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LHCb upgrade additional ATLAS and
CMS HL upgrades

The beauty production cross section is expected to double passing
from 7 TeV to 14 TeV pp collisions.

Various level of projections, some very well documented and some
are to be taken with more caution.

AL-LHC Kare decays of haorons
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) Why Flavour 7

N/

Directly: by producing 'real’' new particles and observing
their decays.
Reach limited by available Energy.

7))

Indirectly: The effect of 'virtual' new particles
In loop processes alter decays properties:
branching fractions, angular distributions, asymmetries.

Tiny effects, precision is important, but sensitive to higher scale.

Marc-Olivier Bettler

Flavour studies
required
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AL-LHC Kare decays of haorons

Rare Decays

After the run | of the LHC, the motivation to study rare decays is
stronger than ever.

Processes suppressed in the SM are excellent experimental probes
for BSM effects.

In some cases the SV predictions are precise enough to allow
significant BSM discoveries.

Cases that are forbidden in the SM provide even stronger null-
hypothesis tests.

The use of OPE (separate short-distance and long distance effects,
operator associated to Wilson coefficient) means that meta-analyses
including multiple decays, observables, experiments are possible (and
recommended). Most relevant way to exploit experimental results and
to provide them for interpretation.

Increase in luminosity will benefit to rare and precisely predicted
processes.

slide 4



Suppressed FCNC modes,
good SM predictions
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Search for short-lived new states

Search for Majorana neutrinos
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AL-LHC Kare decays of haorons
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D)

Typical example of FCNC decay very suppressed in the SM

clean theoretical prediction.
Bsm(BY— p ™) = (3.65 + 0.23)
)

Marc-Olivier Bettler

[PRL 112 (2014) 101801]

Good NP-discovery potential:
=> searched for for 30 years

by 11 experiments including
ATLAS, CMS and LHCb.

Limit (90% CL) or BF measurement

From the PDG, with the addition of latest
results by CMS and LHCb

AL-LHC Kare decays of haorons
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http://dx.doi.org/10.1103/PhysRevLett.112.101801
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B(B” — u+ u) [1077]

CMS+LHCb, arXiv:1411.4413
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Both branching
fractions compatible
with the SM

at 1.20 for the
BS mode

at 2.30 for the
B° mode
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http://www.nature.com/nature/

&) B(B°— ptu™)/B(B)— ptp)
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Straub, arXiv 1012.3893
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AL-LHC Kare decays of haorons

B(,y — ntu~ CMS phase II vparade

BOS —u'u- was studied as a benchmark channel for assessing
CMS B physics reach after the phase Il upgrade.

The main effects from the upgrade on this analysis originate from :
- Tracker: reduced material budget and increased resolution
- L1 Trigger: benefiting from the track trigger machinery.

Thus the analysis has been updated via

- the implementation of a dedicated L1 track trigger dedicated to
these decays.

- the effect on the analysis of the expected overall performance
Improvements.
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This study shows that the expected performances of the upgraded
CMS L1 trigger are more than sufficient to implement trigger

algorithm for BOS—>U+|J' having the same acceptance of the L1

trigger used in LHC Run 1
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AL-LHC Kare decays of haorons
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The light and heavy mass eigenstates of the BOS do not follow the same
dynamics in BOS—>p+p' giving rise to a new observable sensitive to NP
and independent from the BF: the effective lifetime.

PRL 109, 041801 (2012)

Marc-0livier Bettler

(D(Bs(t) = f)) =T(BJ(t) = f) + T(B{(t) = f) 10

~ et TE. [f:DSh{y,qt/TB“) inh(y_.;t/’rgﬁ }]
0.5F

LHCDb could reach a 5% _
uncertainty on the effective < 0.0

lifetime with 46fb™. /
H" (LHS)
—0.5¢ / // mm A% (LHS) :
Another independent - Z’U(LPﬁJ
observable identified, but it /// Z gz(m}%gw

requires tagging. Promising with 1.0 05 : T >0
(

5
high luminosity. R = BR(B, —>p: 1) /BRam(Bs — 't p)

_JHEP 1307 (2013) 77

AL-LHC Kare decays of haorons
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Four-particle final state allows for wealth of observables in angular distributions
along three angles (6, 8k, ®) and the dimuon invariant mass squared g>.

