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DESCRIBING HADRON COLLISIONS — THE TWO PARADIGMS
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@ proton-proton e nucleus-nucleus (AA)

«v» NO re-scattering <« many re-scatterings

“free streaming” nearly perfect fluid



DESCRIBING HADRON COLLISIONS — THE TWO PARADIGMS

systems
@ proton-proton e nucleus-nucleus (AA)
<« NO re-scattering <« many re-scatterings

“free streaming” nearly perfect fluid



SMALL SYSTEMS — CHALLENGING THE TWO PARADIGMS

0000000000000000000000000000000000000

v/ observation of collectivity in small systems:

(collective flow v, ’s)

----------------------- (talk by Jacquelyn Noronha-Hostler)
CMs pp“ﬂ\(ﬁe =<113 5zev T B

1< p'T"“, P <3 GeVIc_._,.-*'“"

TTT

[ALICE 1903.01790]

+

pp p-Pb Xe-Xe Pb-Pb
13 5.02 5.44 5.02 \Sy (TeV)

Nel mO FGE 00 v, {4}
open = without n-subevent < [BER AA v,{6}

Illll]ll

lllIllI‘lllIlllIlllI

solid = with n-subevent 88N vV v,{8}
i i A PR W S . | A L N PR R T T |

111

(o]
N

2 3 ‘
10 10° N (ml<o0.

X no sign of parton energy loss!

collectivity <~ parton rescattering

e some parton energy loss must also be present in small systems!



THE NUCLEAR MODIFICATION FACTOR Rﬁ

compare differential yield in AA collisions _ (IUN,) dN j’h/de

: . Rj’h(p
T
to an equivalent number of pp collisions AA (Taa)  dol/dp;
- © proposed [1812.06772] XeXePbe‘ PbPb 30-50%
@ System size 100 L X XeXe 30-50% |
: : =& _ & PbPb 50-70%
«v» centrality selection 3| ATAT O XeXe 50-70%  pgaomy
z 00 & o
~ u PbPb 70-90% ( y
0 pPb & NXeXe 70-80% R,
. [ OOAI’ [ - e ".l.‘;.: ]
® (T44): nuclear overlap function LSO J— ]
(from model calculations) 1.2 |- | = [3§.
/.1—_—'__._-_’_ I Pttt
© <Npart> ~ 10 08 f | | 2
o 1 T
systematics (boxes) 25706 - ,. 2
‘ N
. a =
dominated by (T4 4) 04 S
need to get rid of soft modelling in I F—." £

our nominally hard observable!



THE NUCLEAR MODIFICATION FACTOR Rj;fx

only in minimum-bias collisions

® Ssystem size

100
«v» A: nucleon number 3
ZU
~ 10
o (T,4) replaced by:

beam luminosity

© <Npart> ~ 10
collide light nuclei: OO

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

1 do"/dp;

R/
,h
A% del dpy

AA,minbias(p T) =

PbPb
XeXed, -
g’ XeXe 30-50%

7

proposed [1812.06772]
3 —> £ PbPb 50-70%
: < @ ArAr @ XeXe 50-70%

@Pbe 70-90%
e XeXe 70-80%

o0

pPb

e

“PbPb 30-50%

ph = [35.2,41.6]GeV pl, = [100,112]GeV -

ph e = [35.2, 48]GeV

b o o mm mm mm oEm omm omm o -— e Emm Em Em Em Em Em Em Em Em Em s Em Em mm s

CMS hadrons ATLAS jets

PbPb 5.02 TeV —B— +—m—
pPb 5.02 TeV —&— +—e—

—D—

XeXe 5.44 TeV —A&A—

10 (Npart) 100

[¥S2€1°2002 MSAINMH]



THE NULL HYPOTHESIS
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e discovering a small energy loss signal requires a
(null = “no energy loss”)

j.h : .. .
e can compute R A A .min bias (null) using QCD factorization (Q > Aycp):
f
g DN ek BN
PA\ faja(za) - fo|B(T0) /PB

1 1
OAB = %;/o dxa/o dzp faja(®a) foi () Gap(@a, xp) (1+O(Aoon/Q))



