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Rare decays - indirect searches for New Physics (NP)

See talk by Davide
» Series of deviations wrt Standard Model (SM) in b — s€¢ [P, Stangl La Thuile 2021*]
measurements .
» Effective Field Theory: consistent pattern with modification of o /
muonic Cy (vector) and C (axial-vector) couplings L0-

bspp
Clo
o

SM

Bs — pp & corr. obs. lo

} ——— Rig & R+ 1o, 20
— b—sup lo, 20
- FCNC and helicity suppressed _b{),5 0.0 05
- NP scalar or pseudo-scalar contributions would lift helicity suppression Co™"

* updated in [arXiv:210313370],
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similar global fits by others, e.g. Marcel later



State of the art In Bg) — £ processes

[Fleischer et al., JHEP 05 (2017) 156]

] 2017 iLHCb

1074

T. Mombacher

[PRL 124 (2020) 211802]

LLHCDb —¢— 2015-2016 data

—— full model
B combinatorial
B B — ﬁoewe decays _
B— Xe'*e™ decays 1
I X,— h'e” v, decays _
B— h'h'~ decays

400

200

Candidates / ( 120 MeV/c¢?)

-

4500 5000 5500 6000 6500
m(e*te™) [MeV/c?]
Good sensitivity due to

» large data set

» clean displaced B vertex signature

0.1

1010
10713

10—16_

10—7: SM

B(B, — 17717)

limit : :
| | 2020
| 2000 ' | LHCH

| |
2015 CDF limit ' | limit

CDF limit

I S

2019 LHC & SM

BB - ete™) < 11.2x 1077 @95 % CL
BB - eTe) <3.0x 1077 @95 % CL

B(Bs — pp”)

Universal
New Physics
Scenario

B(B, — eTe™)

SM

Exploit bremsstrahlung effects in the detector to suppress misID decays.

B circs decays become sensitive to New Physics scenarios

(5)
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State of the art In Bg) — £ processes

[LHCb-CONF-2020-002, CMS PAS BPH-20-003, ATLAS-CONF-2020-049]

[Fleischer et al., JHEP 05 (2017) 156]

ATLAS, CMS, LHCb - Summer 2020 01:- | :
~ 06— relminar - | 2017 *LHCb limit | |
i - reliminary . | | 2020
= 05F e — 2011 - 2016 data = - | 2009 | LHCbH
N : 107 2013, CDF limit ' | limit
= 04F g - CDF limit |
NPL: : I Y
/l\ 03; - 10‘7_ SM ! — -E——-
2 g2f = i —»
m j ‘% . 10 N 2019 LHC & SM Universal
0.1F \ 107+ New Physics
F\ \ i Scenario
O L ] _
1 5 10—13 B SM
B(B] — w*u) (107)
i _ B — B _ Lo
BB — pty~) = 2.697037 x 109 ot B o) BB i) BB ele)
BB - utu)<1.9%x1071° @95 % cL
: o : - 0 dL
Entering precision regime with B, , — decays
gp g o) e L Y
T. Mombacher Moriond QCD 2021 | Search for rare decays at LHCb 4




NEW!
LHCb-PAPER-2021-007

New LHCb measurement ofBg) —> ,u+,u_()/)

o b W+ pt
» Very clean theory predictions ) )
_ — BY t 4 1V
BB) - utu™)=3.66+0.14) x 10~ s “
BB - utu™) =(1.03+0.05) x 10719 W - _
[Beneke et al., JHEP10 (2019) 232]
» Add new observable: | [PRL 118 (2017) 191801]
- Initial state radiation measurement at low mass N§ 35E | Total E
- LHCb — - B/ = whw -
0 4 _ 1n—10 LKozachuketal, s 30K o 3
* ‘%(BS — /’t ,l/t y)mﬂ+ﬂ—>4.9 GeV/cz ~ 10 PRD 97 (2018) 053007] % ’5 - BDT>0.5 -"](3: b.M r - -
— m ) omoina 011121 —:
. Only experimental limit B(BY — utu~y) < 1.6 X 1077 at 90% 7 20k . e B, —h'h E
3= - -m By = (KDutv, 3
CL by BaBar [PRD 77 (2008) 011104] S |sE e B e
) — _
= b - Ay =P, .
© 10 - B! — Jlputv, E
sE + =

