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=» theoretical understanding of strong interactions:
O the QCD Lagrangian is well known and tested

O many open questions in the non-perturbative regime
=» soft processes, bound states and high densities and temperatures

< an incomplete list of things to explore. ..
quark gluon plasma

¢

=>» cold nuclear matter effects
nucleon structure at large =
intrinsic charm in the nucleon

spin-structure of the nucleon

Hydrodynamic
Evolution Pre-Equilbrium

hadronization / s
diffractive scattering X

b) with QGP

L 0 R A

B



=» study hadronic collisions
O as a function of the centre-of-mass energy

O for different beam-target combinations
O reference given by pp collisions

Sy =82 TeV Sy =5.0 TeV
@ — «— —
Collider mode
p Pb Pb Pb
sy =110 GeV Sy =069 GeV
o — & — &
Fixed target mode p Gas
Gas (Ne, Ar)

(He,Ne, Ar...) Pb
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&% 2. LHCb DETECTOR AN

Vertexing, tracking, particle-ID and calorimetry in the forward region down to low pr

Muon system
RICH: K/mi/p separation u identification: e(u>p) ~ 97%
e(K=>K) ~ 95% Mis-ID: g(m>u) ~1-3%
Mis-ID: g(m>K) ~ 5% .

Vertex detector
IP resolution ~
20pm
Decay time
resolution ~ 45 fs

Electromagnetic
+ hadronic
calorimeters

[JINST 3 (2008) 508005, IJMPA 30 (2015) 1530022 |

Tracking system
Ap/p =0.5% - 1.0%
(5 GeV/c —200 GeV/c)
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W% Angular coverage o <=

|| ALICE O ALICE
| =» central

=» forward muon coverage
O ATLAS & CMS
ATLAS =» central detectors

O LHCb

=» forward detector
10 =¥ tracking, particle-1D
and calorimetry in

full acceptance
1 e
K 8

-10 -8 -6 -4 -2 0 2 4 6 8 0

S

l
=

I hadron PID

n I muon system
LHCb s |umi counters
s HCAL
. I ECAL
tracking

-10 -8 -6 -4 -2 0 2 4 6 8 10

M. Schmelling, SQM2016, June 27, 2016 5



=» SMOG: System for Measuring Overlap with Gas

“pump” valve  Flow to VELO  Pirani gauge

injection of gasinto

interaction region

very simple robust system
il valve used for a precise luminosity
determination

Evacuate and

leak detector PV501

High pressure \\
Piezo gauge i

High pressure

“bypass” valve
i volume

PV502

“HP” valve

To high pressure
Neon bottle

O possibility to inject (noble) gases: He, Ne, Ar (maybe Kr)
O fixed-target physics in pA and PbA configuration



&% Forward extension <o

=» HeRSCheL: High Rapidity Shower Counters for LHCb

Station B2 hole radius
atz=-114.0m

hole radius

CL @O scintillators at large rapidities

hole radius

e O upto £114m from IP
@ central region not covered
@ coverage 5 < |n| < 9

Station B1
atz=-19.5m
Station BO

T s =» huge gain for diffractive
swimrz physics and central
o1 . ; o1 ; exclusive production

LHCb simulation results for the
efficiency to see charged pions

-8 -6 -8 -6

4 4
pseudorapidity pseudorapidity

pr > 0.5GeV/c pr > 1.5GeV/c
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&% LHCb running

= available/upcoming LHCb running modes and \/syn

Eyeam(P) pPp p-Gas p-Pb/Pb-p Pb-Gas Pb-Pb

450GeV | 0.90 TeV

1.38TeV | 2.76 TeV

2.5TeV 5TeV  69GeV()

3.5TeV 7TeV

4.0TeV 8TeV  87GeV(® 5TeV 54 GeV(®)

65TeV | 13TeV  110GeV®  82TeV  69GeV(®) ~5TeV
(1) SMOG with %°Ar fewh (2015)
(2) SMOG with 2°Ne 2.5h (2012)
(3) SMOG with 2°Ne 30 min (2013)

(4) SMOG with “He 8h (2015) + 2d (2016), 2°Ne 12h (2015), *°Ar 3d (2015)
(5) SMOG with “CAr 1.5weeks (2015)

< bridge the gap from SPS to LHC in a single experiment
WD Highiights - LHCb detector and Physics Reach
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=» kinematic acceptance for Epeam (p) between 450 GeV and 7 TeV

10° e e g
\ - /
210°

o E = b E
‘ \ P Pb-Pb / ]
107k E

(GeV?)

