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Motivation for Di-Quarkonia

Single Parton Scattering (SPS) Double Parton Scattering (DPS)
* Probe higher-order diagrams * Increasingly important at higher /s
 Color Octet vs Singlet * Probe transverse profile of proton PDF

g

O(at
o (@) Results Covered
« NA3, s ~25 GeV * LHCb, s =7 TeV
Phys.Lett.B114(1982), Phys.Lett.B158(1985) Phys.Lett.B707(2012)
e - DO, Js = 1.96 TeV. - CMS, Js = 7 TeV
) O(QE) Phys.Rev.D90(2014), PRL116 (2016) JHEP 1409 (2014) (w/ PRL111(2013))
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Lansberg, Shao Phys.Let.B751 (2015)
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General Analysis Overview

\E:?TleV, L=|4.7 fb' \s=7TeV,L=471b'
\II\IIIIIIIIIIII_ L Illll\\
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0:) 180 T Nonprom;?t ) m o a--- Nonprom;?t ‘
> o . Jhp-combinatorial g . s Jhp-combinatorial
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104

N B O ®

N\llllllllll.llll-llll-ll

PO

Jason Kamin New Observables in Quarkonia Production, Trento — 2 March 2016




General Analysis Strategy

\E:?TleV, L=|4.7 fb' \s=7TeV,L=471b'
\II\IIIIIIIIIIII_ L Illll\\

v [TrTT TTTT T TTTT
o 2201 CMS —+— Data E

+ + g 103 = CMS —+— Data _
J / — J / 9 - - ~ 200 = —— All components 0 E —— All components 3
[2} oA e Prompt 8 E Prompt
0:) 180 == - - Nonprompt m o - - - - Nonprompt
> E « Jhp-combinatorial g s Jhp-combinatorial
L 160 e Purely combinatorial 3 N0 F R e Purely combinatorial
. "‘ u c 3
140( |1 % 2
o Y 1]
Types of Events 2t
100 f 0F FEERAER 3
General Cuts o ;
. . oF 3 E
¢ Sig: prompt J/Y —J/P wof 5
20f- Mo . i S P 1o
mass cut (x2) S i roeveeweeorsvrer s (RSO ] WS SR VIR O A A R
0 1 2 3 4 5 6 7 8 -0.04 002 0 0.02 0.04 0.06 0.08 0.1
Distance significance 6d high-p_ JAp ct,, (cm)

¢ Bkg: non-prompt J/Y (B decays)
di-muon decay vertex cuts
J/b — J/ separation distance
¢ Bkg: prompt J/Y + unassoct'd pp £16-r jﬁfi:_A.,.....»-»--“'“

DO,L=81fb" =

{ Bkg: unassoct'd pp + unassoct'dpp g
mass cut (x2), fit combinatorial/bkg

Main Observables
* Anyy, Apyy, Myy, pr*v
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Separation Power

Ag

How to separate SPS from DPS ?

. 0.3
* Naive idea — 5 — no cuts
o < —_
J/P's in SPS are mostly back-to-back s VI e
< —
- jUSt cut on A(leJLIJ I increasing g 0.1
min pycut  © -
O_ | |
: 12
« However, only true for high pr J/Q ()6 Gev
8. 8
: . : S E
» Meanwhile, DPS/SPS is dropping T LE
° F
1 T o oE
i | 0.15
~ 10 =" TR A E pi(w)>12 GeV
S -2 | S -
5 10 k- O Rl S - RS
N = . S -
~  -3F : v g -
ET10 NN Tar e QO 05—
Qo _4§ : '8 - :
/(}_ 10 E TN TR T L — | |
~ = . A= p 1 0 | I [ | |
REPTORS] U NI 0 n/4  w/2  3n/4 W
= % N T Ay
-6k . N
10 Yo N | |
0 5 10 15 20
Pr.mins CEV Baranov et al, Phys.Rev.D87 (2013)
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Separation Power