5600 5800 6000
M., [MeV/c?]
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NEW!
LHCb-PAPER-2021-007

New LHCb measurement of B, = u* ()

» Only heavy B? eigenstate (CP-odd) can decay to ptp~

it e S
» Sizeable decay width difference in BY system: S E: 2011 - 2016 date :
7, = 1.62ps (CP-odd) vs. 1.42ps (CP-even, light BY) of E

. Access to CP structure of BS — utu~ decays via effective 6 - —
lifetime M3 E

» Combinations of LHCb and CMS: 30_ ._35
7, = 1.91703 ps Ty 0o DS,

[LHCb-CONF-2020-002, CMS PAS BPH-20-003]

More statistics necessary to distinguish BS eigenstates

T. Mombacher Moriond QCD 2021 | Search for rare decays at LHCb 6



NEW!
LHCb-PAPER-2021-007

Analysis strategy

= 6000 L N
~ eI T LH -
E 5800 L F R
» Use full Run 1+2 LHCb data set 3 b~} + 6 fb~1) "= 5600 R Prehmmary_f
- :
— double previous data set 0
5200
} SeleCthﬂ UﬂChaﬂged 5000 PR SSat i ::. _E
- Searchinm, - € [4.9,6.0] GeV/c? ’ " BT

0 +,, — , ' ' r——r 1~ 1 1

B — umu ;/vv|th untagged ISR in lower mass sideband N Preliminary

» Dominant background: two muon combinatorics

®
®

L
L
A4 A

Lo\ ~
7 Ay

. Separation from signal: M+, and BDT trained on two-body

Normalised yield
=

kinematics and topology 02 °
. Suppress misidentified backgrounds with strong particle B oen ==
. . . 10 —e— Combinatorial
identification —— Weighted B” — - MC
10_4 S B R T B T

— ] ||||||I ] IIIIII[| ] IIIIII[| ] IIIII||| ] IIIIIII| L1l

- | IIIIIII| | IIIIII|] | IIIIII|] | IIIIIII| | "IIIIIIl 1l

- Enhance sensitivity by fitting multiple BDT regions 0.2 0.4 0.6 0.8

BDT
T. Mombacher Moriond QCD 2021 | Search for rare decays at LHCb 7/



NEW!
LHCb-PAPER-2021-007

1.6_ ! ' I | I T 1 | T T T |

Signal calibration

g LA
2 LHCH Preliminary -
8 1.4 — —+—— Weighted B’ — K*n data —

Rz — o Weighted B — utu- MC
» New BDT calibration: R — | E
S o2 B = SN
Correct simulation in B kinematics, detector occupancy,  F —
Particle identification, Trigger N
0 0.2 04 0.6 0.8 1
: : : : . BDT

. Good agreement with direct calibration with B — hh' .

o or— 1 - T 1 '.I .' ]
decays In data, drastically reduces uncertainties ;;i F oo -y +P_'Ze"m'“ary_:
. . &2 T SN %Vviiihiid go - 5; Ma(t:a i
» Mass calibration data control modes: s 1Lk E
0 + 0 + 2: f T E
. " _ _ E :
Peak position from B® — K"z~ and B, = K™K : —T—=$:_+_ —
: : : 08 ¢ =
- Mass resolution interpolated from dimuon resonances : :
02 04 06 08 1
BDT

T. Mombacher Moriond QCD 2021 | Search for rare decays at LHCb 8



NEW!
BN L HCb-PAPER-2021-007

" Preliminary LHCb =
12

Normalisation : HOb

o 1Y B - K'nm~ -

- B, = K'm~ ]

Sk Combinatorial 7

-.--- Part. reco.

» Measure relative to normalisation modes:

Candidates / ( 5 MeV/c?)