10° E
10°E
i \ p-SMOG /
10*E
i ] ] ] o
i y=-In(Vs/m.) POSMOG  Jy=+in(lsim).] Y : rapidity in nucleon-nuc;leon
i centre-of-mass system, with
i 1 forward direction (+ values)

0 8 6 4 -2 0 2 4 6 8 10 jndirection of the proton/beam
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&y Accessto p

=» probe z by inclusive particle production

. M
mass M, rapidity y: 12 & ein
S
@ two z-values from nucleon/nuclear PDF for given y and Q? = M?
e p-l"b {s=8 TeV - . ‘ﬁ‘lz-p” Y§=§TQV T . p-SMOG (s=110 GeV
b1 0" 'bm‘ bi#

Lo L L
100 107 100 10° 10 0% 0f 100 g 0° 07 10° 107 100 10 10 10

T 0t w00t w0 o 10 g

0 107 100 107 100 107 ¢ 10 g

=» boost between lab and nucleon-nucleon centre-of-mass system
p on Pb Ay = 0.465
pongas Ay=x4.8
Pbongas Ay =43




&8 3. PROTON-LEA

=» study nuclear effects:

e . 1 da A/dy

| dification factor- R = . ZZpA 7Y

nuclear modification factor pA(Y) A doy,/dy
forward-backward asymmetry: Rpg(y) = Zealrlol)
apa(=1yl)

O pp cross-section and experimental systematics cancel in Rgp
O flip beam directions to measure both hemispheres

spl
RICI2 )
3

results from 1.6 nb—! pPb-data recorded in 2013 =»
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By /v and ¢(2S) pro

- O =

=» separate prompt and delayed components by a simultaneous fit of

mass and pseudo-proper-

-~ T T T - 10 T
§1300'(a) 25<y<30 o © 25<y<30
D1600F | icp p<tacevic 4 N 10k e p, <14 GeVic
15 1400f- PPO(Fwd) S =5Tev g PPb(Fwd) |5, =5 TeV
<1200 5 10°
@ ©
2 1000f =]
3 T 10°
2 800 c
h=} <
5 600 © 1
© 400
200F 3 1y i
L . a1 L i i
3000 3050 3100 3150 3200 10 5 0 10
m,, [MeVi/c?] t, [ps]
T T T T T 10° T T T
700F- (b) -40<y<-35 7 (d) -40<y<-35
p, <14 GeVic 10°E LHeb p, <14GeVic

Candidates / (5 MeV/c?)
@
2
S

LHCb
E pPb(Bwd) 5, =5 Tev

3050

L
3100

e 1 I
3150 3200

m,, [MeVic?]

Candidates / (0.2 ps)

PPb(Bwd) |5, =5 TeV

JHEP02(2014)072

. J
timet, = (25,4 — 2pv) - MJ/¢/PZ v

pA collisions:
forward hemisphere
1.5<y <40

pr < 14GeV/c

Ap collisions:
backward hemisphere
—-50<y<—-25

pr < 14GeV/c
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. WSk 7/v and y(2S) p M

