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The power of indirect searches

* Precision measurements are a powerful tool to unveil new particles indirectly :
e 1970: charm presence invoked from the suppression of K® — u*u~ before the J/y discovery
e 1973: 3X3 CKM matrix is needed to explain the CP violation observed in kaons

e 1987: top mass limit from loop contribution in B® — BY mixing: m, > 50 GeV

[PRD 2 (1970) 1285] [PTP 49 (1973) 652-657]

[PLB 192 (1987) 245-252]

* Because of the large b mass, rare B decays offer a rich phenomenology for indirect searches of

New Physics (NP)

b — s¢t¢~ are FCNC processes that
can only occur via loop in the SM
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observables are altered by

new (virtual) particles
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.2.1285
https://www.sciencedirect.com/science/article/abs/pii/0370269387911774?via=ihub
https://academic.oup.com/ptp/article/49/2/652/1858101

Effective theory for rare B deCays iev.usasms. s ase 1zsnia

* b — s¢T¢~ can be described with an "Effective Hamiltonian", where high- and low-energy
contributions are factorised (M, < My,):

Full theory Effective description
%4
b S
t t
0 »
Z -
ut

"point-like interaction" as in the Fermi description of the neutron decay

e Wilson coefficients (short-distance): evaluated in
perturbation theory

Herr = \/ZVCK ;’ ‘

* Local operators (long-distance): the corresponding
form factor is computed with, e.g., lattice QCD
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https://arxiv.org/abs/hep-ph/9512380

Probing New Physics with rare B decays

* SM operators for b — s ¢~ . « NP can alter ¢ but also introduce new operators
C”)g) = (EPL(R)b) (Zv“ﬁ) Precision
C;
" . _ 0. measurements go
O = (SPL(R)b> (EvFy70) AHNp A2 O 4 well beyond collision
NP)—— o
energies!
[Stangl @ La Thuile 2021] / /

flavio
1.5 1

/ * The latest global fit prefer NP
7 / contributions to ¢, and ¢y,
// / e Crucial input from B - u*u~ (here

0-57 from the latest ATLAS+CMS+LHCb

/ d combination)
e M

L/// e Next talk!
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https://agenda.infn.it/event/25022/contributions/130214/

Bg) — utu~ decays in the SM

e In the SM, BY and B decays to two muons are FCNC and helicity suppressed :

; ut W
0
B,(s) B? t ' Vu
S e g — g - i
(tree) (penguin) (box)
4agd i d 2
0 + - _ _a SM % 1Y £2 2 ___* _
%(Bq —HH )SM — 875 |C10 thqu fB quﬂ\l m]% 1 — Yy q=d,s

q

single Wilson coefficient & single hadronic constant (known at ~0.5%!)
[PRD 98 (2019) 074512]

e Very clean prediction in the SM:

BB — utu e = (3.66 £0.14) x 1077
BB — pp gy = (1.03 = 0.05) X 10710 [JHEP 10 (2019) 232]
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https://arxiv.org/abs/1908.07011
https://arxiv.org/abs/1712.09262

BY — u*u~ : not only branching fractions

e By measuring the B® — u*u~ o R R Lol ,:Sl’|5| —0.pr=0 ps=7/2
. . . H U — 'l M
effective lifetime: Ayr = RETET 1 REH 0.8 , -
H L i ol
0.6} | g
+,,—- 2 — | ] ; -
) T 1+ 2A% v, +y; - AT, 2 0.4 i ; ’ S
utpu— — + - s 3 02y ;' ! Scalar NP (Cy')| —
= ysz 1 +AZF'M Vs 2L T 00 J pp =i /4 < §
% —0.2 ," Non,”-scalar =
- . <-4 [ NP/(CY, CY) 2
e we can extract the asymmetry AY * , =1 in the SM —06f | =
o _ —0.8] | / m ||, s free; [P[=1; op=0 || 2
* (Clean observable — additional NP constraints J ol Jer=r e pp e [S]=0:]P) = 14 10%)]
' |P|=1,|8|=0 Excluded at 95% C.L.
06 08 1.0 12 14 16 18 20 22 24
R = BRexp(Bs — p'n”)/BRsm(Bs — ™)
s 0 _ . . ‘ ‘ ‘ : _
o Sensitivity to B —» u*u~y (ISR) at highm,. 100 . -
new observable included this analysis - T, dm,, MO 5
T ~
N
4 o
>
=
=
2
H m,, [GeV] B
001 -— R L
5.0 5.1 52 53 54 55
o SM prediction at 6(10~") for m,., > 4.9 GeV * Bremsstrahlung (FSR) experimentally
[JHEP 11 (2017) 1841 [PRD 97 (2018) 053007] included in gg(B;) — utu™) via PHOTOS
6/22
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https://arxiv.org/abs/1204.1737
https://arxiv.org/abs/1311.0903v3
https://arxiv.org/abs/1708.02649
https://arxiv.org/abs/1712.07926

