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Longitudinal Spin

Main.questions at PHENIX and RHIC:
* Gluon spin contribution

* Role of sea quarks

Ralf Seidl: PHENIX Overview
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* Statistics limited due to | e . ,*L,_ﬁli._« s
EM shower based 2R 7 [

trigger, but important |

_ Data points for n* slightly shifted horizontally for legibility
_0.02 ©.9% pol. scale uncertainty not shown

ImpUt for glObal fits B [ P ;I)Tl[dlgvlrc]
For CNM related details: Phys.Rev.D 102 (2020) 3, 0320
see Milap Patel's talk Ralf Seidl: PHENIX Overview 4 ®
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https://arxiv.org/abs/2004.02681
https://indico.bnl.gov/event/9385/contributions/42561/attachments/30967/48721/Annual_User_Meeting_2020.pdf

First direct photon xsec and A, at 510 GeV

0 04— Isolated direct photon ALL
. e |solated direct photon cross section
- p+p 15 =510 GeV, |n| < 0.25 10°2 p+p Vs =510 GeV, | < 0.25
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* Theoretically, the Golden channel to
access gluon polarization as hard

p.. [GeV/c]
interaction mostly gq-g
* Since EM process, statistically limited but " @

consistent with global fit results %%\)%
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Jet cross section and A, measurements

0% pHENIX H
o0s~ Preliminary
* Jet measurements oodf-

difficult in limited o.ozi— 1l [h ‘4@ ______ el
acceptance of PHENIX = of et T
relatively small R=0.3 L S

~0.04— . PHENIX 2013 pp Vs = 510 GeV

* Successfully performed oot

STAR 2012 (510 GeV, Inl<0.5, R=0.6)

ALL m e a S U re m e nt —0.082— - 6.5% pol. scale uncertainty not shown

([ Confirms.non.zer.o gluon 0— 10 20 30 40 50 60 70 80 3
Bolarlzatlon findings E

ased on STAR Jet and

PHENIX 70 A | results i 2 Qe
e Cross sections below NLO E W PHiENX

redictions, but similar -

indings for small R seen . TN

at LHC
For CNM related details:

see Milap Patel's talk Ralf Seidl: PHENIX Overy & 0 & % &% &% J;’t“pT[Ge\}ft";.
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https://indico.bnl.gov/event/9385/contributions/42561/attachments/30967/48721/Annual_User_Meeting_2020.pdf

Transverse spin

Main questions:

* Origin of large Ays:initial state? Final state?
* Connections between higher twist and TMDs
* Nuclear/low-x modification of A,s?

Ralf Seidl: PHENIX Overview




Updated precision for central A_s and y!

0.1

* Substantial updates for
n¥ and 1 single spin

0.05

L p+p o n+X \S=200GeV, n|<0.35

[ 3.4% polarization uncertainty not included

- —4— Phys. Rev. D 90, 012006 1

L —4— This Result
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PH -ENIX
preliminary
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asymmetries at central of
rapidity :
* Possible effects pushed o
below the 1% level
* First direct photon A, 0.03
extracted at RHIC: 0.025
* Mostly sensitive to initial ibe
state effects (quark-gluon %%
correlation function) < 001
* Power to constrain —
trigluon correlation part °
—-0.005

| Isolated Direct Photons, p + p \s = 200 GeV, [n|<0.35
I— 3.4% polarization uncertainty not included
~ Three-gluon Correlation Contribution PRD 85, 034030 (2012)
N s it Model 1
. PH <ENIX
- preliminary Model 2
N 4
N $ 0
— IIIIIIIIIIIIIIIIIlIlIIIIIillllllllllllll
0.1 5 6 7 8 9 10 11 12
P, [GeV/c]

For CNM related details:
see Milap Patel's talk

Ralf Seidl: PHENIX Uverview

el

3

RIK=N



https://indico.bnl.gov/event/9385/contributions/42561/attachments/30967/48721/Annual_User_Meeting_2020.pdf

Nuclear effects

Cold NM effects (p+A, d+A, p+p), vs QGP related effects
(Au+Au,Cu+Au,U+U)

System size dependence p, D, 3He and Al, Au, U
Unpolarized p+p baseline measurements

