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2) Review analyses
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~ 2 b-jets + 2 light-jets
~ 4 jets
~ di-quarkonia
~ same-sign WW

3) Outlook / Overview
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Double Parton Scattering (DPS)

Single Parton Scattering (SPS)
* two hard scatters within same protons

* one hard parton-parton scatter
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Single Parton Scattering (SPS) Double Parton Scattering (DPS)
* Probe higher-order diagrams * Increasingly important at higher /s
« Disentangle backgrounds at higher /s * Probe transverse profile of proton PDF
* Color Octet vs Singlet models in * Partonic correlations ?
quarkonia production — color, flavor interference, spin effects ?

Next-to-Leading Order SPS  vs Leading Order DPS

gsps ~ (parton density)? opps ~ (parton density)*

_____________________________________________________________________________

Szczurek & Maciuta, arXiv:1212.5427 §
SPS pp—>cc)& vs. DPS pp—>ccch :
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DPS cross section
« convolution of PDFs & elementary xsecs

———————————————————————————————————————————————————————————————————

i -
summed over all partons | A mmme"
S =D}
i qZ p ~~‘~,
O sy = (%)Z fl";j(xhxz;bl,bz;Q%, Q) i P ™~
i, j,k,l

Al 2\ A jl 2 i i
X 0% (x1, x], O) 07 (x2, X5, 03) NS ————

x T (x}, ¥5; b1 — b, by — b; 01, 03) dx1dx,d x| dx,d*b1d*brd*b

* reduces to ‘pocket formula’ after assumptions
- longitudinal, transverse components factorize

< /) n ‘?
- long'tl comps = 2 independent single-PDFs What is “o" 7

« ~effective transverse overlap area
 ~transverse distance btwn partons

DPS m O-(Shf;zs’ﬁa) ) O-(Shis'—)b)  ~partonic density
O (hh' —ab)y = (5) O off  ~tells about “conditional prob”
© to have a second hard scatter
* theory estimates ~30 mb
* where m is number of + data says ~5-25 mb
"distinguishable partonic subprocesses” « ~15 mb typically used for calculations

(eg. m=1for J/p-J/p, m=2 for J/P-Y)
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. . i mean excluding LLs | |
S'gma Effective AFS 4 jets, no error o >
: UA2 4 jets, low limit < 3
SPS SPS i ~ '
m G(hh’—>a) . G(hh’—>b) CDF 4 !ets °
Oeff = (7) 5DPS 5 CDF v + 3jets .
(hh’—>ab) i DO v + 3jets —o—
ATLAS W + 2 jets NP
When does DPS play a role ? CMS W + 2 jets .
* several particles in final state DO Jy+diy | —e—
(typically 4 or more) . CMS Jhy+Jhy (Lans./Shao) _— -
hiah had lisi DO y + 3 jets .
19 -.energy adron collisions , DO v + bic jet + 2 jets .
(probing low-x) DO Jhy+Y || .o
f ATLAS 4 jets ° i
A feW exampleS. E CMS SS W—)].l\'“, low limit [ = E
. : : . ATLAS Z + Jly, low limit >
* multi-jets (4 jets, 3 jets + y, etc) ok [t * 7
di koni DO yy + 2jets .
> di-guarkonid . LHCb Y + open-c, average .
* double open-charm/beauty 'LHCb J/y + open-c, average ——
« Z/W + (jets / quarkonia / etc) i ATLAS Jiy+Jiy e
: pben b b b b b
* double same-sign W | ) 5§ 10 15 20 25 30 35 40
addressed in this talk L Guulmb]
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7 ofl 2 photons + 2 jets e
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DO - Tevatron 1.96 TeV

» Key discriminant:

azimuthal angle between di-photon & di-jet 10

_ 51 =2
AS = A¢ (Gr, r)
q—»Tl — ﬁT% + ﬁT’Yz
G

_ = jety — jetg
=py TPt

OF ILLINOIS
AT CHICAGO
Abazov et al, arXiv:1512.05291
210°f .
c - DO,L=8.7fb
m (—
U>J ~ * Data
i ® DP model .
4 SP model :
2 = O Total §
- :
i : :
| % } . .
1061 j i .
C T n
-1 i
B at low AS, SPS & DPS
- are comparable !
1 1 1 1 1 l 1 1 I l I 1 1 1 1 I
0 1 2 3
A S (rad)

 templates based on Sherpa (& Pythia)