=» nuclear modification factors

£ T T T T 8 T T T T T 8 T T T T T
A N N ~@— LHCb, prompt y(2S) —@— LHCb, (2s) from b
o 18F Lue —— LHobindusve w29 4 o 18F | e T oy o 18F Lpop & thobpromb 3 |8
16F PPO S\ =5T&V g | e, inclusve Iy E 16 PPD Sy =5Tev E 16 PPb (S =5Tev remLo 4 =
©
14F- Pr<WGVIC g o icEindusve g9 - 14f, EPSmNLO E 1af — - mbsgLo ils
12F = 12 ke o 12| 4 |8
S 1-*/(’////7//// - - [ i ERES
osf E osf -\.,,,___‘::\_*//{//{////////////////,- o8 e i
06F ._% — o6f e 06F 4|z
04f é $ E 04f iy 04f 12
02f E 02 | <1acevic E 02 p, <14Gevie E
1 1 1 1 1 i 1 1 1 i 1 1 1
4 2 o 2 4 4 2 0 2 4 4 2 0 2 4
y y y

@ results require interpolation of pp cross-section to /s = 5TeV

8 R,py # 1: the nucleus is not a loose collection of independent nucleons
@ tighter bound B-mesons less affected than prompt J /4

@ J/4 data agree with “energy loss + NLO shadowing”

@O consistent results from ALICE and LHCb for stronger 4(2.S5) suppression
@ J/4 from b and ¥ (2.5) from b expected to be consistent
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gy J/y andy(28) p

-» forward-backward asymmetries of 1/(2S) versus J /v

r T T T T o . : .
n:E 25F —4- Inclusive y(25) 25f. P eesonio —+— Inclusive y(29) ]
F EPS09LO —#- Indusve J g s Eloss —#— Inclusive J ]
[ 7z ersonLo P, <14Gevic E o o Eronio 25<h|<40 ]
F—  nosgLo B 2F
—— Eloss o
F LHCbh r
Lsf T IS EPONL e grey b
r E
r -
5E 05|
E [ LHCb pPb \Sy, =5TeV
oL L L L L oL 1 1
0 1 2 3 4 0 5

O v(29) ratios closer to unity than J /4 ratios
=» J /% and 9(285) consistent within uncertainties
=» consistency expected by theoretical models

5
W

10
P, [GeVic]

Ferreiro et al. PRC88(2013)04791
Arleo, Peigne JHEP03(2013)122
Albacete et al. IIMPE22(2013)133007

O resolve with 2016 pPb data (10x more than 2013)
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(8% Upsilon productio

=) statistics limited measurement

i

N

o
T

N
Q
=]

T

Candidates per 60 MeV/c?
(2] @
o o
T

LHCb
pPb s\, =5TeV

15<y<4.0 1
p, < 15 GeV/c —

IN) N
o o o
g

10000 11000
M, [MeVic?]

Candidates per 60 MeV/c?

80)
70]

60F
50F
40F
30F
20F

90F

10F

LHCb
pPb sy =5 TeV

-50<y<-25
p, < 15 GeV/c

JHEP07(2014)094

10000 11000
m,,- [MeVic?]

O kinematic range: pr < 156GeV/c, 1.5 <y <4.0and -5.0 <y < —2.5
O no differential measurements possible
O evidence for strong suppression of T(2S) and T(3S5)

=» 2016 data will allow a measurement
@ study T(1S) nuclear effects in common rapidity range 2.5 < |y| < 4.0

M. Schmelling, SQM2016, June 27, 2016 15



=» T(18S) nuclear modification factor and forward-backward asymmetry

- = e B e
o« 12F LHCD E
E PPD |5, =5 TeV ]

E = 113

] ~—— 18

1 08 q I

1 1=

1 eer 1|e

= . ~] |z

[ 1 os4f —8— LHeD, Y(15) g
0.4 Ejoss+EPS09 NLO ~® LHER YUIS) = Eloss+EPS09 NLO 3
02'__ Y(18) —E- LHCD, Prompt Jiy 3 0z2f —— vas) ~E~ LHCD, Prompt Jiy 3
T —-—— Promptoy  —A— Lcp, iy from b E ——— Promptdy A~ Lico, iy tomb ]

c’uluunl:xuluuuluuulu‘ o

-4 2 o 2 4 o 1 2 3 4 5
¥ Iyl

O large uncertainties
@O Upsilon consistent with J /% from b
O backward data consistent with expectations of “anti-shadowing”