Ralf Seidl: PHENIX Overview




J/Psi As

 Surprising nonzero J/Psi

A\S seen in p+Au

collisions while p+p

PRD98 (2018) 012006

Asymmetries are mostly
consistent with zero

Nonzero effect only
visible at the lowest

available Pt

Diffractive effects as
cause not very likely due
to coincidence with hard

collision trigger

P+Al data consistent with

Zero
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http://arxiv.org/abs/arXiv:1805.01491

A dependence of As

0.1

n(0)

0

« Asymmetries consistent with <

Al/3 dependence as (initially) -0t
predicted by some CGC

Phys.Rev.Lett. 123 (2019) 122001

pT+p S h*t+X | p'+Al =/ h*+X 1 p'+Au — h*+X -

PHENIX | {

_@f

-

él-$1+|-
TR

VSy= 200 GeV 1
D.'l-c:)(F-::ﬂ.Z { b}

©]

S N N = R NN B N R

related nuclear effects O (rad) O (rad) d (rad)
Hatta 17
( ) : £0.04- PHENIX @
* No A dependence is ruled out < 0'03- - Suv= 200 GeV
* Also consistent with _ h by
suppression with increasing 0.02-
number of binary collisions 0.01-
. However,fprobed x and scale or A
too Iar$e or expected CGC ool
effects! (S.Benic and Y.Hatta, T
PRD99, 094012 - Twist-3 002~ @R
fragmentation + gluon T2 3 4 5 6
saturation) A
N 20k (b)
ok o= 121355000 ooy
For CNM related details: °F
0

see Milap Patel's talk

Ralf Seidl: PHENIX Overview



http://arxiv.org/abs/arXiv:1903.07422
https://indico.bnl.gov/event/9385/contributions/42561/attachments/30967/48721/Annual_User_Meeting_2020.pdf

Jet modification in Cu+Au

* Anti-kt jets, fake-jet
removed,

* smearing and
reconstruction
efficiencies unfolded

e Jet suppression of
most central collisions
consistent with w°
suppression

For jet/energy loss related details:
see Anthony Hodge's talk

Ralf Seid
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https://indico.bnl.gov/event/9385/contributions/42571/attachments/30955/48702/Hodges_PHENIX_JetsJetCorrelations_AUM2020_v2.pdf

Photon-hadron correlations/fragmentation

e Back-to-back photon- arxiv:2005.14270
hadron correlations g 1EBO<h/<s0Gevex05 < <Todeve ';‘;' C

/4 / =2 1A - 7l < W2
have been studied in ZioL W03 s T s g enex
2 . @ 200 GeV 3
- 1N | 2 + d+Au 0-100% Lso 0.4 (-0.05) 7
p+pl d+Au d nd AU+AU 107 . A:+.:u 0-40;5?120{;'+2010+2011) =
F f 0 p+pR_<0.4 (PRD82072001) (£0.1) 3

* Able to study jet o sy

2

modification in hot and i;gé:23;332;*3:;:;i‘:faib;;g%%%' { o]
cold nuclear matter P lﬁ; L - :
* Little suppression seen ey v :
in d+Au while 1 -1
substantial suppression ¢ =In(1/2)

in hot matter visible at b
high z )

5\
For jet/energy loss related details: e @ a
see Anthony Hodge's talk Ralf Seidl: PHENIX Overview ' L 4



https://arxiv.org/abs/2005.14270
https://indico.bnl.gov/event/9385/contributions/42571/attachments/30955/48702/Hodges_PHENIX_JetsJetCorrelations_AUM2020_v2.pdf

Back-to-back h-h correlations in d+Au, Au+Au

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

T T T T T T ny BISRRRR AR T AL
Trigger P; 4.5 GeV/c | Trigger P; 5-7 GeVic Trigger P, 7-9GeVic | Trigger P, 9-12 GeV/c

* Enhancement of | B 1 e
low momentum =} - @@ e | __
particles at away- | ¢, w;;%;mg

sideiin Au-Au, T ERT I LL e

suppression of

higher momentum SaprrT e e

Trlgger P, 5-7 GeV/c

e 0-20% e 20-40% T

partiCIES i n-hadron, [r - %n+32"] -
Yivay _ 200 GeV, 0-20%
Ipa = v 2 { « Au+Au (2010 & 2011) _|
. « d+Au (2008
* Little to no A 2000
PH:“ENIX

