure & 2 urﬁf}%}al
) A
Irreducible systematic of 0.5% on R(D*) and 0@ IR
%ok Q' Q' QO O
+ R(Ac ) 2% on other ratios vV e e
ataset up to year
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https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.94.015003
https://indico.cern.ch/event/857473/contributions/4060375/attachments/2133787/3593736/santimaria_IW.pdf
https://cds.cern.ch/record/2776420/files/LHCB-TDR-023.pdf?version=3

Conclusion
» Intriguing pattern of LFU(V) in several exclusive measurements at LHCb in b — s¢¢

+ High priority on a combined R(K)/R(K*) with full dataset with a deeper understanding of systematics from LHCb as

well as adding other decay modes and g? regions

» Several modes studied and still under studies also in b — ¢c¢v at LHCb

+ Starting analysing not only &% ratios, but also other observables such as angular observables

» While focus is on having “legacy” 9fb~!results,

Physics results! It’s taking shape!
SHiGHE HEgmda! HpgrEas i the Run 11l has just started
2009-2018 2022-2032 2033-
Run 1 Run 2 Run 3 Run 4 Run 5 Run 6

350 +LHCb Run Il : 3 x more stat than in Run I/Il in 2.5yr
300
250

200

+Almost a brand new detector with improved performance

+Belle Il will be competing/complement LHCb physics

150

100 program In next years

o = O ©o
[nt. luminosity [fb™]

)
-

Inst. luminosity [10°° cm2s71]

80 10 2020 2030 2040

o » Stay tuned for results
Renato Quagliani LHC Days in Split 2022 18
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Trigger strategy

* Hardware triggers in LHCb | , HCAL, MUON | have different threshold cuts

MUON
HCAL

L Trigger selection

f_l_ .................................. o » e-mode }Iu_m()de

.
Py
.
.t
----
.
.
.
.

-----
-------
------------
------------------------------
-------------------------

» LOM: u™ fires
MUON trigger

. - e~ fires ECAL trigger
» LOH: K™ fires HCAL trigger
» LOI : Other tracks in event fires MUON/ECAL/HCAL

.
--------

_ LOM LOM LOM
R-Ratio from < >

LOE LOH LOI
Muon p; > 1GeV

HCAL/ECAL E, > 2.7 GeV
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dBldg* in b — suu

x 107

X
-
I

—~ —0.15 1.6
< E ' "T—— LHCb 9fb " e T ]
‘?U 14: | LHCb LHCb 3fb"" % LHCb ) 1.4 (]B e
> IZH SM (LCSR+Lattice) Q ; 12} dg? 107" GeV™7] o .
© B 2021 SM (LCSR) = 01 J |
5 OB SM (Lattice) i : oF AY = A%ty I
i 8 :%‘ E g ] 0.8} S
3 6:- A | v e 3 = I 0.6 X
: —f— 0.05 T—
S EEE e - == 1 . .
oT 2 :— ++ : ‘ | —: i - 02F \\ﬁ [LHCDb, JHEP06(2015) 115] 1
n : - - [PRD93,074501(2016)]
—’ N RN WP T SRR R 1, I ,
% 05 ' S 1'5 — 0() 5 10 15 i 5 10 15 20
[arXiv:2105.14007] ¢ [GeVZ/c* [THEP 04 (2017) 142] ¢ [GeV¥/c) ¢ [GeV?
0 *0
B, — ¢uu BY - K “uu Ny = Npp

B [.CSR Lattice —eData | .CSR Lattice —o-Data
L L4 L4 L ' L4 . L4 LS L4 L4 v L4 L4 L ' Al Ll L L L L

ERLCSR Lattice —-Data

(';‘ T — '+| Y ;--: .—.—: N> T ey .(), T (.) '+, — _5 — 20- ' | ' | S -F
O B"—> K u'u . D B> K'u'u 1 > | B+—>K*++_Zg'o—w
O i O { © HH - N
% Run 1l 3 % Runl 3 % 123 2
%0 ooo 1 X :8 f‘on* —
o e I N— o
e — ! -O (- A\
-~ + = =, €8
4 N =
S = 1 & jw o &
m P SN PP B TP T - - 0 L a2 2 o 0 2 2 a0 2 o 2 ] . N S " -I o =
e 5 10 15 20 0 3 10 15 0 % ] IR I N AT P R —FpuF
[THEP 06 (2014) 133] ¢? [GeV¥c* [THEP 06 (2014) 133] 4% [GeV?/c* 0 5 10 s 20
0 n | 0 0 + vy, F LGV
B" = K uu BY — K uu BT —> K Tuu

- dB/dg? in exclusive b — suu seems to undershoot SM predictions

» Coherent pattern but large theory predictions uncertainties (20-30 %) on hadronic form factors
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Flavour anomalies in angular b — suu