% more data needed for firm conclusions



=» forward production of prompt open charm in pA collisions
O L =0.11nb~? (forward) and L = 0.05nb~?! (backward)
@ reconstruction in D° — K~ 7+ + CC decays
=» kinematic range: pr < 8GeV/c, 1.5 < y* < 4.0and —5.0 < y* < —2.5
=» simultaneous fit of impact parameter and invariant mass
=» extraction of prompt yields down to pr — 0

3
- r—— g B
5 LHCb preliminary = LHCb preliminary
Sm,ﬁ—STv 1 3 fisw=sTev
= Sw=°1¢€ s 15} Sw=°1¢€ 1 I
12} Forward i Forward 2
T 1 3 g
m — Signal+Bkg ‘S' 10F 4 i
4000[ -+ - Signal 9 %
‘‘‘‘‘‘ Bkg w &)
- D*from-b sk 1 |2
20001 %
-
PEPEL PRLLIIN

0 2 18l00 1850 19IOO
log(x2(D%) M(K ') [MeV/c]]



(&% D° productio

=¥ differential cross-sections

— — ———— = 200(- T
§ 100 —— LHCbpreliminay o E i LHCb preliminary
) =— e PPb S =5 TeV 1 o N PPb {§y=5 TeV 1 =
o | { 8% 1s0f 18
5 e o 1 - i @
e C ++ 112
E 10} e == E Fr—— e 118
o | e ; 100 —— —— g
oIS == ] i T 8
|~ Forward 15y a0 —g——o—_, | 50l - Foward 4 2
1E = Foward (x05) 25<y*|<40 E [ o Backward 1 1<
E —+ Backwad 25<ly*[<5.0 i E F =
F -& Backward (x05) 25<y*[<40 —o—
I | I —* oL I | |
0 2 6 8 2 3 4 5
p.(D°) [Gev/d] bl

O similar pr slopes in beam and target hemispheres
@ more forward production in target hemisphere



(&% DO production

=» forward-backward asymmetries

ol5 — T T 215 T T T
o LHCb preliminary 24 I LHCb preliminary
PP (=5 TeV 25<|y*|<4 [ pPb [§y=5 Tev p,<8 GeVic
j | e
osf- e e 1 ot :
L otal ul . + un .
I B CTEQ6M+EPSO9NLO I X CTEQ6M+EPSOINLO
O L 1 1 1 C L 1 1 1 1
0 2 0 1 2 3 4

6 8
P, [GeV/c]

O significant deviations from unity, consistent with expectations
O theoretical uncertainties larger than experimental ones
O analysis is being updated to include full statistics

O measurement of nuclear modification factor will use 5 TeV pp data
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=» clean signals: 4 backward-candidates, 11 forward-candidates

g ° z°
g af Lhen = § af Lhes = §
S, g z:s(ﬁ:sTw g g, ; ;JOP:\’E:STeV E g
18
5 ER I
a3 3 a3 115
%4:3 80 100 17,0 %;) 80 100 170
m,.,. [Gev/c?] m,.,. [Gev/c
= 40 =» muon selection
Sl e MPcirw] B pr>20GeV/c, 2.0 <7 <45
bb: % . FEWZ NNLO + MSTW08 _: n 60 < M(#J’»Mi) < 120 GeV/C2
o FEWZ NNLO + MSTWO08 + EPS09 (NLO) .
=¥ cross-section results
Ofwa = 13.5 55 @y £ 1.2ysy nb
Obwd = 10.7 :f:g% (stat) = 1.0¢syst) nb

(expect ~ 250 Z — T p~ in 2016)



&y Two-particle co

=» measure ‘per trigger-particle associated yield”
@ 2-dim correlation functions of prompt particles in (An, Ag)
O select particles in fixed pr-range as “trigger”
O study all pairs of particles with the “trigger”
O compare associated yields per trigger
=» within an event (S(An, Ag))
=» with random combinations (B(An, A¢)) from mixed events

