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LHCD

%) DPS: 'simple paradigm

Two independent hard scattering processes

S Relations through (unknown) doub/e PDF
P ?w\,m.}_
(-./_-'_u_\ _f"l\_ B _
K F Lyj(w1, 7211, b2 Q1. Q3) = Dy (01,22 Q1. @3)f (b1) S (b2).
‘7-'*}-1\_ /,‘:‘—_ - c

P Assume factorization of double PDFs

3 N - c
& **. o Dij(il:Iz;QiQ%) = D};{IIEQ%)DHIE%Q%)-

p—.@\zh (Can't be true for all x,0?)

Easy to make predictions! 4 HI Pocket_formul’a
TS o ‘ AB _ m 93ps93ps
And the predictions are easy to test ohps = 5 oot .
m=1,2

Universal (energy and process independent) factor)

DPS =145=%1. 7+ b
1/0-eff — f deFQ (b) CDF, F.Abe et al., PDR 56 3811 (I12197)
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LHCD

DPS ‘importance

[ ] . . . .
Can easily mimic crucial signals r—
080 90 100 110 120 130 140 1i1(il1[((5;(‘)3\1/]70
DPS importance grows with energy/gluon density (smaller x)
Interparton correlations G. is important QCD parameter:
®  First observed long time ago: E eft '.“ZO - DP ‘
o Ajets  AFS@ISR srergy incepence () [ TEST ITH
* 3.etsty CDF,DO, ... rocess independent (?)
® @LHC

® ATLAS, CMS: 4-jets, W+jets, 2xJhy, W+lly, Z+lly, ..
® LHCb: 2xJly, Z+D, double charm, ....
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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]
4
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® ATLAS & CMS: separation via correlations
® DPS: no correlationsvs SPS: strong correlations

——— >——->

® Study correlations, e.g. fit Ad
* Separate small (DPS) component

® Tune DPS fraction in corresponding generator
®* Model dependence of SPS shapes
* E.g. initial gluon p;
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Ac")(_j,-._jk) = P — Dk

C M S ‘ 4'J ets AZhPT = e o

By GF %) B 0™

LHCD

AS — arccos

CMS, PRD 89 (2014) 092010 BTGP .5 - 1T UL J™)
CMS, Ns=7 TeV,L=36 pb'1, pp— 4j+X CMS, Vs=7 TeV, L=36 pb'1, pp— 4j+X CMS, \Ns=7 TeV,L=36 pb'1, pp— 4j+X
%'“ L —— SHERPA = r —— SHERPA %" [ —— SHERPA
E |‘|']| <47 POWHEG+PE 72 _D-ﬁ r h1| <47 POWHEG+P6 72' E | |T]| <47 POWHEG+P6 72'
- L 2" et ===~ MADGRAPH-+P6 72 e <18 L1 2™ jet: -+—-- MADGRAPH+P6 72" - 2" jet: ---- MADGRAPH+P6 Z2*
~ | a wErpay PYTHIABAC | & | eapey PYTHIAB 4C ~ Al n ey - PYTHIAB 4C
5 | P S0GeV  — — LERWIG++ UE-EE-3 % P >50GeV _ LERWIG++ UE-EE-3 @ 10p P, >50GeV  _ _ LERWIGs UE-EE3
d athi_g. — — POWHEG+P6 Z2' MPI of Fogrd 4th: o — — POWHEG+P6 Z2' MPI off Foagrd gth g — — POWHEG+P6 Z2' MPI off
-1 3%, 4% jet: —e— Data ° 1D: 3% 4 jet —e— Data T (34Tt —e— Daia
= p_> e 1 Total Uncertainty o} Fp_> e [ Total Uncertainty Fpo> e [ Total Uncertainty
) . 20 GeV b P, 20 GeV _8 . 20 GeV
ge] — - — B
) 1- bt B _E‘i
= I I o= = 1F
—_— L | E
I 1= fw i
C 107
—t—
L1 11 111 | IIII|IIII|IIII L1 11 1 _III__III_I_III_'_III__III | ___I‘_I|-|'F|:-ril_l_pl_ll_lllI_I_IIII_lIIII_I_IIII_I
© oF ——— SHERPA o o ——— SHERPA © o9 ——— SHERPA
T:_'rj' E POWHEG+PE 72" o E POWHEG+PS 72 "l.'u' POWHEG+PE 72"
1.8F -imums MADGRAPH+PE 72* O 1.8 === MADGRAPH+PE 72* 1.8 —=== MADGRAPH+P6 72*
O o —— PYTHIAB 4C o e — PYTHIAS 4C 0 T - PYTHIAB 4C
~ 1.6F — — HEAWIG++ UE-EE-3 O 1.66 — — HERWIG++ UE-EE3 ~ 1.6 — — HERWIG++ UE-EE3 §
O 1.4F — — POWHEG+P6 Z2' MPI off S 14F — — POWHEG+P6 Z2' MPI off O 1.4 — — POWHEG-+P6 Z2' MPI off
E T [ Total Uncertainty e [ Total Uncertainty E . [ Total Uncertainty
12 128 = 1.2
1 = e 68 8 8 & 08
8 0 8;_ _I——l__l 0. 8FriT o m r e e £
0.6 0.65 0.6 T T
0'4:_||||||||||||||||||||||||||||||| 0'4:_||||||||||||||||||||||||||||||||||||||||||||||||| 0'4|||||||||||||||||||||||||||||||
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AY (rad) A;iﬂpT AS (rad)
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http://arxiv.org/ct?url=http://dx.doi.org/10%2E1103/PhysRevD%2E89%2E092010&v=82cdf0bd