* The angular distributions of the B = K*u"u~ decay is
described with cos(0,), cos(O), ¢

> The coefticients F;, App, S; are sensitive to New Physics

> Optimised P! operator to reduce form factors uncertainties:

e.g. P S
L=
VFL(1— Fp)
1.5 ————— —————————— > Latest angular analysis of B = K tutu~ (9fb~!) showed tension in the SM
: LHCb : _ . .
- — Data 9fb 1 consistent with that found in B — K*O,u+,u_
T SM from DHMV i .
0.5 Hh 77, sM from ASzB ] > Global significance of 3.10
o o[ AT g T | »Theory uncertainties under scrutiny ( role of non-local charmonium loops)
T t e in SM C,
5L 7 | ] f F
E H—W —e—di -I
1 F _
E - T R T- A
[PRL 126 (2021) 161802] q° [ GeV?/c?]
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https://arxiv.org/pdf/2012.13241.pdf

e/u in LHCDb

Muons Electrons lein b — s£f
[arx1v:1705.05802] "

—
ECAL

-

Ap 1

Upstream -~ Downstream
brem = brem

p 10}

i 5 . o . .: F:-- -i- - ::_ f.:'l B ...=::. : i =_.- := .:-' . .:
EO ‘ -._-' ::'—l-;.";--':._:'_.-;-:‘“' - . K . l-.':.l'-l. ; "..._:_' .':.. . ..'. i -. ; --._-. . ol
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S
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Lo et
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D
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60 - LHC 4800 5000 5200 5400 5600

P Data

;—BO—;.K'OJ/W Simulation _é m(K+u+u_) [MeV/CZ]
E_ —E efercegn ~ 50% B+ — K+ e+ e_
— — 25_'|"'_|"'|""1"'|' 103
| [LHCb (b) [PRL 113, 151601 (2014)] -
| 20¢ A e s
N . I M B |radiative tails| " = " L
.l L -."_l':..'“\...L ~.,,. T
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30

LOE LOH LOI LOE ©LOH Lol [LOE LOH Lol Trigger Categories S
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g2 [GeV?/c*]
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1 | 1 I I I
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https://arxiv.org/abs/1705.05802

R(D*) , R(D)

BaBar 2012, had. tag 5 | TRar 2017 had t i E
0.3324 0024+ 0018 : | —— pabar f)"(: 2(; h‘(‘;ju;‘:é : :
) : : ..‘ y i . Sl i ) , p) : : *

Belle 2015, had. tag | ; : :

0.293 +0.038 + 0.015 : .: Belle 2015. had. tae : :

BC“C 2() l 7. ( h’ddr()nik‘ tau) | " 0375 £0.064 + ”“:‘h E ":—.
0.270 £ 0.035 + 0.027 ; ; ' : :

LHCBb 2015 Belle 2019, sl. tag : :

0.336 £ 0.027 + 0.030 : R ¥ 0307 +0.037 +0.016 —
LHCb 2018, (hadronic tau) : ;
0.283+0.019 + 0.029 R ——— Average :

|

Belle 2019, sl.tag 0.339 £0.030

0283+0018+0.014
Average
0.295+0014

SM Prediction

0.252 +0.005

EPJC 80 (2020) 2. 74
0.250 +0.003

PLB 275(2019) 386
0.254 £ 0.007

) []:. () {)

|

SM Prediction
0298 £0.003

EPJC 80 (2020) 2, 74
0.297 £0.003

|

» All lies above SM

PRD 94 (2016) 094008
0.299 £0.003

PRI OS (201 MR

)

EPJIC 80 (20020)) 2

k|

PRL 123(2019)90918()

IHEP 17122017 060

\L/MILC (2015

U I
i

T et

l'lj',l)": 20) SOOR | . - -

IHEP 2017 06 | :

il y — HPQCD (20 :

260 £0.0 u x i

IHEP ) () y ()6() : :
Ny N4 ?—_v"-—- :

E 2021 E 2021

| | | | Lt | | | | | | | | | ! | |

0.2 0.3 0.2 0.4
R(D*) R(D)
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R(A,) |using A, decays, leptonic 7] | oo e o