An

How to separate SPS from DPS ? 2,53
* Much cleaner separation in Any, 1;:%
1<
« SPS O-SE
J/P’s highly correlatedin An .
one gluon exchange x1000 (dotted) ",
two gluon exchange x25 (solid)
20
* DPS N :
Any, much broader = | SPS
c E L DPS
* Kinematically cleaner way to proceed S —
. N r
(along with My, pt*¥) 8 F
,-DPS m 0'?;515,_)“) 'O'(Shf;ls,_,b) O: RS ik \I\J\\ [T=
(hh' —ab) — (5) ot -10 -5 0 5 10
: Barand¥ et al, Phys.Rev.D87 (2013)
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Lesson

Things aren't always as they as naively seem...
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Modest Beginnings
CERN SPS

NA3 at CERN SPS T , - .
* 150, 280, (400) GeV/c m(p) beam > Pt target > gl uncorrelated MC 150 GeV/e 1

280 GeV/c m |

* Vs ®17GeV/c /s =25GeV/c +/s~29GeV/c 5

Q1o
» only consider SPS production - L
 used kinematic MC to show 5 °
J/P-J/P pairs were correlated. > oLl, =
6 7 8 9
* 13 counts ! Myy (Gev/e?)
1 T T T ‘
150 GeV/c
> £1 280 GeV/c
= uncorrelated MC
S ok
S 1
150 GeV/c: a4y =18 £8 pb MEEL T |
280 GeV/c: 0.4y = 30 £ 10 pb ez 2456
PP (Gevre)

Jason Kamin New Observables in Quarkonia Production, Trento — 2 March 2016




Modest Beginnings
CERN SPS

NA3 at CERN SPS . . - .
* 150, 280, (400) GeV/c m(p) beam > Pt target + 15| uncorrelated MC 150 GeV/e 1 |
« Vs~ 17GeV/c +5~25GeV/c +5~29GeV/c | & H 280 Gevie
» only consider SPS production ;
» used kinematic MC to show
J/P-J/P pairs were correlated. >
* 13 counts ! Myy  (Gev/e?)

 Include QCD calculation 400 GeVi/c protons
Ecclestone & Scott Z.Phys.C19 (1983) \ *r
1] —q§ - ¥

* Good agreement w/ data 99 ~ gy
—-BB — ¢

Events
; L
T T T

150 GeV/c: a4y =18 £8 pb N
280 GeV/c : 6,744 = 30 + 10 pb 110 TN
400 GeV/c: a4 = 27 £ 10 pb Ty \\\
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Modest Beginnings

CERN SPS

aG/al, TR FITa
pb-Gev-1 dé/dIV‘W \ Pb S 7

NA3 at CERN SPS |
» 150, 280, (400) GeV/c m(p) beam > Pt target " s0Geve n
* Vs~ 17GeV/c /s ~25GeV/c +/s~29GeV/c N

* only consider SPS production

[y

* uu annihilation calculation describes data ——— | w| 280GeV/e™ |
Kartvelishvili & Esakiya Sov.J.Nucl.Phys.38(3) (1983) " m\
[

LI,

4 6 ' 5 s _zLu 1 ‘17 ; w y -
k,=p +k TTWV* > P,=p+g mu,_wgeV/cZ'” 18y f(’('y,y.” oa
kl . by ¢
k, = B I —— PPN > =0 - 4 —
2=P Z P! 7 , Pz=P-4 |
L 0 400 GeV/c protons
* Include QCD calculation ‘ N
Ecclestone & Scott Z.Phys.C19 (1983) — ) —qf —~ Yy
ol |11 53 v
5 N ——-BB - ¢
* Good agreement w/ data | [ '
150 GeV/c: a4y =18 £8 pb TR
.oF ) \\r—-\:\ —
280 GeV/c: 0.4y = 30 £ 10 pb / N\
ost ‘N \'\\
400 GeV/c: a4 = 27 £ 10 pb i/ Sl e
o |J cfc ofl 1?2 7fe T \g’:“":‘;
i myy (GeV/c?)
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Lesson 2

Respect your elders...
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Di-Quarkonia at the LHC
LHCb

LHCb at CERN LHC

does not include DPS contributions

(e}
W p—
||‘ll||l||

'_‘“u| 3_ I T T I .

