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Flavor Physics at LHC

definition:
study of interactions in b- and c-hadrons produced in pp collisions at LHC

why:

search for new phenomena (New Physics, NP) beyond the Standard Model to explain the
ORIGIN OF FLAVOR, one of the unsolved mysteries connected to the origin of fermion
generations, the striking hierarchies in the fermion spectrum, the absence of CP violation

in strong interactions and the matter antimatter asymmetry (the current level of CP
violation being too small by ~1019)

how:
Heavy Flavor Physics probes large mass scales via virtual quantum “loops” of new
particles appearing as corrections to the dominant diagrams (“tree diagram”)

where:
looking to very rare decays and searching for unexpected CP violation in b- and c-

hadron decays, measuring CKM matrix elements in tree and loops diagrams

Heavy Flavor studies are also important in Pb-Pb collisions (as probes of QGP effects)



LHC : direct vs. indirect searches

The production and detection of new particles at LHC will probe directly the
structure of matter and interactions

The goal is to give an answer to the HIERARCHY PROBLEM of Electroweak Symmetry
Breaking (stability of SM Higgs under radiative corrections) and to find candidates
for the DARK MATTER: the higher the energy available in the collision, the highest the
reach in the scale of new masses (DIRECT SEARCHES — ATLAS & CMS)

Any extension of Standard Model must comply with a non-trivial flavor structure
(FLAVOR PROBLEM): Flavor is now generally viewed as a key ingredient of
any BSM theory, which may help to discover NP and decipher its nature

High precision measurements on “low energy” rare process potentially affected by
virtual quantum corrections from new particles may offer alternative insights

(INDIRECT SEARCHES - LHCDb)

This technique has been used since long time in particle physics with great success



A tiny effect with great consequences

PHYSICAL REVIEW VOLUME 72, NUMBER 3 AUGUST t, 1947
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The experimental observation in 1947 of a very small difference in the energy levels
of 2S,, and 2P, in H atoms (“‘Lamb shift”) due to quantum virtual effects (“loops”) has

brought to the development of modern QED (Schwinger, Feynman, Tomonaga - Nobel
prize in 1955)

New Physics from (ultra) low energy precise measurements !



Indirect searches: a bright recent past

1970: GIM mechanism (hypothesis of
c quark) to explain the absence of
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Flavor structure in the SM and beyond

In the extensions of the Standard Model, additional flavor and CP violation can
arise from exchange of new scalar (H+, squarks, ...), fermionic (gluinos, t’, ...) or
gauge (Z,W’, ...) degrees of freedom

However new models must respect strong flavor selection rules otherwise they
can lead to excessive Flavor Changing Neutral Currents, unless:

* new particles are very heavy and degenerate: m; >> | TeV ; Am,-j <<m;

* or mixing angles are very small: U;; <<'|

The observed absence of FCNC already now set strong constraints on the TeV-
scale physics (higher than those found in direct searches so far , even at LHC)

New Physics could be hidden in quantum corrections to loops in flavor transitions
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Present constraints from Flavor Physics
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Flavor as a portal to New Physics

Higgs-like particle discovery was a great LHC success, but so far no significant sign of NP in

direct searches :

—> energy scale of NP mass scale pushed higher (FLAVOR PROBLEM solved ?)
—> fine tuning needed to protect Higgs mass ? “Naturalness” appears problematic
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Indirect searches have the potential to
see NP in flavor phenomena

Precision measurements of FCNC can

reveal NP that may be well
above the TeV scale (above the LHC
reach — one of the possible scenarios)

or

can provide key information on the
couplings and phases of these new
particles if they are visible at the TeV
scale.



Why using B mesons ?