Experimental measurements

1984 The search begins at CLEO

BB - ptpu™)<2x107* (90% CL) [PRD 30 (1984) 11]

2015 First observation of B — u*u~ with CMS +
LHCb (Run 1 data) (vature 522 (2015) 68-72]

2017 First observation of B — u*u~ with a single

experiment by LHCb (4.4 fb~1)

Candidates / ( 50 MeV/c?)

BB — utu™) = (3.0£0.673) x 107°

2020 combination of ATLAS, CMS and LHCb:

o BBY - utuT)= (269793 x 107

* 2.1¢ away from the SM

¢ 7., = 1917037 ps

e BB - utu)<19x1071% (95%CL)

* Only experimental limit today on:
BB = utu~y) < 1.6 x 10~ from BaBar
at 90 % CL [PRD 77 (2008) 011104]
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https://cds.cern.ch/record/2728059
https://arxiv.org/abs/1703.05747
https://arxiv.org/abs/0706.2870
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.30.2279
https://www.nature.com/articles/nature14474

The LHCb data-taking

e Large bb cross section in the LHCb acceptance (2 < 5 < 5)
o(pp — bE) ~ 144 ub (\/E = 13 TeV) [PRL 118 (2017) 052002]

* Run 2 luminosity levelled to ~ 4.4 x 10*> cm™2s~! LHCH MC
(>2x the design value) /s =14 TeV

o Full LHCb dataset 3 fb™! (v/s, = =7&8 TeV) +
6 fb~! (\/ERun2 =13 TeV) : excellent LHC performance!

-
o
N

2.3 . 2018 (6.5 TeV): 2.19 /b : 5
. 2017 (6.5+2.51 TeV): 1.71 ffb + 0.10 /b 201 8 2 '1 2

21 .._ - 2016 (6.5 TeV): 1.67 fib .................................... ..............................
: 2015 (6.5 TeV): 0.33 /b '

1.8 _ - 2012 (4.0 TeV): 2.08 /b """"""""""""""""""""" 201 7

1 2011 (3.5 TeV): 1.11 /ib

16 _ 00B5TV 004 [ ................................. ......... 2016

1.4 .._ ................................... ....................................... ............................ ; 44 o i il ......................................

A e ......................... ‘__2011 ...............
09) e o L —
07} Y w7 Lo —

~~———_ . ATLAS&CMS

-
o

Instantaneous Luminosity [10*2 cm2 s°1]

I ' - e e —

05/ B TS A 2015.....

02_._ ................................... ........ g .................................... ......................................

0 5 10 15 20 A,
Fill duration [h] "
[Int. J. Mod. Phys. A 30, 1530022 (2015)]

1

Integrated Recorded Luminosity (1/fb)

Month of year

LHC seminar 03/2021 Marco Santimaria 8/22


https://arxiv.org/abs/1412.6352
https://arxiv.org/abs/1612.05140

The LHCb detector

[JINST 3 (2008) S08005]
1530022 (2015)]

[Int. J. Mod. Phys. A 30,

/
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e High vertex resolution (VELO)
O-IP = 15 + 29/pT /JIII
(B travel distance 6(1 cm))

* Low momentum muon trigger
pr,> 175 GeV (2018)

LHC seminar 03/2021

e Particle identification capabilities (RICH+CALO+MUON)
€,~98% withe,_  S1%

= ~

e Excellent momentum resolution (T stations)
o,/p=0.5-1.0% (p € [2,200] GeV)
— narrow mass peak
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https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
https://arxiv.org/abs/1412.6352

Analysis strategy

e Will show here the "legacy measurement" of LHCb on the full Run 1 + Run 2 data (9 fvo!)

