| ’. Jl -"\

LHCb results on assouated

' Vanya Belyaev (ITEP, Moscow)
On behalf of LHCb collaboration S

. : s 1
) / %\ : 8 —‘I
i o/ A y e

Z“"-Zé)“1 ﬁUGUST

INTEBNMIONM CDNPF.RENGE lelll(:ll




High ‘energy hadren gluon collision |LII!§§Cb

® Heavy flavour production at LHC is dominated by gg-fusion process
® Quarkonia: reasonably (rapidly improving) agreement with NR QCD

® JI\V» \V’s Ne» Xe12» Abi 2([“))’ . See talk by M.Needham and R. Silva Coutinho
. i » » .
Open flavour: FONLL does good job
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® Heavy flavour production cross-section in forward region is large

T(CC) pras Gev/e, 2.0<y<a.5 = 1419 & 12 (stat) £ 116 (syst) £ 65 (frag) pb, VS o (pp > U.Q_GBV/C, 20<n<45)=550%+24mb,

Nucl.Phys. B871 (2013) 1 JHEP 1502 (2015) 129
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LHCD

Multiple heavy quark production

® Simplest case: B, charm and beauty

* Largest sample of B, the most precise mass and
lifetime measurements

* Excellent agreement in p;,y-spectra with NR QCD

PRL 114 (2015) 132001
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LHCD

Multiple heavy quark production

® (Unique?) probe for high order as processes
® Excellent probe for Double Parton Scattering
* NRQCD works well

® Important background for many searches of New
Physics (multi-jets, multi-leptons with high-p;
and significant detachment)
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DPS: simple paradigm

LHCD

._..\ “

Two independent hard scattering processes
Relations through (unknown) double PDF

P‘ij(Il!IE’;bl:bE;Q%:Qg} = DE("LI'LQ'Q%Qﬁ}f{bl}f(b2]|

Assume factorization of double PDFs

D} (w1,22:Q1,Q3) = Dj(21:Q}) D (23 @3).

(Can't be true for all x,Q?)

Easy to make predictions!
And the predictions are easy to test

i Pocket formula |

B
_ :rn USPSUSPS

2 Feff
m:1,2

ARB
Ipps =

Universal (energy and process independent) factor)

L/0eyy

[ d2bF2(b)

DPS—145i 755 mb

CDF, F.Abe et al., PDR 56 3811 (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
" (pp = céceX) fGDPS,(,pp — cceeX)
| dyidy,d=py ,d=p; dysdysd-ps3 d-py,
=—(pp = ceX,)-B(pp = ceX,). 1 doP(pp = ceX,) do(pp — ctX,)
201 2005 dyydy,d*py &P py,  dysdysd®ps,dipy,

® The effective cross-section is a property of proton (integral over
transverse degrees of freedom)
* Smaller than “proton size":  nR? = 50mb
* It isuniversal: energy and process independent
* easy to compare Tevation, GPD and LHCb
O~ % ©;, production of cross-section for A+B is enhanced with factor of
four with respect to naive model

®* LHCH: 10% of all “hard” events (irrespectively from the process)
have additional charm pair
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RICH Detectors: - Muon:
95% &(K*) @5% M e(1)=97%@1-3% 71 MiSID

pp-interaction point

O(50fs) resolution for B :.c" QAT eV e
The most precise t(B) Tracking: |
Ap/p =0.5-0.6% for 5<p=<4i00'GeV/c
The most precise B-masses
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% Run I