In most of the new physics scenarios, large effects are expected in decays of b-quarks
(many times new physics effects couple to mass)

B, Bq4,and B, mesons are produced abundantly at LHC (together with b baryons)

Long lifetime of b hadrons allow for “easy” experimental detection of decays

Several techniques allow to tag the flavor of the b (b or anti-b)

Large mass of b quark gives phase space to many final states (and daughter particles have
high momentum: easier to detect)

Theoretical predictions in b
physics are often accurate (much
easier than in lower mass quarks,
e.g. charm) and can be compared
with experimental observations

Wealth of data coming from B
factories and Fermilab
experiments, in a large variety of
decay modes




CMS Detector = .. CMS,
ATLAS and CMS

PEX@nS ~200m? ~9.6M channels P /
Tracker ' =—_ A rae B
ECAL B ~76k scintillating vasoﬂcrys{ “Wem
Ma.ln focus on high p+ physics gﬂ(ﬁé\[}“@ﬁ . o
(Higgs and Supersymmetry) but Steel Yoke Sikon s
. Mu©m§ ~16m? ~137k channels
large samples of B events available
. . . STEEL RETURN YOKE j \/./
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carrying ~18000 A FORWARD
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Steel + quartz fibres
~2k channels

2T solenoid, toroid system (fBdl=1-7.5 Tm)

HADRON CALORIMETER (HCAL)
ATLAS Detector Tracking to |n|=2.5, calorimetry to |n|=4.9 &
44m

Brass + plastic scintillator MUQON CHAMBERS
~7k channels Barrel: 250 Drift Tube & 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip & 432 Resistive Plate Chambers

B-hadrons reconstruction mainly
exploits excellent vertex detectors
(silicon strips and pixels) and muon
detectors for precise p measurements

Limited hadron identification, but
excellent photon identification

\ Tile calorimeters

LAr hadronic end-cap and
, forward calorimeters

\‘. Pixel“::letector N Cuts on medium PT (4-6 GeV) d|'
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ellent vertex and tracking reconstruction capabilities
s also in high pile-up (mean no. of interactions in a pp collision) conditions
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ACORDE

ALICE (the Little Bang)

Study of QCD phase transition (QGP = = ) | o % —— '
hadrons) at t e ~10 US - S | Vi

In high-energy Pb-Pb collisions, large
energy densities are reached over large
volumes (>> 100 fm3)

[ ¥ TRIGGER
— ~ ACHAMBER!
— 116m from L,

DIPOLE
MAGNET,

Two main parts:

barrel (|n|<0.9);
forward u-spectrometer (-4<n<-2.5)

Crucial for heavy flavor: vertexing, tracking, hadron
and muon ID, to be performed in harsh conditions
(very high particle multiplicities, several 103)

Flavor Physics as a “temperature probe” to study
behavior of strong interactions in the high density
QCD medium of Pb-Pb collisions (e.g. charm

production suppression)




LHCDb (a dedicated Flavor Physics experiment)

caLo | Rich2 | [Tracking Stations

Excellent vertex resolution to resolve fast oscillation of B, (0~ 40 fs)

Background rejection (S/B=1/200 at production)
Good particle ID (m, K, p, e, ¥, u) - Precise momentum resolution (~0.5%)

Trigger capability
Efficient selection of hadronic and leptonic final states
Low py single u detection (>1.5 GeV)

Good efficiency also for charm hadronic decays (LHC is a charm factory !)
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b and ¢ quark production in the LHCb environment

Gluon-Gluon-Fusion:

bb Production

LHCDb acceptance :2 <m <5 -ATLAS and CMS: |n| < 2.5

ALICE n|<09and-4<n<-25

Both b quarks in the forward acceptance of
LHCb

* inelastic pp collisions ¢ ~ 60 mb (7 TeV)
* ¢ quark production ¢ ~ 6 mb (7 TeV)

* b quark production ¢ ~ 0.3 mb (7 TeV)

All c- and b- hadrons types produced

Typical running luminosity (LHCb)

~ 4 1032 cm~2s-! (limited by FEE data rate)
~ |5 MHz of pp collisions (few 10 kHz bb)
~ 5 10" b-anti b pairs /y