N i P G
HKB(sig) = f;g Zorm N oS FB(norm) = asigNsig 2— 94k decays —
d SIg norm e R B St N R

» Two normalisation modes: BY — J/y(uTu)K*, BY — Ktz . 3 o 5400mz<+:-5[01\04€\’/0526_00
— find excellent agreement between the two normalisations 3 3ooi10LH'Cb A pomme S
» Use new LHCb combination of fragmentation fractions ratio E 250 Iié’i)l;minary ;E{EKkgd E
. Improves uncertainty from ~ 6% to ~ 3 % [arXiv:2103.06810] § ?(5)2: :
- f/f,(13Tev) = 0.254 £ 0.008 é 1005 4.7M decays —
/f;(13 TeV S F :

| Jj‘ﬁd(ﬂ TeV)) - o0 5| R T

Expect 147 £ 8 BO o i G 2k LB = m,, x-IMeV/c?]

~3B) > ptuy@m,., >49GeV

T. Mombacher Moriond QCD 2021 | Search for rare decays at LHCb 9



NEW!
LHCb-PAPER-2021-007

Background description

Combinatorial background (exponential shape) %02 R ' —
g S ( P P ) §10 = LHCD Preliminary’ ... Bkl =
» Exclusive backgrounds (shape from simulation) s F 9 fb S a— n
N BDT 2 0.5 7

lQ """"" : " S Kkut
. MisID: B — hh', X, — huv o~ 10 E KRS =
T OEL et Ay—puv, ]
- Partially reconstructed: , % C o TR e B :
A o Bty —
o) =Tt D Combinatorial =
» Efficiencies from simulation calibrated on control 5 Frosimrmns o o -
[ E k] ¢ ‘S AR ~

channel data ...
107! RS N =
» Improved: MisID efficiency obtained from calibration - 1 X | : .
2 S

data 5000 5500 6000
— Cross check B — hh' on hu data (single misID)

T. Mombacher Moriond QCD 2021 | Search for rare decays at LHCb 10



NEW!
LHCb-PAPER-2021-007

Preliminary %

Fit for branching fractions

» Simultaneous unbinned maximum likelihood

Normalised yield
I

fit iIn 10 categories:

LHCb ——

- 5 BDT bins for each Run 1 and Run 2, exclude low BDT 1o=
region (dominated by combinatorial) 10° O combinatoria T — 3

—o— Weighted B! — utu- MC

10_4_...|...|...|...|...

) Flt SetU p: 0 0.2 0.4 0.6 0.8 1

- Signal branching fractions and combinatorial yield
free parameters

- Signal BDT fractions and exclusive background yields
constrained to expectations

T. Mombacher Moriond QCD 2021 | Search for rare decays at LHCb 11



Fit for branching fractions

T. Mombacher

NEW!
LHCb-PAPER-2021-007

Find B;) — u u~ > 10g,

C<]'\ B I 1 1 1 1 I |
NS - e o -
> _ LLHCb Preliminary —e— Data -
é) 40 By 0 fh! Total -
_ 0 . -

- BDT =0.5 — Bgfﬂ u -
) Byt i
('l: 30 I o uu _
_ T —— Bi—uuy -
~ B—h'h -
o) o —
220 e ~
= - 1 B —a"utu _
"g S \ Combinatorial ~
C@ 10 o 1 ‘s - =
U : ,}: - 4‘ :
] DA DRV I I s a2 a5

Bf — U~y compatible with bkg-only at 1.56

Moriond QCD 2021 | Search for rare decays at LHCb

6000

2
m .- IMeV/c

No evidence for BY — utu= (< 20)
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NEW!
LHCb-PAPER-2021-007

Numerical results

gg(Bg N ,l/t+//t_) — (3.O9+O'46 +O.15) % 10—9

—0.43 -0.11 Use CLs method to obtain upper limits:
Most precise single experiment measurement! . BB - utu) < 2.6x107°@95 % cL

