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Heavy f(avor Pl«ysics 9oa(5

 probe Standard Model

» both strong and electroweak sectors, - I e dukar
through production and decay of heavy o Y
hadrons in different media 70 O W\

» understand flavor structure o2 | 2

» understand why SM appears so fundamental: %3 g

no BSM detected in Run | yet
* search for New Physics NATURS ‘

» flavor asymmetries and rare decays can open
door to physics BSM

» complementary to direct searches flawr| lef

» sensitivity reach to multi-TeV mass scales
through loop processes
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Performance
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Ny

precision tracking

» good momentum, impact parameter and vertex
resolutions

Entries / 50 MeV

» good b-tagging capabilities
robust muon identification

» muon detection down to low pr, low mis-identificatior
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flexible trigger
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» high rates imply very selective requirements to store i« E.,
interesting b and c decays ivl el gt
» majority of HF analyses @ ATLAS and CMS based on : 2 mamnLe §
single and double muon triggers 0
specialization versus general-purpose approaches e I
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» LHCDb benefits from hadron identification detectors,
allow to distinguish K vs TT vs p, needed to reconstruct
hadronic b and c decays

» ATLAS and CMS have the ability to explore high
multiplicity (high-pileup pp, Pb-Pb) collisions, and
integrate larger luminosities
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Outline

production (and suppression)

»

spectroscopy

»

properties

»

rare decays

»

prospects

»
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Quarkounta

* LHC is a heavy-quark(onia) factory

| quarkonium
* heavy quark-antiquark states are an —

ideal system in which to study how  /0red
strong interaction binds quarks into  QQ pair
hadrons

* cross section and polarization
calculations up to NLO

Sasmsme "
e

» estimate contributions from color
singlet and color octet terms

= theory-data comparisons are more reliable at high-pr,
making ATLAS and CMS measurements particularly important



Bottomonia

* good dimuon mass resolution

» allow to resolve S-wave states

* accurate reconstruction of low-energy

photons
» allow to resolve P-wave decays

» explore Y—e"e” conversions

» detect Y states w/ ~SMeV resolution
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Bottomonium cross sections

* S-wave measurements up to pt of 100 GeV
» Tevatron and LHCDb data limited to pt < 15GeV
further extension with 2012 data and Run 2

* high-pt reach allows to probe models with

increasing precision

 P-wave cross-section ratios
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Weighted n*uy Candidates / (0.01 GeV)

Charmownta

* very good dimuon mass resolution
* accurate reconstruction of low-
energy Y crucial to detect radiative
decays of P-wave states
* excellent secondary vertexing
» crucial for separating prompt and
non-prompt components via
(pseudo) proper decay time analysis
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Charmonium cross sections

* S-wave and P-wave measurements
» extension to unprecedented pt provides 5 7
precise input for testing theory predictions £ °*
. < 0.5
* measurements provided for both promptand 5
. ° 0.4
non-prompt production §
8 0.3
* disentangle feed-down contributions " ‘
» b-hadron decays (non-prompt) TER
» 2S to IS state 0t
» P to S states
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Quarkontum polarization

* CMS measured polarizations for all S-wave states

o

dN >
» using the full dimuon angular decay distributions ey A g 050
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» in complementary reference frames
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* S-wave results cluster around the unpolarized limit
* P-wave polarizations to be pursued next
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Quarkonium production

* cross sections for 7 quarkonia have similar pr/m shapes (for pt/m>3)

* polarizations for 5 quarkonia tend similarly to unpolarized limit

» Ockham hints: all quarkonia dominantly produced by a single mechanism? (e.g. 'Sol®])
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* results from different experiments,
covering different phase space,
facilitates a more complete picture
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LHC Run | brought about a thorough set of measurements in extended phase space
contributing enormously to a clarification of the quarkonium sector
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(open-flavor) b-hadron production
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Heavy Flavor n media

* in addition to p-p, the LHC collides Pb-Pb and p-Pb

* at large energy densities, QCD predicts the existence of a
deconfined state of hadronic matter, the quark-gluon plasma

* heavy-flavor states are ideal “hard probes” for studying the
properties of medium created in heavy-ion collisions at the LHC