P; of B-hadron

l 1 i | I i 11 1 i | I i | - k
2 0 2 s 6

n of B-hadron




LHCb Preliminary \s=7TeV
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LHC detectors: precise 0
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spectrometers across energy decades
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Muon identification plays a key role in
reconstruction of heavy mesons with J/ in the
final state: 10°*
* Good acceptance at low py

 Error on mass scale ~ 0.] MeV 10°
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Delivered integrated luminosity (fb™!)
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2012 :another “luminous” year at LHC

LHC 2012 RUN (4 TeV/beam)

I ! ! ! I T I I 1 T

—o— ATLAS 22.834 fb™!
—— CMS 22.810 fb™*
|| —o— LHCb 2.115 fb™"
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Date: 2011-10-08

Pb-Pb runs / ALICE,ATLAS, CMS
p-Pb runs / all the experiments

Luminosity leveling guarantees adequate and stable running and trigger conditions for
LHCb even with LHC running at high luminosity (true also for HL-LHC)

Plans for 2015:
e 4 s=13TeV (increased HF cross sections x2)
* Bunch spacing 25 ns (smaller pileup) — L ~ 1034 (Atlas & CMS) — L ~ 4 1032 (LHCb)
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The search for B, ;2> uu

Predicted to be very rare in SM due to GIM & s . T
helicity suppression: : o

Precise predictions in SM: w g o

« BR(B,»> uw) =35+0.210"° !

 BR(B;~> uw) =1.1+0.210-"° b

“Golden channel” for New Physics effects
Large sensitivity to NP (e.g.in SUSY)

MZMZ2tan® 3

BTMSSM(Bq — [FE_) X M;Ll

Very clean experimental signature

Particularly challenging measurement :

BR ~ few 10-? against a strong peaking
background (from B>hh and w mis-id) and a
combinatorial one (two random u faking a B
vertex)




Signal/background separation by invariant mass
and multivariate analysis (BDT) including
topological and kinematical infos

Normalization with B->)/4pK and B->hh

Signal BDT determination with B->hh,
background BDT from dimuon sidebands (fully
data driven analysis)

Mass peaks and resolution determined from
B—=>hh events

E 10 E e U —— T T I E
A ¥ LHCb 1
1E L — . . T
- —0— i
101 —0— 8TeV data,
= —_— ]
102 | . .
; —— :
10° ¢ m Signal 3
p e Background i
10 L 1 1 L | 1 1 | L —
0 0.2 04 0.6 0.8 1
BDT
[02 mm 8TeV data

[mm]
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Great sensitivity in CMS for
B; @ W u searches

With 5/fb nearly same limit
of LHCb (I/fb)

CMS could reach 50
significance with full 201 1-12
data sample (~30/fb)

With 201 1+2012 data (2.1/fb) LHCb has
the first evidence of

B,2> uwundecayat~350

B(BO%—p*p7) = (3.2*15-2)% 109

" in agreement with SM.

“Background only” p value ~ 5 10

Also best limit on B, =2 u u
BBO—p*P7) < 9.4%10°'° at 95% CL
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B.~ uu constraining Supersymmetry

BR(B,=>uuw) sets strong bounds on tan B, at least in CMSSM, and reduces the phase space
of Supersymmetry, complementary to direct searches and also removes some of the

scenarios for New Physics. However SUSY models are not ruled out.
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CP violation in B, mixing ( ¢;and AI',)

¢p /
Interference between mixing and decay gives rise to B a J LI)CI)

CP violating phase ¢, = ¢y — 2 @p q\ /
*

Vis
O :—QBSZ—QaIg(— ! tf) ~0in SM
cb

VC S

Requires time-dependent, flavour tagged, angular analysis

b_ Ve K Vis s b T g T s
e b §
0 | | 0
B, W- w+ B, ¥ | B X ok Bsl NP2
i ¥ b
W i Vy b 9