* The strategy is well established since 2017 but introduces several improvements

(\,l_| 6000 g 1 ol o " .l . |.. T T T T i

L Firee el LHCb ]

o > o0 a Ll S

e Select muon pairs with § 0 b ]
m,.,- € [4900,6000] MeV forming a " 5600 r AR ~Preliminary -
displaced vertex s RIRUEYS £av i b L : .

5400
e Signal mass region is blinded until EGION
the analysis is finalised 5200 o e P
5000 “
0 05 1

w

* The selected dataset is dominated by
combinatorial background

* To reject it we use a multivariate

classifier "BDT" (Boosted Decision Tree) 77 =

* The algorithm primarily exploits isolation \

and vertex detachment
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BDT calibration

[ LHCB-PAPER-2021-007]

* Events are categorised into 6 "BDT bins" :
flat signal BDT and decreasing combinatorial

* We measure the branching fractions with a
simultaneous mass fit in 10 categories (2
Runs X 5 BDT bins)

e (The first bin [0, 0.25] is excluded since it's
background-dominated)

* The signal BDT output is calibrated on
data-corrected simulation

* Cross-checked on B — K*7z~ data

* Shape determined by PID and trigger
efficiencies

e BDT-lifetime correlations accounted for in
the B? - u*u~(y) signals (see — backup)
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Mass shape calibration

e The Bg) — uTu~ mean and resolution values are measured on data

e The mean is obtained from B — K*z~ * The resolution is interpolated from
and B? - K*K~ data for B® —» utu~ mass fits to c¢¢ and bb resonances:
and B® - utu~ Cmieumy = 21.96 £ 0.63 MeV (Run 2)
3 3
x 10 x10
c? L L L L e s g]'\ 35 :_ ' ' | ' ' ' ' | ' ' ' ' | _:
< JE LHCb S Uk LHCb ;
% 8 $ Data6fb”’ o 30F $§ Data6fb! —
2 TE .- Bg — KK~ 2 - Combinatorial .
o g Combinatorial = 2 kX e Y(IS) = wtus 3
~ AZ — ph” ~ = Y(2S) = uu 3
% 5 8 R B R Y(38) = u'us
s 4 Preliminary S 15F Preliminary -
23 s : -
o) S 10 —
= 2) < - .
< O -
O 5 =

E . e e e ey T 0 RCA T R TR B R PR A N
é) 100 5200 5300 5400 5500 5600 9000 9500 10000 10500
M. [MeV/c?] m,., [MeV/c?]
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Normalisation: mass fits

[ LHCB-PAPER-2021-007]

* To measure the branching fraction, luminosity and cross-section uncertainties are avoided by
computing the ratio to a well-known channel

* Two normalisation channels are employed: perform mass fits to compute the yields

Candidates / ( 2 MeV/c?)

1.B" > Jly( - utu)K*

Two muons in the final state
— similar trigger and reconstruction

3
i‘l(-).----.--;-. —  _ xI0’
300 = LHCb .‘ E 3_) . 3
C -1 e - N
250f ¥ Dawdd ¢ 1 % -
N Fitted model [} 7] 2 10 —
:_ ..... B*—JlyK* o _: lﬁ :
200 == Comb. background . o 1 — 8
1S0f AT L 1 8 e
- Preliminary / { ] = B
— * | 4 = ol
100E ) \ E ?2 4:
50 - : ) = 63 2F
o= ot - L
5200 5250 5300 5350 100
>
My, o [MeV/c?]
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2.BY 5 Ktn

Two-body B decay
— same signal topology

L.