» Quarkonia expected to undergo melting due to color screening

» Jets expected to undergo energy loss, relevant to study its flavor dependence

1 7Y
.l'.f.
.f

Jets

Quarkonia Hadrons, e.g. B mesons
(Prompt) Non-Prompt J/y
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Bottomonia tn Pb-Pb
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Binding energy [GeV]
* CMS observes quarkonium sequential melting

* suppression pattern of S-wave states experimentally established:
less tightly bound states are most suppressed in the hot medium
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Exclusive B meson production wn p-Pb

B,—J/ K+
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» B meson peaks reconstructed for the first time in collisions involving heavy ions

B,—J/$P
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* new exclusive probes to study mechanisms of energy loss and its

energy dependence

* next: attempt to reconstruct B peaks in Pb-Pb (to come in Run II)
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Spectroscopy




I/ + nt (B(15)]

* Bc unique system of 2 different heavy quarks

» in which to study heavy-quark dynamics
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» in which to study heavy-quark dynamics
* CMS measures relative

» B )/ PTITITT we B/

Rg

C

Events /0.015 GeV

J/b + ntntn (B.(19)]

* Bc unique system of 2 different heavy quarks

branching fraction
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Iy(B")l < 1.6 arXiv:1410.5729
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I/ + it (B.(29)]

* Bc unique system of 2 different heavy quarks

» in which to study heavy-quark dynamics | \,
 ATLAS observes new state: B.7(2S)

» Be(2S) 2 Bt = )/pTT TITT (signif. 5.20)

» M = 6842 + 4star) £ 5 (syse) MeV

» compatible with B¢(2S) predicted mass

Sy
= A

B}(2S)

arXiv:1407.1032

20
185 ATLAS Q.. = 288+ 5 MeV Qg = 288+ 5 MeV
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Entries / 4 MeV

T/ + ntn [4(29) X(3832)]

3 iv: .
>Y<1 0 . | arXiv:1407.5532

1 OOT —— Data

s Fit

80

----- Background

v(2S) Signal
60
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40 el
- ATLAS
201
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Candidates / 5 MeV
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ly] < 1.2 — total fit
[ - background
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| > : b
60! T |
40 - ]
'/'j 8 275 38 s 39 305 4
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* CMS measures the the production cross section of the exotic
quarkonium state x(3837) reconstructed in the J/4 =« final state.

» prompt and non-prompt components are separately extracted

* ATLAS performs corresponding measurements for the (2¢) state
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Y + ntn

LX)

* CMS and ATLAS search for potential new resonances in Y«
final state. No excess observed = exclusion limits.
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radiative decays are explored to reconstruct P-
wave charmonia in the p+Y final state

ATLAS measure the prompt and non-prompt
production cross sections of Xci(IP) and X2 (IP)

CMS also measures the relative prompt

production of the 2 states

ATLAS also measures the branching fraction of

J / b + Y(e*e’)
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Y + Y(ete)

Yol 3P

* radiative decays are explored to S 220F T T T T T T T T
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T/ + Pkk)  [Y(4140)]

Explore the B decay: B, Y[J/wd]K
CMS, \s=7TeV,L=521fb"

» 2" peak: M, =4313.8 5.3 +7.3 MeV, > = 38 + 30 = 16 MeV

> 3w LA L L B B R LA R

: (] —+— Data N
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; 200 . — — Event-mixing (J/y, ¢, K:) ]

» It peak: My = 4148.0 2.4 + 6.3 MeV, 't = 28 + 15 = 19 MeV % ioims Event-mixing (Jy, 0 K') 2

Nature of these structures still under investigation .
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J/b + T/3

¢ CMS measures prompt }J/\ pair production
* multi-parton scattering = difficult to address in
QCD = experimental input essential
* total and differential cross section measured
» 0=1.49+0.07,, +0.014,,, nb
* evidence of excess at |Ay|>2.6 predicted to have a
large Double Parton Scattering contribution
arXiv:1406.0484
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Events /0.5