1 : preliminary :
suppression seen 1____@__%______@ ______________________________ -
in d+Au for higher ; . :
p; particles

For jet/energy loss related details:
see Anthony Hodge's talk Ralf Seidl: PHENIX Overview ¢6 @
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https://indico.bnl.gov/event/9385/contributions/42571/attachments/30955/48702/Hodges_PHENIX_JetsJetCorrelations_AUM2020_v2.pdf

For HF related details:
see Takashi Hachya's talk

Phys.Rev.D 101 (2020), 052006

Quarkonia

i [ LO-NRQCD+CGC

= 10 {5 =510 GeV A 3

5= . {

un;:._ [_] NLO-NRQCD ey a
. {5 =510 GeV

o p+p s =510 GeV
o p+p VS = 200 GeV

* Precise measurements
of differential cross
sections for J/Psi and
Psi’ at central and R -
forward rapidities at R e T
200 and 510 GeV 0,

T

g
PHENIX Bt
JAg —
1.2<yl<2.2

(27 p. ' BR d*e/dydp_ [nb/(GeV/e)?

F
=

'_'_ém: © pp ~E=51ﬂ Gev PHENIX
* Substantial S Do
improvement to = oo
theoretical description S n,
of J/Psi production v Lo s Y
expeCtEd -0_ . .: D .:.‘."f”‘.“?'??"l' e Tf. "

-3 -2 -1 0 1 3

Rapidity

Ralf Seidl: PHENIX Overview 15
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https://arxiv.org/abs/1912.13424
https://indico.bnl.gov/event/9385/contributions/42529/attachments/30942/48672/AUM_hachiya_20201022_v2.pdf

J/Psi Cross section and production rate
hep-ex:2005.14273

102 &
E p+p — Jy - e*e + X N\
* First central rapidity 8o Fre et
measurement at 510 =t
GeV also now available 5 -
* Consistent with theory TR L im
. / / C dydp, " [1+(p,/b)°]"
prEd|Ct|OnS, bUt Wlth 10‘25— —IBut‘enS(]:rEiinlet.elll.J[3l3] o

° p, [GeVic]

higher precision

B PHENIX

® PHENIX; PRL 98, 232002 (2007)
+ CDF; PRD 71, 032001 (2005)

A ALICE; PLB 704, 442 (2011)

¥ ALICE; PLB 718, 295 (2012)

* Nicely connects 200 g
GeV RHIC and LHC

= — Cin(ays)

measurements Ezso_

Ralf Seidl: PHENIX Ove L

! Is [TeV]


https://arxiv.org/abs/2005.14273

J/Psi polarization at 510 GeV

hep-ex:2005.14273

—

r poJY —e'e
08 Vs =510 GeV, |y|<0.35
0.6
0.4
C 5% CSM
0.2~ /9 NRQCD
=< C (Butenschon et al.)
D* rs
0 2:, @ Helicity
s M Collins-Soper
—0.4— L Gottfried-Jackson
-0.6F
*0.80”‘ II2 \\\4\\\\5II\\6\\\\7\\
P, [GeV/c]
=
0 = PHENIX @® Helicity frame
"= p+pat s=510 GeV A Gottfried-Jackson frame
0.6/— W Collins-Soper frame
0.4—
0.2— I
1= Of= ;
-0.2— + I
-0.4— +
-0.6— l+
-0.8—
E o T TS B

1
rapidity

e Central rapidity measurements are
consistent with no net polarization

* Different assumptions in theory
calculations with very different
predictions

e Central values between predictions,
but neither can be excluded

* Substantial polarization seen at
forward rapidities

* Earlier PHENIX polarization
measurements:

y

3

* Forward J/Psi at 510 GeV, Phys.Rev.D 95

(2017) 092003
* Central J/Psi at 200 GeV, Phys.Rev.D 82

(2010) 012001

Theory: M. Butenschodn and
B. A. Kniehl, Phys. Rev. Lett. 108, 172002

744 (2012)
Ralf Seidl: PHENIX Overview

17

e
v o)

RIK=N


https://arxiv.org/abs/1612.06807
https://arxiv.org/abs/0912.2082
https://arxiv.org/abs/2005.14273
https://arxiv.org/abs/1201.1872
https://arxiv.org/abs/1201.1872
https://arxiv.org/abs/1201.1872