AT TR L

e,
o [ L TR TRt WU TSN TN TN T N T U U

LHCb
¢ Data6 fb!
B’ - K*n
----- B, = K'n~
Combinatorial
----- Part. reco.

Preliminary -

Marco Santimaria

5200
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Normalisation: results

* The observed signal yield is converted into a BF according to:

AUs

B € | f |
B(Bg _> ILL—i_ILL_) — norm >< norm norm:t XNB() Lo
? Nnorm esigj fd,s dsTHTH
Qq
¢ BF and yield of the normalisation channel
e Signal/normalisation efficiency ratio
e Ratio of hadronisation fraction (for the BY) [ LHCb-PAPER-2020-046 ]

Very recent LHCb combination f,/f, (7 TeV) = 0.239 = 0.008, f./f;, (13 TeV) = 0.254 £ 0.008

¢ Combining the two normalisation channels we ° ASSuming SM Signa|s we expect:
obtain the following "single-event
sensitivities" : B
Aoy, = (249 £0.09) x 107! - NB? = ptp gy = 147 £ 8
Aoy = (6.52 £0.11) x 10712 NB® = utu gy =16+ 1
Aoty = (298 £0.11) x 107 NB? = ut =)oy ~ 3
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https://arxiv.org/abs/2103.06810

Backgrounds

[ LHCB-PAPER-2021-007]

After applying a strong PID cut on both muons, three classes of backgrounds remain:

1. Combinatorial, over the full mass spectrum (floating component)

2. Semileptonic backgrounds (partially reconstructed) populating the left mass sideband

doubly misidentified background, peaking in B — x*1~ mass region

—~
Nbloz — I —
S F LHCD Preliminary — -..... Bl h E
O - B ]
E : 9 fb J == B %J[—M'l'fv‘u :

v e BDT 20.5 .
Cl:. 10 ':— ~,'~l'~' I Ky M VM —:.
= E R | T A,—puv, -
~ [T 3d . ]
% u ., J:. “:."-"""""'----..___B_(i(ﬂe”()()M+M_ -
3 "" . AR L LT TP
S oM Bi—=Jlyutv —
:9 1 E_ e o" ’\" “‘ wll't u E
'U - ® R 2e \" “ ______ Comblnatorlal 2
S e :
Q ‘: 'N"h, L ’,\ ‘0~~~ |

~, N ’,“ ~.....
10 1 E_ N '\x', ..'~. =
~ Sy e, =
: *,;’“' ”~~ 3
| 1 1 N ] 1 2 . \
5000 5500
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Semileptonic background estimate

[ LHCB-PAPER-2021-007]

1. Channels with one misidentified hadron: B’ — z7u*y, , B) > K~u*y, and A) — pu7,

2. Channels with two muons in the final state: B* — z*©u*u~ and Bf — Jiy(u*p uty,

e Each source is estimated by normalising to the B* — J/wK* channel:

R

N, = Mooz B.| ||
z = |{VBT—J/YKN — e
| Ja FB+—>J/¢K+ €B+_>J/¢K+H

e Efficiency corrected BT — J/yK™* yield

e Branching fraction X hadronisation fraction

e Total background efficiency Inout tlv f LHCb
* Inputs mostly from :

B - ﬂ‘/ﬁvﬂ : 91 +4 [PDG]

Bg _)K—lu+yﬂ - 23+ 73 [PRL 126 (2021) 081804]

* Estimated background |
events in the high BDT Ay - pur, r4x2 [Nature Physics 10 (2015) 1038]
region (BDT > 0.5) :

_ [JHEP 10 (2015) 034]
BYO 5 7+ Oy+, =+ 26+3 & [PRD 86 (2012) 114025]

-+ o=+,

BT = Jhwy(u pu )u v, 7.2+0.3 [PRD 100 (2019) 112006]
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https://arxiv.org/abs/1910.13404
https://arxiv.org/abs/1509.00414
https://arxiv.org/abs/1207.0265
https://academic.oup.com/ptep/article/2020/8/083C01/5891211
https://arxiv.org/abs/2012.05143
https://arxiv.org/abs/1504.01568