J/b + W/

* measure /P +V associated production 3 L [ATLAS 5= 7Tev,[Lot- 4510 s
O 50? * Data g
. . . g == Total fit .
» single- and double-parton scattering contribute S feeWedly :
- 40'_ == W + prompt combinatorics &
. . . . ) P _ W 4+ non-prompt combinatorics i
> relative color singlet/octet contributions may differ € | :
. . . > ]
from inclusive production @ 30 J/b+W 4
» possibility of resonant production from Higgs or NP 20 ]
* ATLAS observes |/W+W and |/\WW+Z (significance >50) 10 c
20“' ™rery ] Yy ' rrTTTTTTTTTT T TT™YY l L B | l rrTTY ' '-‘ 8 35h 0 I'...'.“"l o 8 - h.jﬁ.liﬂll’i'&!’ IR NS .vl.-'-
[ ATLASNS =7 TV, fLdt= 45 5" oL F - AT Py QBRI TR ST
[ oW+ prompt e data I W e w'w’ Invariant Mass [GeV]
15[~ 1 Estimated DPS contribution = c .
" [JDPS uncertainty | 9 25K —4— Data
[ W - || Double Parton Scattering
10- 20 <C>B 80 ATLAS Preliminary
[ ’ I 0 7ok 15=8TeV,20.3fb" || +Date
L - 15F o E — Total
! ; ] C o - -« Prompt signal
5 - " ; 60 b .-~ Non-prompt signal
! i ' ] 10 = . ---Total background
” ] C @ 50
W*WW////////////////W//////// 5k . @ F
O ' | E/-/',//" i Ay, j / -(l)_’_Z
PRI IEAR AT AT W TS R AT AT TR A 1 lll‘llkilx;lq e 2ig s R e s s R s b
0 05 1 15 2 25 3 7 05 1 15 2 25 3
AG(W,Jhyp) AY(Z,JIp)

 similar pattern seen in the azimuthal opening angle
indicating DPS (+SPS) J/Wb +V production

(flat azimuthal distribution o.w. expected from uncorrelated processes)
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I/ + = (=,%7)

* exploring more complex, multi-vertex,
multi-resonance topologies

e CMS observes new baryon state: =,%" — utpwptrnt

» neutral excited = state
complex cascade decay topology

» 4 displaced vertices

S — b S
~b :bo » 6 final state tracks
1

3 " cms =, data 3 6: ChS
= : \s=7TeV ; site-sign = 14 pp, Ns =7 TeV ®  Opposie-sign deta
o 60 PP \S= e s Pz N C 4 ——— Signal+background fit
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* exploring complex topologies
» without final state di-muon resonance

LHCb observes new baryon states: =p" =p~

complex cascade decay topology

» 3 displaced vertices

» two new charged additions to the = family . & final state tracks

bO —b
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CP violation




b-hadron (ifefimes

* accurate description of the proper
decay time dimension crucial for heavy

,,,,,,,,,,,,,,,,,,,,,,,,,,

2 B800F ‘ 4 ‘ x
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300?
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> [
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* effective lifetime measurements for other b-hadron states and decays also being pursued
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B-B mixing
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Flavor tagging

* identification of the B vs B flavor at
production

» a required to study CP asymmetries

side tagging methods (OST), based on lepton

* all experiments have developed opposite- /

and jet charges B * (et

* tagging power (quantifying the method’s
efficiency and purity)

mixing
significance

» ATLAS: €D?=1.45 % 0.05 % (muon+electron+jet) (
» CMS:  €D?=0.97 £ 0.03 % (muon+electron)

» LHCb: €D?= .19 £ 0.06 % (muon+electron+jet+kaon)

* same-side tagging (SST) has been explored in addition at LHCb

» LHCb: €D?= 0.84 + 0.11% (kaon)
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CP violation

* time-dependent asymmetry

A(t) =

direct CPV CPV in decay-mixing

/ interference
Lz

L=
B(s) f(t) PBO *f(t) —Cf COS(Amd(s)t) + Sf Sin(Amd(s)t)

* LHCDb explores hadronic B decays
B— 11T, KTT,KK

* first observation of CPV in Bs system

arXiv:1304.6173

* first time-dependent CPV measurement in

Bs— KK decays arXiv:1308.1428
£93 | Heb .. LHCb
%ozp 2 (a)
é 0.1;
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B—J/$®

Bs mesons undergo fast particle-antiparticle CP violation n the
flavor oscillations (Ams), with non-negligible tnferference of decay and mixing
width difference (Al5) o
dec
flavor-unspecific final states (such as J/P®P) are Bs —)J/\V (I)

accessible by both Bs and By’

weak phase @ arises from the quantum (DmNE /
. . . . S —q)dec
interference between direct and mixing-

mediated decays
4 D = Ppix - 2 Pyec

the Bs— /WP

dsm ~ -0.04
» provides an experimentally clean final state (UpPKK)