« o). - o]l . estimated via PU evts with

2 vertices and yy + jet-jet

* 04 =19.3 £ 1.4(stat) + 7.8(syst)mb

Jason Kamin ICHEP, Chicago — 5 August 2016 6
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CMS - LHC 7 TeV 3pb (7 TeV), pp—2b+2]+ X
8 ; CMS ¢ Data ;
° Key discriminant: g"ozé_ﬁblezt(s):eev POWHEG+P8 CUETS1 MPloff_g
azimuthal angle between b-jets and light jets < Fm<as
Io)
© 105_20therjets: E
/\S:/\ (_’1 _’2) = [ p.>20Gev -
¢ gt 4t g L i <47 o
1e "
: . E
 addt’'nl handle via relative py balance btwn i .o ]
two lighter jets 107 . o * E
i . ) ) -2-_ no MPI
e without Multi Parton Interactions included, 10 >
MC cannot reproduce data (~60% low!) ” 6_ffjfffff{fjjffffj{jffffff{ff{fi
T {45 :
c%1.2;— -
O Tt t t bbbiee t
0.6 E
04- 3
0.25—. . ____ E
0 05 1 15 2

25 3
AS (rad)
CMS-PAS-FSQ-13-010
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ot Hﬂ 2 b-jets + 2 jets uic

CMS - LHC 7 TeV 3pb (7 TeV), pp—2b +2] + X
’g ECMS ® Data ]
* Key discriminant: %025—;*’;‘*;3:63\, """" MADGRAPH+P8 CUETM1
azimuthal angle between b-jets and light jets 1:3 <24 0 e
- - S 10E 20therjets:  — — HERWIG++ UE-EE-SC =
AS =A¢ (Gr, 7r) 3 e
3
* addt'nl handle via relative pt balance btwn K
two lighter jets 107

« without Multi Parton Interactions included, 10%F
MC cannot reproduce data o 6:
. . a3
 with MPI, MC agrees with data ! CEJOE;
* NO 0.4 estimation... stay tuned ? 822
0.2 :
* note: MPI models tuned at soft scales (~3-5 GeV) 0 05 1 15 2 25 (,fd)
but still work when extended to DPS regime CMS-PAS-FSQ-13-010
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CMS - LHC 7 TeV CMS, \s =7 TeV, L = 36 pb™, pp—> 4j+X
© I —— SHERPA
£ (R ez,
L = Mg e °
* Key discriminant: Gy PYTHIAB 4C
, , , , 2 10} P, >50 Ge — — HERWIG++ UE-EE-3
azimuthal angle between hard- and light-jet pairs 3 3% 4"jet —o= POWHEG+P8 22" MP1 of
.8 - p,>20GeV [ Total Uncertainty
AS = Ao (G, Gf T |
dT, 4t S 1k
107

S ok ——— SHERPA
© 1.8- L MADGRAPLLP 22°
: g Q 1.6F L T ERWIGH UE€ED
* WIthOUt MP] mcluded, O 1'4—_ — — POWHEG+P6 Z2' MPI off
E “YE [ Total Uncertainty
MC cannot reproduce data (~50% low) 1-§
« with MPI, MC still ~20% low (except Sherpa) 0.8F
0.6
0'4....[....l....l....l....lx..xl.
O 05 1 15 2 25 3

AS (rad)

Phys.Rev.D89, (2014)
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CMS - LHC 7 TeV

» Key discriminant:
azimuthal angle between hard- and ||ght-Jet pairs

_________________________________________________________________________________

__________________________________________________________________________________

« some sensitivity via relative pt balance
btwn 2 softer jets

P (*™) + pr(*")]
PG| + [prGeot) |

oftp

* without MPI included,
MC has some trouble at low A™ pr

* 4 jets less sensitive to DPS than 2 b-jets + 2 jets
* needs more kinematic study of MPI with UE data
- NOo 0.4 estimation

Jason Kamin

Exclusive 4 jets

Py

rel
soft

(1/0) do/dA

MC/Data

ICHEP, Chicago — 5 August 2016
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CMS,\s=7TeV,L=36pb™, pp— 4j+X
- —— SHERPA
 i<d47 T POWHEG+P6 72"
|1, 2" jet: == MADGRAPH+P6 Z2*
------------- PYTHIA8 4C
P,>50GeV  _ _ LERWIG++ UE-EE-3
o gt g, — — POWHEG+P6 Z2' MP! off
Fo 4 et —&— Data
- p,>20 GeV [ Total Uncertainty

L L L l 1 L L l 1 1 1

—— SHERPA

POWHEG+P6 Z2'
===« MADGRAPH+P6 Z2*
PYTHIA8 4C

= HERWIG++ UE-EE-3
= = POWHEG+P6 Z2' MPI off
[ Total Uncertainty

rel
Asoftp-r
Phys.Rev.D89, (2014)
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Inclusive 4 jets
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pT p_)]l“+p_)1]“ i

ATLAS - LHC 7 TeV A=

i Pt + Py ;

Ay |

* Neural Nets: Pi |

input kinematic variables ’Ay"f y,|
|¢1+2 - ¢3+4|
* SPS '|¢1+3 — $244l
determined from MC (Alpgen+Herwig+Jimmy) |¢1+4 - $243]

UIC

UNIVERSITY
OF ILLINQIS
AT CHICAGO
—+— Data 2010
------ SPS (AHJ)
— - cDPS (data, overlay)
--- sDPS (data, overlay)
B ) of contributions
(stat. uncertainty)
— ) of contributions
(stat. + sys. uncertainty)

