‘ ’.
\ rr‘¢

‘ Double Parton

’r

M”T:‘ : \ .L@ wr‘&d




LHCD

% DPS: simple paradigm

Two independent hard scattering processes

Relations through (unknown) double PDF
P Bl
%‘ff‘)}“}x ] :
/33 :_z:?fi.f}\ c Tij($1,I2;|)1:b2lQ%:Q§} = DE(ElyiE?;Q%:Q%}f(bl}f(bﬂs
N ;. —

P Assume factorization of double PDFs

3 N - c
.r.’{-_.'fiijd ,{\. T 3 D}f ('J:] o Q‘la, Q%) = Di{h{'] Q%)Di (Ig; Q%)

p—.@\zh (Can't be true for all x,0?)

Easy to make predictions! A _H I Pocket Jormula
And the predictions are easy to test Jﬂgg = 5 JSPC? T;SPS .
- m=1,2
Universal (energy and process independent) factor) ~
DPS _ 1 7+L.7
0 =145+ 1.7755 mb

1 / O-ef S — f d2 bF2 (b) CDF, F.Abe et al., IPDRS; 32;11 (1997)
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LHCD

% DPS

® Simple pattern, a lot of powerful consequences and interesting predictions

®  Pocket formula is also valid for differential cross-sections

. DPS - =
(FDPS(pp N CECE?X) f’o Epp - CCCC)E) _
| dy dy>d=py d”p> dysdysd” p3 d=pa,
= A (pp = ceX,) - (pp = ceX,). _ 1 do(pp — ceX,) do " (pp — ceX,)
204 26 dyvidyad®pydPpay  dysdyvad®ps,dips,

® The cross-section is /arger than in naive model
G = 15mb vs o, =55mb

® The effective cross-section is a property of proton (integral over
transverse degrees of freedom)
* Smaller than “proton size":  aR? =~ 50mb

* Itis universal: energy and and process independent
* easy to compare Tevatron, GPD and LHCb
® Easy to extend to pA and AA collisions with interesting predictions
* Large enhancement for certain processes

19 May 2k+15 DESY Yanya Belyaey, "DPS@LHCH" 3



% Too simple?

Validity of factorization anzatz:

Dy (x1,2:Q%,Q3) = Dj(x1;Q7) D} (x2: Q3).

This anzatz allow x,+x,>1:

° energy non-conservation. Need to suppress such configurations:
at least 6(1-x,-x,) factor is needed

® Makes integration impossible

Numerical studies within Lund dipole cascade model shows violation of factorization
at large Q,2 and/or Q,2
* up to 20% deviation from factorization in y+jeis cross-sections in Tevatron case
* Up to 30-50% for certain kinematical ranges

For processes with (very) small x only factorization is fine

e o 22

2 2 .2 o) ) 79 -1
= Fg(xl-.Hl)Fy(XzeHﬁ)F(/);xlexz-.#'f-.ﬂﬁ)-. = (/d“bF(b;xl.xg.;q.;zg)F(b;x’l.x’z_;q,ﬂi)) _
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DPS

® Need to measure o
* validate independence on energy and process
® .. or measure the dependence

° Validate/probe the pocket formula for
differential cross-sections

* Due to 6(1-x,-X,) insert the differential formula
dies the first

* »A” and ”B” have larger rapidity separation with
respect to uncorrelated case...

D} (21, 22;Q%,Q3) = Dj(x1;Q7) Dy (2; Q3).
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LHCD

DPS ‘importance

. . . 3 @ .
Can easily mimic crucial signals —
Krasny
E , A.".LA"S “““““““ +l'm """""""""" é ATLAS set-u
0 Hozz >4 eV =1
N 30F m-7rev: u I eochoround 22 E
é B |/ Jlmman %:ﬁ:ﬁim 3
080 90 100 110 120 130 140 150 160 170
m,, [GeV]
@ . . .
DPS importance grows with energy/gluon density (smaller x)
Interparton correlations o
° O IS iImportant QCD parameter:

First observed long time ago: )
* 4jets AFS@ISR Energy !ndependent () TEST IT
* 34etsty CDF,DO, ... Process independent (?)
® @LHC

® ATLAS, CMS: 4-jets, W-jets, 2xJhy, W+lly, Z+l1y, ..

