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Indirect search for New Physics

Precision measurement

of heavy hadron decays
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Experimental reach (with significant simplifying assumptions)




Indirect search for NP (cont.)

* Overconstrain the CKM triangle
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Beauty/charm production

* Large production cross-section @ 7 TeV
— Minibias ~60 mb
= Charm "6 mb ]- Flavor factory!
— Beauty  ~0.3 mb cf. 1nb @Y (45)

* Predominantly in forward/backward cones
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Beauty/charm signature

Beauty Charm
M= 5 GeV M= 2 GeV
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« Compared to minimum bias (background)
— Relatively high mass -2 high transverse momentum

— Relatively long lifetime = large impact parameter (IP)

* Requires excellent vertexing, tracking, particle-
identification



[JINST 3 (2008) S08005]
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The LHCb experiment
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Vertex Locator
Tracking (TT, T1-T3)
RICHs

Muon system (m1-Mm5)
ECAL

HCAL

N Y

10m 15m 20m
GPV,x/y ~10 um, opv z ~ 60 um
Ap/p: 0.4% at 5 GeV/c, t0 0.6% at 100 GeV/c
(K — K) ~95%, mis-ID rate (r — K) ~ 5%
e(u—p)~97%, mis-ID rate (x - ) =1—-3%
oe/E ~10%/VE 1% (E in GeV)
og/E ~70%/VE ®10% (E in GeV)



The LHCb trigger 5

SRS - L0, Hardware

~ 4 <5
LO Hardware Trigger : 1 MHz — Pt (:ul) XPr (MZ) >(1.5 GEV)Z

readout, igh Et/Pr sinatures — D1 (,U) > 1.8 GeV
— ET(e) > 2.4 GeV
! Software High Level Trigger — ET (]/) > 3.0 GeV
[ Partial event reconstruction, select ] . ET ( h) > 3.7 GeV

displaced tracks/vertices and dimuons
. Buffer events to disk, perform online . ® H |gh Level T”gge r

' 450 kHz 400 kHz 150 kHz
h*  p/pp e/y

detector calibration and alignment

:(Fulioffline-like event selection) mixturej _ Stage 1’ pT’ I P

of inclusive and exclusive triggers

r I I3 — Stage?2, full selection

12.5 kHz (0.6 GB/s) to storage




LHCb luminosity prospects
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Limit (90% CL) or BF measurement
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B?S) — utu~, recent results

* BY > utu~ observed in single experiment(s)
LHCb (4.6 fb): 7.80, ATLAS (26 fb1): 4.6a, CMS (61 b1): 5.60

 Still compatible with SM, start to be interesting

ATLAS CMS LHCb Summer 2020

Prehmmary :
2011 - 2016 data i
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[ATLAS-CONF-2020-049] B(B(s) — utuo) (10_9)
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[PRL 118 (2017) 191801]

t(BY = ptym) = 2.04 4 0.44 £ 0.05 ps

P
PR 1-y2

B) - utu~ effective lifetime

* BY mixing = effective T

Tp 1+ ZAZ;"_ys +y?

1+ AZ;”_yS
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* First measurement, not

yet sensitive to A,

1.70%3:5% ps

[CMS-PAS-BPH-16-004]
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|P|=1,15]=0,pp=0 @5=m/2
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Scaldr NP (CY)

pp =/m/4

Non’l-scalar
NP/(C{), C%)

; m= |5, psfree; [P|=1; op=0 ||
wp=1/2 = p free; |S| =0;|P| =1+ 10% ||

|P|=1,|8] =0

Excluded at 95% C.L.
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[De Bruy

08 1.0 12 14 16 18 20 22 24
= BRexp(Bs — /~L+/1'_)/BRSM(BS o ﬂ+ﬂ_)

n et al., PRL 109 (2012) 041801]

Weighted Bg — WU candidates / (1 ps)

LHCb .

—— Effective lifetime fit

5 10
Decay time [ps]
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[arXiv:2108.09283/84]

Bisy = Ui

e Using all data, f|rst limit on
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BO N K*O‘u+'u—

* Rates and angular distributions sensitive to NP
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dB/dq? [10°® x ¢*/GeV?]

dB/dq? [10°® x ¢*/GeV?]