LHCD

® Extracted o, is tune-dependent: 19-30mb

CMS 1 CMS: o from 4-jets

——

CDPSTP8S1 19.0+%7 Pyt.hla—e tunes
CUETP8S1-CTEQ6L1 278+12  Choice of PDF
CUETP8S1-HERAPDF 29.1+23

® Depends on interplay between soft and hard MPI

® DPS contribution is rather small O(%)
* DPS templates from data
Other processes?
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>y 5
?f W+2jets LHCD
A
s= ATLAS, NJP 15(2013) 033038
fI(PIP)’D SHEC0(s) T T T N DLy Awgdy GG e
O off — | Nwg A
(& - D _ )
fI()P) NW—I—QJ £2J

® 3 selections: W+0j, W+2j - selected in similar way
® anti-ky, p-(j)>20 GeV
* p()>20 GeV - trigger
*  Eqmiss>25 GeV
* M40 GeV

® dijets- use minimum bias trigger (fully efficient)
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http://arxiv.org/ct?url=http://dx.doi.org/10%2E1088/1367-2630/15/3/033038&v=2a455b86

°
A LHCD
T |
L
A
S ATLAS, NJP 15(2013) 033038
o 1400 T T T LB B B B B B - 600 L B LA B EL L L T 7
- r ATLAS e _ QL - ATLAS —e— Data\/s=7 TeV .
< 1200 e Efﬁ;ﬂg\;\ﬂj‘ev 2 soob ot = ArH+d Wiv E
w - I ulti jet — F I multi jet ]
S 1000 ——— B 2 - —— R ]
@ - EE. ttbar S 400/ — g"ar -
" soof Ldi=326 pb" hgle t L = EEEm single top .
- - pb mmmm single top E i i
= 1 Diboson 300 C— Diboson i
600 — /1 Ztt - 1 Ztt ]
200; 100 i
0.1 0.2 0.3 0.4 0.5 0.6 0.7 . 20 40 60 80 100 120 140
1B+ B2 Sets J gy, Jee1ESV]
n _ T T i . _ —] —)
back-to-back +—A\ jets T T —7,~ — collinear ADjers = |B7 + B
012_ T T T T T T . T ' T T 0-07, T T T T T T T ]
. [ ATLAS = Wiy data - physics BG.Ns=7 TeV - ATLAS e WIv data - physics BG,\s=7 TeV]
S 01 A Fit distribution ! =, 0.06 @@ Fit distribution —
C)‘ L e A Had template A i 8 - v A+HJ temp|ate A .
hag r template B 0.05F | + template B —
« 0.08— ™ = ' . | i d
¢ @8 o004 2) template-B from data!
2j template-B from data! [P 2 oot ) emp :
— B = 0.03F . —
= . . F Ldt=36 pb ]
0.04— L C j P 3
- 0.02F —
0.02 0.01 =
0.2 03 04 05 06 0.7 08 1 20 40 60 80 100 120 140
_J _J n :
n _ |P-Il +P’I? | Jets A L .y s AJets [GeV]
jets T 1 _J> jets — IpT -+ Pr
| B [+ 1P5~ |

