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Nuclear effects in heavy ion collisions
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® FElements of proton-proton as well as nucleus-nucleus collisions
® Disentangle initial and final state effects

® (Characterize nuclear PDFs
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Previous measured nuclear modifications in HIl collisions

CMS: EPJC 72 (2012) 1945, PLB 715 (2012) 66, PLB 710 (2012) 256, PRL 113 (2014) 132301, HIN-12-014, HIN-13-004, HIN-12-004
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® Raa: Nuclear modification factor

® High pr final state charged hadrons and jets are strongly suppressed

= |nitial-state and final-state effects combined

= Need study of nuclear modifications in pPb to separate initial and final state effect
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Nuclear modification factor Rpa in pPb

dN,, / dp;
VdN , | dp;

i . R , =
® Nuclear modification factor pA <N

coll

® Number of binary collisions is calculated in a Glauber model:
<Nco||> — 6.9 i 0.6

® For pQCD processes:if Rpa = | = pPb collision is approximately a
superposition of independent proton-nucleon collisions and no
nuclear effects are present

® Challenge: pPb collision at a different energy than pp and PbPb, no
direct reference measurement from real data

= |nterpolation/Extrapolation from other +/s measurements to
build up the reference spectrum in pp
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Charged particle pp reference spectrum

CDF: , PRD 82 (2010) 119903
CMS: JHEP 08 (2011) 086, EPJC 72 (2012) 1945
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Jet reference spectrum in pp

CMS-PAS-HIN-14-001

CMS Preliminary, pp Vs = 5.02 TeV PYTHIA based data extrapolation method
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Total uncertainty range: 14-20%
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Measured spectrum in pPb collisions

. p Pb .
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® Charged particle spectrum fully corrected, total uncertainty on cross section ~12%

® |Inclusive jets unfolded, total uncertainty on jet cross section ~15%

Yaxian MAO V
‘ Ve Uninersfos 1IS2014, 12/06/2014, Napa, CA 7




Charged particle nuclear modification factor: Rpa
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* High pr charged particles (50 < pt < 100) R,p, approximately at 1.38 + 0.22
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Jet nuclear modification factor: Rpa
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* No strong jet pt dependence observed
* High ptjets (100 < pt <200) Ryp, approximately at |.11 £ 0.23
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Jet and hadron Rpa: compare with EPS09 calculation

Charged particles Inclusive jets
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0 . : .
* EPS09 for 1T calculation shows smaller R,p, value than inclusive charged hadrons
* Theory curve for inclusive jets from Hannu Paukkunen (private communication)
* Jet results consistent with CTI0+EPS09 calculation
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Compare with other experiments

Charged particles Inclusive jets
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From QM2014
® Charged hadron results at high pr are consistent between ATLAS and CMS, but not with
ALICE
e Consistent with different experimental measurements for inclusive jets
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Probing nPDF with jets and hadrons

x - fractional momentum from a colliding nucleon carried by the parton
JHEP 0904 (2009) 065
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Forward-backward asymmetry

Francois Arleo and Jean-Philippe Guillet http://lapth.cnrs.fr/npdfgenerator/
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http://lapth.cnrs.fr/npdfgenerator/

Charged particle yield asymmetry
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® Y.ymabove | for pt < 10 GeV/c for both n bins
® Y,ym close to unity for pr > 10 GeV/c within systematics uncertainty

® A decreasing trend of Y,sm at very high pt for most backward range
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Inclusive jet yield asymmetry

Pb going/proton going
CMS Preliminary, pPb ys,, = 5.02 TeV
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® Jet production yield in Pb going direction compared to proton going direction or to

® close to unity for the jet pt range measured within uncertainty

® No strong N dependence observed within systematics
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Dijet n asymmetry
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Consistency between dijet n and charged hadron asymmetry
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* “Central” events with high HF activity: dijets
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e CMS has performed both jet and charged hadron measurements in pPb collisions
* Inclusive jet and charged hadron cross section measured to high pt region
* Asymmetry of jets and charged hadrons are studied
* inclusive jet asymmetry consistent with unity and no strong N dependence
* charged hadron asymmetry shows larger yield in Pb going direction at low p, while high pt yields
consistent with |
* N shift observed in dijet asymmetry results, and the asymmetry is consistent with charged hadron
asymmetry in event activity classes
* Nuclear modification factor R.p, are presented
* inclusive jets R p, using extrapolated pp reference is approximately 1.1 + 0.23
* charged particles R p, using interpolated pp reference at high pr is approximately 1.38 + 0.22
* results for jet R p, consistent with EPS09 calculation
= need 5.02 TeV pp reference data to precise R, p, measurements!
* More analysis are ongoing to understand how the initial-state effects influences the quenching

interpretations in PbPb

Thanks for your attention!
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Comparison to ALICE Charged Particles