«/ TeV pp % F LHCb -
= 2 VE=TTeV ]

* Leading order pQCD (Berezhnov et al.) §§ 2— _
* gg 2> J/P-J/, J-0(2S), $(29)-p(2S) FI T E

* SPS only

TTTT

» Claims “reasonable” agreement

S EE

0
6
M pp JAp [GGV/Cz]
Result Fiducial Acceptance
’UJ/¢_J/¢:5.1 +1.0+1.1nb 'J/LI): pT<1OGGV/C
* oy =10.52 £0.04 £ 1.40 ub «J/P:2<y<45
LHCb, arXiv:1103.0423

Berezhnoy etal, arXiv:1101.5881
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Di-Quarkonia at the LHC
LHCb — DPS?

300 1 1 1 1 1 1 1 1 1 1
(preliminary) LHCb data +—@—
LHCb at CERN LHC DPSASPS cerrereeee
o/ TeV PP 250 F DPS i
R ? shower+o(2 GeV) SPS  ---------
- shower only SPS -« - -~
« SPS calculation (Kom et al.) > 20T parton level SPS == 1
" & | E
* DPS calculation = | 7TeV LHCb, 2.0 < y(J/p) <4.5
e SPS + DPS Ee 150 _l_[ MSTW 2008 NLO, up=mj,+p7,
g [ T J/L=352pb’"
% 100 |- -=grg ‘ i
 Evidence of DPS ?? | e Y | el 7
(exciting!) 50 f 1 | L } -
% l-.'.'.-.-.-.'.'q: I""I S l
1 O =t
) | B == N o S
6 7 8 9 10 11 12 13 14 15
Result Fiducial Acceptance
’UJ/¢_J/¢:5.1 +1.0+1.1nb 'J/LI): pT<1OGGV/C
*ogy, =10.52 £0.04 £ 1.40 ub c J/P: 2 <y <45
LHCb, arXiv:1103.0423

Kom et al, PRL107 (2011)
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Di-Quarkonia at the LHC
LHCb

0.2

* Large data errors
e Scale uncert — shift curves <=

0.6
LHCb at CERN LHC . i LO J/y+1/y
* / TeV pp g 05 ——  Kom et.al DPS+SPS
& [ -—-- Kom et.al SPS
2 04 T —e— ® LHCb Data J/y+I/y -
« LO J/Y SPS (Lansberg/Shao) 2§ : :
» Conclude that errors are too large % 0.3 7TeVeLHC
I Color Singlet ]
to say much. .. T 2<y(:nrliaff56
E
E
S
(Q\

0.1

» Each curve normalized, integral="1

0’0—\|‘LI“"""*wal_w_i_.—' . J
1.0 1.2 1.4 1.6 1.8 2.0 2.2 24

» Quantitative shape comparison
not performed

M onium—onium/ 2’nonium

Result Fiducial Acceptance

’UJ/¢_J/¢:5.1 +1.0+1.1nb 'J/LI): pT<1OGGV/C

* oy =10.52 £0.04 £ 1.40 ub «J/P:2<y<45
LHCb, arXiv:1103.0423

Lansberg, Shao Phys.Rev.Let.111 (2013)
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Lesson 3

Error bars matter...
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Di-Quarkonia at the LHC

CMS at CERN LHC

«/ TeV pp

« Simultaneous fit in
M," M, 2 , production vertex,
productlon separation

Result
¢ O-J/LIJ-J/LIJ = 149 =+ 007 + 013 ﬂb

Events / 0.025 GeV/c2

Events / 0.005 cm

\F 7TeV L 47fb‘

\F 7TeV L 47fb‘

[T T T ARRRRA D
- + Dala
- CMS —— All components
S LI Prompt 7]
A - - - - Nonprompt
J/p-combinatorial
------ Purely combinatorial ]

Events / 0.025 GeV/c?
8
I

Frcvrbiveeds 11'