B’ — h*h~ — utu~ background estimate ooz

* B decays to two hadrons (z, K) form a peaking background when both final-state particles are
misidentified as muons

e This contribution is estimated by normalising to B - K=z" events:

N _i NBO—>K+JZ'_ X 1 trlg X € |
B—hh—puu — trig f . ﬁ BO—py+ u- hh—puu
' €B0—>K+ﬂ'_ “ B —>K+7Z'_/B_>hh

e Efficiency corrected B — K*z~ yield

e BY > K*z~ contribution within the total B(‘Z,) — h*h~ [ppg]

e Trigger efficiency and double misidentification rate (from data)

e Each B — hh channel is weighted according to its expectation to make the total Bg) - hth= - utu

* An alternative estimate is performed on hu data (single misidentification) to cross check the result

e Estimated background - —
events in the high BDT B = hthT = ptp s 221
region (BDT > 0.5) : ’ ’

* now we're ready for the fit!

LHC seminar 03/2021 Marco Santimaria 17/22


https://academic.oup.com/ptep/article/2020/8/083C01/5891211

Mass fit result

C/\]-\ B I 1 1 1 1 I 1 1 1 1 _
o _ o _
S - LHCDb Preliminary —e— Data -
é) 40 e 9 fb! Total T
_ 0 . —

- BDT =0.5 — B(sfﬂ u -
) U _
gs :3() I U u .
— —— By—u'uvy 7
~ B—h'h"~ —
N [ -
220 o B
= B
) B Combinatorial 7
- = _
< 10 —
O ir .
() prose S -

6000
2
M ey [MeV/c4]

® HB(B)— putu7)=(3.0910511)x 107 (10.80)

e B> utu~ and B - utu~y compatible with background only at 1.7¢ and 1.5¢
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Branching fraction results

[LHCB-PAPER-2021-007]

1\0.7 le_g N B — B
° ‘%(BS — M+M—> — (3.091-0.46-1-0.15) X 10—9 SpOt on , . L contours hold 68%95%990/(CL -
| 0.43-0.11 . ey W 0.6 Preliminary” LHCl_)1 -
previous LHCb result and SM compatible , R 4467
05 —
e Limits set with the CL, method: 2 : -
[J. Phys. G28 (2002) 2693] 50-4_— -
BB — utu~) < 2.6 %1070 (95% CL) 03" B}
BBy = WUV, 549 Gev < 2.0x 107 (95% CL) - .
0.1+ —
0_ ETRVANS = /i ‘) 1x107°
0 1 2 3 4 5 6
BB~ ww)
2B ' | 2| —
3 LHCb ] 5 A LHCb
9fb! 1 9fb!
0.8 —$— Observed | 0.8 B —$— Observed ]
= —— Expected . i —— Expected ]
06 __ -1;0 __ 06 __ -i;(J __
04l Preliminary - 04 :_ Preliminary _:
02 L ] 02 o
I~ ] L O e N 95.0 Gy ]
IR R .~ oo SRR e . -9
0 x10” % 2 4 6 .
0 0.1 0.2 0.3 0 04 B(BO% fey)
B(B"— ptu) s T sa9Gevie
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https://iopscience.iop.org/article/10.1088/0954-3899/28/10/313

BY — utu~ effective lifetime: strategy e emesn 0 00n

Since the expected sensitivity on A% . " is low, the effective lifetime measurement introduces some
simplifications wrt the previous:

 Tighter mass cut, m,., > 5320 MeV: mass fit model with B — u*u~ signal + combinatorial

* Looser PID requirement (no misidentified backgrounds)

* 1. Mass fit on two BDT bins is performed to extract sWeights  [NIM A555 (2005) 356-369]