23 April 2k+13 SM@ILHCT Yanya Belyaev, "DPS@LHC" 9


http://arxiv.org/ct?url=http://dx.doi.org/10%2E1088/1367-2630/15/3/033038&v=2a455b86

LHCD

ATLAS, NJP 15(2013) 033038

% o from W+2j

fop _Systematic source  Unc [%] Ou Systematic source Unc. [%]
I Theory 10 | D)
Pile-up 13 f[)p 24
Jet energy scale 12 Background & lepton response 3
Jet energy resolution 8 Luminosity 3
Background & lepton 11
Total systematic 24 Total systematic 3%
Total statistical il Total statistical 17

fpp = 0.08 +£0.01(stat) +£0.02(syst)
ottt = 15 +3(stat)+5/-3(syst) mb

o = 20.7+0.8(stat)+ 6.6(syst) mb
CMS, JHEP03(2014) 032 DPS purity is still small..

CMS
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http://arxiv.org/ct?url=http://dx.doi.org/10%2E1088/1367-2630/15/3/033038&v=2a455b86
http://arxiv.org/ct?url=http://dx.doi.org/10%2E1007/JHEP03%282014%29032&v=446c9d4d

LHCD

Other processes? 2xJhy

LHCb, PLB707(2012)52

T 600 T ? I B ] . ;
T T S wo | oMW —=5141.04+1.1 nb,
-2 suof ) J5=17TeV7 j = Vi=TTeV
IS, 1|3 E oI [o I = (51 £1.0£0.6%]7) x 1077,
3003 L3 ] T

r SPS CS 4nb (~30%)
05+ ++ 1|DPS  2.3nb
-+ t ._'__+_ 4 || Net too conclusive (116 events)
32 6 § 10 12 14
M), [GeV / CQ] _— GeV/e]

-
dN-V\bﬂ(u i )1
dn’L(M+H4)2

e v e e Ly
3 3.05 3l 315

CMS: 446+32 events

Ns=7TeV, L=471
I\lllllllllllll\\

Ns=7TeV,L=471 s : : | | | |

ﬁ L L L B L L L L LR LN BLEL RN Ez.s_ln:u:\ulullllllll ] - ~ - - N
& [ows Snpotarzed oy £ 7 cws Unolarized iy ] | Study differential distributions

3] 3 q ey s . . .
o J{ Stat. unc S Stat. ur. 1 | Positive signal in region where SPS
.g —}— Stat. and syst. unc. ‘8 2 | —}— Stat. and syst. unc. ]
E-m_‘ E _]- Jhy phase space: E [ Jhy phase space: ] IS Suppressed:

5t P, > 6.5 GeVic for ly| <1.2 ] 15 p, > 6.5 GeVic for |y| < 1.2 . " + f D
= p, > 6.5-4.5 GeVic for 1.2 < |y| < 1.43 S P, > 6.5-54.5 GeVicfor 1.2 < |y < 1.43™| IO PS
% p, > 4.5 GeVic for 1.43 < |y| <2.2 1 i P, > 4.5 GeVic for 1.43 <|y| < 2.2 ] vel ) S ’g a,yumen or

o(pp = J/p1/p + X) = 1.49 4 0.07 £0.13 nb,

M.Ihp.lh]l
CMS, JHEP1409(2014)094
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http://dx.doi.org/10.1016/j.physletb.2011.12.015
http://dx.doi.org/10.1007/JHEP09(2014)094

LHCD

Other: processes? Jhy+cc

LHCb, JHEP1206(2012)141, JHEP 1403(2014)108 % :

® 5 o7 efhiﬂg + CE Cl‘l' LHCb U-(CE)-pT<8GeV/C?2.0<y<4.5:1419i12(staf)i116(syst)iﬁf)(frag)ub,
o(X+e€)pps = o(X)*o(CC)/o 4 = 10% o(X)
* 10% of “hard"” events has additional charm!