1-Eb-.1 @7Tev = 25 T ! L ! ! !
1 | | .
=) 2012: 4+ 4 TeV § § 2012
N i Delivered Luminosity 2.21 fb” : : "
2fb‘1 8Tev T of- Recorded Luminosity 2086 | st i
) 2011: 3.5 + 3.5 TeV | T
> e Delivered Luminosity 1.21 fb” | r
-1 > = Recorded Luminosity 1.10 fb”’ ! s
3 3pb @2 76Tev Ie 2010: 3.5+ 3.5 TeV ; e ;
. » > 1.5F | Delivered Luminosity 0.04 fo! |-l
X Recorded Luminosity 0.04 fb’' o ' :
1.6 nb! pA & A 5 s .
.6 nb! p p S | ——— F 1
.E 1 el el I:I_)"rl|l """"'l'"""-:r;.‘ll" '"J""""""""'i’"'-
LHCb Efficiency breakdown pp collisions 2010-2012 3 .......... E o
] FULLY ON: 93.05 (%) - _ | i ,
[ HV: 0.54 (%) QD 0.5F-- e g -
[ VELO Safety: 0.85 (%) 'Ei .
I DAQ: 2.85 (%) — bl
I DeadTime: 2.88 (%) ()] :
g | | 2010
£ Apr Jun Aug Oct Dec
Date

Thanks to LHC accelerator team for the excellent performance of machine

Run-II: >300pb?! (2015) & >1fb? (2016) @ Vs=13TeV (2015)
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Jhg+ce and 2xcc

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

LHCD

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

Y +cc. ?

NRQCD SPS (Berezhnoy, Likhoded) ;f- (0.2 —0.6) %

° k.-factorization, (Baranov)

ch — (0.1 — 0.3) 9% .

® Gluon splitting: (0.4-2.0)%
GTCE o C)"CE
® DPS: oY = ocer O(10%)

® SPS and DPS predictions are very different
® Expected to be dominated by DPS
® Different kinematic range from Jiy+cc
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Y+ CC FHCD
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LHCD

% Pileup?
JHEP 1607 (2016) 052

® Discriminating variable: signal  pileup
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LHCD

Cross-sections

® Per-event efficiencies

* mainly using data-driven techniques
Major systematic contributions:

* hadron interactions in the detector (3-4%) and trigger (2%)

Model-independent

By x NI = 155 £ 21 (stat) £ 7 (syst) pb,
B+~ X U:%fgg‘:v = 82+ 19 (stat) = 5 (syst)pb,
B+u— X O';I}ng]%zv = 250 &+ 28 (stat) &= 11 (syst) pb,
B+~ X U%f;?:v = 80 =x 16 (stat) = 5 (syst)pb,

® Agrees with DPS using o,(CDF)
® Significantly exceeds SPS JHEP 1607 (2016) 052
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LHCD

% Cross-section ratios - I

Reduced uncertainties

T(1S)DO JHEP 1607 (2016) 052
eIV = 1.94 0.5 (stat) + 0.1 (syst) S
O-\/E:'TTEV TDO DD -
T(1S)DO ﬁ o -
Ovs=stev 1+ + 0.1 (s = =241 £0.18
Yasp+r = O 0.7 (stat) 4= 0.1 (syst) o ID+ oD+
0-\/5:8 TeV
o Y(1s)p? m
~yas) = (6.3 £ 0.8(stat) £ 0.2 (syst)) %,
° VE=7TeV
T(1S)D+
UGTW — (3.4 £ 0.8 (stat) £ 0.2 (syst)) %, DPS
VE=T TV - o
o Y(1s)D° GTCC O €€
—oTas) = (7.8 0.9 (stat) £ 0.3 (syst)) %, —’I“ —_ .
Vv's=8 TeV 0— G.
o ras)npt - ﬁ ) eff
“oTas) = (2.5 +0.5(stat) £0.1 (syst)) %.
V/5=8 TeV SPS
g Y (15)cT O-TCE
—ras) = (7.7+1.0)%, ~ = (0_2 — 0_6) %
o | E=TTev o
g Y (18)et (8.0 0.9) o S
— . - 0. — U.l o 0-3 % .
o T(15) sty | e ( )
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LHCD