+ Dala 1
—— All components —
------ Prompt 1

- - - Nonprompt

ey 1

Jhp-combinatorial
- Purely combinatorial

0 By i Uhverc b i g ot Friichisiy FE
2.85 29 295 3 305 3.1 315 32 325 33 335 285 29 295 3 305 31 3.15 32 325 33 335
M . (GeV/c?) M (GeV/cz)
Ns=7TeV,L= 47fb‘ Ns=7TeV,L= 47fb‘
L L B IH"IA*L T T q:220>v||v||v| v||‘|+ T
3| Dala i o E Dala =
10 § CMs —— All components § ~ £ CMS —— All components
E A e Prompt ] i) 200 F'n e Prompt 7
- - - Nonprompt b GCJ 180 - - - Nonprompt =
[ Jhy-combinatorial > F Jhy-combinatorial ]
102 Purely combinatorial w 160 :_ ------ Purely combinatorial E
: ] 140F |
120F [ %
3 100Ff
: 80
1 &0 FF
- 40
20f;
B 1 S P S P B S I F T P P i W 2 ;
-0.04 -002 O 0.02 0.04 0.06 0.08 0.1 0 1 2 3 4 5 6 7 8
hlgh-pT Jhp ct,, (cm) Distance significance 6d

Fiducial Acceptance (J/)
*pr> 6.5GeV/ctor|y| < 1.2

e pr > 6.524.5 GeV/cfor 1.2< |y|<1.43
«pr>4.5GeV/cfor 1.43 < |y| < 2.2
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Di-Quarkonia at the LHC

CMS
© LO SPS+smearine ] 0L @ LOSPS —— ueab SPS 4
N RN N
CMS at CERN LHC S 107! ‘ DPS (]| DPS+NLO" SPS 1 1584t [ DPS+NLO” SPS — 1508116181 may
> 1072 DORPOAX s — Ycey SPS 4 —_ E \ o be ]
) ; : : 22 107 RNk I 4
hd 7 TeV pp % 10'3é— === WWAANNI 4 g \ ‘\NLUL‘J—UJ—‘J.[HMM::HH i
. R s 10—4; ; ‘ N <1072 { : E
« Simultaneous fit in 3 10 -
M 1T M 2 d T 0y — T S wE
rod vtx | | . R 4
I pro t. ! ° ig_; 7 TeVaLHC =— 1074 7 TevaLHC ]
production separation NE s | | s
W 20 a0 e ) 1 2 3 4
@) P#'/’ (GeV) (b) |Ay| between ¢
l? "IJLO SPS  [T1] DPS+NLO" SPS -
3 ZZ7INLO" SPS yccy SPS E
s 10‘1% ’&%4 DPS -——=- 3SEX]+3S[8] max —é
> E Ty — 15150 max E
2 1020 o EL St 3
. . . . _% 10_3; 77* #_;IIIIII\H:IIIT[HIH IITT é
* Lansberg & Shao perform multi-dimensional fits g el |
N Anw, I\/ILMJ, pTLIJLIJ gg ig:z* - &&\;&i\\\i&&&&&»&\\:
© 107L 7 TeVeLHC —
s CMS Accep. e
e > f CMS 107° = Fit2 é
-9 ! | N L i . . p—
xtract opps =2 O TOT 107 20 20 60 80
Result Fiducial Acceptance (J/)
c 0y = 1.49 £0.07 £0.13 nb * pr> 6.5 GeV/cfor |y| < 1.2
J/P-J/P
c0.4=82+20+29mb * pr > 6.524.5 GeV/cfor 1.2< |y|<1.43
*pr>4.5GeV/ctor 143 < |y| < 2.2

Lansberg, Shao Phys.Let.B751 (2015)
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Jason Kamin

Lesson 4

Never leave for others what you can do for yourself...

New Observables in Quarkonia Production, Trento -2 March 2016




Di-Quarkonia at the Tevatron

DO

DG, L=8.1fb" T
DO at Tevatron

Pl Tevep “9‘6‘5"_fﬁIfﬁfffﬁfﬁﬁfﬁﬁf__,,_..__“_”.‘..-.»

* Use template fit to Any,, (and decay vertex)

LA
* Subtract background PO e

:5 - DO, L = 8.1 fb"
Result g + + ° g;t;c\lngrompt
* orsUpI) =59 6+ 22 fo P T
« GepsJ/p-J/p) =70 £ 6+ 22 b 3
* O = 48+ 05+25mb

Fiducial Acceptance (J/)
*pr>4GeV/c
- cnl<2

0 0.5 1 1.5 2 2.5 3 3.5 4
IAN(J/yp, JAP)I
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Next Frontier

J/-y

DO, L = 8.1 fb"

bo at Tevatron ...~ —
* 1.96 TeV pp e 7
* J/Y-Y production gzéf’ S _—

;§ g ol |
* Baranov et al calculate DPS ~97% of xsec fg """"""""""""
* Assume it's all DPS S 1y

10.