For HF related details:
see Takashi Hachya's talk

Nuclear modification of J/Psi

Phys.Rev.C 102 (2020), 014902

1.6y T T T T T T T
'51 w %100 padl cusive Jy 8] T e 0%-100% pedu  nchmive My () F e 0100 “Hesda  bdusie My g

1: w ﬁfnﬁia = __j !'TT_E'-mt ) _ ” ﬁﬁfg] G __
A B

° LOES el

[iR -

o 3 3 3

EPPSAELA dfogl) EPPSEE {Vogll - Abe ERPSAE LO Qo EPPSAG{Vogl) = Abg ERPEIE LO {Vogl) EFPSIE (Nogh = Aba
[iB EPPS16{Shan) EPPSIE (Shao) « Abg e EFPS16 {Shao) EPPS1E Shad] = Abidgs EFPS16 (Shao) EFPS16 (Shad - Abdd
s NCTECS (Shack nCTEQS = Aba e rCI-TE:i‘L'-u"E' il . rE;TEEHS -I.ﬁl:: ¥, ri;-TEj15-:;9'.ID'I ! rE.-TEI:Hi -I.ﬁbr: !
oESmDETEGHS hos mem nCTEQHE « 20
a-1 2 1 i} 1 2 a-a 2 1 [i] 1 2 3
] ¥

D Nzepszz

ol &
e =1 ala
L 1 1 E|==J51E‘|'\I\'I'I:| ."ll‘:‘.gl L L [ 1 5 | 1 1 1 1 ."'?;I L
o 1 ] k] 4 5 [] ki [1] 1 ] ] 4 a [] ki [1] 1 ] ] 4 a3 [] ki
Py (GeVic] Py (GeVic] P, (GeVic)

e 4+1 different systems studied ® 9
* Little dependence on small beam type (p/d/He3)
* Nuclear dependence clearly seen from Al 2> Au

* Will improve initial state (nPDFs) significantly

Ralf Seidl: PHENIX Overview



https://arxiv.org/abs/1910.14487
https://indico.bnl.gov/event/9385/contributions/42529/attachments/30942/48672/AUM_hachiya_20201022_v2.pdf

* Lower-p; forward region
(lower Au x) shows
indication of suppression
that will improve nPDFs

Lower suppression for
p+Al, as expected (not
shown)

Enhancement at higher x
backward region
disagrees with nPDF
calculations, but can be
understood via pQCD
calculation when
including multiple
interactions

Nuclear modification of forward hadrons

Phys.Rev.C 101 (2020), 034910

o

Ralf Seidl: PHENIX (
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2[==<=<= nNCTEQ15+PYTHIA -
151 =
1: - ]o] """"""" ‘j
0.5} -
[ L . L I I ]
00 2 4 6 8 10
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T T — T T ]
- p+Au—h +X VSNN=200 GeV (b) 1
25 0%-100% centrality .

ot M.

-2.2<n<-1.2 (Au-going)
EPPS16+PYTHIA

2 :—éé%éé nCTEQ15+PYTHIA

pQCD calculation

PHENIX
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https://arxiv.org/abs/1906.09928

/ﬂ/ e
bb production via p pairs £ =
| * Opposite-charge muon

pairs mix of charm,
o bottom and DY
v production ,
v o Like sign pairs P e
_predominantly from B
v meson pair decays §os] I e e
S 3 EEEE PYTHIAS (gluon spiiting)
+ » *Consistent with Pythia &, 7 mmwee e H
£

6 predictions for b-pair a \
production o \ * { ¥
| mechanisms i m 1 -
‘ ‘ W 'rﬁ

- | 05 l T 50<m,_, <10.0 (GeV/c?
, | |
X R R R B Ry oy
A (rad)

(b} t-channel Flavor (c) Flavor Excitation (d) Gluon Splitting

Ralf Seidl: PHENIX Overview arxiv.orq:2005.14276
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https://arxiv.org/abs/2005.14276

D QG
Charm and bottom separation in HF electrons @@

PRD 99, 092003 (2019) * Improved determination
of charm and bottom -

p+pail\!s_NN=2DDGeV eleCtron p+p Cross

103 | <0.35

£ sectionsvia DCA
8 b 0, " measurements published
£ e, ¥ o . .
stk el * Will improve baseline for
£ " corresponding R,,S
T 10°L ® c—-e+be R
d E o coe ’ ! : 2.2 — - -
- * b—e ¢ ; 2ioﬁ;a(fzﬁm:éffﬁ;ﬁz: " Erﬁr?laléj
10 ¢ r o 1