' Anti-k, jets, R = 0.6
p} >42.5 GeV
pi’3’4 >20 GeV

| 1234|_44

« cDPS - complete DPS (2 jets +2 jets) 0
determined from data (overlaying 2 evts) %
« sSDPS — semi DPS (3 jets + 1 jet) E
determined from data (overlaying 2 evts)
* NN outputs in slices of ¢
S,
8 1.
= 08
8 N s i T T W S i Sl s
0 0.2 0.4 0.6 0.8 1
T s + B8
ATLAS-STDM-2015-08 {3 “sDPS  |/3 “cDPS

ICHEP, Chicago — 5 August 2016
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ATLAS - LHC 7 TeV

* Neural Nets:

Inclusive 4 jets

input kinematic variables

* SPS
determined from MC (Alpgen+Herwig+Jimmy)
« cDPS - complete DPS (2 jets +2 jets)
determined from data (overlaying 2 evts)
* sSDPS — semi DPS (3 jets + 1 jet)
determined from data (overlaying 2 evts)

* NN outputs in slices of ¢

Jason Kamin

Entries/0.05

Fit/Data

ICHEP, Chicago — 5 August 2016
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i S;  =j| | -+ Data2010
Apr  IPTTPTL L sps (A
) pi n p] | —-cDPS (data, overlay)
T T . ----sDPS (data, overlay)
A, i | . X of contributions
I lj .
i (stat. uncertainty)
: .. — f ibuti
lA)’z] y]| Y of contributions |
(stat. + sys. uncertainty)
— i Anti-k. jets, R =0.6
|¢1+2 ¢3+4| | A Jets
| p! >425GeV
'|¢1 3= P24l | 2aa
+ + : Py 2 20 GeV
|¢1+4 _¢2+3| | 1234|_44
E T T | T T T | T T T | T T T | T T T | T :
ATLAS 0.1<¢ <0.3
sDPS

10°E
10*

10°E°

N St g o 8

bl

Vs=7TeV,37pb"

vl

o hh
T T T

L il L L 1
1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1

0.2 0.4

ATLAS-STDM-2015-08

0.6 0.8 1

1 2
\{_5 ésDPs + \/_5 écDPs
12
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ATLAS - LHC 7 TeV

* Neural Nets:
input kinematic variables

* SPS

Inclusive 4 jets

determined from MC (Alpgen+Herwig+Jimmy)

« cDPS - complete DPS (2 jets +2 jets)
determined from data (overlaying 2 evts)
* sSDPS — semi DPS (3 jets + 1 jet)

Entries/0.05

determined from data (overlaying 2 evts)

* NN outputs in slices of ¢

Jason Kamin

Fit/Data

ICHEP, Chicago — 5 August 2016
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: ~j| | —+ Data2010
| + pl|
APT Pr| | .. sPs (AHY)
) P+ p] | —-cDPS (data, overlay)
T T . ----sDPS (data, overlay)
A, i | . B X of contributions
I 1y = .
5 (stat. uncertainty)
i .. = f tributi
Ay:] y]| Y of contributions |
(stat. + sys. uncertainty)
- i Anti-k. jets, R =0.6
|(/51+2 ¢3+4| | Anti-k Jots
| p! 2425 GeV
'|¢1 3= P24l | 2aa
+ + : Py > 20 GeV
|¢1+4 — 23] |, l<4a
106 __l T | T T T | T T T | T T T
3<¢E <0.5 ATLAS
sDPS

2 0.
105m

Vs=7TeV,37pb"

10k
10%E
1022,/

10k

O Aa-—
T—TTTT

ATLAS-STDM-2015-08

1 2
\{_5 ésDPs + \/_5 écDPs
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i iy ) —— Data 2010
ATLAS - LHC 7 TeV arr PR D ses
Y pi n p] | —-cDPS (data, overlay)
T T . ----sDPS (data, overlay)
§A¢ij | . X of contributions
e Neural Nets: (Zstat. uncertainty)
. : . . A g | ~—— ) of contributions
input kinematic variables Yij = Ve = Vil

(stat. + sys. uncertainty)

|¢1+2 - ¢3+4| i Anti-k, jets, R = 0.6

| p! >425GeV
* SPS '|¢1+3 — P24l | e a0 ey
determined from MC (Alpgen+Herwig+Jimmy) |¢1+4 — ¢243] |, <44
+ cDPS — complete DPS (2 jets +2 jets) N e—
05<E <07 ATLAS

determined from data (overlaying 2 evts)
* sSDPS — semi DPS (3 jets + 1 jet)

Vs=7TeV, 37 pb"

Entries/0.05

104k

determined from data (overlaying 2 evts) :
10°E
T 102
* NN outputs in slices of §
10;
o 1df
[43] 1.2
O 1
= 038