Interference effects from New Physics could bring in the amplitude of the
process a non zero phase with strong impact on the amount of CP violation

Measuring AI'; 7 0 allow to disentangle mass and flavor B, eigenstates (like in
B and K systems) - B, (CP=-1) and B (CP=+1) with different lifetimes
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Measuring ¢

Time dependent measurement:

particle ID, flavor tagging, excellent mass and
high time resolution needed (to follow the
fast oscillations of By)

Disentangling CP=1 and CP=-1 final states
with angular analysis

Outputs from the fit: ¢, AL, I, ...

] = 0 /
Q 194l R
810E Bs_)J/LY
o = LHCDb Preliminary
] 103 = \s=7TeV
c E
o —
S C
w102 =
10 =
e
10 =
-1._5 L -1 I-o.5 1 ! 0 1 1 1 I0-5I 1 1 Il 1 1 1 1 I1 5

decay time (psi

¢,=-0.002 + 0.083 + 0.027 rad

.= 0.6580 +0.0054(stat.) + 0.0066(syst.) ps-!
Al = 0.116 +0.018(stat.) =+ 0.006(syst.) ps

Results obtained combining B, )/ ¢
and B,=2 )/ mr (this is CP=+1) channels

Sign ambiguity of AI', removed
—> eigenstates of B mass states defined
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- & Comblned -
o \CDF .“sM | N
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Un-tagged results also from ATLAS

CMS (assuming ¢.=0) measures
AT, = 0.048 + 0.024 + 0.003 ps’!

Experimental error on ¢, still very
far from SM one (0.003)
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Study of CPV in B, mixing

s T(BY(t) — f)—T(B2(t) — f) Measured by DO with semileptonic events
T r(BYt) = f) + M(BY(t) — f) (wanddiy)
Ayt = (-0.79 £ 0.20 )% (mix of a,9and ag*

Time integrated asymmetry in B, mixing
: ~ 4 o tension with SM

Tagged by specific flavor final state (e.g. Difficult to reconcile with ¢, LHCb data
muons)

e SM prediction: 2% = (1.9 +0.3) X 107 (arXiv: 1205.1444)

e Use as final state DE X uF ), DE 5 ot

LHCb

Preliminary

10

Candidatess / 3 MeV

Candidatess / 3 Mg

A N L a1 =
1800 830 1900 1950 2000 1300 1850 1900 1950 2000

m(K*K ') (MeV) mK"K 1) (MeV)
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e Time-integrated measurement:
e Effect of small production asymmetry eliminated due to large Ams

e Detection asymmetries estimated from calibration samples

e Residual detector asymmetries averaged out using magnet-up and
magnet-down data (roughly equal-sized datasets)

LHCb measurement: 0 30-025

a5, = (—0.24 £ 0.54 + 0.33)%

HEh T e
e —
e,

Combination (using also new values
from B-factories)

-0.02—
a'SL(Bd) = (-0.|5 * 0'29) % - Preliminary

ag, (B,) = (-1.02 £ 0.42) % o

[ Preliminary LHCb &
Fitted ag, (B,): ~ 2.5 0 from SM

DO, B Factory &

) [ AP, ) 68% CL.
0.04| AE(IP) 68% C.L.

More precision from LHCb needed to o onmaedl | L.
solve ag, (B,) issue -0.04 -0.02 0 0.0