Result
coU/V) =28 =7 nb
eo)=2.1 £0.3 nb

¢ O-DPS(J/qJ'Y) =2/ +9+7 'Fb

* O = 22 +0.7 +09mb
Fiducial Acceptance (u)
«pr> 2 GeV/c 0(af) % %
« n| < 2.0

Jason Kamin New Observables in Quarkonia Production, Trento — 2 March 2016




Next Frontier

J/-y

DO, L = 8.1 fb"

oo at Tevatron ... —
* 1.96 TeV pp B ;
« J/P-Y production igg j _________
.
* Baranov et al calculate DPS ~97% of xsec fg e
* Assume it's all DPS : =
» Consistent with DPS MC A
“&) 03'5
Result ® J4ze28° W)
o) =28 +7nb Bs- DO, L=81fp" wData
co)=2.1+03nb % 7 "~ SPMC o’/
* oppsJ/P-Y) =27 £9 +7 b ‘55‘
c04=22+07+09mb “ j:
Fiducial Acceptance (u) 2t
*pr>2GeV/c 1—
- *[n[<2.0 oS is 2 Lzs
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Lesson 5

Plotsmanship matters...
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Compiling Data...

Extracting Physics ?

putting it all together

* Extracting a4 for various processes

30

25

20

15

()'eff [mb]

10

0.01

' CMS (JAp+Jhy, Lansberg-Shao)

AFS (4 jets - no errors)
UA2 (4 jets - lower limit
CDF

%

smaller DPS
) _ contribution

! _ larger DPS
) 1 contribution

|

q
G

0.1
Vs [TeV]

)

(4 jets)
CDF (y + 3 jets)
DO (y + 3 jets)
ATLAS (W + 2 jets)
CMS (W + 2 jets)
DO (JAp+Jhp)
DO (JAp+Y) Jr

1

10

* gg processes appear lower than qg processes
* Imply that gluon transverse PDF < quark transverse PDF ?

Jason Kamin
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Extracting Physics ?

putting it all together

Compiling Data...
* Extracting a4 for various processes

30 F —e— CMS (J/xpl+J/1p, Lansberg-Shaol)
E ———— AFS (4 jets - no errors)
25 | UA2 (4 jets - lower limit
r —o— CDF 1 smaller DPS

)
(4 jets)
20 | ——=4—— CDF (y + 3 jets) € _ contribution
- —&—— DO (y + 3 jets) ]
: ATLAS (W + 2 jets) :
15 F — < CMS (W +2jets) @]
1

|

()'eff [mb]

F = DO (JAp+Jhp)

10 _ ——e—— DO (JAp+Y) larger DPS

1 contribution

|

10

0=
0.01 0.1

Vs [TeV]

* gg processes appear lower than qg processes

* Imply that gluon transverse PDF < quark transverse PDF ?
* LHCb (J/@+J/y), LHCb (D+Y), ATLAS (J/p+2)
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Lesson 6

Maybe we don’t know as much as we think we do...
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Di-Quarkonia are new way to access quarkonium production

Clean way to access Single/Double Parton Scattering
Provides reasonable separation power between SPS and DPS

Beginning to map /s dependence of g
Access to transverse PDFs
Gluon quark separation ?