LI— 0-6 Jl L1 1 1 |l 11 1 1 i 11 1 1 i 11 1 1 ]| 11

0.3 0.4 0.5 0.6 0.7 0.8

ATLAS-STOM-2015:08 1 >s0Ps * 3 e0es
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! -7 - ] i —4— Data 2010
ATLAS - LHC 7 TeV PO S ey
Y P+ p] . —-cDPS (data, overlay)
T T . ----sDPS (data, overlay)
Ag;j = | . X of contributions
° N eu ral N ets: E (stat. uncelrtair]ty)
: Ayij - yi| | — ) of contributions

(stat. + sys. uncertainty)

|¢1+2 - ¢3+4| i Anti-k, jets, R = 0.6

input kinematic variables

| pl2425GeV
« SPS '|¢1+3 2 54220 Gev
determined from MC (Alpgen+Herwig+Jimmy) |¢1+4 = $243l | <44
 cDPS — complete DPS (2 jets +2 jets) I S e s S e e p
: : : ; 07<& <10 ATLAS
determined from data (overlaying 2 evts) s " 0P (5=7TeV,37pb" -
« sSDPS — semi DPS (3 jets + 1 jet) E 10
determined from data (overlaying 2 evts) o
) . 102
* NN outputs in slices of €
10E
8 1.1: -------
TR -] e L
Q Thassdr e T
IS 08| o
L 0.6

0.5 0.6 | 0.i7 '
Le o+ 2:

ATLAS-STDM-2015-08 |3 sDPS |3 cDPS
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10 L e L L L
g | ATLAS )
ATLAS - LHC 7 TeV g | rerTTev.aTe
* Neural Net — cross-check of sensitive variables o
» Focus on correlations btwn two lightest jets | bl s
p_,i +ﬁ‘] E L ]
AT = —;F j Apij = |¢i — ¢j| o
____________________ Pr*Pr S
. . A
* cDPS — complete DPS (2 jets +2 jets)
determined from data (overlaying 2 evts) T o e
Nt - ATLAS
* sSDPS — semi DPS (3 jets + 1 jet) 5 [ Vs=7Tev,37pb"
determined from MC (Alpgen+Herwig+Jimmy) 8 "k L
5 -
* NN returns robust results i3 r E
* estimate ~8% of 4-jet events originate from DPS
<
S
o e = 16.1 730 (stat.) T3 (syst.) mb 2
ATLAS-STDM-2015-08 A¢,, [rad]
16
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\s=7TeV,L=471b \s=7TeV,L=471b'
\V\\IIIIlIIIIlIIII_ L T 1T LI

*220__\\|||||||||||||||\ B E LA L I B B T T
° ° o ““’F cMS —+— Data ] O 48l —+— Data :
Clean Slgnatu re via Mass 5 200f ANl components i 10 CMS —— All components 3
[2) oA e Prompt L= e — Prompt
= E - ==~ Nonprompt A Q - - - - Nonprompt
:>j 180 E w Jhp-combinatorial 8 w Jhp-combinatorial
160 . e Purely combinatorial 3 N0 F R e Purely combinatorial
b 1 = E
140F [ % 2
o L
Types of Events e
100 |: 10 E
80F 3 C
60f 1; -
¢ Sig: prompt J/Y + J/P wf %
20 o H ; Lok
P A i i RN O U Tt jort e tlla L S S I A A R
0 1 2 3 4 5 6 7 8 -0.04 -002 0 002 0.04 0.06 008 0.1
Distance significance 6d high-p_ JAp ct,, (cm)

¢t Bkg: non-prompt J/U (B decays)
DO,L=8.1f" T

t Bkg: prompt J/d + unassoct'd pp %,16_:“.:_;.j:::w_,__4_',.....

©143 T

¢ Bkg: unassoct'd pp + unassoct'd pp T

104

84"

6

4

i

82 = 4.2
Main Observables ' 3725

* Angy, APyy, Myy, pr**
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Hﬂ Double Quarkonia Eﬁ'.v!ag

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

AUPNNE Sy LN RN RN 7 E L L B LN B |
CI S. : M 22202 CMS iRIthomponems ] Lg 1035_ CMS :Rﬁt:omponems 3
ean JSignature via IVlass g0l < S —
q:) 180 - - - - Nonprompt A Q - - - - Nonprompt
> F e Jp-combinatorial 8 < Jhp-combinatorial
L 160:— i s Purely combinatorial E ﬂ 1 02 Y N PO Purely combinatorial E
Types of Events o | oot
100 f 10 E
General Cuts woff :
60Ff I
. o 1E =
¢ Sig: prompt J/Y + J/P wof E
Mmass cut (X2) QT S TINEETTT 10 G0s hes 0002 6,04 006 608 oA
Distance significance 6d high-p_ JAp ct,, (cm)

¢ Bkg: non-prompt J/Y (B decays)
di-muon decay vertex cuts
J/{ — J/P separation distance
¢ Bkg: prompt J/Y + unassoct'd pp %’16‘3“ff:fﬁ:_A.,.....»-»--"'“

DO,L=81fb" =

* Bkg: unassoct'd pp + unassoct'd pp “‘125"'ffﬁfﬁﬁfﬁfff,]....,,.,_A_A......
mass cut (x2), fit combinatorial/bkg

Main Observables
* Angy, APyy, Myy, pr**
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How to separate SPS from DPS ?