The LHCb measurement of CKM angle v

The angle v is still the least known Ay aaasann | T amnmes
among CKM angles 08 |- v v(a) =rage
=5 ' =
B factories error: +17° i : E
04 :‘_E _:
If NP is hidden in loop diagrams,we "~ ,; = E
have to compare CKM tree .- : E
measurements (such as y) with - [ Vo : 3
those with loops N S A T R At
“-04 -0.2 0.0 0.2 0.4 0.6 0.8 1.
LHCb inputs for CKM angle v: P
B*> DK*,B*> Dx*, B* 2 DK*mm, B%y > DK*’, B® ;2> DKK
“,
S ‘ul\' R
r—S - u 1 0 — —
y S b D" GIW: D° — KYK~, ot
- S ) - Y - "//1 v
g Npv B~ (| w4 _~ ADS: DY — 7= KT
\L - N/ 4 - \ \’\\\ P _
; C N GGSZ: DY — K%hth
* * “\\\, K
1V ‘/11/7‘/('\‘
CO/ Us \
Color allowed Color suppressed
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The statistics of LHCb starts to populate the (very) suppressed hadronic decays in
which the interference is used for the determination of y

Candidates / 10 MeV/c?

1-CL

LHCb
Preliminary

52

Candidates / 10 MeV/c?

5.4, 5.6

M@, . K ) (GeVicd)

B°> DK (GLW) - D>KK
B 7 ev.— anti-B 20 ev.

52

54 5.6
M©O K™ (GeVicd) | First observation !

BY - DK%, D — hh

CKM2012

20 40 60

80

LHCb

Preliminary

PR PR T |

100 120 140 160 c1,80
¥ [°]

Combinations of LHCb B* 2 DK* modes (only)
gives

Yy=71%"7,, deg

LHCb error (with 1/fb) already similar to the
one obtained from full sample at B factories.
Results from more data and channels to come

soon
pae



Charm physics g oeraa

A, BaBar
AA; Belle Prelim.
5 A, LHCD
I8 AA g CDF Prelim.
] A LHCb
S0 A BaBar Prelim.
/ /) A Belle Prelim

Illlll

LHCC is a charm factory ! Charm is the only
“up type” quark where we can search for NP

LHCb has the world’s largest sample of c- 0,005 B
hadron decays in charged modes (x10 current o
B factories) :
0.015
Rich program: mixing , CP asymmetries, 002 Fr e ANRRE =
branching e el -0.02 -0.015 -0.01 -0.005 0 0005 001 00153&02
CPV in charm decays (D°>KK or ) — T HCP20|2 —————
N
Hint of CPV#0 from LHCb, CDF, Belle — F
AAP,. = (-0.68 £ 0.15) % 1.5F
NP or explicable within SM ? - 1GLHCH
More data & confirmation in other D channels 0.5F . 1o BaBar W _
needed of loBelle PN
- 10 CDF ]
: : L -0.5F -mixi .
First observation of charm mixing in D°2> K :> : T No mlxlmg o

|
-0.1 -0.05 0 0.05

by a single measurement (90)
x)2 [%]



b- , c-hadrons and quarkonium production studies at LHC

* B-mesons and b-baryon properties (cross section, masses, lifetimes, pt spectrum)
* Inclusive muons from Heavy Flavor states

* Production of prompt and non-prompt charmonium (JAp , y(2s))

* Production of Y(Is),Y(2s),Y(3s)

* Production of x,and X (P wave resonances)

* Quarkonium spectroscopy (charmonium and bottomonium)

* Polarization of heavy resonances

* Double charm production (J/Ap JAp, JAp D, DD)

* Exotic states (XY, Z)

An impressive amount of information is under collection with unprecedented
statistics by the 4 experiments

These studies are vital to setup production models based on perturbative QCD and
for Monte Carlo generators, to understand heavy quark spectroscopy, including non
standard qq states (exotica)

These measurements provide lots of input for theorists, and plenty of questions, but
no clear answers yet
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Next challenging measurements: obtain polarization values: strong test of models



Study of cc and bb P wave resonances

Clarify the mechanisms of hadron production in the

fragmentation process. P states are a significant source of
JAp andY (S wave states) inclusive production

Key role in identifying and measuring energy of converted

photons in final states at LHC (first time at hadron

colliders)
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Exotic states in quarkonium