Higher {/s... higher luminosities... larger systems (pA)...
Future is exciting !
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backup

10° 10°

H 1 T I LI L I T 1 L I T E‘ 3 T T L I 1 T 1 1 LI l 1 E
ESPS pp—>ccX vs. DPS pp—>ccch5 ESPS pp—>ccX vs. DPS pp—>ccch§
. 102 e GRV94 LO “ . 102 = M: = M’2: = Mﬁc =
fe) - — — — GJRO8 LO RN o) F — — — 2 =p2=4m? o=
E - e E - R F . -
- [ =immminis MsSTWogLO e S i S [ - w2 =p2=mf i
10 . ' = 10 AL —
E CTEQ6LO . 3 P A 5
» i : » : , ]
2 = = 2 1E ’ =
8 - . s} - ]
@) - ly 1<8.0 1 o) B / ly,|=8.0 7
107E 0% Oy = 15 Mb—3 10 E 0%, 4 GRV94 LO =
- oF u2 =p2 = Mz 3 E 2 ' =15mb 7
vz e R - Oy = 15 mb
- / LO: gg—cG A LO: gg—>c@
10.2 I 1 1 1 1 1 I~'. IY 1 1 1 1 |-} I 1 1 1 1 10_2 1 1 1 Ll Ll I 1 1 1 1

10? 10° 10* 10? 10° 10*

s (GeV) s (GeV)

“This 1s a completely new situation.
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1} W LO SPS (][] DPS+NLO" SPS
107 i wis NLO™ SPS = ycey SPS 1
> 1072 S DPS ———- 3838 max 3
S 10} 2 — s max
= = 3
€ 10F S 5

E—1 — E
= 1075E--! KK E
g -6
5 10 - | ST A E
s 1077k : 5% :
£ 108¢ DL
o F 3
10~°} 7 TeVeLHC E
10-10 CMS Accep. I_‘—ﬁ
Flt 2
1‘)—11 PR RS SRR R S SR SR U R S SR S SN SR S
0 10 20 30 40
Tmm (GeV)
1 AN LO SPS+smearing _
) 7% NLO* SPS
~ 107" g5 DPS 1177 DPS+NLO* SPS =
> 1072 PR YTy SPS §
Q : . ]
2 1073 2l = S f)‘@ E
s_104F L
a sF = ORI 3
S —
S 1070 % | ]
- 7 TeVeLHC | §
107 £ CMS Accep. == e
]‘)—8 F Fﬁt 2 ; 3
0 20 40 60
(a) PV (GeV)

Jason Kamin

10 - R I LOSPS —— lﬁcaﬁ SPS T 3
: b I]\)I%g) SPS -—— 3S[18]+3SES] max
1t % [} DPS+NLO" SPS — 15{i+1501 max
3 -1 -\ AN T -
= 1077 BN N . -
= :_um_ \ BIEEED]IEM EEEEEEEEEE0EEEEE
e 1()_2 = i ARRRRRNNY ?
3 ———— f
\ AAAN
S
104L 7TeVeLHC — | i
E CMS Accep AEEEEEERRRRRRRRRRRRREERRRY g
10-5 - F1t 2 N -
0 1 3 4
(b) |Ay| between /4
. TLOSPS [T DPS+NLO" SPS
3 INLO* SPS Yy SPS E
. 107'E % DPS --- s e
> _ E \{K‘i/lhi IS 8] 1S8] max 3
8 10 2.- :25'55&3&&\\‘,”%“ 3 -
B 10_35_ :; X\\(\/}g}\\‘(\\x{!IIIIII(]IIIIII][I]TII)I _5
g 10—4 :_ == E
3 o I -——— 3
S 103 _ v YiX\\lZ\X\AXY\XY\XY\XW(Y\XY\X N
"O _6 ;_ e A e S A E
5 10 = 3
10_7 ? éh'r/[eSVELHC LAY WAV AV v‘\q:
8F cce
108F Feo F
1‘)—9 - 1 . N N 1 . A 1 . . . i T
0 20 40 60 80
(C) Mww (GeV)
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Main Observables
* Anyy APy, Myy, pr*¥

Jason Kamin

BR(J4p—u*u)- o [pb]

BR?(JAp—2u) - do/dAy [pb]

backup

' DPS ——

2 Mz shower+0(2 GeV) SPS --------- ]
H shower only SPS ==« -
o : parton level SPS ==
1s Pt L _
e 7TeV LHCb, 2.0 < n(u*) <4.5
|
i MSTW 2008 NLO, pZ=m?, w*P%
1 i -
05 1
0 L . .
0 0.5 1 15 2 25 3
Aviutu uul
| | ' DPS ———

shower+o(2 GeV) SPS
shower only SPS - - -
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