NP can add large phases
» 2 vector mesons final state = mixture of CP-even

— NP
and CP-odd states bs = o + s
precise SM predictions for @, (4% uncertainty)

several new physics scenarios predict enhanced values for ®s relative to SM prediction
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B—J/$P

* analysis ingredients:

» mass and proper decay time

»flavor tagging

» angular analysis
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rare decays




rare beauty decays

processes highly suppressed and precisely

predicted in the SM NI A
B | t
complementary to direct searches for new physics /s | i1

» access multi-TeV scales through loop contributions
Ba—K'pp B
» effective FCNC process

» allow measurements of many sensitive kinematic
variables and asymmetries

Bs«—pU

» both decays are very suppressed in SM: effective
FCNGC, helicity suppression

» branching fractions may be sizably enhanced by NP
scenarios: extended Higgs sectors and high-tanf3 SUSY
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BO—K u p

* strategy: fit for m(kTTpM), cos(O), cos(Ok) in bins of di-p
mass square (q?), excluding () resonant region

Theory WM Binned

-~ LHCb -4 CDF -¥ BaBar -# Belle -— ATLAS - CMS
e observables measured: 5 I ———
< 4
> ApfrB: forward-backward asymmetry of the muons -
» Fv:fraction of longitudinal polarization of the K P
»  dB/dq?: differential branching fraction ]
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BO—K u p
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http://arxiv.org/abs/1308.1707
http://arxiv.org/abs/1308.1707

B4 and Bs signals

combinatorial background

rare semileptonic background (b—quV)

rare peaking background

Candidates/0.025 GeV

» Crystal Ball, fixed shape

» normalization floating

» first-degree polynomial

» constrained to expectation

CMS L=20fb"(1s=8TeV)

20% Barrel CMS snmul:uon
B” — Kuty

18

E BB’ - u'uy
16% D BO — ‘_‘o“.p.
14E e’ - au'v
12 B8] - Ku'v

3 [ [T
10: .B - K’ u u'

Candidates/0.025 GeV

» fixed shape, constrained normalization

B = uu

CMS-L=5fb '"Ys=7TeV,L=201 "

=8TeV

(o)
o

/(0.04 GeV)
3

0.25!
0.2;
o.1s;’—
0.1

0.05-

03CMS L=20fb"(1s=8TeV)

CMS simulation

Barrel

—&- data
— full PDF

- [ B -

...... combinatorial bkg
..... semileptonic bkg
-.=-= peaking bkg

SJ'szxss 54 55 56 57 58 59

Ba—m w

m,, (GeV)

» rare physics backgrounds
normalized to B* yields in data,
for each analysis channel
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Events / 60 MeV

Bsd—>up

* selection implemented using multivariate methods (BDT)

CMS-L=5M "Ys=7TeV,L=20M0 ' \s=8TeV

S
T

—— data

w— ull PDF

Bg—m'u

LB -t

------ combinatorial bkg
----- semileptonic bkg
=== peaking bkg

LA

—
no
i

* CMS observes the decay: Bs—= Ul

-
(=
T

BR(B; — pp) =(3.0%3 (stat)’§ (sysH)x10™”  (4.30)
BR(B, = up) = (3.5:?:; (stat+syst)) x107" (2.00)

@©

L)

» using the full Run | dataset, optimized muon identification,
BDT discriminator, categorized unbinned likelihood method

S
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... a 30-years quest

Bsg—>uu
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BB S o
Il 2 ﬁ@kﬁﬂu)

—4— Data
- Signal and background
[ BY—= u'w
BN N Ty
-« = Combinatorial bkg.

- = Peaking bkg.