Observation of the new exotic states X(3872),Y(4140),
etc... which do not fit into conventional quark models

X(3872) has been observed in several decay channels

JAp wx , DD, JAp v, P(2s) and JAp o

Motivating interpretation as charmonium, DD molecule,

LHCb X->)pmn
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Charm production in dense matter (Alice)

“Centrality” (CC) gives an evaluation of density of matter probed by the heavy meson
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Strong suppression observed in central
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Significant suppression also in semi-
peripheral (40-80%) wrt pp reference
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Suppression for charm is a factor 3-4
above py~5 GeV/c

Indicates strong energy loss of ¢
quarks in the hot and dense QCD
medium formed in these collisions
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J/p suppression in Pb-Pb: results and comparison with RHIC
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Smaller )/ suppression in spite of the factor |3 in Vs (and more
evident at small pt)

JAp are suppressed in the QGP , as at lower energies, BUT are ‘ ‘ . .
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Color Screening




Perspectives: the long way to precision Heavy Flavor Physics
with the LHCb upgrade (and some specific contributions
from Atlas and CMY)

H H 1
Type Observable Current LHCh Upgrade Theory
precision 2018 (50fb~") | uncertainty
BT mixing 28, (B = Jh &) 0.10 [137] 0.025 0.008 ~ 0.003
28, (B — Jhp fo(980)) 0.17 213] 0.045 0.014 ~ 0.01
al) 6.4 x 107¥ |43 06 x107%|] 0.2x10*| 0.03x 107
Gluonic 23(BY — do) - 0.17 0.03 0.02
penguins 28 5(BY —» K*K*") - 0.13 0.02 < 0.02
28 (B9 5 HK) 0.17 [43] 0.30 0.05 0.02
Right-handed 284(BY —» ¢ry) 0.09 0.02 < 0.01
currents 7B = ¢y)/Tho 5% 1% 0.2%
Electroweak  S3(BY < K% "1 < ¢° < 6GeVe?) 0.08 67| 0.025 0.008 0.02
penguins sy App(B” = K*%u*p™) 25% '_67' 6% 2% 7%
AfKptp i1 < q? < 6GeVYeh) 0.25 [76] 0.08 0.025 ~ 0.02
BB' »>a'p'p )/BB" > K'p'p) 25% 85 8% 2.5 % ~ 10%
Higgs B(BY - ptu) 1.5 x 107" |13 0.5x107" ] 0.15 x 107%] 0.3 x 107"
penguins B(B" < pu'p )/B(B) > p'p) - ~ 100% ~ 35 % ~ 5%
Unitarity ¥ (B = DUK™Y ~ 10-12° [213]257 e 0.9° negligible
triangle v (B! - D,K) - 11° 2.0° negligible
angles 8 (B — Jhy K?) 0.8° |43 0.6° 0.2° negigible
Charm Ay 2.3 x 1077 |43 0.40 x 10=°J{ 0.07 x 10~
CP violation AAqyp 21 x 10718 0.65 x 103)] 0.12 x 10 -

=—#

Final goal : reach theory error
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Conclusions

Heavy Flavor can be considered as a portal to the discovery and to understand the
flavor structure of New Physics

The excellent performances of LHC and of the experiments has allowed to start
producing exciting results in the Heavy Flavor Physics domain (LHCb in particular)

Standard Model is still rock solid but yet there is large room for unexpected
phenomena: indirect searches are complementing direct searches for Supersymmetry

A lot of activities and very good perspectives for precise measurements in CP violation
in b- and c- hadrons, CKM matrix, very rare decays, and heavy flavor production in
p-p and Pb-Pb collisions. LHC has produced already the best measurements in the field

Looking forward to operate at 13 TeV in 2015 to collect more data
LHCb upgrade is planned to increase statistics by more than one order of magnitude to

discover New Physics and to pin down theoretical expectations in Flavor Physics within
the next decade !