® LHCb: 2xJhy, Z+D, double charm, ....

19 May 2k+15 DESY Yanya Belyaev, "DPS@LHCH™ 6



@ Energy/process independent? %

E 40— —=— CMS (W + 2 jets)
E, = ——=— ATLAS (W + 2 jets)
= — CDF (4 |ets)
o) d5— —=— CDF (y + 3 jets)
— —— QCorrected CDF (v + 3 jets)
—  ——=— DOy + 3 jets) 2009
30— - DO (y + 3 jets) 2014
— ———— DOy + blc jet + 2 jets)
— ———— UAZ (4 |ets - lower limit)
25— AFS (4 jets - no errors given)
= e LHCb: Jy+D
20—
15— T |
10f— %
5
T . e . e
0.06 0.1 0.2 03 0.4 1 2 3 4 5678910
Vs [TeV]
7
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~40946 Of heavy quqr‘ks in <4%0 Of 41 | L N
RICH Detectors: e Muon: :
95% o(K:) @5% w (1) =97%@1-3% 7. MISID

pp-interaction point

O(50fs) resolution for B :’.C" Lt o, SV
The most precise t(B) Tracking: |
Ap/p =0.5-0.6% for 5<p=<400'GeV/c
The most precise B-masses
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3

1t @7TeV
2fb'@8TeV
3.3pb! @2.76TeV
1.6 nb! pA & Ap

Run I

LHCb Efficiency breakdown pp collisions 2010-2012

- FULLY ON: 93.05 (%)
[ HV: 0.54 (%)

l:l VELO Safety: 0.85 (%)
[ DAQ: 2.85 (%)
Il DeadTime: 2.88 (%)

Integrated Luminosity by year [fb]

o
o

]

—
o

—

o
o

=

L] L L) ¥ ¥ T
2012:4+4 TeV | 2012
uuuuuuuuuuuuuuuuuuu Delivered Luminosity 2.21 fb”' : i
N Recorded Luminosity 2.08f6" | st ]
2011: 3.5+ 3.5 TeV e ;
------------------- Delivered Luminosity 1.21 fb” r ;
= Recorded Luminosity 1.10 fb”’ s .
2010: 3.5 + 3.5 TeV e ;
N Delivered Luminosity 0.04 fb! |---oochoesocsfmdod oo
Recorded Luminosity 0.04 fb’' o 2011
b T L E
Apr Jun Aug Oct Dec
Date

Thanks to LHC accelerator team for the excellent performance of machine
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LHCD

Jhy—-ptpn~ @ LHCb

JHEP 1206(2012) 141, 1403(2014) 108
I I T I | I I I I | T I I I | I I I T

® High trigger efficiency
- o * Dimuon trigger
i Hik * No pr(J/y) cut
® Excellent pID
® Very low background
® Resolution ~13MeV/c?
® High yield: ~150M/fb"!
® Cross-section is measured
i ] at \s=7,8 &2.76TeV

| | J.| | | | | | | | | | J.| | | | EPJC?]- (2011) 1645
3 305 31 315 3

.:'n.w-u— [GC\’I/CQ} \]HEIP 06 2013 064

\s=7TeV, 355pb! JHEP 02(2013) 041

1
1 MeV /2 |

- [
—
=2,

dIN

dirre+,
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http://dx.doi.org/10.1007/JHEP06(2012)141
http://dx.doi.org/10.1007/JHEP03(2014)108
http://dx.doi.org/10.1140/epjc/s10052-011-1645-y
http://dx.doi.org/10.1007/JHEP06(2013)064
http://dx.doi.org/10.1007/JHEP02(2013)041

JHEP 1206(2012) 141, 1403(2014) 108

Prompt open charm' at LHCb

}

74000

3500 :—rlj I DO

MeV /c2

1
1 MeV /c

3000

|

2500

dN
Ay

2000F
1500F

1000F

17 1400

dmnan

TR VTR

1.82 1.84 1.86

MK =7t

T T | T T T
D - KKt

1.9 1.95

(KK ot [GeV /)

20000 —T
sok DT =2 K-t b) 2
1600F LHCh 4
1200 3
10005 3
800 3
600 =
4000 3
200- =
0 ccccie B OO B,
12 184 186 188 19
(1] — [GeV /|
60000 | T
At = pKm | d)
5000

LHCH =

INijﬁ

224 226 228 23

232

Vs=7TeV, 355pb?
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LHCD

Dedicated charm
triggers

* further improvement for 2012,
and even further for Run IT

Excellent hadron ID
* RICH detectors

Excellent mass-resolution
O(5MeV/e?)