QCD FACTORIZATION

/
& P AL 0
PA\ faja(za) S foB(T0) /PB

(nuclear) parton distribution
functions

(non-perturbative, universal)

hard scattering
(perturbation theory)




QCD FACTORISATION

/
a:aPA/ Oab \mbPB
falA(%) L fb|B(«’Eb)
v =

1 1
OAB = Z/O dfb‘a/O dzy faja(2a) forp(Tn) Gab(2as ) (1+O(Agen/Q))
ab

(n)PDFs

: - . hard tteri
(in principle, improvable) drd scattering

(systematically improvable)




MINIMUM-BIAS ij (null)

00 /s y=7 TeV Lyy=0.5 nb™ anti-ky R=0.4 |y;etl<3.0
1.10
1.05
1.@@
2. nPDFs 0.95 a _
CTI? (9 %gL) <
0.90 LO (scale <
1. pQCD 1 NLO (scale) S
——— stat. projection 3
0.85 I I I I I I I 2

40 50 70 100 150 200 300 hog 700 1000
pr (GeV)



MINIMUM-BIAS Rfm (null) — SCALE UNCERTAINTIES

@ truncation of series:

NKLO _ _NLO/,, n — k+1
w scale-dependence: pp & yif o (p) —o7 () = O(NTTLO)

(unphysical)

e estimate size of missing higher-order terms:
w vary up & pr by factors (%2, 2) (V2 < pplpp < 2)

@ estimate for ratios:
w same process = assume correlated pp & pp

w> test prescription by inspecting perturbative series

A
0" (Higs UF)
RYB (Up, Up) = aislat “7-point variation”

GB(:MRa :uF)

10



MINIMUM-BIAS RI{;A (null) — SCALE UNCERTAINTIES

00 Vs yy=7 TeV Lap=8.5 nb™'  anti-k; R=8.4 |yjet|<3.8

1.1 —/————— 11— - e
. VA 1.05 _
S =t o == —
) :
=) L0 (scale)
8.95 1 NLO (scale) _
fixed-order
hard scattering 8. 99 - |
0.85 ' ' ' | | I | l

46 b8 /B8 1600 150 200 3066 B8 /68 16000
pr (GeV)

e observable under good perturbative control.

11



MINIMUM-BIAS ij (null) — PARTON SHOWER & HADRONIZATION

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

00 Vs yy=7 TeV Lap=8.5 nb™'  anti-k; R=8.4 |yjet|<3.8

oy S 1.05 - i
32_‘5 Jri‘i‘.n = - \‘E -I
1.00 |

<C
-gf L0 (scale) *
.95 FC1 NLO (scale) ¥

——— POWHEG+Pythia8

parton shower
D 0.9060 - n

hadronization

.85 | | | | | | | |
486 586 /0 1660 150 206 300 bBg /60 10066

pr (GeV)

e observable under good perturbative control.

e parton shower and hadronization effects
largely cancel in the ratio

12



MINIMUM-BIAS Rfm (null) — (N)PDF UNCERTAINTIES

00 Vs yy=7 TeV Lap=8.5 nb™'  anti-k; R=8.4 |yjet|<3.8
o EPPS16 for '°0O 1.18 ———————— —
+ proton baseline: CT14 o
(56 members: SziZI 48) . P U N N

w> nuclear modiﬁ;étion 1.80 \ \\\ \\i:

<C
(40 members: Slil 50) E:’<
o 8.95
> eIrors: (90% CL)
' E—~—1 EPPS16(98%CL)
1 _ - 0/
AG = E\/Zi (65 — 0(s7)|” 890 CT14 (90%CL)
@.85 | | | | | | | |
49 50 78 100 150 2060 300 508 700 1000
pr (GeV)
@ proton variation cancel
© nPDF uncertainties remain dGAA «— EPPS16 (+CT14)

R.., =
AA
d(;pp ~ CT14

13

can be improved by
Including more data!