. 0.3
* Naive Idea — — no cuts
P
e c —_
J/P's in SPS are mostly back-to-back g 02— T
< :
- just cut on Agy,, ! (a la multi-jets) increasing . 0.1
min pycut -
O_ | |
. 1 12_
However, only true for high pr J/Y ()56 Cev
8. 81—
. . : S F
° © I
Meanwhile, DPS/SPS is dropping... 2 LE
© -
1 ., ok
iy : 0.15
=10 =y R P R C pi(y)>12 GeV
S -2 | e -
5 10 b e SRl
>\ = v <S| B
£ 10_3:_ ................. F SO T -
210 : 0055
/(}_ 10 E TN TR T L — | |
N’ = ol 1l L1
o _5F
10 TEe e N e 0 /4 /2 3n/4 T
= Ay
-6+ . N
10 )\ - S B |
0 5 10 15 20
Prmin: GEV Baranov et al, Phys.Rev.D87 (2013)
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~ Hﬂ Separation Power

ICHEP2016CHICAGO An

How to separate SPS from DPS ?

* Much cleaner separation in Any,,

« SPS
J/U's highly correlated in An
one gluon exchange x1000 (dotted)
two gluon exchange x25 (solid)

* DPS
Anyy, much broader

* Kinematically cleaner way to proceed
for quarkonia (along with M, pr¥%)

— N
o O — 0N O

@)

|IIIIIIIIIlIIIIlIIIIlIIIIIII

@) o1

do/d(Ay), nb

o1

Jason Kamin ICHEP, Chicago — 5 August 2016
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u N SPS

E Co DPS

L 7 1 | L \I\ N I

10 -5 0 5 10
BarandY et al, Phys.Rev.D87 (2013)
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Phys.Rev.D90 (2014)

DO, L=81f" T
DO - Tevatron

oo et ser

+ Observable: Jip + J/i e

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

<
TS

» Subtract background

R DO, L = 8.1 fb"
Result S + + S aomaom!
e OppsJ/bHI/p) = 59 + 6 + 22 b gl SPs et oncerainy
o GepsJ/W+I) = 70 + 6 = 22 fb i
c0+=48+05+25mb

Fiducial Acceptance (J/{)
*pr >4 GeV/c
e[ <2

o 05 1 15 =2 25 3 B35 4
ANy, JAp)l

Jason Kamin ICHEP, Chicago — 5 August 2016




~ m Next Frontier

ICHEP2016CHI:ZAGO J/(/J +Y

DO, L = 8.1 fb"

DO - Tevatron — I

« 1.96 TeV pp
* Observable: J/P +Y

Nevemx
@/3)AM(Y)

NWHRUTON®O

K AM(Y)peak AM

» Baranov et al calculate DPS ~97% of xsec
* DO assumes it's all DPS

- AMJAp)

Result
s o(J/W) =28 =7 nb
eo)=2.1+03nb

PRL116 (2016)

UIC

UNIVERSITY
OF ILLINOIS
AT CHICAGO

* Opps/p+Y) =27 £9 £ 7 fb EE ij% E E
cos=22%0.7+£09mb
Fiducial Acceptance (u)
> > 2 Gallie 0(af) E
e In| < 2.0

Jason Kamin ICHEP, Chicago — 5 August 2016
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PRL116 (2016)

DO, L = 8.1 fb"

Do - Tevatron ___________________ i,
*1.96TeV pp E;%: T 7
* Observable: J/P +Y %‘7‘ ;‘ —
Si57
* Baranov et al calculate DPS ~97% of xsec :5 g
DO assumes it's all DPS %035 o
* Consistent with DPS MC ”0712;3-5
Resuylt S 42628 3 I
s gU/)=28+7nb § s DO,L=8.11fb" ~Data |
coY)=2.1+03nb S 7 " SPMCx10° /
* Opps/+Y) =27 + 9 £ 7 fb %6‘ '
*0,5=22%07+09mb "
3 ——
Fiducial Acceptance (u) 2
*pr>2GeV/c 1— ------------------
- *[n[<2.0 oS 2L zs
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CMS - LHC 8 TeV

CMS Prehmmar) ppL=1 9 7 jb at sf_ 8 TeV

. . N ' I | 3
« DPS/SPS contributions comparable S 105E __DATA mempt.fake Mlsps
« W suffers from contamination 5 10t £ Cwz  @wr [ ] fake-fake
« Currently, statistics quite low el Bz —ops |
102 ; -—%—l ;
BDT input variables: g ° G+ _—— :
""“'““"“'“'“""“'“'“""“'“'“""“""“""“""“'“""“'“""“""“""‘l 10 ? ; . . . G
. leading muon (u1) pr = =
i i 1
. subleading muon (u2) pr . = =
Epes o '
M7 (1, p2) di-muon invariant transverse mass 102 038 op _0'_ 7 E— -0'_2 b (') '
- Dg(p1, p2) BDT
E Aqb(/f"la E’Imlss) EQ 1 g; e T o oo oyt E
- D¢(uz, EP) = — —
Ap(pq + pg, EMSS): where pq + ugp is the vector sum of § ;E + * . -—.—o—.—¢—+—l—§
. muon four-momenta i e ¢
i ; ; i 0.2 =
mr(W 2) = \/2 - prt1/2 - EYYSS - (1 — cos(Ag(u1 2, ET"S®))) 03 08 06 04 02 0 -