“background-free"
signals p>3Gevie?

D -K-r*  200M/ib*!
D*—K-n+n+ 100M/ib!
D—én+  10M/fb?
A— pKnt 2M/ib?

Measured cross-section
at Vs=7TeV

GeV /2]
NPB871(2013)1
Vanya Belyaev, "DPS@LHCH™ 11
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LHCD
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http://dx.doi.org/10.1007/JHEP03(2014)108

2x.open charm: signals

JHEP 1206(2012) 141, 1403(2014) 108

LHCD

D°D*1177+39

LHCh D°D°1087+37 LHCh _

100
<
z
@
0..
19 S
2 e
@,/ﬂ 18, L84 GeV/
-*p[ly 1.82 MK
r7
i ;
W W
T <
T E
= 5
'-“ ’-\.
@} @

Al l + =
LIICh oD 2aois | P | D'D,52:9
’ 5 104
£ E
. g
-1 -
e TS
: g
U U
0! N —
=
19 <
5 Sy p ) :‘ S
T Y T s ) /3/1‘4_ S )
o gn 1w M o [E) Al )
Gy 1o 18 {Ge /»( Loy |
b, MK ' Mg
ré/ /re/
LHCh
D*A, 2145
3,.

Small background
Significances for
6 modes exceed 5¢

o s
SO S S
oSS <=
e e S e
e
S
3

Vs=7TeV, 355pb!
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http://dx.doi.org/10.1007/JHEP06(2012)141
http://dx.doi.org/10.1007/JHEP03(2014)108

36

Production cross-sections

JHEP 1206(2012) 141, 1403(2014) 108

LHCD

2<y(D)<4, 2<y(JIy)<4, p(D)>3GeV/c

Mode UJ/LI,C/UJN, [10_3] O'JN,C/UC [10_4] UJ/II)UC/UJ/LL)C [Hﬂ}] o
] o _ Y no —
DY 162£04+133 67402405 | 149£04+117% DD
- . - . o 0+
DY 57024065 57402404 176+£06+£13728 D’D
JDF 314030478 78408406 128413+ 11729 D'D: SPS fraction 1-5%
- ; , 1o R Extremely clean DPS!
JOAF 43 £0T£1277 5510406 18043342173 D*D* > N
Berezhnoy et al,
D-I-D+ 4
i Baranov
Mode o [nb oce/oce [N 00,00,/0c,c, [Mb D+ \i
D"Df 690 £ 40 £70 100405 2% (12+ 3 £4) e ' Macula and Szczurek
DD 6230+ 1204 630 2 X (AT EOLE0A) | e s s s s s s s s
DD+ 520+ 80 £70 ! 47+ 7 +4
128421 0
DD~ 3990+ 90 £500 6.0£0.24+05 JNJD
D'DF 270+ 50 £40 o 36+ 8 +1 e » .]/qJD+
DUDS— 1680 £ 110 £ 240 H6£05£06 D
DA 2010 4 280 4 600 — 0+ 2 41 * T
D*D* 80+ 10 £10 06216 2% (6611 +7) L JAS
DD~ 780 £ 40 £ 130 2x(64£0440.7) | | | |
DD+ 0L 15 410 0L (546 A I I A o 11 B
s o 121£33 T -1 2 3 4
D*D- 5504 60 %90 T£ 141 [0 l 10 10 10 10
DTAS 60+ 30 £20 PO 1404 70 +£20
DA 530+ 130+ 170 10759 15+ 4 42
Ao S30£130+17 g 0 nb)
Vs=7TeV, 355pb!
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http://dx.doi.org/10.1007/JHEP03(2014)108

LHCD

Pure DPS?

® Measured cross- Most precise

sections si QNifi COM"Y JyC agrees perfectly with CDF
DD closer to ~20mb

(x30‘100) 'Of‘ger' "'hﬂn B i i i Ty 355ph
theory predictions for || ... T,
SPS o T .