Branching fraction of b = su™u~

Pattern of tensions seen,
theoretical uncertainty?
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P: with B® - K*%u* -

Ss

* Also meas

1E T ; | =

n e LHCbdata © ATLAS data ]

E = Belledata © CMS data ’

050! | [ SM from DHMV ]
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OF | ]
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JFL(1-Fp)

ured by Belle

, less form-factor dependent
[S. Descotes-Genon, et al., JHEP 01 (2013) 048]

g? [GeV?/c4]

, ATLAS, CMS

[LHCb, JHEP 02 (2016) 104]
[Belle, PRL 118 (2017) 111801]
[ATLAS, JHEP 10 (2018) 047]
[CMS, PLB 781 (2018) 517]
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B° - K*%u*u~, latest results
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[PRL 126 (2021) 161802]

e All data, K** - Kt
e Local deviation from SM,
30 in le = EAFB/(]* — FL)

15 ————

Ps, with BT = K* u™u~
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Lepton flavour universality

* In SM, three lepton families (e, u, T) have
identical couplings to the gauge bosons

q -« q q < q
b > > C h —>»
W~ £~
V¢

— which means, e.g.,
_ 0(10~*) uncertianty
_ B(B+ — K+/i+,u ) 1 [C. Bobeth et al., JHEP 12 (2007) 040]
o B(B‘l' RN K+€+€_) 0(1%) QED correction
[M. Bordone et al., EJPC 76 (2016) 440]
* Lepton flavor universality violation? New Physics!

Ry

IR
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Experimental test of LFU

* Well established in SM, e.g. W — {v
W Leptonic Branching Ratios

ALEPH Jﬁ 10.7

— Some tension at LEP,

8+ 0.29
DELPHI ; 10.55 + 0.34
addressed by ATLAS/CMS -1 1078+ 0.32
_ OPAL A 10.71 + 0.27
[arXiv:2007.14040, CMS PAS SMP-18-011] LEP W—sev *g 1071 + 0.16
CMS Preliminary 35.9fb ' (13TeV) 5 . -
115 X ALEPH l 10.87 £ 0.26
J DELPHI _al 10.65+ 0.27
NN\ L3 o | 10.03 + 0.31
10 NN OPAL | 10.78 + 0.26
' ARNRN :
NN LEP W—puv o 10.63+ 0.15
o5 NN\ ALEPH | o 11.25+ 0.38
s N DELPHI  —m— 11.46 + 0.43
T NN L3 | - 11.89 + 0.45
=k NN OPAL | 11.14 + 0.31
B I e LEP W—tv | - 11.38 + 0.21
NN \\\\ SNANNNSSS N | x?ndf = 6.3/9
, N\ E
0.9 NN Lo LEP W—lv ® 10.86 = 0.09
N ATLAS : x°/ndf = 15.4 /11
NN CMS (1D) NN S—
0.9 . ; : .
890 0.95 1.og(w_)w1).05 1.10 1.15 10 11 12
BW S ev) Br(W—lv) [%]
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LFU in B system, pre-LHCb
« R(D")), Babar reported deviation of ~3.20

B(B — D(*)TV) [Babar, PRD 88 (2013) 072012]

(*)) —
RID™) = BB S DO

Belle 2007 .

BABAR 2008 | #—+—— H——

Belle 2009 . — B
Belle 2010 —ts N .

BABAR 2012 e ol

02 04 06 08 03 04 05 06

R(D) R(D*)

* No deviation seen in FCNC b — s£* £~ decays
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[PRL 115 (2015) 118003]

R(D®) using munoic t decays

* B(t =» uX)~17.4%
e 3D fits, R(D*)=0.336 £ 0.027 £ 0.030
— Signal yields: 16 500 £+ 1 670
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[PRL 120 (2018) 171802]

R(D) using 3-prong t decays

P
Normalized to BY — D* 3x Y ‘—*.\

B(B’— D* 7ttv,)

* B(B°— D*rtrn~—n™)
R a D = , ) = ‘ha ’
wadl D) = Brga o oty DY) = Bnaal DY) X Zprms s =

e 3D fits, R(D*)=0.286 + 0.019 + 0.025 + 0.021
— Signal yields: 1273 + 85

Candidates /( 0.25

2 2 0.3
te [ps] ¢ [GeV3/c') BDT
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Summary of LFU in b — cfv decays
* Deviations from SM seen by Babar/Belle/LHCb