BDT

CMS PAS FSQ-13-001
Jason Kamin ICHEP, Chicago — 5 August 2016 24




Hﬂ Same-sign WW

ICHEP2016CHICAGO

CMS - LHC 8 TeV

« DPS/SPS contributions comparable

UIC

UNIVERSITY
OF ILLINOIS
AT CHICAGO

« W suffers from contamination (T T
.. . L2 = CMS Preliminary, pp L=19.7 fb" at Vs =8 TeV 7
« Currently, statistics quite low 5 f P et |
i % 102 - —=a— Signal strenght =1
i 5 E E5e"8 Expected = 1o
BDT input variables: o f “e- Bgpected=20
PR R SSEmmmmmeanaae - L E L ]
. leading muon (u1) pr o 10g -
i ) : 6' C 7
. subleading muon (u2) pr 2 b
i E’Ir:ﬂiSS é o 1§ g
" Mr(u1, p2) di-muon invariant transverse mass oL |
A, p2) , E
i A¢(/f'1a E'ImISS) i E 102 | | | E
: i : | 1 2 3
| Ap(pz, ET'®) . : | obie [pb]
- AP(pq + po, ETSS): where pq + po is the vector sum of ’

" muon four-momenta |
mr(Wapo) = (/2 prive - EiSS - (1 — cos(Ag(u1 /2, ET'S))) |

Set lower limit:

* o> 591 mb (95% cf)

Jason Kamin ICHEP, Chicago — 5 August 2016

CMS PAS FSQ-13-001

25



) e OF ILLINOIS
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Hﬂ Extracting Physics ? UIC

Compiling Data...

AFS 4 jets, no error

UA2 4 jets, lower limit
CDF 4 jets A
CDF v + 3jets

DO vy + 3jets
ATLAS W + 2 jets smaller DPS

CMS W + 2 jets contribution
DO Jiy+Jly \ 4
CMS J/y+J/y (Lansberg-Shao)

DO vy + 3 jets E[]j
DO vy +b/cjet + 2 jets
DO J/y+Y [ |
ATLAS 4 jets n
CMS same-sign W—puv , lower limit
b
1

25

20

15

larger DPS
contribution

ATLAS Z + Jly, lower limit
DO yy +2jets

LHCb Y + open-c

LHCb J/vy + open-c A
ATLAS J/y+Jhy

10

EENC > > 000 0l e H) X

10" 1

—_
OO
%

10
Vs [TeV]
« Can g4 for some final states be systematically different than others ?

« Can we differentiate g dominated processes from g dominated ?
* gluon transverse PDF = quark transverse PDF ?

Jason Kamin ICHEP, Chicago — 5 August 2016 26




n Hﬂ DPS Prospects g&"ﬁlf‘ﬁé%

proton-lead AT CHICAGO

ICHEP2016CHICAGO

Various ways to have two hard scatters in pA collisions

O'DPS _
pA—ab
nuclear overlap:
A-1
Fop = —— | T2 (r)d’*r = 30 mb"’
DPS  _ PS PS PAT A f A
O-pA—>ab - A- O—IIQ)N—mb + O—EN—mb " Oetrpp Fpa
now write * cross sections for DPS
SPS . SPS go up by x3 compared
ps_ (M TpN—a TpN—b to SPS
pA—ab — 9) o T
eff,pA * significance of measurement
1 - (S/{/B) can increase by x40

o i
. eff,pp i ~
with o glauber OeffpA =~ 34 Geff,Ppi
' D'Enterria & Snigirev, PLB 718 (2013)

WA A+ o, Fpa .
effpp ©— PAA )
27
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n Hﬂ DPS Prospects ME'?N%%

AT CHICAGO

lead-lead

ICHEP2016CHICAGO

Various ways to have two hard scatters in AA collisions

DPS y)
ONN-sab) * Oeff.pp - A°/ 2 - Taa

A—1) Tan

.....
-~ N,

DpS,1 . DPS2 ., DPS3 45900
O-(AA—>ab) ° O-(AA—)ab) ° O-(AA_)ab) > 1 .4'\:\\2\-0——9/,'

* Third term is dominant
« "Genuine” DPS only ~2.5% of two-hard-scatterings

9 not an efficient system to measure DPS

D'Enterria & Snigirev, PLB 727 (2013)