® DPS process with o IR
07% 22?2 D! -

I DF - |
* Really unique AL i - |
Test differential distributions -
o [mb]

JHEP 1206(2012) 141, 1403(2014) 108
19 May 2k+15 DESY Vanya Belyaev, "DPS@LHCH” 15


http://dx.doi.org/10.1007/JHEP06(2012)141
http://dx.doi.org/10.1007/JHEP03(2014)108

LHCD

Correlations: Ad, Ay, m

JHEP 1206(2012) 141, 1403(2014) 108

- 025717+ —T+—T—"— —. 02— —— — —r—
< L e JmpD° ald ] " e yyDn° ] 2 a) 1
& Com J:/i.D"‘ d) ] "'E 0180 o J,f$D_ b)_: :»: ) d) iy
- DT —— C + . = . |
< 04 e LHCh Olos 4 WD | LHCH = 10 #_:% LHCh
A | OME :ﬁ; E 3 f Hidp
© 015 128 onf ;FF# = — i; + _
17 E E v 107
C :i: 1 0.1F + + 3 o2 E !
- L - n = E
0.1r 'J" J;- -'ih = —‘+‘ H ‘ 1__ 0'08:_ # B i_& L ]
- 5 1 0.06F- ﬁi‘ 3} = L e T
o B C e E m JyDt
0.0 ] 0'045 e = Eﬂ ] E L 4o JwDF W—F
L 0.02 g { :E 3 L
0 ! ! Ll ! = I R B - = ol
0 0.2 0.4 0.6 0.8 1 2 -1 0 1 2 5 20
|Ag| /7 Ay M (GeV/c?]
[ — | | T T | -
F - IEl)I | ° Dl"D‘J ”T:: 004:;— ° D(’;Z)” b)—; C:c:‘ : b):
— 0.3 | DD+ 1= g | | DD+ g —_ E 1 _:_":%:"—f—‘ LHC‘I
e ., fLHCD _ ME LHCH 7 = 1% >3
Sla 025k - Eé]‘- 0.355 = L%A E i ]
=T F 1Z= E 3 — F 7
02F Flat? = 03 1 1., * .
F ] 0255 = oS .l + _
0.15 —+— { o2E E =g 10 #: 3
] S 3 == E ]
0.1 3 0.15F R - 3 T e DODO + ]
F %f# L e 3| i ty
0057 E 0.05E A E 10°E ﬁﬁt
of = P e s e e - | S
0 0.2 04 06 0.3 1 0 0.5 1 1.5 2 3 10 13 20
| b 72
|A¢| /7 Ay ] mac [GeV /7]
\s=7TeV, 355pbt

(R
o

19 May 2k+15 DESY Vanya Belyaev, "DPS@LHCH"


http://dx.doi.org/10.1007/JHEP06(2012)141
http://dx.doi.org/10.1007/JHEP03(2014)108

Just for comparison: DD LHCD

JHEP 1206(2012) 141, 1403(2014) 108

— 016 — T+ T —025

l:§0.145_{:}a - a) 1 &2 L b) 1 2{101% + a) |
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py-spectra: puzzle?

JHEP 1206(2012) 141, 1403(2014) 108

LHCD
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Fit with exponent for p;>3GeV/c

1y NPB871(2013)1
8 D+ 1 1
———— DI ;prompt  EPJC71(2011) 1645
—— —i ‘\é’
® J
e YT i
D'D- '.Lr
DD . —e—
DYA; cC ? —e—
D+D- <+ —p F
D+D; —8—
D+AZ e
nope -
DYD+ —e—
DY'DF 3 CC B
D+D+ b_;—-
_______ A B . -
JpDO
—.— JApD* )T
— JpDF (e
JAp Ag‘
JAp DO -
JpDt | 1 o
JpDE [ Pine —e—
JAp AF —————
| | | | | 1 1 I 1 | | | | | |
-0.8 -0.6 0.4 -0.2
1
pT-slope [(‘ v/ }
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http://dx.doi.org/10.1007/JHEP06(2012)141
http://dx.doi.org/10.1007/JHEP03(2014)108
http://dx.doi.org/10.1016/j.nuclphysb.2013.02.010
http://dx.doi.org/10.1140/epjc/s10052-011-1645-y