MINIMUM-BIAS ij (null) — (N)PDF UNCERTAINTIES

00 Vs yy=7 TeV Lap=8.5 nb™'  anti-k; R=8.4 |yjet|<3.8

o EPPS16 for '°0O 1.1 ————————1—— —
~ proton baseline: CT14 . RN K RO
(56 members: Slizl,“.,48) R ey N\ N\ R, \|
+» nuclear modification  1.88 - N S R e
< e ey
(40 members: S ) = NI
e T ges | ifer [ QNS
w> eITOrS: (90% CL) BN
. 1 EPPS16(90%CL). N \\
A :1\/ [6(SH) — 6(S- 0.98 I rwt.EPPS16 = -
@ 7 z, [ (Sz ) (Sz )] 1 CT14 (QB%CL) \
@ . 85 | | | | | | \ | |

46 586 /0 160 150 2606 366 b /68 1060

e proton variation cancel

e nPDF uncertainties remain reweight nPDFs using
CMS pPb dijet data

[Eskola, Paakkinen, Paukkunen ’19] [CMS 1805.04736] 14



MINIMUM-BIAS Rg . (null)

00 /s y=7 TeV Lyy=0.5 nb™ anti-k7 R=0.4 |y;et]<3.0

1.10

1.05

1.00 =

<T
<
.h

(o -
0.95

71 CT14 (90%CL)
2 90 L L0 (scale)

1 NLO (scale)
—— stat. projection &

[¥G2€1°2002 MSANMHI

.85
49 50 70 100 150 200 300 | 500 700 1000

deviation from null hypothesis PT (GGV) stat. uncertainties with 0.5 nb™!

few hours “moderately optimistic” scenario

= discovery of energy loss!

[CERN Yellow Rep.Monogr. 7 (2019)] 15




MINIMUM-BIAS R, (null) V.S. ENERGY-LOSS MODELS

" ~ (n)PDFs ® 6, , ® FFs

fragmentation functions —J

e energy-loss models % 9.99 ~ | E-loss models  _
LI rwt . EPPS16(90%CL) |=
+ extrapolate to OO 9.85 v BKK LO (scale) 2
) ) insensitive to 3
-+~ estimate for signal 9.80 | FFs @ low pT{_____ m mtg (scale) |2
[HKMPSW 2007.13758] @‘75 —— Stat. pro‘]ection—g
| | | £

70 100 150 200
pr (GeV)

potentially measurable signal in

20 GeV < p; < 50 GeV

* no sighal = rule out models / scenarios 16



HADRON ENERGY-LOSS IN LIGHT-ION COLLISIONS

[HKMPSW 2007.13758]

e simple & modular framework to explore different model setups

+ background T(z,7) profile 100100% PbPb /GR = 5.02Tev

from hydro-like to free streaming

conformal EoS lattice EoS
dynamical geometry Bjorken 77173
isotropic geometry azimuthal anisotropy €,

+ energy-loss models:
BDMPS-7Z. [Arnold 0808.2767]

AdS/CFT inspired _

0.471.2 I B
dE/dL ~ L™T 0.0 0 50 100 150 200
dE/dL ~ LT? pr (GeV)

varying starting time of energy loss 7, = 0.05 — 0.5 fm/c

with or without nPDFs and FFs

+~ model parameter (g) fitted to single data point @ R{jb pp(Pr = 54.4 GeV)

e dependence on p, & system size are predictions of the model .



HADRON ENERGY-LOSS IN LIGHT-ION COLLISIONS

1.0-m- T

5 10 50 100

1.2 j‘
1.0
0.8}
so6- Minimal
o4l Minimal with (zn(p,))
........ Anisotropic
0.2
: nPDF
0.0 Q00-5% ‘ ‘
5 10 50 100
p1 (GeV)

5 10 50 100

_____ Simple, 19 = 0.5 fm/c

_____ Simple, Te = 0.12 GeV
_____ Simple, FS medium

lattice EOS, T =0.12 GeV ,

- 0030-50% Bjorken
5 10 50 100
pL (GeV)

e good mid-central description
e theory uncertainty (conservative) — spread of different scenarios

[HKMPSW 2007.13758]

70-90%

(il

- PbPb 70 - 90% | |
5 10 50 100
py (GeV)
—
— Simple
A
— B
I — C
- 0070 - 90% | |
5 10 50 100
py (GeV)

18



Z - BOSONS AS A STANDARD CANDLE

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

: . ik
o (T44) replaced by beam luminosity in R} A min bias

+~ requires van der Meer scan (session on Thursday)

e use Drell-Yan as luminosity meter
+ cancel luminosity uncertainties in cross-ratio:

7 ih
Oup do A A/ dp;

R (Pr) = .
e ofa doj/dpy

maybe even get some cancellation of nPDF uncertainties...