Marc-Olivier Bettler

Differential BF and angular distribution, sensitive to NP:

a*riB® - K*Ou+u—] 9
d cos 8, d cos @y d¢ dg? 32w

[ J§ sin? B + JS cos® By + J5 sin O cos 20, + JS cos® B cos 26, +
J3 sin? Ok sin? Bp cos2¢p + Jy sin 26, sin 20 cos ¢ +
J5 sin 20 sin 6y cos ¢ + Jg cos? Oy cos By + J7sin 20y sin 8, sin ¢+

Jg sin 20 sin 28, sin ¢ + Jg sin? Oy sin? By sin 2¢ ]

AL-LHC Kare decays of haorons

Studied by number of experiments, including ATLAS, CMS and LHCb. lide 43
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JHEP 0901 (2009)019 of obsqUHEP 0901 (2009) 019

0.05} : imuon 02

E : GMSSM;; ]
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GMSSMpy

J3 sin? Ok sin? Bp cos2¢p § Jg sin 20y sin 20, cos ¢ +
J5 sin 28 sin 6 cos ¢ J7 sin 28 sin 8 sin ¢+

Jg sin 20 sin 28, sin ¢ + Jg sin? Oy sin? By sin 2¢ ]

AL-LHC Kare decays of haorons

Studied by number of experiments, including ATLAS, CMS and LHCb. e 44
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Theory M Binned

(include other observable in a global fit to the
Wilson coefficients)
0 — 5 — 10 — 15 — PRL 111, 191801 (2013), 1fb™

¢? [GeV¥c¢4] LHCb-CONF-2015-002, 3fb! slide 15
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AL-LHC Kare decays of haorons

Test oﬁ Lepton un(ve.r.saLity

In the SM, couplings to all leptons are universal (apart from tiny Higgs couplings)

Test lepton universality in Bt — K*uTp~ and BT — Ktete™

2 “ 2,4
[0 (ABIBY — Kt u~1/dg?)dq?

Ric — q2=1GeV2/c* 14 0(10—3)
- 2__ 274 -
q‘l_féf;\; /C4 (dB[Bt — KteTe~]/dg?)dq? [JHEP 12 (2007) 040]

In 3 fb™", LHCb measures
Rk = 0.745t%'_%%%(Stat)i%'.%%%(Syst) & - __.._.LH.Cl.J T BaBar ,_7_1.331.1&. : Co
2.60 away from the SM. - LHCD i
PRL 113 (2014) 151601 Lo : =
Other modes suitable for the same 1k -
test, B'—K**I', B @', A »>AI'T S M
0.5F .
“We urge that B—K™'u*e® and i ]
B—K™u*1* and other LFV be ] S Y RS R R
sought with renewed vigor in 0 3 10 L5 , 20 )
LHC Run I.” Belle [PRL 103 (2009) 171801] q- [GeV+/c?]

S.L. Glashow, PRL 114, 091801 (2015) Babar [PRD 86 (2012) 032012] clide 16
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me.ta-anal.y.s(.s

Best fit to 88 measurements P> NP in the Wilson coefficient C o
C”"9 = -1.07, 3.70 away from SM.

Altmannshoffer&Straub [1503.06199]

green BF-data only

[ @ o~ 1 blue ll
OF o ] 9 1
~ 1 Consistent picture

Marc-Olivier Bettler

Re( 16? )

b | ’ | 1 with different inputs
— | | i PRD 88, 074002,
? | -1 1 arXiv:1411.3161,
-2t ; ] ; | EPJC 74 2897,
g | | | ol | | | | JHEP 04 097
-3 -2 -1 0 1 2 -3 -2 -1 0 1 2
Re(CHT) Re(CH")

Unexpectedly large hadronic effects, or charm loops, could be at play, but:
1. The hadronic effect cannot violate LFU, so if the violation of LFU in Rk (or any of the
other observables suggested, e.g., in2) is confirmed, this hypothesis is refuted;

2. There is no a priori reason to expect that a hadronic effect should have the same ¢?
dependence as a shift in Cg induced by NP. Altmannshoffer&Straub [1503.06199]

NP interpretation through a 27 51,4,:1310.1082, arxiv:1311.6729
Need more experimental inputs from all experiments

AL-LHC Kare decays of haorons
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D) Call for anticipated colLaboration

Marc-Olivier Bettler

AL-LHC Kare decays of haorons

The discovery of NP, either directly, or in a single indirect measure-
ment is the dream scenario.

However, in case that the BSM effects are tiny we will need to
combine channels to see it, and certainly to understand it.

The complete exploitation of the LHC data requires combination of
measurement of sensitive decays from all the players.

Flavour physics is a platform that is particularly suitable for (model-
independent) combinations, through the OPE and the determination of
Wilson coefficients.

We have to discuss in advance so that we produce independently
results that can be combined in an optimal way later on.

Consider binning, hidden assumptions, correlated inputs, MC generator
and Form Factors, B hadronisation probability, f d/fs'
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AL-LHC Kare decays of haorons

Lepton Flavour Violation

Since neutrinos are observed to oscillate, FCNC transitions exist in the lepton
sector as well.