B (A) > A¥rT) Source SKA/KADA
—- AT : :
b 2 g _ , , Simulated sample size 3.8
B (Ag — Ajn‘ﬂﬂz‘) Fit bias 3.9
Signal modelling 2.0
A} — A7 v, feeddown 2.5
D, — 3nY decay model 2.5
A) - AFD; X, A) - AFD- X, AY - A DX background 4.7
Combinatorial background 0.5
R(A,) = k(A) Particle identification and trigger corrections 1.5
Isolation BDT classifier and vertex selection requirements 4.5
- D; , D~ , D" template shapes 13.0
2 1600~ LHCb £1400F Efficiency ratio 2.8
on N o N LHCb v . * . . . . i 0 _+_
& 1400 & 3 fb-! %1200:_ 3 fb-! normalization channel efficiency (modelling of Aj — Al 37) 3.0
g - N B y 4+ a1 =4
Z 1200E % 1000 Total uncertainty 16.5
= 1000 SO
- - 8 8001
s 800 = -
o n £ -
600 = 5 000F ,
S— ~ 00F T
400:— - % 14001 LHCb b { Data
I 200 = i f
2005 | D mm— Ej_ S % 1200:_ 3 1b ! /I \{\\ Signal + Background
0 0.5 1.0 1.5 2.0 0 5 10 g r [ === Signal
t [ps] q* [GeV7/c?] E 1000 — { | - = = Background
- i: - LHCb 800 — fl
E - LHCb —+— Data o% 350 : 3 -] - ’1 ‘
=) 2500 — Total model O 300E B | }
Z :; 3 fb'l - PN g E + Data 600 — ; ‘
£ 2000 v T 250F — Toul model - /
% E A= AD(X) é’ E - A —ATY, 400 N ? $
5 1500F B - (x) 5 200 - Jrap— - f \
- B A AD"(x) 2 150 EA-aDw 2001 g A
1000 :_ Combinatorial © 100 E_ B A’ A DY) ; .. . . ,/ LN
B B Combinatorial 5500 5550 560(; 5650 5700 5750 5800
500 50E m(A ) [MeV/c?]
oo :
I B PR — PRl L ; ; . t ! L ! . |
0 0.2 0.4 0.6 0.8 1 0 5 10

BDT output g? [GeV?/c4]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.191803

R(J/y) |using B. decays, leptonic 7}

[PRL 120,121801 (2018)] 3D binned

“@(Bc_ —> J/l//T_I/_T) ¢ 7T - Iu_y_MI/T

> R(J/y) = Template fit
BB — Jlyu~1,) ,
2 2 (Z’ M iss? tz')
g° (GeV~)
Categorical variable Z( E , q°)
MICLEE o = o e == = e . = e y Skt it PP s < . - 1
: : ; |
Z —_— _1 i Z —_— 5 i Z — 6 i Z — 7 I
| | | !
T s 5 o et = = R — % 5 ooer = e s 5 e S o B N e D B B B r
| | | !
; ; ; |
| | | !
| | | !
%5 = : %=1 : % = 2 : = 3 :
| | | !
| | | !
| | | |
E, (GeV)
0.68 1.15 1.64 3.18
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.121801

R(J/y) |using B, decays, leptonic 7|, m’. projections

—— Data B B, —Jlyputv, 3D binned
N Mis-ID bkg. B J/y +u comb. bkg.
BB >yt v WO Jip comb.bkg. [ B: — JWpH! Template fit
%(Bg — J/l/j//t_v_,u) B, = x (]P)l vV, BB - z/J(ZS)lJer

> R(J/y) =

B B, — Uy, (Z t)

A A T T T T T T T A T T T T T T T T T T T A T T T mlSS’ T T
vo 200 vo 600 :_ _: ‘ro 1400 :_ + —: vo 2500 -_ _-
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24 3 A 5 E A2 35 E .
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Renato Quagliani LHC Days in Split 2022 34



R(J/y) |using B. decays, leptonic 7|, . projections

—— Data B B, —Jlyputv, 3D binned
_ N Mis-ID bkg. B J/y +u comb. bkg. .
BB, — Jlyt™T;) B J/y comb. bkg. B B —JyH, Template fit
B(B- = Jwu-1- B;J: — x (IP)'v, [ B: — y(2S)'v,
(5 V) B B —JyTty, (Z, mnz,liss, t)

> R(J/y) =
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R(J/y) |using B. decays, leptonic 7|, systematics

BB, — Jlyrt™U)

> R(J/y) =
Uy BB — Jlyu~1,)

—— Data
Mis-1D bkg.

- J/y comb. bkg.

Source of uncertainty

Size (x1072)

Finite simulation size

B! — Jhy form factors

Bf — y(2S) form factors

Fit bias correction

Z binning strategy

Mis-ID background strategy
combinatorial background cocktail
combinatorial J/y background scaling
B — JlwH_X contribution
w(2S) and y,. feed-down
Weighting of simulation samples
Efficiency ratio

B(z" - pu v, v,)

Systematic uncertainty

Statistical uncertainty

B: — x (IP)I'v,
12.1

>, B —Jyu'v,
5.4 B J/y +u comb. bkg.
6 Ml B: = JyH,

5.6 + M
4.5 B B: — yw(2S)'v,

0.9
3.6
0.9
1.6
0.6
0.2
17.7
17.3

Renato Quagliani

LHC Days in Split 2022

Candidates / ( 0.6 GeV?/c*)

Candidates

Candidates per bin