2lIIIIIIII|IIII|IIII|IIII|IIII

- H
pPb Measured Spectra 1815 pPb spectra, ALICE (n|<0.3) / CMS (In|<1) -
1.6] 3
o 1.4 -
* ALICE and CMS results generally = - :
. L . O " E
consistent within combined T e S— SN SR E
. . (LI-.)I § M.“"“’iéi ’ { { -
systematic uncertainty. = 0.8 A -
< o06F 3
o/ L 0.4 -
* CMS results ~5-10% higher i -
OEI 1 1 I | I I | I | I I | | I I | | I I | I L1 1 I‘IE
10 20 30 40 50 60
* Measured pPb spectra account 0 [GeV/c]
;
for ~ 1/3 of the tension ALICE: arxiv 14052757

CMS: HIN-12-017
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Comparison to ALICE Charged Particles

2_] | L I I T 1T 1 I 1T 1T 1 I T T 1 I L
Artificial pp Reference Spectra 180« ppref. ALICE (h[<0.8)/ CMS (n[<1)  —
1.6F I =
 ALICE and CMS references o 1.4F -
diverge at high-pt c§) 12e = % ¢ E
W a-.sf-i-f--f---; ----- G E
. O ggp~ =
e Accounts for ~ 2/3 of the tension . 06; -
0.4F £
e Different methods used 0.2k E
L NLO—ScaIing (ALICE) 0:1 L1 1 I | I I | I | I I | I I I | I | I I L1 1 1 I:
. . 10 20 30 40 50 60

* Direct Interpolation (CMS) p_ [GeV/c]

ALICE: arXiv:1405.2737
CMS: HIN-12-017

* Different underlying data used for
ALICE and CMS
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Comparison to ALICE Charged Particles

Comparison of Methods 1.6
-
c ]
E 1.4 _— # NLO-scaled 7 TeV CMS data / Interpolation, 5.5 TeV ——
* Perform NLO Scaling on CMS data 9 I ]
to 5.5 TeV and g 12 : .
5 B :
* Compare with interpolation to 5.5 o ! -
Q@ N N
TeV S 08¢ i
® [ i
O 06[- -
* Two methods generally agree within < | ]
0.4 | | | | | | | I | | | | | | | I | | | | | | |
10% 20 40 60 80 100 120

P, [GeV/c]

NLO - F. Arleo, D. d’Enterria, A. Yoon: JHEP 06 (2010) 035
CMS: HIN-12-017

* No clear systematic trend above or
below unity
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Comparison to ALICE Charged Particles

T lIlllllillillillllIllilllllllllll

—e— CMS pp Vs =2.76 TeV, —e— CMSpp \s=7TeV,

5
o 10
Comparison pp Data from E Weio Weid
guen (ghiec) PR
CMS and ALICE 2 o0 —=— ALICE pp /s =276 TeV, ~=— ALICE pp 5 =7 TeV,
10 ml <0.8 ml <0.8
10°
10° \.‘
10:: “{-m. Seq
7 TeV and 2.76 TeV datasets e -~ "~ :
107 . o

compared

data / CMS fit
s> o
| ]
" 5
- i
—— =
.—.__:
| ]

* Larger statistical 1,r +d+f ------------ e

0.8

uncertainty on high-pt ot
ALICE data

-|||||||||||||||||||||||||||||[||||||||||||||| |||||||| IlIIIIIll|IIIIl|Il|IIIIIIIIIIIlIIIIIlIIIIIIII-
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
P, [GeV/c] P, [GeV/c]

ALICE: EPJC 73 (2013) 2662
CMS: HIN-12-017
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Comparison to ALICE Charged Particles

1.6

Comparison of NLO-Scaling
with ALICE and CMS

N -
N -l>-

i | L I L

. -
s sl

—

* Perform NLO-Scaling on

both ALICE and CMS data
to 5.5 TeV and

O
o

NLO-scaled data/lnterpolation
o
o

O
~

x...
Ax 4
4 3
£

NLO-scaled 7 TeV CMS data / Interpolation, 5.5 TeV

NLO-scaled 7 TeV ALICE data / Interpolation, 5.5 TeV—_

* Compare with CMS
interpolation to 5.5 TeV
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20 40 60 80 100 120

o [GeV/c]