Vs Tlmam) - CM PMNS

Vo ~(mg /my)
° b d S b v,l v2 v3

u | : Vo -I
| | e m
t v. B

I Area ~\V/?

Why these values? Are the two related? Are they related to masses?

The seesaw mechanism could explain the very different flavour structure
between the quarks and the leptons.

slide 20



Esteves et al., 2011

AL-LHC Kare decays of haorons

In general, any BSM with new states
at ~TeV scale generates large CLFV.

has put limits at 5.7 10"
on

Even within this bound, T —pupp can
be enhanced up to 107°-10~.

Very close to the reach of LHCb and
Belle2 by 2020.

90% -CL bound

Dirac or Ma)orana?

If neutrinos are Dirac particles,
Charged Lepton Flavour Violation
(CLFV) is expected to be tiny (out of
experimental reach)

If neutrinos are Majorana particles,
the and the seesaw mechanism at
work, CLFV can be large enough to

be observed.
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AL-LHC Kare decays of haorons

Rare Kaon decays?

Minimal Flavour Violating NP is motivated if the scale of NP ~TeV
But is NP > few TeV, non-MFV becomes very interesting.

Short-distance FCNCs with the strongest CKM suppression:

{ G. Isidori
1
A =4y | cgm . T o —
T My A
- Vtsvtd ~ 10

for (short-distance) s — d transitions

Limited number of possible final states which allow clean studies of light
weakly-coupled new particles.

Kaon decays are the most sensitive probes for possible to non-MFV
couplings.

Enormous effective flux of K°_ and hyperons, at LHCb more than 10"
K® Jyear.
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D)

K°L — "y is a corner stone of the SM.
K®, —p*uis still unobserved and its SM
prediction B(K®, —p"y) = (5.1£1.5) 107"

NP-enhanced.

Marc-Olivier Bettler

Different physics is a play, its BF can be
B(K’, —p"W) < 910°at 90% CL, LHCb, 1fb NP . z

Kg— iy

Ax|103‘”“|”‘|”|
b | y | LHCb
> VP KJ— ntr ., B
= 4fpp mass hyp. E
JHEP 0401 (2004) 009 & o i -
:'g 20:_“‘ ’ * .KSO_> 7T+7T__:
N . |
@) 10:_ “ : o. _:

460 480 500 520 540

[JHEP 01 (2013) 090] Invariant mass [MeV/ ¢?]

PLB 44 (1973)217
previous limit

: 10“'E

)

-
=]
-

109 LHCD result
|

BR(KS—J» [T

10°

107

SM 10-11

- JHEP 0401 (2004) 009

AL-LHC Kare decays of haorons

10"

mass resolution is crucial

The trigger is difficult, was already
improved by a factor 3.

Great improvement (another factor

greater than 10) expected from a
fully software trigger after LS2.
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http://link.springer.com/article/10.1007/JHEP01(2013)090

) Kg% L4 L

x 10’

K°L — "y is a corner stone of the SM. % 502_ KO- W+7T_.°. LHCb _
g K’ —p"y is still unobserved and its SM > 4ofput mass hyp. E
2 prediction B(K’, —»u"W) = (5.1+1.5) 107 = s : E
S JHEP 0401 (2004) 009 2 | :* * 0 4 7
2 . : 2 20[ " Kg— TS
S Different physics is a play, its BF can be R . ]
g NP-enhanced. SR LI g
> B(K®, —p'p) <9 10”at 90% CL, LHCb, 1fb” Y S ST S,

460 480 500 520 540
Invariant mass [MeV/ ¢2]

PLB 44 (1973) 217

— 10¢~ previous limit

= —_—

T 107 Sensitivity range for B(K’, —p"y),
b .

B 10— lower bound is optimistic.

8 fb” run ll, [4-10™°, 2:107]

10° I

23 fb', [4-107"%, 2:107°] with software
trigger. Possibility to probe SM level.

10"

]HEP 0401 (2004) 009 100 fb 1, [1 0 12, 10 10]

SM 10

102

AL-LHC Kare decays of haorons
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AL-LHC Kare decays of haorons

x 10°

K°L — "y is a corner stone of the SM. ;E 50f— KO- W+7T_.°'. LHCb _
K’ —p"y is still unobserved and its SM > sof-p mass hyp. ;
prediction lS’(KOS —u*u) =(5.1£1.5) 10" S oF & E
JHEP 0401 (2004) 009 & "} - "0 L

. o . = 2f " Kg— i
Different physics is a play, its BF can be RS ]
NP-enhanced. O wo0p LI E
B(K"S —u'W) <910°at 90% CL, LHCDb, 1fb™ Y TR . S

460 480 500

520

540

Invariant mass [MeV/ ¢2]

Sensitivity to other modes under study:

K, —»mpip: B(K® —m°p’y) is sensitive to NP but limited by the

experimental uncertainty on B(K®, —1°u"y).