-9
0 +,,— -9
/I'\O.7 XIQ | ' | ' | ' ' | ' | ’ %(Bs — U U y)mﬂ+ﬂ—>4.9 GeV/c2 <2.0x1077@95 % CL
3‘ — contours hold 68%, 95%, 99% CL —
+3‘O6_ R LHCb— qm | . | - A 1 —— —
) -1 O LHCb 1 d | LLHCDb -
= -4 4tb - 0fh! - 9!
T O 5 R "' "“ _9 fb—l — 0.8 —§— Observed | 0.8 o —§— Observed -
. . ',' el ‘\ o - — Expected - i —— Expected ]
| " o" -~ “‘ Prellmlnar 1 B + 1o __ 06 = + lo |
i ) 0.4 - Preliminary — 041 Preliminary
0.3 — I ] i ]
u _ 02 —
0.2 — ] - D.0% ]
02+ _ B . N 90.0% oc 0 B, LT 9:5::-_Q???:::::::::::::::‘>< 00
i | ol S x107 0 ——— .
0 01 02 03, 04 0 2 B(Boj y) 6 8
0.1- ; ] B(B"— uy) s R m,,>4.9 GeV/c?
0 | L x107
0 1 5 6

B(B'— yry-) Mainsystematics from f./f,; (3%), normalisation 98 (3%), bkg description

T. Mombacher Moriond QCD 2021 | Search for rare decays at LHCb 13



NEW!
LHCb-PAPER-2021-007

Lifetime measurement: strategy

S 35 _ . LHCb Preliminary © Daa
. . . % 30;_ 9fb—1 —Tg)tal o
» Loosen PID requirements wrt branching fraction S osh/l4 035<BDT<055 T~ uu
(\! E AN omboinatoria
measurement ~ 20§y
S 15f
» Consider 2 BDT regions g 10gt ~
1= 5t o
g ' \
2-staged fit: 3 E
g 5 ERET 5600 5800 6000
S m,., [MeV/c?]

- Mass fit with m,+ - > 5320 MeV/c?: background-subtraction
with sPlot method [NIM A555 (2005) 356-369]

25F LHCb Preliminary ® Da@ .

— mass region removes exclusive backgrounds : 9 fb™ 3
20E A% 055 <BDT <100 — B> wu -
o [ | (NPT P Combinatorial

- Fit background-subtracted decay time distribution, acceptance

modelled from BS — uu~ simulation

5g..
“rea., \
|

5400 5600 5800 6000
M., [MeV/c?]

» Test procedure with B - K*¥z~ and B - KTK~,

cood agreement to previous LHCb analysis!

Candidates / (27.2 MeV/c?)

T. Mombacher Moriond QCD 2021 | Search for rare decays at LHCb 14



NEW!
LHCb-PAPER-2021-007

| Ifetime measurement: result

2 b ] g%qpp;emar;, I
> Ty = (2.07 £0.29 £0.03) ps P 2‘ 0.35 < BDT <0.55 :
= :
: : = 4F
» Compatible at 16 (20) with CP-odd/SM § of :
0, 0 bttt z
(CP-even) B, eigenstate : : s )
. o o Decay time [ps]
» Systematic uncertainties negligible: e
. L @ 10F LHCDb Prelimi -
- Decay time acceptance description = sf o+ 9 Bﬁ;m':agz E
- Background contamination § Jt
S 4f
(B = hh', A\, = pu~v) § ) [ :
- Fit bias A :

0 S 10 15
Decay time [ps]

T. Mombacher Moriond QCD 2021 | Search for rare decays at LHCb 15



Conclusion

3 Bg) — uu~ provides a clean and growing lab to test the SM

— Complementary to Lepton Flavour Universality tests

» Strong constraints on allowed NP space from improved analysis with full
Run 1+2 LHCb data set

- %’(Bf = UTuT) = (3.()91“8:32 J_rgﬁ) % 10~ most precise single experiment
measurement!