ICHEP, Chicago — 5 August 2016 28
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AFS 4 jets, no error °
UA2 4 jets, low limit ° >
DPS probe transverse parton dist profile CDF 4jets | —e
. . CDF v + Bjets @ :
as well as illuminate backgrounds for . |
: DO vy + 3jets — @ i
NLO SPS processes ATLAS W + 2 jets
Can give insight to partonic correlations DO Jiy+dly | e
L . CMS J/y+J/y (Lans./Sh —— i
inside proton y+ify (Lans/Shao) |
DO v + 3 jets Ty
, DO y +b/cjet + 2 jets —
Beginning to map /s dependence of o4 DO J/y+Y |.e ;
Access to transverse PDFs ATLAS 4 jets — ;
Gluon / quark separation ? - CMS ssWov,, lowlimit | e >
. ATLAS Z+Jiy, lowlimit | e N
. . . . : DO yy +2jets ' PY
Higher {/s... higher luminosities... ~ LHCb Y + open-c, average .
Iarger systems (pA) . LHCb J/y + open-c, average ——
Future is exciting ! ATLAS Jy-+Jly ,
: ||||||||||||||||||||||||||||||||||||||||i

) 5 10 15 20 25 30 35 40
G4 [MD]
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Y-jet + 2 jets

Ao
ICHEP2016CHICAGO

CMS - LHC 7 TeV

* Key discriminant:

azimuthal angle between y-jet & di-jet

v

the difference in azimuthal angle between the jets belonging to the di-jet pair,
A2z = Pietz — Piets;
the transverse momentum balance of the jets belonging to the di-jet pair,

|PTjet2 + PTjess|

Arel = —
pizs |PTjete] + [Prjess|”

Jason Kamin

@

©)

[1/rad]
23

1

do
O dAg,

CMS Preliminary,\'s = 7 TeV, L = 36 pb”, pp—>y+3]

CMS Preliminary,Js = 7 TeV, L = 36 pb", pp —> y+3j

MC / DATA

[1kad)

1

1 do
Tdag,,

MC / DATA MC /DATA

MC/DATA

CMS Preliminary,\s = 7 TeV, L = 36 pb”, pp — y+3]