Other processes? 2xJiy ~ KHER
PLB707(2012) 52

?TJLIJUU:—:@:‘ ‘ILH‘H— R T T e Luminosity:

”ﬁ T 37.5pb! (2010 data)

significance >6c
® 13918 events
® 672129 eff-corrected

g —514+£1.0+1.1nb,

oI foI — (51 +1.0+0.6112) x 1074,
1.0

7

Theory . DPS|
DPS 6=2.3nb = JF L~k
SPS (LO CS) o=4nb (30%) 1 T

% feedown, CO, .. TL +++++ ;

0 ! -
6

&
&

12 14

Not too conclusive. —_— (GeV /]

Update for full statistic (x80) is in process
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http://dx.doi.org/10.1016/j.physletb.2011.12.015

%) Try_harder scale: Z+cc

7+4 background free ZD° and ZD* events

LHCD

JHEP 1404(2014) 091

— 1.91 — 1.91
= 3 = 3
g 19 104 8§ 19 10
.. 1.89 10 .. 1.89 10+
£ 1.88 107 E';: 1.88 10
1.87 106 1.87 .
1.86 107 1.86 10
1.85 108 1.85 107
1.84 1.84 108
1077
1.83 1.83 9
1040 10
60 70 80 90 100 110 120 60 70 80 90 100 110 120
m,., [GeV] m,.. [GeV]
OZ syt DO T gl
OZ—ptu-D+ measured MCFEFNMN massless MCENMN massive DPS
o - . Le+0.12 4+0.11 - 40.01 +0.08 , : 10.68
Z4+D° 250+1.124022| 08579124011 4 05 0.647991 #9098 4 9 04 | 3.287088

Z+ DT 0.44+0.23+0.03

More data is needed.

0.379-03

1005 1 9,03  (0.28+00L +0.04 4 ()

1.2910-3%

Very [ n’rer'esﬂng region: 30-90% violation of factorization formula is expected
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http://dx.doi.org/10.1007/JHEP04(2014)091

LHCD

Next steps?

Somefhlﬂg-l- Cc a‘r LHCb (cc]p <8 GeV/e, 20<y<ds 1419i12(btdt)i116(byst)iﬁa(frdg) ub, )
O'(X'l‘CC)DPS = Q‘(X)Xo-(ec)/oeffN 10% O'(X) w
* 10% of “hard" events has additional charm!

® Choice of “X” defines the process scale, vary
from soft ¢c to hard Z/W, ..

* Intermediate scales?

Large statistic allows precise differentia
measurements

® Probe pocket formula and search for
factorization violations
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http://dx.doi.org/10.1016/j.nuclphysb.2013.02.010

LHCD

Summary (" Towards TPS")

® DPS is actively explored at LHC by ATLAS, CMS and LHCb

* Great degree of complementarity:
* large variety of processes
* different kinematics range
* different DPS purity

® Testing the basic principles of DPS paradigm
* .. and search for factorization violation
® Charm and multiple charm production is very good DPS probe

® DPS processes have different energy dependence from SPS
* data at Vs=13TeV will be very useful for better DPS understanding
* for Vs=13TeV for some processes, e.g. ct, one probably can
speculate also about Triple Parton Scatiering
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@ Energy/process independent? %

E 40— —=— CMS (W + 2 jets)
E, = ——=— ATLAS (W + 2 jets)
= — CDF (4 |ets)
o) d5— —=— CDF (y + 3 jets)
— —— QCorrected CDF (v + 3 jets)
—  ——=— DOy + 3 jets) 2009
30— - DO (y + 3 jets) 2014
— ———— DOy + blc jet + 2 jets)
— ———— UAZ (4 |ets - lower limit)
25— AFS (4 jets - no errors given)
= e LHCb: Jy+D
20—
15— T |
10f— %
5
T . e . e
0.06 0.1 0.2 03 0.4 1 2 3 4 5678910
Vs [TeV]
23
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Compare with CDF’2k+6

http://www-cdf.fnal.gov/physics/new/bottom/060921 .blessed-double-charm-corr/
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