
Y.Itow,  Forward production at LHC ISVHECRI2014@ 18Aug2014 Y.Itow,  Forward production at LHC ISVHECIR2014@ 18Aug2014 

Forward	
  hadron	
  produc-on	
  at	
  the	
  LHC	
  

Yoshitaka	
  Itow	
  
STE	
  Lab	
  /	
  Kobayashi-­‐Maskawa	
  Inst.	
  

Nagoya	
  University	
  
	
  

	
  “ISVHECRI	
  2014”	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  17-­‐23	
  Aug,	
  2014,	
  CERN	
  

1 



Y.Itow,  Forward production at LHC ISVHECRI2014@ 18Aug2014 

2 

① Inelastic cross section 
   (TOTEM and others)  

② Forward energy spectrum  
      ( γ /π0 , hadron spectrum)    

⑤ 2ndary interactions 
     (√s dependence )  ③ Inelasticity k= 1-plead/pbeam 

      (leading baryon / γ ratio )    

④	
  Nuclear	
  effect	
  	
  
　　(shadowing,	
  Cronin	
  effect)	


Atm. depth 

#o
f p

ar
tic

le
s SD E-scale 

error　	

Composition error　	




Y.Itow,  Forward production at LHC ISVHECRI2014@ 18Aug2014 

2ndary	
  par-cle	
  
produc-ons	
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Very	
  forward	
  –	
  connec-on	
  to	
  low-­‐x	
  physics	
  

•  Very	
  forward	
  region	
  :	
  collision	
  of	
  a	
  low-­‐x	
  parton	
  with	
  a	
  large-­‐x	
  parton	
  
•  Small-­‐x	
  gluon	
  become	
  domina-ng	
  in	
  higher	
  energy	
  collision	
  by	
  self	
  

interac-on.	
  
•  But	
  they	
  may	
  be	
  saturated	
  (Color	
  Glass	
  Condensta-on)	
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Low-x high-x 
Very forward 

Naively CGC-like suppression may 
occur in very forward at high energy 

 ! However situation is more complex 
(not simple hard parton collsions, 
    but including soft + semi-hard ) 

soft  semi- 
  hard 

hard 
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  Par-cle	
  density	
  and	
  energy	
  flow	
  for	
  7TeV	
  pp	
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ATLAS	
  and	
  LHCf	
  

ln(tan )
2
θ

η = −

6 LHC tunnel 

IP LHCf, ZDC 
(η>~8.5) 

Central detector (ATLAS) 
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LHCf:	
  	
  loca-on	
  and	
  detector	
  layout	
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INTERACTION POINT 
 

IP1 (ATLAS) 

Detector II 
Tungsten 

Scintillator 
Silicon µstrips 

Detector I 
Tungsten 

Scintillator 
Scintillating fibers 

Arm#1 Detector 
20mmx20mm+40mmx40mm 
4 SciFi tracking layers 

44X0,  
1.6 λint  

Arm#2 Detector 
25mmx25mm+32mmx32mm 
4 Silicon strip tracking layers 

140 m 140 m 

n π0 

γ 

γ 
8 cm 6 cm 

Front Counter Front Counter 
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CMS	
  forward	
  and	
  TOTEM	


8 Slide by C.Baus	




Y.Itow,  Forward production at LHC ISVHECRI2014@ 18Aug2014 

CMS	
  CASTOR	


•  E	
  calib.	
  is	
  challenging.	
  