JhyDO ey ] Iy Mode  ayyc/ogy [1077] oypcfoc [107] T {l:l)}
g | FEC RN JUDY 1624044137 67402405 1494044 11F
EP i DY BT£024067 57402404 176406+ 13F
N p L JPDE 31403404708 78408406 1284134118
o bR = AT 4340741270 55410406 1804334218

/(\ o, 184 BETEEE &\ ¢ '

/O"l/)mz B 5-m rnT \GC\ :
/('ae/ . — 025 ] — 02p | :
Bop o ) 1 o g e b)4
- . - O‘Z;A JADT LHCh éj 0.16§A JDF LHCh E
D < =l r 1 %[z OME E
g E : w = =1 E RS S 9.
- ~ MO #f*'i'r*_ ok A %Eé
0.05; f 0:04§ =§=T % f
5 : o e
i .|A(;)| /Tr . - - Ay )
uncorrelated
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http://dx.doi.org/10.1007/JHEP06(2012)141
http://dx.doi.org/10.1007/JHEP03(2014)108

Other processes? . 2x(cc)

LHCb, JHEP1206(2012)141, JHEP 1403(2014)108

pope | mmer e [popr | [ [
2 7 2 UL ] »*
2 2 DOD+ e
DOD: B SPS fraction 1-5%
DTDT w Extremely clean DPS!
fg f’g DD - Berezhnoy et al, -
Dﬂ\j g Baranov
"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" Macula and Szczurek
. o . JpDP
ié KX - JD*
XXX - JD!
- JAT
| !XE%X”F Crood ol ||||||||/ Crvol 1
(S A (T (/D U AN (1
0 b
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http://dx.doi.org/10.1007/JHEP06(2012)141
http://dx.doi.org/10.1007/JHEP03(2014)108

LHCD

o from Jhy+cc and 2x(Cc)

LHCb, JHEP1206(2012)141, JHEP 1403(2014)108

e . .
DoY) e DPS with charm is not rare
() .
DOp+ re DPS dominates over SPS
° . .
DD+ I Ot Extra clean environment and large signals
S
@
D+D+ \DPS fOC"'OI"Y“
H—e— ° . . . .
DD e.g. look for factorisation violation
s —eo—1
0 Mode o [nb] occloge [ 06,00,/00,0, [mbl
JAWD —ro— G D°DO 690+ 40 +70 109:08 2x (42+ 3 +4)
J/L|JD+ eff D°D’ 6230 £ 120 £ 630 R 2% (4.74£0.1£0.4)
ot D°D* 520+ 80 +70 2840 AT+ 7 +4
J/LP Dt DD~ 3990+ 90 £500 B 6.0+£02+05
s - DD} 270+ 50 40 . 36+ 8 +4
J/L|)A+ DDy 1680 110 + 240 siE 5.6+0.540.6
¢ H—eHH DA~ 2010+ 280 + 600 — 9+ 2 +£1
| | DD* 80+ 10 10 0.6 L6 2% (66+ 11 +7)
1 11111 S . DD~ 780+ 40 +130 T 2 x (6.4+£0440.7)
_ DD 0+ 15 £10 o 50+ 15 +6
1 10 10° D+D; 550+ 60 £ 90 1213 T+ 1 +1
DFAF 60+ 30 +20 07450 140 £ 70 £20
Re,c, [mb] D*A; 5304130 £ 170 T 154+ 4 £2
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http://dx.doi.org/10.1007/JHEP06(2012)141
http://dx.doi.org/10.1007/JHEP03(2014)108

LHCb, JHEP1206(2012)141, JHEP 1403(2014)108

DPS: is everything fine?

LHCD

— 035

.H :
.id r 1) e 1°p° b
03  o’pt |7
— ! ]
oS pp it 3
> : ——
o 02F .
01 + |
0.05F #: ! -

G: L L | | |
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—
-
[=]
[E—

O_J: I
043E
0.4F

Ayl

Compar'e

pT-Spectr'a and fit with exp

= o a) ]
B aﬁ o ]
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GH 10 E ‘7‘+ I—O——I[— E
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i T
N Friy
2 ono + _
1015 : gng+ Tﬁliﬁ; [‘E
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| | | | *ﬁ
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—— AF
b ]/IJJ