19



Z - BOSON NORMALISED 7/ (null)

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

[~ EPPS16(90%CL)

L0 (scale) =
1 NLO (scale) i
stat. projection

I I

[¥S2€ 12002 MSAINMHI

AAZ
nope 1.15
1.10 _
1.05 &
luminosity ~ 1.00
uncertainties cancel = 0.95
0.90
@ requires larger statistics  0.85 - b=
O(1 pb—l) 0.80 -
8.75 |
40 50

& nPDF uncertainties
larger than for RJ

“» antl-correlatlon in Bjorken-x

between Z- & jet-production:

Pearson correlation coefficient N

—_

[
[$]

(o]

|
[+)
[$]

............... rwt.EPPS16
CT14 (90%CL) ——
| | |
/0 1080 150 200 300
pr (GeV)
00 s =7 TeV N\
T et corfi,
- - x1=0.001 :
— - x,=0.004
x1=0.01
=01
P
-1 | = :‘:"'_T."_l
40 50 70 100 150 200 300 500 700 100¢
pr (GeV). x-=207/\/s wn /

/

500 700 1000

20



TRIGGERED JET SPECTRUM

e trigger on Z-boson:
> p]Z~ > 30 GeV (= also inclusive case, effectively “Z+jets”)
w> m,, € [16,106] GeV, pi >20 GeV, |y7 | <2.5

e measure inclusive jet pJT spectrum in triggered events

& normalize w.rt. N, ~ 6“(p% > 30 GeV)

Z+JetS(pT) Gpr dUA +]ets/de

R 0 \ dGZ+]etS/d ]
AA Z-wig. A& UOpp pPr

IZ+jetS(pj ) —

Z-trig.

' surely, nPDF uncertainties cancel in this case...
]

21



Z - BOSON TRIGGERED Iﬁjets

00 s =7 TeV anti-k; R=0.4 |yjet|<1 0, pZT > 30 GeV
. 1.10 |
..still no PRELIMINARY ‘.X\\
1.0 N\ i
& luminosity _l.ed — \\\\\\ s
uncertainties cancel ~, ) o | . \ %

. . . /A
Q hl her lumanSIt B R A(p '|'>3@ GEV) 7] CT14(9@ aCL
g . y 9.90 RZJAA/(RZAACQHt) LO (scale)
required I EPPST6(98%CL) - NLO (scale)
0.85 | |
40 50 J@ 100 200 300 500 1000

nPDF uncertainties
Lol . ]
pr > 100 GeV: similar to R, ,

«v» denominator inclusive in jet(s)

plr (GeV)

some cancellation p/. ~ p7

smears out x-dependence maybe better observables?!

* hadron+jets, work in progress: smearing due to FFs 22



CONCLUSIONS & OUTLOOK

© OO — explore the intersection between HEP & HIP

e inclusive measurement (minimum bias) for R 4

+ eliminates soft-physics dependence

(source of large uncertainties)
> accurate theoretical baseline possible

+ main residual uncertainties from nPDFs (improvable)

« opportunity to establish:

collectivity <~ parton rescattering <> energy loss

e possibility to eliminate/reduce luminosity/nPDF uncertainties
% Drell-Yan as luminosity meter: nPDF anti-correlations

+ triggered observables: still sizeable residual nPDF uncertainties



CONCLUSIONS & OUTLOOK

© OO — explore the intersection between HEP & HIP

e inclusive measurement (minimum bias) for R 4

+ eliminates soft-physics dependence

(source of large uncertainties)
> accurate theoretical baseline possible

+ main residual uncertainties from nPDFs (improvable)

« opportunity to establish:

collectivity parton rescattering energy loss

e possibility to eliminate/reduce luminosity/nPDF uncertainties
% Drell-Yan as luminosity meter: nPDF anti-correlations

+ triggered observables: still sizeable residual nPDF uncertainties

THANK YOU!