•  So	
  far	
  calibrate	
  to	
  HF	
  at	
  7TeV	
  

pp	
  by	
  η	
  extrapola-on.	
  (PbPb	
  
analysis,	
  20%	
  uncertainty)	
  

•  In	
  future,	
  Z-­‐>ee	
  or	
  UPC	
  can	
  
give	
  precise	
  absolute	
  E	
  scale	
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CMS PAS HIN-12-006	


Covering -6.6 < η < -5.2 
W plate + quartz plates 
16 ϕ seg. ,  no η seg. 
2 EM +10 HAD ( 10 λi total) 
So far first 5 Mod. used. 
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TOTEM	
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Slide by T.Scorgo (low-x 2014)	
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ALICE	
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Slide by D.T.Takaki HESZ 2013	


New FOCAL plan 
3.3 < η < 5.3 
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LHCb	

•  Unique	
  forward	
  
spectrometer	
  	
  2	
  <	
  η	
  <	
  5	
  

•  VELO	
  (vertex	
  locater)	
  8mm	
  
distance	
  to	
  beam	


12 
Slides from T.Ruf @ EPS2011	
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Outline	
  of	
  this	
  talk	

•  Energy	
  flow	
  in	
  pp	
  

–  CMS	
  
–  ATLAS	
  
–  LHCf	
  

•  Mul-plicity	
  in	
  pp	
  
–  CMS+TOTEM	
  
–  LHCb	
  
–  ALICE	
  

•  Energy	
  flow	
  in	
  PbPb	
  
–  CMS	
  

•  Nuclear	
  modifica-on	
  in	
  pPb	
  
–  ALICE	
  
–  LHCf	
  

•  Future	
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Special thanks to 
 C.Baus,  
 R.Ulrich,  
 S.Ostapchenko, 
 T.Pierog, 
 Y.Yamazaki, 
 N.Sakurai 
 and more…	
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Forward	
  energy	
  spectra	
  	
  
and	
  energy	
  flow	
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CMS	
  HF:	
  Forward	
  energy	
  flow	
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0.9TeV 7TeV 

3.15< η <4.19 

CERN-PH-EP/2011-086, arXiv/0329842 
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CMS	
  hard-­‐to-­‐inclusive	
  energy	
  ra-os	

•  Ra-o	
  of	
  E	
  in	
  -­‐6.6<η<-­‐5.2	
  btw	
  two	
  samples	
  

–  Inclusive	
  and	
  hard	
  samples	
  (	
  leading	
  charged	
  jet	
  in	
  central)	
  
–  Large	
  jet	
  PT	
  -­‐>	
  harder	
  (more	
  central)	
  collisions	
  

•  7	
  TeV;	
  increase	
  at	
  large	
  PT	
  due	
  to	
  mul-	
  parton	
  interac-ons(MPI)	
  	
  
•  0.9	
  TeV:	
  decrese	
  at	
  large	
  PT	
  due	
  to	
  less	
  proton	
  remnant	
  energy	
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JHEP 04 (2013) 072 	


0.9TeV	
 2.76TeV	
 7TeV	
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  Energy	
  dependence	
  of	
  	
  energy	
  flow	
  ra-o	
  (-­‐6.6	
  <η<-­‐5.2)	


•  Rela-ve	
  energy	
  flow	
  ra-o	
  to	
  2.76TeV	
  pp	
  collisions	
  
•  Larger	
  slope	
  for	
  hard	
  sample	
  	
  (central	
  jet	
  PT>10GeV/c)	
  
•  MPI	
  is	
  important	
  to	
  explain	
  these	
  trend	


17 

JHEP 04 (2013) 072 	
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ATLAS	
  ET	
  for	
  MB	
  and	
  hard	
  |η|<4.8	

•  ET	
  sum	
  for	
  charged	
  p>500MeV	
  (neutral	
  >200MeV)	
  	
  
•  minimum	
  bias	
  and	
  hard	
  dijet	
  samples	
  

– MB	
  :	
  2	
  PT>150MeV	
  tracks	
  in	
  |η|<2.5	
  
–  DIJET:	
  2	
  back-­‐to-­‐back	
  jets	
  w/	
  ET>20GeV	
  in	
  |η|<2.5	
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2.5	
1	


JHEP 11 (2012) 033	


MB	
 DIJET	
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ATLAS	
  DIJET/MB	
  ET	
  ra-o	