- Significant improvement on effective lifetime measurement

- First ever search for BSO — ,u+//t_}/|gR at high m,,

T. Mombacher Moriond QCD 2021 | Search for rare decays at LHCb
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Mass fit low BDT regions

T. Mombacher

C/\l-\ 40 | ' .' . ! T | T T
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é) 35 C| 3 b
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»
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3 fb!
0.40 = BDT < 0.50

_’_“

6000
2
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LHCb
6 b
0.40 < BDT < 0.50

+

+

i

5000

5500

6000
2
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NEW!

LHCb-PAPER-2021-007

& 6F - - - ' ! ' ' —
S Preliminary  LHCb :
é) 5 3 fb-! =
o — 0.50 =BDT < 0.60 a
2 o4g -
~ N ]
5 5N K
< _ _
= - .
2 2F =
9} = -
O 1 B .
of | u | 11 1:
- - o .
5000 5500 6000
My [MeV/c?]
o 25F T
> F Preliminary  LHCb :
2 2 6 b -
= 0.50 < BDT < 0.60 .
n ]
Z 15 ~
i .
8 -
= .
O 5 _:
SNESNE:
0 FEEa 50 S s
| ! | ! ! i
5000 5500 6000
n,.,- [MeV/c?]
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Mass fit high BDT regions

p— p—
@) - (\9)
||||:|||||{|||!|||:!

Candidates / ( 50 MeV/c?)
~ o0
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— [\
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[E—
-

Candidates / ( 50 MeV/c?)

Preliminary

LHCb
3 b
0.60 = BDT < 0.70

N

E ]
5000 5500
m,.,- [MeV/ c?]
L | ' '
. . LHCb
Preliminary 6 i
——i 0.60 =<BDT <0.70

I

iInam
-
=

,_

[
-

prrorrreT

o0

Candidates / ( 50 MeV/c?)
~ o)

(\®)

o
-

[a—
N

Candidates / ( 50 MeV/c?)

)

[
-

NEW!

LHCb-PAPER-2021-007

LHCDb
3 fb!
0.70 =BDT <1.00

Preliminary

~ —t
~
~
~
~
~
~
~

-----------

|

LHCb
6 for! = B—u'w
0.70=BDT <1.00 %" —— B'—utu

Preliminary || || = ... apthr

— - Ag—> D ‘LL_V
BO(+)—>.7TO(+)M+M_
Bi=Jlyu*v,
------ Combinatorial

6000
m.,- [MeV/c?] m,.  [MeV/c?]

T. Mombacher Moriond QCD 2021 | Search for rare decays at LHCb 20



The measurement ofBg — /4+/4_?’\SR

100 ¢

» FSR experimentally included In %(BSO — U ") via
PHOTOS

» Experimental correlation to the other signals:

NEW!
LHCb-PAPER-2021-007

[Bobeth et al., PRL 112 (2014) 101801]
%y (%uu I—;lﬂ(v)
| 5|.4 IIIII 55

-9 -9
3, 5 XIQ | | ' | ' Y 5 Xlo‘ l . | | ' !
> >
& ’\ LHClb ] S | Preliminary LHClb _
% 9 tb~ % 9 tb™
<t <t
N Preliminary N
| | . |
= =
N 5 N 5
l !
- QS =«
! 3
m contours| hold 68%|, 95%, 990/|o CL | | | v 10_9 m contours |hold 68%, |95%, 99% CIL | | | % 10_9
_100 01 02 03 04 05 0.6 0.7 _100 1 2 3 4 5 6

T. Mombacher

B(B"— utu)

B(B)— utu)
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Mass calibration on data control modes

NEW!
LHCb-PAPER-2021-007

» Use BY - K™z~ and B — K*K™ to determine mass peak position

» Mass resolution &~ 22 MeV/c? from power law Iinterpolation between

o (N
- )

Candidates / ( 5 MeV/c?)
7

ek
-)
1 |

S5p

E--
9100

dimuon resonances

x107

:—Prelillniln'al:y'

:"I_L‘. |-,

T T T T I T T T T f
LHCb E
¢ Data 6 fb™ ]