NLO - F. Arleo, D. d’Enterria, A. Yoon: JHEP 06 (2010) 035

CMS: HIN-12-017



Jet/hadron Rpa vs. Raa

55 pPb \'s,, =5.02 TeV PbPb \s, =2.76 TeV 55 CMS Preliminary pPbL=35nb"; PbPb L =150 ub™
. _I T 1 | T T | T T | T T | T T | T T | T T | T 1 I_ . i I I I | I I I | I I I | I I I | I I I | 1
5 E — = Inclusive jet R, (0-100%) I 1<0.5 E 5 E 7 Charged particles R In_ I <1 E
8 2 B — % |nclusive jet RAA (0-5%) Inl <2 ] 8 2 - — ® — Charged particles RAA (0-5%) Il <1 N
LL B i LL B i
c . c :
2,50 1 2450 1
S S gha B
% i DI] . Hoo | :C:J I o - - i
o , P8 "988880p8 g5 "] O 4fmmc ]
= ;=2 ]
§ i + | § ‘ |
O 0L - - -m— VR B P R e S
g 0.57 LTI ¢ . g’O‘S‘ ot * . -+ + .
Z 1 Z P e -
i | | e |

O I | L1 11 | L1 11 | L1 11 | L1 11 | L1 1 1 | L1 11 | L1 11 O | | | | | | | | | | | | | | | |
0O 50 100 150 200 250 300 350 40( 0 20 40 60 80 100
p_ [GeV/c P_ [GeV/c
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Jet reconstruction

600—- I T I I T III

500 ©MS simulation :! 10" : : . —
a00k o " . Antl-kT algorithm with R=0.3 cone
300y j< 1.0 13 size applied to projections from
5 20 1410° particle-flow candidate objects
8 :
.‘«1%.-100 - 5107 . . .
§ 1 * |terative Pileup subtraction method
70 I P )
60 =" applied to remove background.
50 .
40 10°
¥ N * Jet energies corrected to final state
30 40 50 100 200 300 . .
| Gen p [GeV/c] P&I”thle jets
L ARAN AL RARAN RARRN RARRRRALLN LARRN RARAS RARREER
- CMS simulation +Bayesian .
115~  PYTHIA+HIJING ~Binbv-bin ] . .
<10 oy * Smearing effects of the finite-pt
M vt Partle Flow Jet R=03 E resolution on the spectrum are
< 105] % % . corrected using an “unfolding”
i 1Hu % _____ +J __________________ 48' procedure with MC-derived
: % % % w % response matrix.
0.95— —
T T T T T P PP P s
50 100 150 200 250 300 350 400 450 500

pJ ® [GeV/c]
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Trigger combination

Anti-kt R=0.3 Jets cwus preiiminary, pPb ys, = 5.02 Tev
8

Charged Particles

10 E LI | L | I || | I || | I LI | I LI | I Ié
- O Combined Jet60 .
1 O % LI | LI LI | LB | LI | LI l LI | LI | LI | I I? B . Jet20 .Jet80 |
1k PPD Y8y =5.02TeV, Ing,|<1 107 R, o Jet40 Jet100 3
15. CMS preliminary - - 3
100 " E L JL dt=35nb" ]
s S —e— Minimum Bias 1 .
3 102 % 1 0'E 1< 14 :
O] s b . —+*— Track12 3 5 F .
= 10°F = R .
S, - * —o— Track20 = g ]
104k 10° E
g 10 Track30 E £ :
D q5 § N ]
% 107§ — ? ! ]
o, 107 i E
S 2 5 um,umu’uu\uj E
Z 107 E = - Anti-k; Particle Flow Jets: R=0.3
A _8 - . 11 I 11 I 11 I 1 1 I 11 I 1 1 I 11
107 g | 40 60 80 100 120 140
10°F - p_[GeVic]
‘0 - 3 CMS Preliminary, pPb (s = 5.02 TeV
10 e e b b b e e e I DL L L L L NI RN RN
o 14 3 14~ ~
=1 1-21_ B _[Ldt=35 o' , i
c - Anti-k; Particle Flow Jets: R=0.3
o 08F 12— Ing,1<1.0 —_
_ 06 = - -
O 04F C ¢ ]
@ oo} 1"0”*:3**’"“’.'.3‘_— """" .
OM.'.'"\'.H."\IHV@LLH.0....I....I....I.. - —
5 10 15 20 25 30 35 40 45 8 08l .. S N
go.
: BT ° .
Leading track p_ [GeV/c] s [ 8 )
T © 06 s / @Jetop Jetéd |
_ ® r ®Jet8d |
040 ©Jetd0  jer100
_. :
02? -
- 1 1 1 I 1 1 1 l 1 1 1 I 1 1 1 I | l_

o
i
o

60 80 100 120 140
p,[GeV/c]
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Jet Spectrum