•  EPOS	
  reproduces	
  MB	
  ET,	
  but	
  less	
  in	
  DIJET	


19 

JHEP 11 (2012) 033	


MB	
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LHCf single Eγ at 7TeV and 0.9 TeV pp 
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DPMJET 3.04 
QGSJETII-03  
SIBYLL 2.1  
EPOS 1.99  
PYTHIA 8.145 

PLB 703 (2011) 128-134 
PLB 715 (2012) 298-303    

 η>10.94  8.81<η<8.99 

 η>10.15 8.77 <η<9.46 

7T
eV
	


0.9
Te

V	


3.5TeV	
3.5TeV	
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LHCf π0 PT at 7TeV pp 
PRD 86 (2012) 092001


1	


Type-I	
 Type-II	
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LHCf	
  EM(π0)	
  energy	
  flows	
  vs	
  rapidity	
  (7TeVpp)	

•  Integrated	
  p0	
  energy	
  in	
  LHCf	
  acceptance	
  
•  Reasonably	
  reproduced	
  by	
  QGSJET04	
  and	
  EPOS-­‐LHC	
  
•  Only	
  tail	
  covered	
  for	
  7TeV,	
  but	
  peak	
  covered	
  	
  for	
  13	
  TeV	
  	
  	


22 Plot by N.Sakurai	
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Very	
  forward	
  neutron	
  at	
  7TeV	
  p-­‐p	
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Data	
   3.05±0.19	


DPMJET3.04	
  
EPOS	
  1.99	
  
PYTHIA	
  8.145	
  
QGSJET	
  II-­‐03	
  
SYBILL	
  2.1	


1.05	
  
1.80	
  
1.27	
  
2.34	
  
0.88	
  

Data	
   1.26±0.08	


DPMJET3.04	
  
EPOS	
  1.99	
  
PYTHIA	
  8.145	
  
QGSJET	
  II-­‐03	
  
SYBILL	
  2.1	


0.76	
  
0.69	
  
0.82	
  
0.65	
  
0.57	
  

 n 
/ γ

 ra
tio
	


 n 
/ γ

 ra
tio
	


•  η>10.76 : QGSJET03 good,   >h>9.22 DPMJET3 good 
•  Larger neutron / gamma ratio than expected	


 η> 10.76	
 8.99<η<9.22	


40% E res. unfolded	
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LHCf	
  neutron	
  energy	
  flow	
  vs	
  rapidity	
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Plot by N.Sakurai	




Y.Itow,  Forward production at LHC ISVHECRI2014@ 18Aug2014 

Bump	
  ?	
  at	
  XF=1	
  for	
  0	
  deg	
  neutron	
  	


25 

A. Adare, et al., Phys. Rev. D, 88, 032006 (2013) 

LHCf 7TeV neutron (Arm1 only)   
0<PT<0.11xF GeV/c 	


RHIC PHENIX (200GeV),  
ISR (30.6-62.7 GeV) 

K.Kawade PhD thesis (2014)	
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Comparyson	
  to	
  HERA	
  0	
  deg	
  neutron	
  

	
  (Y.Yamazaki	
  @	
  LOWX2014)	
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Neutron XF for LHCf kinematical 
regions calculated based on HERA 
data (Nuc Phys B 776,(2007) 1) 
by Y.Yamazaki (Kobe) 	


Disagree : η>10.76 non zero at Xf=1  
Agree : 9.22 > η > 8.81	
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Low	
  mass	
  diffrac-on	
  
plays	
  in	
  XF=1	


27 

l  QGSJET03(& EPOS also ?) reproduces 0 deg. neutron  
l  Low ξ bump in low mass diffraction contributes neutron 

XF bump (c.f. Ostapchenko) 

S.Ostapchenko@HESZ2014	
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Forward	
  mul-plicity	
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Charged	
  mul-plicity	
  in	
  CMS+TOTEM	
  T2	
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•  First attempt of CMS+TOTEM common plot 
•  Reasonable agreement wide η range in 0 ~ 5.3-6.2,  
     while data may prefer less (more) in central (forward)	


Inclusive, 8TeV pp	
 NSD enhanced, 8TeV pp	


arXiv:1405.0722	
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ALICE	
  photon	
  mul-plicity	
  in	
  	
  2.3<η<3.9	

•  Forward	
  Nγ	
  by	
  ALICE	
  PMD	
  
•  Higher	
  mul-plicity	
  than	
  models.	
  	