K®, —»m 'y, K°, —p'pp, electron modes

D'Ambrosio, Eur. Phys. J. C (2013) 73:2678

Dedicated triggers are being designed.
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N/

Prospects with rare charm decays

Decays are very suppressed in the SM (10°-107°), potential NP

AL-LHC Kare decays of haorons

§  enhancement by an order of magnitude.

-

~)

p Modes Run | Runil | 28fb"

_;3 Do— uu- few 10° | fewer 10° | few 10°

l_é D* - wruuw few 10¢ | fewer 10® | few 107
D* - Kuw few 107 fewer 107 | few 10
D%— h*h'Ouu- few 107 fewer 107 | few 10
A = pup few 107 | fewer 107 | few 10
D°- pe few 10° | fewer 10® | few 107
oA_(D°= o) 10% 5% ?

Based on current result,
scaling for luminosity and
Cross section.

Current studies.

With more statistics, more
NP-sensitive observables:
asymmetries

These modes will benefit from a full-software trigger after LS2, with a jump
>3 in efficiency (not included in prospects above)

Interest for a theoretical framework to combine rare charm measurements.
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) Conclusions

Marc-Olivier Bettler

AL-LHC Kare decays of haorons

Rare decays have provided very important constraints on NP with
LHC run I

A few hints to be followed with more statistics and checked with
independent measurements and other experiments.

Important to preserve our capabilities at higher instantaneous
luminosity, actually prospects to improve the performance (trigger).

Expand the physics program with measurements that are less
obvious.

The indirect approach in the search of New Physics is

complementary to the direct one and mandatory to understand the
nature of New Physics.
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Flavour Physics
searching for new particles through their virtual effects

-
J
—
-
~)
J
<
[ 59
g Mixing
2
-2
<
U
[
3
=

* Precision measurements of
B‘s’ tt |t Eg CP violation and rare decayS

* |f the SM contribution is not
negligible, uncertainties on
the SM coupling can hide NP
effects

— Need to focus on theoretically
Rare decays clean processes

Egé"’{i * Who will win the reality vs
virtuality race?

AL-LHC Kare decays of haorons
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LHCb UpC rao\e

The Upgrade in a nutshell 2w )
\ —

Indirect search strategies for New Physics, e.g. precise measurements
& the study of suppressed processes in the flavour sector become ever-more

attractive following the experience of LHC 1 run that direct signals are elusive

Our knowledge of flavour physics has advanced spectacularly thanks to LHCD.
Maintaining this rate of progress beyond run Il requires significant changes.

Marc-Olivier Bettler

The LHCb Upgrade

* Allows effective operation at higher luminosity

1) Full software trigger Improved efficiency in hadronic modes

2) Raise operational luminosity to 2 x 103 cm~ s

Necessitates redesign of several sub-detectors & overhaul of readout

Huge increase in precision, in many cases to the theoretical limit, and
’ the ability to perform studies beyond the reach of the current detector.

AL-LHC Kare decays of haorons

Flexible trigger and unique acceptance also opens up opportunities in other

topics apart from flavour (‘a general purpose detector in the forward region’) e 30



Marc-Olivier Bettler

AL-LHC Kare decays of haorons

How to increase LHCb statistics k&

Up to LS2 2012 running conditions

* running at levelled luminosity of
4-10%2 cm s

Luminasity [x10 3D]

* software trigger running at 1 LHCb upgrade | | |

I Lumlnosn:y potentlal exhausted
E o Beams head-on & T

—_
o
[~}

MHz after hardware trigger
* record 10-12.5 kHz

Beam2 ——

LHCb upgrade

e — LI- C F|II 2651

e e

1 1 1 1 1 1

* running at1-2:1033cm2s1 o 5 10
replace R/O, RICH photodetectors and tracking detectors
full software trigger, running at 40 MHz

record 20 -100 kHz

15 2
Fill duration [h]

Large improvements in physics yields due to lower p; and E; cuts
«  x10in muonic B decays
* x20in charm and hadronic B decays 31
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) RD at LHC

+  Angular analysis of the 89 — K*"e*e~ decay in the low-g? region [LHCh, |11.s appear in JHEP, r1rN.l1.‘:1.'..IPI.1|.'!l].'51'¢]|