BACKUP.



SCALE DEPENDENCE
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27 2T 27
n+3
n (as(#o)) o3 +(’)(a2+4)
2T

o(kR, pF, as(kR), Lr, LF) =

(%) &ﬁ?) ® fi(ur) @ fi(ur)

+ M " ~ (1) . .
o O35 ® filur) ® fi(1r)

n+41
L ("‘sg‘r’*)) n 6050 ® fi(ur) ® f3(ur)

n+1
+Lp (as(“R)) [— &g-)) ® filpr) ® (Pj(,(:) ® fk(#F))

2m
-5 ® (P,i(,?) ® fk(#F)) ® f; (#F)]



GB(MR’ :uF)
7-point
EPPS16nlo di-jet (B<y*< 8.5) 5= 7 TeV EPPS16nlo Z-boson Js= 7 TeV
1.1 - - — T - ' ' 1.06 T T T T
1.4 -
1.85 (correlated scales) ] 1.92 L (correlated scales) i
1 _|_|_|_I 1 _
0.98 -
0.95 | e o = W—
di-jets o 7-b -
0.9 - .94 | = OSOH s
(n)PDF NLO 8.92 (n)PDF NLO -
8.85 I LO === NNLO ] 89l LO === NNLO .
0.8 ' ' | ' ' ' 0.88 ' ' ' '
0.4% - 2% I T T T
8.2% - 1.5% | (correlated scales) ]
ait i 1% - -
-0.2% - [/ o L .
_g.an L i 0.5%
_ o | _ 896 = ]
B.6% SsS——
~0.8% - - -9.5% |- _
-1% ' ' | ' ' ' -1% ' ' ' '
16006 9 8.5 1 1.5 2 2.5
m; ; [GeV] |YZ|

e higher-order corrections < 1%

e realistically captured by uncertainty estimates
26



Mg )

SCALE UNCERTAINTIES — UN-CORRELATED #"Git-pigoniosii) =

oB(ug, uf)
31-point
EPPS16nlo di-jet (B<y*< 8.5) 5= 7 TeVv EPPS16nlo Z-boson Js= 7 TeV
1.4 . ; —— . . . 1.1 T ) T T
1.3 F .
oy (un-correlated scales) 1.85 | (un-correlated scales)
2 1.2 F -
s 1.1} . 1 i
— P
. e A oy, -—. Z
s d* X i
: 1-jets a Z-b -
o 89 -DOSOI
T 88r (n) PDF NLO . 0.9 L (n) PDF NLO |
8.7 F LO Z=—= NNLO - LO #¥—= NNLO
0.6 ' ' | ' ' ' 0.85 : : : :
40% — ; ——— ] . . - 15% T T T T
ggztf B (un-correlated scales) | 10% (un-correlated scales) |

o - 5% .

18% - ,

0% 777 o - — i
-18% . dl i
~20% |- - -10% - _
-30% — ' e ' ' ' -15% ' ' ' '

1000 0 0.5 1 1.5 2 2.5
m; [GeV] |YZ|

e higher-order corrections < 1%

e over-estimated uncertainties: =0(10%)
27



NPDFsS — IMPACT OF NEW DATA
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foll . Dijet pPb sy = 5.02 TeV 55 <pa¥er/GeV<75
©® TOlLIOWING [Eskola, Paakkinen, Paukkunen'19] 1 1@
. ek e
+~ reweight nPDFs using . o N
CMS pPb dijet data ~ ¢ g5 L) S
[CMS 1805.04736] - : .
==0.90 =< N R
+~> substantial reduction & 9.85 gk
in uncertainties! 9.80 |-
0.75 |=——=1 EPPS16(90%CL) L0 (scale) '
9 70 L4 Wt EPPST6 [ NLO (scale) |
o ‘ CT14 (90%CL) +———i CMS stat. + sys.
e danger of “fitting away”  0.65 | | | | |
energy loss effects?! B B rldi@jet 1 ‘ 3

~» observable insensitive:

pnorm _ 1 doy, py / 1 doy,
pPb do, py/dpy dprdy do,,/dpy dprdn
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