«» definition of the experimental observable

1 d®Npair  S(An,A9)
Nirig dAn dA¢ B(An, Ag)

x B(0,0)
= L =0.46nb~! (forward) and L = 0.30nb~! (backward)

=» measurementin 1.5 < y* < 4.4and -5.4 < y* < —2.5
=¥ as function of relative and absolute activity in the acceptance
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&y Two-particle corre

forward

LHCb p+Pb sy =5TeV
1.0< Pyp< 2.0 GeV/e
Event class 50-100%

S

7

LHCh p+Pb (5 =5TeV
10<p, <20 GeVie
Event class 0-3%

S
% ;:_ 1.45 ‘

< 1 S
£ 135 MR

.

LHCh Pb+p (5 =5TeV
10<p, <20 GeVie
Event class 0-3%

backward

LHCb Pb+p |55y =5TeV
10< Pp< 2.0 GeV/e
Event class 50-100%

low activity

iIN

arXiv:2015.00439

high activity
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&y Two-particle corre

- quantitative results: growing near-side ridge with activity
O integrated yields vs A¢ outside jet peak

Z0.15 "
2O T T o | e 0o | o
,Uj 0.10] Cayan=2.06 (Pb+p) Coyam=0.37 (Pb+p) =5 TeV =
Zoms |2 1 2.9 1 d? Npair
i o Phipdata |7 Y(A¢) = — dAn _
o -t + ; 0.9 2.0 Ntng dA?? dA¢
2 015 =283 (p+Pb) “2yan=0- Coyan=0.18 (p+Pb)
LI;' . =401 (Pbip) “2vAN €y ,\M<D’1(Pb+p) S . ..
3 w ~ |2 B subtract offset (Zero-Yield-At-Minimum)
= 0.05 @
ooofhd e m =» near-side ridge largest at 1 < pr <2GeV/c
ZOASEC TS TE 0P | Comem081 (P | Crrna=023 (o) . ..
& ool it | Dy | | =» equal relative activity:
§ovos$ AN 207 stronger correlation in Pb-hemisphere
0.00 1 P
50’15 Cyyan=5.03 (p+Pb) Coyam=1.19 (p+Pb)  § Czy,4,y=0.29 (p+Pb) q equal abSOIute aCtIVIty'
5 Cryan=T-81 (Pbap) Coyan=1.78 (Pb+p) | Cyypn=0.36 (Pb+p) . . . . .
g0 A s similar correlation in both hemispheres
= 0.05 FAAY =
9 LHCh (=5TeV  10<p, <20GeVie
0.00 W ; & }M CAb:uvny bin1 I DAL“l’iu(y ::: uw Activity bin IIl Activity bin IV Activity bin V
a8 Crxpn=032 (p+Pb) §0v15 Co1 21 Ph) | | Coome1 32 (0rPh) | T Corm= 142 (0rPD) | § Cormnel ST (B+PD) | ] Covan=1.64 (pePb) |
Cryan=0.40 (Pb+p) s EEO.IO Covan=104 Pb+p) | Coya=116 @bap) | Cryn=127 @bap) | Cryun=1 38 (Pbep) | Coyane=1.54 (Phip)
= =1 ~
; o\ 005 h’\f%&
) B r 0.00f . N .
A [ 2 4

AQ
arXiv:2015.00439

M. Schmelling, SQM2016, June 27, 2016 23



&% 4. LEAD-LEAD COLLISIONS N

=» first participation in Pb-Pb running by LHCb in December 2015
@ 24 colliding bunches, L = 3 — 5 ub™!,
O minimum bias trigger - i.e. all inelastic interactions recorded

RHCE

M

Event 1755501
Run 168926
Tue, 01 Dec 2015 19:40:23

PbPb collision with a J /4 candidate in 1130 reconstructed tracks

_s - Lead-Lead Collisions M. Schmelling, SQM2016, June 27, 2016 24



&y Centrality dete

=» ongoing work . ..