SM and MFV

lllllll'lllllll

l 0 + ., -
B(B® — ptu”)
g EI Ll .I L] 1] Y'T I' L2 13 Ll Ll ]' . L] L2 Ll I L] T‘o“:' 1.;[ Ll L] 1 1] ] 1 Ll Ll 1] I
-4 v
(IE) 10 A » v fw o7 &
— 10°F © ~ 60
2 10° et E
8 v * N 10’[ " 0
£ 6 - Yo * 2011 2012 2013 g 50
510 U . ~
-y 40
010-7 X O . §
2 2 ARGUS o BABAR & L B
© 08k + cLeo o DO = r=4
= v UA1 m LHCb - “g
3 # CDF e CMS CRO _, - 2 20
o 109 v s o ATLAS SM: B, — u'u @
om s Belle 0 ) 0 10
10 SM: B" — u*u P
10 L L l L L L L [ L L L L l L A L L 1 ' 'l ' ’ l 1 1 , ’ 1 L 1 1 L
1985 1990 1995 2000 2005 2010 2015 0
Year
MS and L I
;“ 0.9 9- 's'a' l r@(% 'v“p l)' L2 2 3 T [ Y l vq é‘c 4 gM T v .J
o - f 3 .~ 5
= osf| | 3 Fa0 {510
- § - | - J
% 07E | < - 20 *
t E | : P
® "F| | % E -
04 | '. 3 .
~ | e -
03 | - 3 8 4
0'2 E_ A'. I,’ _‘: 6} :
E 5 at 2|-
0.1 E a E 2 -
o -t ] . 2 2 2 0/ 2 4 2 0 o e o™ G [~
0 7 8 R TR T T R T T 0
B(B] »u w) 109 B(B® = u yr) 107

3 . 4 I l 4 2

0.3 0.4 0.5
B(B° - p*u~)/B(B = utu”)
48



Sumimary

presented a selection of heavy flavor results based on LHC Run | data

» LHC’s HF-specialized and general-purpose detectors provide access to
complementary phase space: necessary for a complete picture of flavor physics

Run | highlights include:

» properties: precision measurements of b and ¢ hadron production and decay
» spectroscopy: observation of new meson and baryon states and decay modes
» in media: observation of sequential quarkonium suppression

» rare processes: observation of the long-sought Bs— LU decay

All is in good agreement with standard model so far
» new physics is becoming constrained in flavor sector

» possible SM discrepancies and NP hints await more data

higher energy, luminosity and pileup of coming LHC runs will bring both
new possibilities and challenges to flavor physics measurements

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/BPhysPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsBPH
http://Ihcbproject.web.cern.ch/Incbproject/CDS/cgi-bin/index.php 49
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¢ the re-discovery of the SM (2010)
e couple peaks added to spectrum

f
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# candidates / 0.2 ps

¢ the re-discovery of the SM (2010)

e couple peaks added to spectrum

+ Tagoed mixed
+ Tagged unmixed

~—— Fit mixed
—— Fit unmixed
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¢ the re-discovery of the SM (2010)
e couple peaks added to spectrum
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perspectives

Simulated Event Display at 140 PU (102 Vertices)




LHC Sclmeo(ufe

Run 1 Run 2 Run 3 Run 4 Run 5+

(2010-12) | (2015-18) | (2020-22) (2025 28) (2030+)
ATLAS, CMS 25 fb! 100 fb1 300 b1 3000 fb?
LHCb 3 fb? 8 fb! 23 fbl 46 fb1 100 fb?

. LHC (2010-2022)

» increase pp collision energy to 14 TeV = beauty cross-section increase x2

« HL-LHC (2025-2035)

» enable a total integrated luminosity of 3 ab"!

» average pileup <p>~140, peak luminosity 5x103*cm2s"!

* extreme inst. lumi./ pileup conditions = full detector upgrades

> major ATLAS/CMS upgrades during LS3 (2023-2025) for HL-LHC
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ATLAS & CMS upgrades

* detector upgrades for LHC phase

» ATLAS fast tracking (FTK) input to HLT (deployment 2015; based on CDF’s
SVT, which was determining for CDF’s B Physics Run Il great success)

» CMS improvements in muon and pixels = vertex resolution, mitigate pileup

* detector upgrades for HL-LHC phase

> systems: high granularity, less material, high n(~4)
coverage: = improve detector performance for low pr, increased resolution

> capabilities: efficiently reconstruct at hardware trigger level
tracks with prdown to 2 GeV = open new avenues for the general

purpose detectors to trigger on heavy flavor signals

» DAQ: 750kHz @LI, 7.5kHz @HLT
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Sensitivity estimated based on expected detector
performance by re-scaling results of Run | analysis

SM prediction for Bd/Bs ratio assumed
By observation (>50) within reach (HL-LHC)

theory errors on branching fraction (ratio) will
remain smaller than experimental sensitivity

will explore additional observables with
complementary sensitivity, e.g.
and possibly time-dependent CP asymmetries
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