30 

arXiv:1103.1668	
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LHCb	
  charged	
  mul-plicity	

•  	
  2<η<4.5	
  and	
  -­‐2.5<η<-­‐2	
  
•  Data	
  excess	
  substan-ally	
  
•  Forward	
  charm	
  also	
  available	
  ?	
  
	
  (wish	
  for	
  atm	
  prompt	
  ν	
  study)	
  	


31 

Eur.Phys.J.C(2012)72:1947	
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Forward	
  energy	
  flow	
  in	
  PbPb	


32 
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CMS	
  forward	
  energy	
  flow	
  in	
  Pb-­‐Pb	
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CMS PAS HIN-12-006	

•  Central : EPOS better 
•  Peripheral : QGSJET better	


20-30%	


70-80%	
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PbPb	
  centrality	
  dependence	
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Forward energy flow 
Weaker centrality dependence	


central	
peripheral	
 central	
peripheral	
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Nuclear	
  modifica-on	
  in	
  pPb	


35 
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Nuclear	
  shadowing	
  at	
  very	
  forward	
  in	
  p-­‐A	
  ?	
  

RHIC STAR d-Au,  PRL 97, 152302 (2006) 

<η> =4.0	


•  Suppression and PT broadening due to gluon saturation 
•  Maybe large at very forward ( small-x )  	


<Nbin>:Number of N-N  
        binary collisions 
  (from Glauber model)	


Nuclear shadowing	


Gluon saturation	


 p	

A	
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ALICE	
  pPb	
  5.02TeV	
  RpPb:	
  central	
  and	
  forward	

•  Large	
  suppression	
  at	
  low	
  PT	
  in	
  pPb	
  in	
  central	
  
•  	
  J/ϕ	
  suppression	
  in	
  forward	
  p	
  side,	
  but	
  no	
  in	
  Pb	
  side	
  
•  ψ(2S)	
  suppressed	
  in	
  both	
  side	
  of	
  forward	
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PRL 110, 082302 (2013)	


| η | < 0.3, 0.8	

arXiv:1405.3796	
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LHCf	
  nuclear	
  modifica-on	
  factor	
  (-­‐11.0>η	
  >	
  -­‐8.9)	


38 

•  Very large suppression (~ 0.1)  at PT ~ 100MeV region in p-side 
•  Models also reproduce large suppression, but PT dependence ?	


<Ncoll>=6.9± 0.7	


1	


2	


3	

Ra

tio
 to

 pp
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Future	


39 



Y.Itow,  Forward production at LHC ISVHECRI2014@ 18Aug2014 

Possible	
  future	
  p-­‐Oxygen	
  run	

•  Important	
  missing	
  informa-on	
  ;	
  nuclear	
  shadowing	
  
•  Large	
  suppression	
  0.1	
  for	
  p-­‐Pb	
  for	
  very	
  forward	
  π0	
  at	
  low	
  PT	
  
•  Less	
  expected	
  for	
  p-­‐Light	
  Ion,	
  but	
  model	
  dependent	
  	
  (~25%)	
  	
  
•  Oxygen	
  beam	
  is	
  technically	
  feasible	
  in	
  LHC	
  

40 

By T.Pierog	

Energy flow	


40 

QGSJET	
  II-­‐04	
  p-­‐p	
  
p-­‐N	
  

p-­‐Pb	
  
All	
   ηs	
  

8.81<η<8.99	
  
η>10.94	
  

By	
  S.	
  Ostapchenko	
  

Current largest diff. 

 btw 2 models 
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Missing	
  	
  η	
  =	
  6.6-­‐8.4	
  coverage,	
  how	
  cover	
  ?	