Doﬁoﬁ e
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DD -
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DTD™
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AR\ S

DYDY ) .
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—e—
—
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1.88
1.87
1.86
1.85
1.84
1.83

60

0Z—utp—DO

7+4 background free ZD° and ZD* events

Try harder scale: Z+cc

LHCD

LHCb, JHEP 1404(2014) 091

— 1.91
-3 = 3
10 8 19 10
10% " 1.89 10
5 e
10° < 1.88 10
-6 1.87
10 108
107 1.86
108 1.85 107
8
109 1.84 10
1.83 o
1040 10
80 90 100 110 120 60 70 80 90 100 110 120
My, [GeV] My« [GeV]
measured MCFEFNMN massless MCENMN massive DPS

Z + DO

2.50 4 1.12 4 0.22| 0.857032 7011 £ 0.05  0.647901 £595 = 0.04

Z + DT 0.44+0.2340.03| 0377903 002 +0.03  0.287001 008 £ 0.02

More data is needed.
Very [ n’rer'esﬂng region: 30-90% violation of factorization formula is expected
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ner-p»

One

more process: W+J/y [HCh

e S R s S s e s e e
FATLAS, {s=7 TEV,J Ldt=45 Ib‘l
501 4 Data

| === Total fit

Foomes Wt iy
40: == W + prompt combinatorics
[ = W + non-prompt combinatorics

Events / 0.04 GeV

30f

Events/ 0.2 ps

JHEP04(2014)172
30— L T T
102 grrrr T T e % :A;r;_,qs,\,é:7T9V!JL‘dt:4_5fb-'l
FATLAS, {s= 7TeV,JLdI:4.5 fio”! &) C B
C —+— Data 8 25 W+multi-jets hypothesis —
L = Total fit C ]
Y | T V\.?fprlompt Jhy & - +- W p.rompl Jiy data ]
wwn W+ NON-prompt J/y < 20F = Total fit i
10 =umi W + prompt combinatorics  _| @ | e w bl
; i¢ === W + non-prompt combinatorics; LI>J o multi-jots
r - 151 —
&) C
[ S .0 ]
o 10 —
1 E = C
F 5 7
10'1 Lall 'i:l : 1 |::‘\ Ll I’.;.’P Lali [ \‘Io’)”' 11| 0: 1 L1 |r 1 11 \\: | L1 1 11 I .
-2 -1 0 1 2 3 4 5 6 0 50 100 150 200
J/y Pseudo-proper Time [ps] W Transverse Mass [GeV]

20

T ATLASNS=7 TeV,J_L dt=4.5 "

r - W + prompt J/y data
15— Estimated DPS contribution
i [1DPS uncertainty

Events/ 0.5

10

7 I LIS L,

0 05 1 15 2

Il ‘ 11
25 3
AG(W,J/y)

Small statistics ~30 events
Very interesting region for DPS. DPS is large but not dominant

incl _ BR(J/v — putp) do(pp — W=+ J/4)
7 oaa(pp — W=E) dy

RS, = (126 £32£975;) x 107°

RY) ™ = (78 £32£22750) x 1077,
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http://link.springer.com/article/10.1007/JHEP04(2014)172
http://link.springer.com/article/10.1007/JHEP04(2014)172
http://link.springer.com/article/10.1007/JHEP04(2014)172
http://link.springer.com/article/10.1007/JHEP04(2014)172
http://link.springer.com/article/10.1007/JHEP04(2014)172

Summary

® 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
Qualitative and quantative testing the basic principles of DPS
paradigm
* .. and search for factorization violation
® 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 Parion Scatrering
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Energy/process independent? %

E AQ— CMS (W + 2 jets)
E, = ATLA: {W+Ejet5]
= [ CDF (4 |ets)
o) a5 CDF 3-+ Ege’[s}
— Corrected CDF (y + 3 jets)
— D0 {y + 3 Jets) 2009
30— i,r+3]9l_'s 2014
— DD{+bfcjet+E jets)
— UAZ (4 |ets - |-EI'|.'|'EF limit}
25— AFS (4 jets - no errors given)
= LHCb: JAy+D
20—
15— T I
10f— %
5
T . L e
0.06 0.1 0.2 03 0.4 3 4 5678910
Vs [TeV]
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