+  Study of the rare B and B" decays into the =" 7~ p*p~ final state [LHCh, [Phys. Lett. B743 (2015) 46, arXiv:1412.6 I,'i.'!]|
+  Ohservation of the rare B — u*n~ decay from the combined analysis of CMS and LHCh data [CMS and LH f.‘h.|a-ct:|]r|.u:|1 ted to Nature, "Lr}l'i\':l-lll.l.l.lfl-||
+  Search for the lepton favour violating decay ©— — g~ p*p~ |[LHCH, |.]][ECP ()2 (20015} 121, r1rN.J\':l-JIHJ.H:':-JHJ|
+  First observations of the rare decays B = Ko s ptp and 87 = gty [LII(.‘h:|.TII]£I" L0 (20047 064, arXiv:1408.1 I-'5T||
-+ Measurement of C'F asymmetries in the decays BY = K% n and BY — Ktptu~ [LII('"'h.|.]] IEP 09 [2014) 177, etr}ln':l-ll.]H-.IHJTi'i-”
-+ Test of lepton universality nsing 85 — K707 F decavs [LII('"'h.|1"h_1.'E. Rev. Lett. 113 {2014) 151601, elr};i\':l-ll]['r.[i-I.H2||
¢ + Anpular analysis of charged and newtral B — Kp*po decays |L]ICh:|.IIIIEP (15 (2014) 052, arXiv:1 HI.'E.Hl]I:'J]|
+  Differential hranching fractions and iscspin asymmetries of B — K p* u decays |]_-Hl','h:|.IIIIEP 06 {2014) 133, arXiv:LAKE.=0 I-I.]l
+«  (beervation of photon polarization in the b — #v transition [LII(.‘I:-:|E’]J_\':-:. Rev. Lett. 112 (2014 161801, arXiv:1 Iil2.!iri-:'|2]|
i+ SHearch for Majorana neutrinos in B — ¥ p~p~ decays [LII(.‘h.|P]:_1.':-». Rew. Lett. 112 (214} 131502, HJ'X'L‘.':]-I.[JL..'..:HH]|
+  Measurement of form-factor-independent ohservables in the decay B — K%u* - [LHCL,| Phys. Rev. Lett. 111 {2013} 191801, arX¥iv: I.'!l]H.]'F[JT||
*  Measurement of the OF asymmetry in BY — K p™p~ decays [LHCh, |P]]_1.'5-. Rev. Lett. 111 (2013 151801, n]'Xi'.':],'S[Ji'i..l:‘rI.[J]|
+  (bservation of a resonance in Bt — Kt ptp~ decays at low recoil []_-II("h.I Phys, Rev. Lett. 111 {2013} 112003, etrKJr:l.’!l]T.T:’:‘.].’r||

+  Measurement of the B — utp~ branching fraction and search for B" = u* g~ decays at the LHCh experiment |]_-]Il'lh:|1"ll_'.'h'. Rev. Lett. 111 {20013) 101805, arXi: 1307 502 I]l
+ Search for the lepton-flavour-violating decays BY — T p and BY - eFuT (LI, |1"ll_'l.'!-:. Rev. Lett. 111 {2013} 141801, arXiv:1307. IHH!?”

+  Measurement of the differential branching fraction of the decay A — Aptu— [LIICh:|[-"]:_1.'a~'. Lett. BT25 (2013) 25, r1r.\[l1.'_'1:I.|Hi.2.'..T'F]|

+ Differential hranching fraction and angular analysis of the decay BY — gptp— [LII("E:.|.]III':E-" 07 (2013 084, arXiv:1305.2 I!ii'i.||

+  Measurement of the B" = K™%~ branching fraction at low dilepton mass [LHCH, |.TE]]£I" 05 (2013 159, arXiv: ]Ji[]-].!llﬂi.’:”

+ Searches for violation of lepton Havour and baryon number in tau lepton decavs at LHChH [LIIIZ'.‘h:|F’]J_1.':-C. Lett. B724 {2013) 36, r11'}{i1.'_'1!|.IILI..-1.'|.]H]|

+ Differential branching fraction and angular analysis of the decay BY — K*%u*p- LI Il—!h:l.IIIEP (15 (2013) 131, arXiv: 13 G632 'J]|

+  Search for rare B, — ptp~ pt e decays []_-IICh.| Phys. Rev. Lett. 110 {2013} 211801, au’]‘ln-:l.’!l]!‘..]1I'§]2||

(4}

+  First evidence for the decay B — ptu— [LII(.‘I}JP]:}':»‘. Rev. Lett, 110 (2003) 021801, }11‘Kl\':l!ll.2£i?-l.]|

+  First ohservation of the decay 8% — s tp ™ |LE Ilf,'h:| JHEF 12 (2012) 125, }11'}{11.'.'12IIZJ.2[§I;':]|