•  Current	
  LHCf	
  acceptance	
  limited	
  by	
  beam	
  

pipe	
  ver-cal	
  aperture	
  at	
  D1	
  exit	
  
•  CMS	
  CASTOR	
  Z=14.3m,	
  η	
  =	
  -­‐5.2	
  -­‐	
  -­‐6.6	
  
•  S-ll	
  large	
  energy	
  flow	
  frac-on	
  here	
  
•  Interes-ng	
  transi-on	
  region	
  from	
  

diffrac-on	
  to	
  string	
  fragmenta-on.	
  	
  	
  

41 

310 µrad	

450µrad	


Uncovered !	
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Summary	
  
•  Now various forward particle production data available at 

LHC for pp, pPb and PbPb at various energies. 
•  What we observed is ; 

–  None of models can reproduce perfectly 
–  But CR models eventually work reasonably well 

•  We may start to see some trends in forward (personal view) 
–  Less energy flow, softer spectrum of π0 
–  More abundant and larger energy flow of baryon (neutrons)  
–  More harder MPI collisions to produce higher multiplicity 
–  Larger suppression due to nuclear effect   
–  These may suggest some new insight of QCD ?(saturation, etc..?) 

•   Need more data 
– 13 TeV ! Higher energy density, larger forward collimation 
–   Less knowledge for nuclear effect. Future p-O run ? 

42 
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Summary	
  :	
  forward	
  spectra	
  coverage	
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Parent	
  par-cles	
  relevant	
  for	
  LHCf	
  
observa-ons	
  

44 Sybill at 7TeV  
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7TeV	
  pp	
  energy	
  flow	
  summary	


45 

QGSJET04	
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Elas-city	
  (	
  XF	
  of	
  leading	
  baryon)	
  

46 
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pseudorapidity	
  and	
  interac-ons	
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  E	
  spectra	
  forseen	
  at	
  14TeV	
  (MC	
  for	
  ~0.1nb-­‐1)	
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 π0	



 single γ	



Neutrons (w/ 30% resolution) 

Neutrons (true energy) 
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Rapidity	
  vs	
  Forward	
  energy	
  spectra	
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Contribu-on	
  from	
  very	
  forward	
  produc-on	
  

50 

5×1019 eV proton showers 
( 60 deg zenith) 

# 
of

 e
le

ct
ro

ns
 

No cut  

 low XF γ origin  
( xF < 0.05 ) 

 π,Κ origin  
( xF < 0.1 ) 

Half of shower 
particles comes 
from large XF γ	



Measurement at  
very forward region  
is needed  
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Impact	
  of	
  parameters	
  of	
  interac-ons	
  	
  

51 
R.Ulrich et al., PRD83(2011)054026 
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  ALICE	
  σdiffrac-on	
  	
  

52 

J. Phys. G: Nucl. Part. Phys. 38 (2011) 124044 
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LHC	
  zero	
  degree	
  experimental	
  site	
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ATLAS 

140m 

LHCf/ZDC  

TAN absorber 

140m 96mm 

Charged particles (+) 

Neutral particles 
Beam pipe 

Protons 

Charged particles (-) 
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  Energy	
  flow	
  for	
  √s=14	
  and	
  7TeV	
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14TeV 

7TeV 

Double diffractive π0 

Single diffractive π0 

ATLAS/CMS 

CMS HF CMS HF 
LHCf/ZDC LHCf/ZDC 
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  LHCf	
  π0	
  pT	
  for	
  5.02	
  TeV	
  pPb	
  (	
  -­‐11.0>η>-­‐8.9)	


55 

Phys.Rev.C in press 
arXiv:1403.7845	


•  Large suppression and PT broadening 
•  Irrelevant to η region 	