R(D*)
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Photons / (0.102 m)

Bremsstrahlung corrections

800~ ‘ ‘ ' - - : - Magnet ECAL
Il True brem. photons
Il True brem. photons with p, > 75 MeV ’
700¢ EEE True, reconstructed brem. photons. | Y E,

E2

unofficial plot
1 1 1 I I |

1.0H = B — J/¢(ee)K* —

— B — J/Y(up)K*

| 08 . . ] -
Tail due to missed ECAL

| 06}~ upstream brew resolution]

04

0.2

4 6 ) 10 ) 14 00 = 48 50 52 54 56

Photon origin z-coordinate [m] m(Kmtt) [GeV/c?]
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[PRL 122 (2019) 191801]

R(K), introduction

* Double ratio to control systematics

(NK+u+u— ) NJ/W(e+e—)K+
Rk =

q> [GeV?/c*]

N
W
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% i
(EZO 35104
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15 10°

10 107
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- LHCb

]
)
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Lo 1
746 48 50 52 54 56 58 6.0

1508
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[arXiv:2103.11769]

Signal yields with all data

* 9fb!ofdata, 1.1 < g% < 6.0 GeV*4/c*
—N(BY* > K ete™) =1640+ 70

Candidates /

—» K*u*tu—) =3850+ 70

.
.
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.
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[arXiv:2103.11769]

R(K), latest results

e Devivation from SM, 3.10 by LHCb
* Electron mode more close to SM prediction?

- ; BaBar 2
E 0.1 < ¢? <8.12 GeV?/c* g
Q
X
A . Belle %
10<g*<6.0GeV¥c* =,
o
LHCb 3 fb! 2
1.0< ¢2< 60 GeV¥/c* ©
LHCb 5 fb!
1.1<¢><60GeV¥c4
§
—.—i 5 LHCDb 9 fb
: 1.1 <¢2<6.0GeV¥c*
| 1] I L L L L I L L L L I L
0.5 1 1.5 R
_ K
B(B" -» K'p*u™)

R, =
K™ BB+ - Ktete™)
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R(K™), results with Run-I data
* Deviations from SM seen by LHCb (~ 2.40)

2.0 I I I I
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:;;
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1.5

0.0
0
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[ [

d 10

 JHEP 08 (2017) 055
* PRD 86 (2012) 032012
 PRL 103 (2009) 171801

K*0 =

15 | 20
¢ [GeV?/c

B(B® - K*u*u™)

B(B? - K*%ete™)

q < q
b S
t t
Zly* £

7+
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[arXiv:2110.9501]

Candidates / (65 MeV/c?)

Candidates / (65 MeV/c?)

R(Ky) & R(K**)

Tests of LFU using K2
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[JHEP 05 (2020) 040]

R(pK), results with Run-1+2016
. Cqmpatilblllel WIt’] 1, difficult to predict R(pK)?
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Global fit

* Different experimental inputs, form factors,
assumptions about non-local ME, stat. frameworks

B. Capdevila, M. Fedele, S. Neshatpour, P. Stangl @ LHCb implications 2021 [slides]
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Implications?
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The nijghtmare scenario
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Prospects

* LHCb upgrades (2025: 23 fb1, Upgrade-Ii: 300 fb!)

Observable Ct’;f;t LHCb 2025 Belle-Il Up:::dbe_" QTCLG:
Ry (1 < g? < 6GeV) 0.1 0.025 0.036 0.007
Ri+(1 < g% < 6 GeV) 0.1 0.031 0.032 0.008
Ry, Ry 0.08, 0.06 0.02, 0.02
iggg :Z :Z :; 90% 34% 10% 21%
TR0+ i 14% 8% 2% 4%?
R(D*) 0.026 0.0072  0.005 0.002
R(/Y) 0.24 0.071 0.02




Summary

e Some anomalies seen at LHCb

— Electroweak penguin, differential branching fraction,
Psin B> K*'u"u™, Ry o)

— LFU in semi-leptonic decay, Rp+
to be confirmed or refuted with more data

* Your suggestions are always appreciated!
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lepton flavour universality tests
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