-« Measurement of the OF asymmetry in B9 — K%t p~ decays [LHCh, |Ph_1.':-. Rew, Lett. 110 (2003) 0831501, arXiv:1210.4 I‘.J2||

+ Differential branching fraction and angular analysis of the BY — K p"p~ decay |]_-|ICh.|.]IIE'IP (2 (2013} 105, r1r.\[l'.'.'12IhJ.-I.2H-I.]|

*  Search for the rare decay K% — p* = [LHCh, |.IE]IEl" 01 (2013 090, m'K'Lr:l!H‘.]_-JIPE‘.]]|

+  Measurement of the ratio of branching fractions 88" — H'n*:rjl-"ﬂ{ﬂl' —+ ¢y) and the direct P asymmetry in 5" — K™ |L]Il‘:,'h:|.‘~.'1u'l. Phys. B86GT (2013} 1-18, :-1r}{l1.'.'12IHJ.[J!I-].'5]|
¢ Measurement of the isospin asymmetry in B — K% p decays [LHI‘.','I:-:|.IIIIEI'l 7 (2012) 153, :-u'}{'u.':l!il.":_.'S-J!E]|

+  Strong constraints on the rare decavs BY — ptp and B" — php []_-II("h.|1"h_1.'!-:. Rev. Lett. 108 (2012} 231801, arXiv:1203. I-I.‘.]fl-||
+  Measurement of the ratio of branching fractions 88" — H'n*:rjl-"ﬂ{ﬂf — ] [LIIIZ'.‘h:|E’]J_1.':-». Rewv. D85 (2012) 112013, elr.\'.n':lEl]!.HE[iT]|
+ Searches for Majorana neutrinos in - decavs [LII(‘h.|Ph_rE. Rew., DE5 (200127 11204, :-11'}{11.'_'12|bl_.":[ilﬂl]|

Differential branching fraction and angular analysis of the decay B" — K" utp- |]_-]Il'1h:|l"ll_\'>i. Rev. Lett. 108 {2012) 1518406, ﬂr.\[n':ll]!.ii:':l:'u]|
+ Search for the rare decays BY — gt~ and B — gt p- |]_-]ICh:||"lL_\'H. Lett. BTOS (2012} 55, eLr}li\':lll!.]ﬁ[Jl]||
+ Search for lepton number violating decays B — 7~ ptpt and BY — K- ptu™ [LIIIZ'.‘h.lP]Jj.'h. Rew. Lett. 108 (3012} 101601, arXiv:] Ill].l]T,'S[J]|

e
-
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Marc-Olivier Bettler

HL-LHC Kare decays of hadrons

Rare charm decays

Rare Charm: several kinds of physics and many decays modes, ranging
from forbidden to not so rare.

D’ > ute
D" > pe”
D;'s) S htpte

LFV,- BNV

0 107

Dokl

D’ > X'ute
D' xXI'rt

Studied at LHCb...

Dl]

D(’;) >t
D, — K'I'I
- K rntitrr
D’ 5 K

FCNC

10-13 10-12 10-“

10" 19°
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VMD

Rad.ive

w4 100 1v 0

D“—)ee
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Study of the CMS Phase-2 upgrade

performance for the B—pp measurement

CMS Collaboration

CMS BPH Upgrade Slides CMS Collaboration



B physics studies

e One benchmark channel was studied for assessing the B-physics performance of
the CMS Phase-2 upgraded detector: search for B>—pp decays and measurement
of the B’ ,—pp branching fraction

e Physics importance of the channel: the observation of the B°—pp decay and the
precise determination of its branching fraction can pose stringent limits to new physics
models

e Other measurements are possible with the statistics collected at HL-LHC: cross section
ratios, polarization, etc. Only some of them were considered in this study.

e For this study, we looked at two aspects of the analysis

1) Implementation and performance of a L1 track trigger for the B—pp signal

2) Effect of CMS upgrades to the final analysis performance

e The two CMS upgrades that affect more the analysis outcome are:

e L1Trigger: especially through the new track trigger machinery

e Tracker: through the reduced material budget and increased resolution

CMS BPH ECFA Slides CMS Collaboration 2



L1 trigger for B°y—pp

e We simulated a low-p; di-muon L1 trigger algorithm exploiting the triggering
capabilities of the upgraded CMS tracker

* 2 opposite-charge L1“Tk muons”, reconstructed from a matching of the L1 tracks and
L1 standalone muons

* pr(p) >3 GeV

— :l T T T T T T T T |:

= 10 CMS Simulation Preliminary -

Q E E

* In(pl<2 G F ; :

g mTZEScaIed toL = 3000 fb E

*  pr(pp) >4 GeV S 4L L1TrkMu (Phasell) Trigger ]

| ( )| 5 @ §|pT((u))|>SGeV -~ Background

° B2 C 3

NHK)| < c oL M 12 Vv — Totalsignal 5

2 T Ehace

° Adz(HP) <1lcm 10* = A d,(up)| < 1 cm E

- 3.9<m(up) < 6.9 GeV =
e 3.9 <m(pp) < 6.9 GeV 10°
e Mass resolution at L1 is measured to be ~ 70 MeV 10%
using Gaussian fits to the signal peaks 10

e Trigger rate in the HL-LHC conditions (average of
140 PU events) is estimated to be a few hundred Hz

e It constitutes only a tiny fraction of the total L1 bandwidth

e This study shows that the expected performances of the upgraded CMS L1 trigger
are more than sufficient to implement trigger algorithm for B—pp having the
same acceptance of the L1 trigger used in LHC Run 1

CMS BPH ECFA Slides CMS Collaboration 3



Setup of toy experiments to estimate CMS
performance

We run toy experiments to estimate the analysis performance in two scenarios:

* The Phase-1 scenario, corresponding to the expected performance of the CMS detector after the Phase-
1 upgrades and to 300 fb-1 of integrated luminosity

* The Phase-2 upgrade scenario, corresponding to the expected performance of the CMS detector after
the full Phase-2 upgrades and to 3000 fb-' of integrated luminosity

In both cases we are using the public results of the Run-1 B;—pp analysis as a starting point,
incorporating also the improvements present in the CMS-LHCb combination (under preparation).
These improvements are:

» Changes in the way the signal efficiency depends on proper life time (increases B, signal yield)
e Change in the shape of the semi-leptonic background due to the use of an improved theoretical model

The toy experiments use the invariant mass resolution coming from the full Geant4
simulation of the CMS detector as input:

* In the case of the Phase-1 scenario, this is roughly equal to the resolution measured with the current
CMS detector, i.e. ~ 42 MeV when both muons are in the barrel (|n| < 1.4)

* In the case of the Phase-2 scenario, this is ~ 28 MeV when both muons are in the barrel (|n| < 1.4), with
an improvement of a factor 1.5 with respect to the Phase-1 scenario

Other inputs to the toy experiments come from extrapolations from the Run-1 analysis (detailed
in the next slides)

Input signal branching fractions from Standard Model predictions are assumed everywhere

CMS BPH ECFA Slides CMS Collaboration 4



Other inputs to the toy experiments: 300 tb™

e These are the details of the extrapolations made in order to find the inputs to the toy
experiments for the Phase-1 300 fb-' scenario:

Barrel only (muon |n| < 1.4)

Muon efficiency & fate rate: the same as 8 TeV analysis
Uncertainty on B* normalization channel: 5%
Uncertainty of the peaking backgrounds: 20%
Uncertainty of the semileptonic backgrounds: 25%
Uncertainty of the fy/f, ratio: 5%

Trigger & PU performance: same as 8 TeV analysis

e As written in slide 4, in addition to these extrapolations, the invariant mass

resolution coming from the full Geant4 simulation of the Phase-1 CMS detector is
used (= 42 MeV)

CMS BPH ECFA Slides CMS Collaboration 5



Other inputs to the toy experiments: 3000 tb™

e These are the details of the extrapolations made in order to find the inputs to the toy
experiments for the Phase-2 3000 fb-1 scenario:

e Barrel only (muon |n| < 1.4)

* Muon efficiency & fate rate: the same as 8 TeV analysis
e Uncertainty on B* normalization channel: 3%

e Uncertainty of the peaking backgrounds: 10%

e Uncertainty of the semileptonic backgrounds: 20%

e Uncertainty of the fy/f, ratio: 5%

* Trigger & PU performance:

— 35% reduction of efficiency on signal and normalization channel

— 30% reduction of efficiency on backgrounds

e As written in slide 4, in addition to these extrapolations, the invariant mass
resolution coming from the full Geant4 simulation of the Phase-2 CMS detector is
used (» 28 MeV)

CMS BPH ECFA Slides CMS Collaboration 6



Results of toy experiments

e The two plots below show the results of the toy experiments on the two scenarios

e The toy experiments also give the following estimates (left 300 fb-1; right 3000 fb-1):

* dB(B;—pp): 13% * dB(B;—pp): 11%

* dB(B°—up): 48% * dB(B’—pup): 18%

*  d[B(Bi—pp)/B(B;—pu)]: 50% *  d[B(Bi—pu)/B(B—pp)]: 21%
 B’—upyusignificance: 2.2 ¢  B’—pyusignificance: 6.8 ¢
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ATLAS B-Physics Programme for Run-2