, CMS Prlelirpin?ry,l pr? s =5.02 TeIV - _ CMS Preliminary, pPb {s,, = 5.02 TeV
10 —
Extrapolated pp jet cross section B | | | | | | | | | |
10 References: i JL dt=35nb" —
10 PRL 107 (2011) 132001 = , , o |
% PRD 87 (2013) 112002 _ Anti-k; Particle Flow Jets: R = 0.3 il
(CMS pp jet cross section at 7 TeV) - 2 -
O 10—6 . —+—1O<nCM<15(x5)
3 0 0.0<|y|<0.5 - e 0055< Ney < 1005(x5)
N — Vo<, < -
é . ¢ 0.5<|y|<1.0 (x5") %‘ _e_ 10<T1 <-05(x )
= 10 + 1.0<|y|<1.5 (x52) — 0 15 <nCM< -1.0 (x5
-g_s— i nﬁﬁ ¥ 1.5<|y|<2.0 (x57°) | &
T 1010 - v T The O 1E
© 10 . ﬁpﬁ»}:’}"— _=D__D_—D— =
N ~' ¥ 2_0_ _'D— '—_ -O
O ol R R Pty
1072 |- E% ~* —— 10
- - B
- _.y.‘_\_x —— —a
B 10
10-14 T R N NN RN N S A -| R R N N S|
200 400 600 800 107
P [GeV/c]
® The curve is from Hannu (gray: scale uncertainty;
blue: PDF uncertainty): 10

e pp:CTIO
e pPB: CTI0++EPS09
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Charged Rppp from individual triggers

2 B L | | | T T T | | | L Iél | _I

18 I_ ——e—— pPb s, =5.02 TeV, charged partu..%?s _:

E —&——  Minimum bias spectrum E

1.6 N

—_— 1_4:_ hh$%::;}|r1 _:
< | - = L ® |
V = BEEE e inli a Ly L —_
3 cinereghtlietin
E 1—_- ........... ol -E.-ggu UE&Q&' R R BEE B PR _]
~ N ¢ oLl L ]
0 B n”“ ut” B I
o 0.8 .- Su —
[} L ngé” ]
X opsst =
0.4 - .

. CMS Preliminary _

02 — Nco"=6.9 ]
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P, [GeV/c]
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Charged Rppp from individual triggers

2 B L | | | L | | ! LA | _I

- —e— pPb VSNN = 5.02 TeV, charged partiClg ]

1 8 ~  —&5—— Minimum bias spectrum —_

16 :_ —t—— Track12-triggered spectrum ~ _:
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Charged Rppp from individual triggers

2 B L | | | T T T | | L | _I

.  —e— pPb VSNN = 5.0£ TeV, charged partélfi -

1.8 [ ——&—— Minimum bias spectrum _
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Charged Rppp from individual triggers

2 B L | | | T T T | | | L | I _I

. ——e— pPb VS_NN = 5.02 TeV, charged particlés _

1 8 ~ —&—— Minimum bias spectrum { ]
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~ ———e—— Track20-triggered spectrum ’
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Nuclear PDF Predictions at LHC

Frangois Arleo and Jean-Philippe Guillet http://lapth.cnrs.fr/npdfgenerator/

?{15: 1 T TTTTT] T T TTTTT] T T ||||E gluons:Q2= IOO GeV2
Y T — g EPS09 LO -
- — 2 o 2 1
Y N I
- S HKN
1.3 — b EPS09 LO v 1
[ )
- J g
12 R” = nPDF | PDF ~
- ~ .
- 1 E
1.1 ‘N 06 —
C RS -
1 R4 0.4 )Phys.G39(2012) 015010
- o -
= 0.2 —
A -
0'9: |‘ g OT T T BT T BT
R 1 | . 10° 10 107 107 10" 1
0.8 1“1 [ 1 1 1111|1|‘ 1 I N | ss x
10° 1072 107
' “ X .
Shadowing : EMC

Anti-shadowing

(gluon saturation?)