Combinatorial —
-.-.- Part. reco. -

5200

T. Mombacher

T ST TS R
5300 5400 5500 5600

my. [MeV/c?]

x10°

a =T ! — L ! =
S S LHCb -
o 30F ¢ Data6 b —
> : Combinatorial
: 25 :_ ..... Y(]S) - uu _:
Z : Y(25) = w'um :
2 2 ¢l Y(3S) = '
E : [ ] [ ] —:
< IOF Preliminary -
o u Z
S 10F E
Sk :

5 =

0 s

AT TRUN FRUURC FRUNE TURUNT TEVRT SRS R S
9500 10000

RECTIN IR S S R 1
10500
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Resolution [MeV/c?]

" LHCb Preliminary
- 6fb~!

. Lo
5000

! | !
10000

m. . _[MeV/c?%
utu
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Global fits before and after latest measurements

1.5 1
1.0
3
To s
O .
O
0.0 A
—0.95 A

T. Mombacher

[P. Stangl, La Thuile 2021]

/

1"aVi0

4

| //
/ - % SM
S K
o—

Bs — pp & corr. obs. lo

—— Rk & Rk~ 1o, 20

b— suu lo, 20

—1.5

~1.0 —0.5 0.0
bspp
Cy

0.5

)
—

Cbsuu

—

Including new
Ry and BSO — Uty
[LHCb-PAPER-2021-007],

larXiv: 210311769

By — pp lo / /
—— Rg & Rg+ 1o, 20 Havio
b— sup lo, 20
1.5 1 rare B decays lo, 20
1.0 - oy e
0.5 - Y
, <L SM
—0.5
—1-0 | 1 I I I
—2.0 —1.5 —1.0 —0.5 0.0 0.5
bspp
09

[Altmannshofer/Stangl, arXiv:2103.13370]
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NEW!
LHCb-PAPER-2021-007

A can reveal new (pseudo-)scalar contributions even if BB — utp~) is SM-like

Fffective lifetime

ol 1P| =1,|S]=0,0p=0  g=m/2 ‘ ?
| SMTN / B
'y —TL sm 08 | : os : | o
AHH = = 4] : S =m/q ’ =
AT 0.6 | : S| =P| | >
Fy+1 ] : / ‘ ®
I3~ 0.4 :l ’ll ;0& _ . ll in
* ' ' N | O
2 3 0.2 | ' Scaldr NP (C 5°
r = By 1+ Q’AAFyS + s T o0 f p =','7r/4 : ( S ) S
B 1 2 o ; ; -
1 yS 1 + AAFyS \L‘/ —0.2} ', Nonl_scalar %
<] I / / / ~
J-os L [NBich, o) S
—0.6 :, ” NO
y, = t50Al'/2 = 0.062 = 0.006 ,' ,’ g
s —0.8 ; ; mm |S|, ps free; [P|=1; pp =0 2
1ol pp = /2 == ¢p free; |[S|=0;|P| =1£10%| g
| |P|=1,]8]=0 Excluded at 95% C.L. =

06 08 1.0 12 14 16 18 20 22 24
R = Bchp(Bs — /'L+“_)/BRSM(BS — ,U*+ﬂ'_)
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Effectwe l|fet|me measu rement ofBO — K+

—_—
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Candidates / (16 MeV/c?)
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T. Mombacher

Decay time [ps]

&> 2200

RS 2000 LHCb

% 1800 Prellmmary 5]

= 1600 0.55 < BDT =< 1.00

\O 400 e Data

NG 2‘200 —— Total

~ 1000 S
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§ 288 ------ Combinatorial

'-é 200 L

S 501()0 5200 5300 5400 5500
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2 2000 [H CP E

= 0 fb™ 5
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O - . . . . I e S P | 1 ] -

0 S 10 15

NEW!
LHCb-PAPER-2021-007
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Decay time [ps]

7 €St = (1,512 £ 0.016) ps

T,gﬁCb = (1.524 £ 0.011) ps

[PLB 736 (2014) 446]
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Candidates / (16 MeV/c?)

Candidates / (1 ps)
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