O experimental observable: ECAL or HCAL energy sum
=» no saturation even for most central collisions
=» minimal correlation with particle production measurements

= T T T 5 10° T T T T T T T T ™
S 1 . 3 LHCb preliminary 3
) i LHCb preliminary ) VSw=5Tev
B VSw =5Tev =
z £ 10* E
w L
10°F E
| ] 102 AAV L Lol x10°
0 20 40 60 0 5 10 15 20 25 30 35 40 45
Ecal Energy [TeV] Number of Velo Clusters

‘ https://twiki.cern.ch/twiki/bin/view/LHCb/LHCbPIlots2015

O first step: event classification in terms of ECAL activity
=» tracking may be possible up to ~15k VELO hits
=» corresponding activity range: 100% - 50% = first look at the data
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W& 7/v and open ¢

= J/¢Y — putu decays

T
LHCDb preliminary
30f- |5y =5TeV

Candidates per 8.0 MeV/c?
)
(=]
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I
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[ https //twiki.cern.ch/twiki/bin/view/LHCb/LHCbPIots2015 |
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&% Strangeness prodi

< K2 — mfn~ decays
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W&l 7/ production

=» QED with extreme field strengths and large cross-sections
O events containing only two tracks in the spectrometer
@ coherent photoproduction of J /1 mesons

20F
200 HCh preliminary
1805, =5Tev

LHCb préliminary e,
(S =5Tev -,

10

10°
fo

"t i

Candidates per 8.0 MeV/c?
5

3
A

Bo

10k ) leewc)
o2ss,

i
AN 0”” ki N"i‘ i

‘ https://twiki.cern.ch/twiki/bin/view/LHCb/LHCbPIlots2015 ‘

ER IV

Candidates per 0.008 (GeV/c)?

=» very clean signature
=¥ very soft transverse momentum spectrum
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=» strangeness production in pNe collisions (2012) at ./syn = 87 GeV
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W& 7/v and open

=» charm production in pNe collisions (2015) at ./syy = 110 GeV

e f T F
3100 3 60F
= = LHCb preliminary = C LHCb preliminary
ﬂ i 2015 pNe data 3 50 ; 2015 pNe data
< 80 » L
9 r 2 L
2 T S 40
S 60— s
r 30
401~ £ J(
L 201~
20— 10f]
hal | st ] b | | | | |
é\QOO 3000 3100 3200 3300 3400 3500 9750 1800 1850 1900 1950 2000

p* W invariant mass (MeVlcz) K invariant mass (MeVch)

‘ https://twiki.cern.ch/twiki/bin/view/LHCb/LHCbPIlots2015

O clean signals

O next: luminosity determination based on elastic pe™ scattering
O goal: cross-section measurements for He, Ne and Ar targets

M. Schmelling, SQM2016, June 27, 2016 30



=» cosmic ray physics and cosmology
O understanding of extensive air showers =» MC tuning
@O understanding the AMS antiproton/proton ratio

AMS p/p results and modeling

p/p ratio
——
!

107

Dark Matter

. Secondary production

s L Donato et al., PRL 102, 071301 (2009); my = 1 TeV
107 T T T T T N T
100 200 300 400 500
Kinetic Energy [GeV]

< use fixed-target measurements to clarify: QCD or Dark Matter annihilation
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=» LHCb is much more than a pp heavy flavour experiment. . .

O participation in pp, pPb and since 2015 also PbPb running
O fixed-target physics program with (so far) {p,Pb} on {He,Ne,Ar}

O analyses of pPb collisions
=» probe nuclear effects with J /%, ¥(285) (prompt & from b), T, D° and Z

=» 2-particle near-side ridge correlations vs relative and absolute activity
O analysis of PbPb and fixed-target data starting

=» PbPb physics results expected up to centralities around 50%

=» promising signals for large-z fixed-target physics
O significantly enlarged physics reach with 2016 pPb data

=» 10x more statistics to address open issues

=» Drell-Yan production to disentangle energy loss and shadowing

=» associated J/1-D° production

+ stay tuned to the LHCb ion physics and fixed-target program!