® At LHC energies, the R™ is expected to have significant
shadowing/anti-shadowing effects
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http://lapth.cnrs.fr/npdfgenerator/

> < uxzn
Pb
P11 > 120 GeV/c, pt2 > 30 GeV/c, A, > 211/3 S n,+1,
dijet —
Translation from Ndijec to X| 2
A15_ U R L L LR UL L e T T T T T T T T T T TTTT
< L :g B 7]
YR — g EPS09 LO —° [ Boosted PYTHIA6 22 . 1
< 1.4 Q*=10000 GeV? An @ 5.02 TeV : ..,'t‘...'"'-'*':'-".*'_—
z | 4 EPS09LO : - fEEEEEMC
1.3 — b EPS09 LO i LA 1
B : PR M————
- R _ PDF | PDF Antshadowing: e
1.2F =nrpr/ror Wl o= of R A g
- ] R T i et
1.1 [T ——— -
T ~ K o ———e
: - s g S
L - > -Q 11 PP .
s AN o -
B - I o e . . .
B L e e . -
0.9F TETRA o b
: i | ?!I‘II’II | | ||||||| | | IIIIII_
0.8_ 1 [ N A 1 I N A | 1 e P 10'3 10-2 10—1
107 1072 107 "=~ - Shadowing X1

Frangois Arleo and Jean-Philippe Guillet http://lapth.cnrs.fr/npdfgenerator/

® Different Ndie: probes different effects with different x
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Dijet asymmetry comparison

CMS pr 35 nb” VSN = 5. 02 TeV EPJC 74 (2014) 2951
oL I B fTrryryyryrr Ty T T T rgyrrrryoTro Ty l LI I LI N I I UL l.: LI l LI l LI l L l L l LN L )
0'65 o pr (a) p > 120 Pp.,> 30 GeV/c (b) ¥ Ao, _>2m/3 (c)
05F + PYTHIA+HIJING >4 - m 9 I .
_ YE—PYTHIA All E; Er <20GeV 20 GeV <E; <25GeV
Q
50.4 oo
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Summary from dijet n

CMS PAS HIN-13-001
-D.‘]IllllllllllllllllllIIIIIIII -1.‘15IIIIIIIIIIIIIIIII|IIII|IIII

- - : :
0 E:— p,,> 120 GeVic E 1.1;— ® pPb|5,,=5.02 TeV —;
B , i B O PYTHIA + HIJING i
[ p..>30GeVic 1 i 1.051 7
- T2 . s PYTHIA -
-0.3— — - ]
- o i - .
A § 1~ : ]
D . O o - = arF n

-0.4 O O ©0.95 O O
& L e © O 15 | 4 © O ]
: : 0.9[ © -
-0.5 — n o - ® 9 = .
i i 0.85F o =
06 - : :
i ] 0.8 =
_DT B AN TN ST TN T T T N T T N T A A A A |_ 0?5 - R SN I N T T T T N T N T Y T MO OO I:
0 10 20 30 40 50 60 0 10 20 30 40 50 60
HF[n|>4] HF[[>4]
GeV GeV
= (GeY) = (Ge) N I
dii =
ljet 2

® Mean of Ndijet increases v.s. forward calorimeter energy

® Width of Ndije: decreases v.s. forward calorimeter energy
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CMS Detector capabilities

o " CMS is a multi-layer detector
gﬁ;:&%ﬁ Hgdrorz (e.gNPion) )
- = = - Neutral Hadron e.g. Neutron R . oje °
----- o \ ® Excellent tracking capabilities
W] U ® Momentum resolution of |-2%
( i to 100GeV/c
% / il e Displaced vertices for heavy
i flavor
e "mes” 38T Field , . :
® High-granularity calorimetry
— : ® Directly identifiable jets
| E ® Y-jet studies
| o High Level Trigger
| | ) '
! : Higher energy reach
¢ ; ; : ;
&8 6 4 2 0 2 4 6 8 7 ® Ultra-central events
Pixels+Tracker
® Improved J/P,Z%Y
ZDC ZDC
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Jet reconstruction

clusters and tracks Particles [1] arXiv:1107.0179
: [2] CMS-PAS-PFT-09-001
M

HCAL ' M

Clusters 4

neutral |
hadron !

ECAL Y W}
Clusfers '

e |[nformation from all sub-detectors are combined into particle
candidates “Particle flow” event reconstruction method[1-2]

» Allows us to exploit the excellent resolution of the tracker for
the charged hadron component of the jet

» Also includes a fully consistent treatment of electron and
muons inside jets
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Jet underlying event subtraction

(]) (I) 2) Run jet finder on subtracted towers
ETtower-<E.I.tower(r])>-0.|.tower(r]) N
1. <Et> calculated in strips 2. Run anti-kt algorithm on
of n. Subtract <Et> + 0 background-subtracted towers
Original towers
() 4) Re-run jet finder on subtracted towers
e CMS, arXiv:1102.1957
 Kodolova et al., ‘ ‘
EPJC 50 (2007) 117
ETtower-<E.I.tower(r])>-0.|.tower(r]) n
3. Exclude reconstructed jets 4. Re-run anti-kr algorithm
and re-estimate background to get final jets
Yaxian MAO 1IS2014, 12/06/2014, Napa, CA 39 V

Vanderbilt University