* The B-physics programme in Run-2 and beyond will follow the current Run-1 approach:

Precision measurements and rare processes that most benefit from high integrated luminosity
and/or are inaccessible at B-factories. Focus on those with potential in beyond-SM effects

* By - Jyo, Ay = JIYA, ..., B - uy, b = sup
Heavy flavour production at 14TeV

* B-hadron and D-meson production x-section, prompt/non-prompt quarkonia production,
quarkonia spin alignment measurement

Heavy flavour production in association with other physics objects

* Vector boson + J/y, double J/y production etc.
Searches for new/exotic states and new decay modes

« B, decays, B,(2S), heavy baryons, X,, exotic quarkonia states etc.

 The Run-1 of LHC experiments showed: in B-physics a sensitivity to potential effects
beyond SM is only possible if the measurements are accomplished at unprecedentedly
high precision => need the future LHC Runs

 To make that possible and keep similar or better performance, we need:

08.10.2014

trigger strategies (keep relying on muonic final states) and
detector upgrades (namely tracking)
able to face the harsher environment of the future Runs

ECFA 2014, ATLAS B-physics: atlas-phys-beauty-conveners@cern.ch



The LHC Roadmap

LHC and its experiments are doing very well, providing data at the energy frontier

collimation, HL-LHC ! ’
cryogenics, ... installations o’
~3000 fb!
until 2035

HL-LHC
>

LHC splice

consolidation

~100 fb-

LS1

13-14 TeV

~30 fb’

LHC schedule as approved in Dec. 2013

2013 2014 2015 2016 2017 2018 :019 2020 2021 2022 2023 024 2025 -m
Run 1 Run 2 Run 4
L ~ 1x10* cm™s™ L ~ (2-3)x10* cm™s™ L ~ 5x10* cm™s™
Phase 0 Phase 1 Phase 2
Detector Detector Detector
upgrades upgrades upgrades

« s =14 TeV, high luminosity & pile-up =>
- increased detector occupancy; saturation of the bandwidth
- challenging for triggers to maintain sensitivity to physics
- increased radiation damage and activation of the materials

08.10.2014 ECFA 2014, ATLAS B-physics: atlas-phys-beauty-conveners@cern.ch



'@ B-Physics Programme

« The B-physics programme in Run 2 and beyond will follow the current
Run 1 approach:

- Precision measurements and rare processes that most benefit from
high integrated luminosity and/or are inaccessible at B-factories. Focus
on those with potential in beyond-SM effects

* B, = Jiyo, Ay = JIYA, ..., B — up, b — spu
- Heavy flavour production at 14TeV

* B-hadron and D-meson production x-section, prompt/non-prompt
guarkonia production, quarkonia spin alignment

- Heavy flavour production in association with other physics objects

* Vector boson + J/y, double J/y production etc.
- Searches for new/exotic states and new decay modes

* %,, B, decays, B.(2S), heavy baryons, exotic quarkonia etc.

* Trigger still ties us to muonic final states

08.10.2014 ECFA 2014, ATLAS B-physics: atlas-phys-beauty-conveners @cern.ch



K B-Physics Programme cont.

 The Run 1 of LHC experiments showed: in B-physics a sensitivity to
potential effects beyond SM is only possible if the measurements are
accomplished at unprecedentedly high precision => need the future LHC
Runs

* To make that possible and keep similar or better performance, we need:
- trigger strategies and
- detector upgrades (namely tracking)

able to face the harsher environment of the future Runs

« 2" part of the talk => study of the impact of the detector & trigger changes
on B, - J/w$ measurement precision

08.10.2014 ECFA 2014, ATLAS B-physics: atlas-phys-beauty-conveners@cern.ch 10



| .
N Conclusions

« ATLAS will continue its B-physics program in the Run 2,3 and the
HL-LHC era, focusing on precision measurements, rare decays and
heavy flavour production and spectroscopy

« Detector upgrades (namely in tracking and muon system) and new
trigger strategies and tools will help to cope with the high-luminosity
environment and achieve precision needed to examine possible
beyond-SM effects in the heavy-flavour production and decays

 Pilot study of B, —» J/y¢ CPV analysis:

- shown improvements in the precision coming from the tracking detectors
upgrade (already those for Run 2)

- demonstrated strong dependence of the precision on the trigger
thresholds/configurations

- indicated weak effect on the analysis by the expected pile-up conditions in
future LHC Runs

08.10.2014 ECFA 2014, ATLAS B-physics: atlas-phys-beauty-conveners@cern.ch

22