CoO3E] eliminary © Daa T % 5B oliminary ® Data 5
= o gl%lb(;b Prehmmary = Touwl IS 25 : 51%1be Prehmmary — Toul ]
q-) — = B;— utu- 3 L [ —=B,— utu- 3
2 25 g 035<BDT <055 | Comb?neﬁorial i 2 20 - 0.55<BDT <100 Comblilnzﬁorial .
N 20 N = N 15F —
S 1 5 :
= a 1 I 10 E
N 10 ..... - — wn ]
3 ' = - | .
_— . LS — — a ) .- -8
g Y5400 5600 5800 6000 & O 3400 5600 5800 6000
O m,.,- [MeV/c?] O - [MeV/c?]
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https://arxiv.org/abs/physics/0402083

BY — u*tu~ effective lifetime: results chcs-pAzER-2021-007

e 2. The sWeights are applied to obtain the background-subtracted decay time distribution

* which is then fitted with an exponential X acceptance function

a. 10E LHCb Preliminary 3 & 10F LHCb Preliminary -
N - 0 fb_l ] NG C _ 0 fb—l .
—~ 8 & — ~ 8 -t -
~ : 035 <BDT <0.55 1> : 055 <BDT < 1.00 :
8 6 - T 8 6 [ ]
3 - 1 S : ]
S 4E E =T 3
S 2y 7 S 2 -
of ; oF ;
0 5 10 15 0 5 10 15
Decay time [ps] Decay time [ps]

e The acceptance function (efficiency vs decay time) is tested by measuring the known B - K*7~
and B? - K*K~ effective lifetimes (see — backup)

| B | e Result compatible at 1.5¢ with AA*#" = 1
-=2.07x0.29x0.03 ps (SM) and at 2.20 with AAK* = —

Tt

i

* Run 3 data are needed to say more

LHC seminar 03/2021 Marco Santimaria 21/22



Conclusions

'E = g Zoom on LHC
q) | g
P
* The legacy measurement of 7 53 i T } T T
0 _ @ 107 g\ e
B, — u*u~ represents an CIEJ = f TT
important milestone for LHCb and [ . 1. T B0 2016 20782020
a crucial input for the "flavour m - E T 1
anomalies" o zlx
::r 10 =
e Achieved the most precise single- O -
i 0 ol * CLEO A Belle
experiment measurement of the S 10°E-| x ARGUS O BaBar
BBY — utu~) with ~ 15% error S E | VY UAT W LHCb
= [ | ** CDF ¢4 CcMS
€ 10E| vV s 0 0 ATLAS
1 — | AA DO ® ® CMS+LHCb
1g0 L_L OO ATLAS+CMS+LHCb
= | | I | | | | | |

1990 2000

e Most precise measurement of 7, -
e First limit on BY - u*u7y ISR at high m,. -
e BB’ - utu) limit at 2.5X the SM prediction: its observation in Run 3 heavily relies on the PID

e Paper will appear soon!

e That's it for Bg) — utu~, now more rare decays with Kostas
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Mass fits:

low BDT regions

Candidates / ( 50 MeV/c?)
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Mass fits: high BDT regions
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Additional material

e Power-law Interpolation of the
resolution from c¢ and bb
resonances

e -— BY%and BY masses

e 2D likelihood scans

Resolution [MeV/c¢?]
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Effective lifetime of B’ - Kz~ decays
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Candidates / (16 MeV/c?)

Candidates / (1 ps)

Effective lifetime of B — KTK~ decays
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What's next?

LHCbhb—e . LHCb Upgradel ° ° LHCb Upgrade ll —
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e Combined power of % and z,, to * ~20% precision on the time-dependent
constrain MSSM CP asymmetry (S,,) with 300 b~
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https://arxiv.org/abs/1303.3820
https://arxiv.org/abs/1702.05498

A¥ " dependence & systematic errors

Lifetime acceptance correction for B® — u*u=(y):
e The BDT-lifetime correlation is accounted for in the B? — u*u~(y) signals with BDT corrections

e The nominal fit assumes AZ;"_ =+ 1 (SM), but results under AZ;”_ =0, — 1 will be published as well

e Translates into about +5% and +11% (B — u*u™) value, respectively

Main source of systematic errors :

e BB — utu):flf;
o BMB’— utu7): B — h*h~ — u*u~ background

e BB — utuy) : semileptonic backgrounds
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Model-independent observables
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