1.8 # c+b — e (Phys.Rev.C 84,044905) -

F—c—e +p from e-h correlations

1.6
F b Se lI:'-”hys.Rev.Letm05,202301

Data / (c+b — e)
09 =mas NN
oOaphmONN B

—*§+*+++ﬁ+f+++++-+--+—--—-£————{--————
1 2 3 4 5 6 7 8 9
Electron P, [GeV/e]

Ry (c > e,b —e)

HF related results: see Takashi
Hachya's presentation RalfReid): PHENIX p. [GeVic]



https://arxiv.org/abs/1901.08405
https://indico.bnl.gov/event/9385/contributions/42529/attachments/30942/48672/AUM_hachiya_20201022_v2.pdf

Heavy Flavor electron v,

* Both charm and
Bottom v, nonzero

* Smaller than hadron v,

* Bottom decay electrons
appear to have a
smaller v, than charm
decay electrons

HF related results: see Takashi
Hachya's presentation

L 1

oot b v n Lo L i b

0.5 1 1.5 2 2.5 3I = é.SI I4
P, [GeV/c]
Ralf Seidl: PHENIX Overview 22 .

oo 0.25 —
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https://indico.bnl.gov/event/9385/contributions/42529/attachments/30942/48672/AUM_hachiya_20201022_v2.pdf

Thermal photons in small systems

ISy = 200 GeV, | < 0.35

* Enhancement of low p; _ B oo 05 %
phOtOnS |n Central 4} — Thermal, Shen et al
p+AU + """ pQCD, Shen et al

* Consistent with f + PHENIX
expected thermal Pt H preliminary
photon predictions: /\ i Jr
PRC 95 014906 (2017) L e -

0 | | | |

Ralf Seidl: PHENIX Overview



Thermal Photons in Au+Au Collisions 6o

R, = inclusive/hadronic photons

CE- 3 - Au+Au — y+X, \s,, =200GeV, 0-20%
3 ~ e 2014 conversion method %
g 107 [ 25 PRC 91, 064904 (conversion)
g | AutAu — y+X, \'syy = 200GeV, 0-20% E : iit 13;‘; E;gg; E‘C"E:TI;‘?LQH) } { }
8 it . 2014 conversion method 5 . — B} } %
:>\ 10 Y PRC 91, 064904 (conversion) B F'fr';'“mE.r',\!,'?f, ; ¢ ! $
% gf W ¢ PRL 104, 132301 (virtual y) 150 ; 8
o ¢ PRL 109, 152302 (calorimeter) B ; 1) ¢
~{S10! { p2\n - teigm B8
N ——— N__, scaled pp fit: A 1+5" e F 77777777
coll \‘ pO/ :
-3 . | ) |
0] 054 2 4 6 8 10
- P, [GeV/c]
107 - ) .
i * Comparison of various photon
1 reconstruction methods:
107 - oy :
- PHENIX * Virtual photons
| preliminary /
- » Conversion photons
— | | | ‘ | | | ‘ | | | | | | | ‘ | | | ® L)
10° e Conventional photons in
0 2 4 6 8 10 g
Calorimeter
P, [GeV/c]

* Good consistency
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Thermal Photons in Small Systems 6o

P
N/

e Conversion result from

-
o
N

2014 Au+Au data taking is A ke PHTENX T
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* ALICE results results (not T 10 Ern oo |

shown here) are also g P
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Nuclear modification in U+U

arxiv. orQ'2005 14686
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e Various final states
studied in U+U collisions

* PS mesons show similar
suppression

* Vector mesons less
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https://arxiv.org/abs/2005.14686

*

L
Hadron modification in small systems @
Nature Physics 15, 214-220 (201 9 - @
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details: see Ron Belmont's talk
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https://www.nature.com/nphys
https://indico.bnl.gov/event/9385/contributions/42649/attachments/30981/48744/aum20.pdf

summary

* |P-8 is nearly empty now, but the PHENIX physics
program continues!

* Many exciting results released or published in the
last year!

* Still more to come in the future
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