Cross-section ratios - II

Reduced uncertainties

T(2S)DC 4
V/5=TTeV o o ngzs'i)'gev
%2/1 X T(IS)DU = (13 :': 5)%3 3 .932/1 X O_T(IS)D+ = (22 + 7)% )
V=T TeV VE=TTeV
T(2S)D° o Y (28)D*
0) V5=8TeV O
\/EZSTEV . 0, =%)2f1 X T = (22 + 6)%) s
L%2/1 X T/(_IS)DD o (20 :|: 4)/0 ) 3(51:52?&:’
/s=8 TeV
- - - . DPS _
(}.T(ZS)D” oY (28)DF oY (29)
P oY(1S)D0 — P/ oT(IS)DT — L7 or(1S) — 0.249 £ 0.033,

JHEP 1607 (2016) 052
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LHCD

IO p; spectra

DPS: LHCb data for open charm (Nucl.Phys. B871 (2013) 1) and Y-production JHEP 1511 (2015) 103
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LHCD

IO Rapidity

DPS: LHCb data for open charm (Nucl.Phys. B871 (2013) 1) and Y-production JHEP 1511 (2015) 103
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LHCD

DPS: LHCb data for open charm (Nucl.Phys. B871 (2013) 1) and Y-production JHEP 1511 (2015) 103
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p+ and rapidity

LHCD

DPS: LHCb data for open charm (Nucl.Phys. B871 (2013) 1) and Y-production JHEP 1511 (2015) 103
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Py asymmetry and mass

LHCD

DPS: LHCb data for open charm (Nucl.Phys. B871 (2013) 1) and Y-production JHEP 1511 (2015) 103
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LHCD

DPS? DPS!

® Measured cross-section significantly exceeds SPS expectations, agrees with
DPS with 6,(CDF)

® All cross-section ratios agree with DPS

® Differential distributions agree with DPS

arXiv:1510.05949

® MFOSUI"Q o ) 7TeV .. ) 8TeV
Outlrugpe = 1943 26(stat) £ 13 (syst)mb,  ourlypgpe = 172+ 1.9 (stat) £ 12 (syst) mb,
eﬁ]TIS , = 152i36( )i15(* t)mb. eﬁlﬂs = 223+4.4(sta )j:22(* t)mb),

Oett |y (18)D0+ /5= T = 18.0 & 2.1 (stat) & 1.2 (byst) — 18.0+2.4mb.

efflT(lS)DOHr,\/g:gTeV 17.9 + 1.8 (stat) & 1 2 (syst) = 17.9 4+ 2.1 mb,

Oetf|y(15)po.+ = 18.0 = 1.3 (stat) = 1.2 (syst) = 18.0 £ 1.8 mb,

JHEP 1607 (2016) 052
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LHCD

Oeff

T —r— 17— . .
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Summary

Associative production of Y+cc is observed

For five modes with >5¢ significance
Cross-sections are measured for Y(1,2S)D%*
Cross-sections and their rations agree with DPS
Cross-sections significantly exceed SPS
Differential distributions supports DPS

Precise measurement of o4

* Inan excellent agreement with J/y+cc results
Other interesting measurements with Run-I data:
¢ Z+cc, 2xllvy, ...

13TeV data : importance of DPS is increasing
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Run-II

LHCD

® . e .
Importance of DPS is increasing
. L [ [
Larger sample of charmed hadrons: great improvements in trigger!
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Who waits Triple Parton Scattering?
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Thank you!
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% 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

f}‘}(b X Xo, ﬂ] ﬂq) (fcff(xl.xg.x’l.x’z,y%,y%)
7 7 9 -1
= Fy (. pq) Fy (2. p3)F(bi xy. o i 1), = (/dsz(b;xl.x;.;ﬁ.u%)F(b;x’l.X’g.y%.ﬂ%)) :
Vanya Belyaevy "Associated production of heavy 28

23 Aug 2k+16, QCD@LHT Guarks™



LHCD

Differential distributions

® Powerful tool to judge on the production
mechanism

® DPS: all kinematic distributions can be calculated
from measured inclusive Y and D spectra

* Make toy-MC:

* Sample 4-momenta of Y and D from the measured
published differential cross-sections (+ assume
uniform uncorrelated ¢-distributions)

SPS: there are no differential predictions
* But some non-trivial correlations are expected
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