UIC

UNIVERSITY
OF ILLINOIS
AT CHICAGO

1+ Pr > 75GeV —e— DATA o [V P> 7500V —e— DATA '§ >75GeV —e— DATA
ez Pri > 20GEV B 2, p,,,>2006V = o > 2066V
Ii<1.4442, 1.566<mi<2.5 " PYTHIAB 4C y:ni<1.4442, 1.566<ij<2.5 " PYTHIAB4C o OF:hi<t.a442, 1.566<hi<2s T PYTHIABAC
L I 1 F
Lets: Ini<2.4 PYTHIAG 22 1 Ejets: 2.4 -=e PYTHIAG 22 '8|§ 3 PYTHIAG 22
o [
H Total Uncertaint Total Uncertaint Total Uncertaint
(I v (I ty L (I v
£ I
r ped
N e 10E o E
D ] £ ]
[ i 10° g T E
L 1 1 1 1 1 1 1 L d
< < 2 n
x 3 < T 3
- 3 2 Qi 3
— = L ]
et Y T SPNY T SRS i S g g 9 S ]
= gg 3
05 1 15 2 25 3 0.2 0.4 0.6 08 0 0.5 1 15 25 3
84, (rad) L AS (rad)
CMS Preliminary\'s = 7 TeV, L = 36 pb", pp — y+3] CMS Preliminary\s = 7 TeV, L = 36 pb", pp — y+3j CMS Preliminary\'s = 7 TeV, L = 36 pb”, pp — y+3j
it o rsond T8 WABGRAPHsPY 22° R VABGRAPH:PYG 22 B e momes TS DA H4PY6 22
F N 4F . Forom IADGRAPH+ "
L2 Prpy Pr g > 20G0V - MADGRAPH+PY6 Z2* no MPI & ra P Pr > 2006V MADGRAPH+PY6 Z2* no MPI E [ 2 Py Pr > 20GeV - Al +PY6 Z2* no MPI
Lromiei sz 1 sooemeas —— MADGRAPHiPYB4C " 3 | yimirasz 1 soocni2s — Y 4 o MPI ol ' Evii<iaaez 1ssodm2s —— MA 42 no NPt
|lets: ni<2.4 SHERPA CT1C e jets: <24 SHERPA CT1( T’lg Flets: <24 — SHERPACT1 ©
- -~ SHERPACT10no MPI -~ - SHERPACT10 no MPI e F -~~~ SHERPACT10no MPI
F ———1 Total Uncertainty F 1 Total Uncertainty L ——— Total Uncertainty B
E E
10" E
e L ! | 1 3
£ ief MADGRAPH+PY6 Z2* g
o SF = a
o = - o
H = 3 H
g 1ef MADGRAPH+PY8 4C- g
- 3 g
o o
S H
< <
< g
o o
o (&)
H H
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105 [ LOSPS  — ycay SPS =
1E mmLO SPS  [[[[[[[| DPS+NLO* SPS NLO" SPS —— ycop SPS =
-1 g #ENLOTSPS —ycaysps . DS NLO® SPS| —— redi ot
= 10-2 W DPS SN PG IR PUCI IR E % HIXII[IU DPS+NLO* SPS —— 15{fl 15" max
© 2 K 81, 18 — : : 3 i
Q 103 C ISE) ]+IS([)] max 1 ..g 101 g_\\\\ l l T 1 i
) -4 XA E N’ AN »fm E
= 1077 77~ 1— XY I — SRINNG BIEEED]IEM EEEEEEREEEEERE
= 10°5E__" 5 ~— = <>|‘ 10-2 - AAARRANN ]
E 105L — E = =
SQ? 7 | ==X Vi 3 E L — \NLRRRNNY
S 10~ 7TeVeLHC : B ]
CMS Acce '_\—“ - 7TeVeLHC | i
10-10 F1t 2 p- = gMZS Accep. T ISUSSIUIGIRRIIIRATIRRANGR 3
10—11 P S S S S T (R S S SR T ST S S S ST SR S B lt . | ‘ . = . . : . = ‘
10 20 30 40 1 3 4
P min (GeV) |Ay| between W
— ~ [T DPS+NLO" SPS
1 | LO SPS+smearing m LO S}) S : SPS =
777 NLO® SPS E . P NLO™ SPS l//C[(g;ﬁ . 3
I ] - . 3gI81,3 ]
_ 101 ‘ DPS (][]} DPS+NLO" SPS - 10 % . DPS 1Sf8] 158] max
> 102 - —— ycay SPS : o 102F EEl . S0 *Sqmax ]
8 107 FhRgply s E &) N ENS EaE o ¥ 3
E 3 3 < -3 = 1
< _3 :_ ; ~ _: _O 10 g_ — X\\(\/}g}\\‘(\\x{ (T T LT AT T VT A AT T VT AT TT _E
- e N s : — E
L 0TE IS S 105) - e
_5 __ _— E B e S S S R S | SRS 3
T - o = 10 ¢ |
S 10°°F | JOAXMAN ..g 4. PV =
10 7 § Z:rhr/[eSVELHC — § 10 ? éh'r/[eSVELHC FaA.A v‘% v‘Av“\q:
Tk cce =———— < _8F ccep R
g - Flt 2 P | 3 10 = Fit2 SN
10— * ; * * * ; * : * i : : : 10—9 L 1 . N . 1 L ' L 1 s L . 1 N
0 20,8 60 0 20 40 60 80
(a) Py (GeV) () Myy (GeV)
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DPS T T T T T T DPIS T T
2 r . shower+o(2 GeV) SPS --------- 7 : shower+intrinsic SPS --=-=---- ]
H shower only SPS = -+ g R shower only SPS - - - - -
E L parton level SPS - s | .S partonlevel SPS e
P [ A : ~ 101 L _
2’ 15 ! E L . 1 ' 10
% B 7TeV LHCb,2.0 <n(u") <4.5 5
I 1
S 2_2 2
° e MSTW 2008 NLO, ug=mj, +pr 2 2
= |t ~— r ]
? 1t . ”% 7TeV LHCb, 2.0 < n(u®) < 4.5
g L L | MSTW 2008 NLO, Mp=m], +pY : ~.z=.>,.%
NM g 10- _I L 1 1 1 1 1 1 .
@ 05} . g 06 DPS/(SPS+DPS) ——
E o05¢} .
|70
E 04 L 1 1 1 1 1 1 N
0 1 ! L 0 1 2 3 4 5 6 7 8

0 0.5 1 1.5 2 2.5 3 min pp(u ) [GeV]
Av(u uuu

101 T T T T T DPS I P
DP§ —— 1 F shower+o(2 GeV) SPS --------- 1
shower+o(2 GeV) SPS  --------- shower only SPS - - - -
shower only SPS - - - s | T ADQ e P
100 | = parton level SPS ----- i S 08 F parton level SPS P
i) < : to
=7 oS < I
[y he] ;
2 Too06H T e
< 100 F I, :
1 S S
? T 04 - J:'.'.. .
N’:‘, 2_ o L-::_-_. .
22 = E
B 107 . E - B
TTeV LHCb, 2.0 <n(n’) <4.5 B 02} 7TeV LHCb, 2.0 < n(u™) < 4.5 e
Main Ob bl MSTW 2008 NLO, p=m?+p> e 2 2 2 :
a I n Se rva es A S 1) ‘\‘;"‘- MSTW 2008 NLO, uF=mJ/w+pT :
10-3 L L L L \“ 1 L 1 1 1 L .1
0
° 0 0.5 1 15 2
Ar]lpq), A(Plplp, MLIJLIJI prd¢ o 05 1 15 2 25 3

IAY (W 0w W)y - -
e Ap(u ™ w )

Jason Kamin ICHEP, Chicago — 5 August 2016 33




