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Physics at the LHC —

» LHC experiments are delivering more and more data

to the HEP community.
» More data sets improve the accuracy of all observables.

* And, when the physics Is hidden in small effects,
accuracy Is crucial to claim discovery.

* The new /50 GeV resonance !



—High Precision
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— HMiggs discovery —

RIS CERIN, ATLAS and CMS
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» Determination of properties of new
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particles and New Physics requires
drecision measurements.




— Hadron machines —
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Hadron machines
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detected Iindirectly.



* New Physi

cs has to be disentangled from Standard Model

physics. High precision in SM calculations.

» Hadron machines are dominated by QCD effects. Exact
solutions of QCD are not known, then pQCD helps to
compute scattering amplitudes.

nigher orc

* However, high accuracy on LHC observables requires

ers in pQCD.

» Besides, high level of accuracy Is reached when the
perturbative and non-perturbative pieces are under

control at
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—Setup at hadron machines —

* How to translate theoretical predictions to experimental measurements ?

YYVY

Perturbative

Non Perturbative
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— Theory meets experiment —

* Precision measurements use accurate theoretical predictions.

CMS \s=7TeV, L=36pb’
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* Experimental results needs Monte Carlo simulations in order to

compare with nature.



— Theory meets experiment —

* Precision measurements use accurate theoretical predictions.
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—and for the next run(s) —

« Moreover, future observables need accurate Monte Carlo simulations.

2000 — NNLO MSTW 08 b < gmono
- NLO ,_‘,R=“F=Mn N .
o(fb/bin)| - LO
2 xm/m
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 Relevant contributions will only be explained when NNLO Monte Carlo
simulations are implemented.



PERTURDATIVE TOOLS




— Dimensional regularisation (DREG) —

» DREG promotes 4-dimensional integrals to d-dimensonal integrals
Qa1 D).

 Divergences appear like poles in the dimensional parameter €.
* Loop integrals generate UV and IR poles.
- UV (High energy region) poles are cured with proper counterterms.

R (Low energy region) poles are cured by adding real emission

DI'OCESSES.
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* [ he total cross section I1s computed as,

O_:O_(LO) —|-OKS(M)O'(NLO) —I—Oz%(,u)O'(NNLO) BUEL:

 where

) :/dav—l—/ do ™t
Q Q+1

O_(NNLO):/dO_VV_I_/ dO_RV_I_/ dO_RR
9 Q+1 Q42

» and divergences are everywhere.
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—Theoretical issues —

* Integrands are usually lengthy.

* The number of Feynman diagrams increase enormously when high
accuracy Is required.

- Monte Carlo simulations first compute the poles and shows the exact
cancellation at integral-level. Then, it computes the number of integrals
separately (2 at NLO, 3 at NNLO, etc.).

* New Physics searches have to be done at the highest posible accuracy.

- New methods for higher order calculations are extremely important.

|3



—Loop-Tree duality —

» Massive one-loop scalar integrals are,

P1

» where the +10 prescription establishes that particles are

going forward In time.
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* [he solution of the integrals are known by the
Cauchy residues theorem.

(N)
G(q) 4 L7

-
> X X X (]0
X
CrL
90(q+) plane

* However, by using advanced propagators,

- (N)
Ga(g) t Ly

X X X X X X

P
> \/ qo
Cy
90(q+) plane :
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» LID at one loop establishes then

L, pw) == [ §a) [[ Golasay
£ j=1
JF
» where Feynman propagators are transformed to dual propagators.

1

Gp(qi;q;) = .
g —mi = 0n (g

S(Qz) = 27”:9(@17;,0)5(%2 = m?) and sets internal lines on-shell and

In the positive energy mode.,

» LTD modity the +i0 prescription, instead of having multiple cuts like
[INEsEREE Y Rmanilree liheorem.

. 0" s a future-like vector, for simplicity we take 7 = (1, 0). In fact,
the only relevance is the sign In the prescription.
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— Numerical implementation —

Faster computations are needed for the Montecarlo simulations for the LHC

observables.

Using LTD the standard methods become time consuming
(S. Buchta, et al., arXiv:1510.00187)

Rank Tensor Pentagon Real Part Imaginary Part Time s]
P16 2  LoopTools —1.86472 x 1078
SecDec —1.86471(2) x 107® 45
LTD —1.86462(26) x 10~8 1
P17 3  LoopTools 1.74828 x 1072
SecDec 1.74828(17) x 103 550
LTD 1.74808(283) x 103 1
P18 2  LoopTools —1.68298 x 10°° +7 1.98303 x 10~°
SecDec —1.68307(56) x 106 +i 1.98279(90) x 10-¢ 66
LTD —1.68298(74) x 107°  +4 1.98299(74) x 10°® 36
P19 3 LoopTools —8.34718 x 1072 +7 1.10217 x 1072
SecDec —8.33284(829) x 102  +4 1.10232(107) x 102 1501
LTD —8.34829(757) x 1072 +4 1.10119(757) x 10~2 38

|/


https://arxiv.org/abs/1510.00187

Rank Tensor Hexagon Real Part Imaginary Part Times]
P20 1 SecDec —1.21585(12) x 10~*° 36
LTD —1.21552(354) x 10~1° 6
P21 3  SecDec 4.46117(37) x 107° 5498
LTD 4.461369(3) x 10~ 11
P22 1 SecDec 1.01359(23) x 10~1°  +i 2.68657(26) x 10~1° 33
LTD 1.01345(130) x 107*° 44 2.68633(130) x 10~ 72
| P23 2 SecDec 2.45315(24) x 10712 — 2.06087(20) x 10~12 337
| LTD 2.45273(727) x 10712 —4 2.06202(727) x 10712 75
P24 3  SecDec —2.07531(19) x 107% 44 6.97158(56) x 10~7 14280
LTD —2.07526(8) x 10~° +4 6.97192(8) x 1077 85

» This results shows have been implemented for several data points for tensor

pentagons and hexagons.

* Integrals considering massive internal lines were computed numerically.

* The results using LTD are, in some cases, four order of magnitudes faster than

SecDec.

- What about in a physical process !

|8




v = qq at NLO in QCD

« In this well known process, the Feynman diagrams are

P1 P1 P1 p’1 p/1
qs A qs
: q1 j
4? 0 M@ M/\%h wvé M/\Q )
)
g2 q>
P2 P2 P2 P b

« where the process add more structure to the integrals. In general, virtual and

real corrections have numerators.
* In this case, for the virtual correction is given by,
<M(O)|M(1)> =4 QSC |M(O) /(H GF (]z )

€ [(2 Seelgar pitlga s p2) e ((Q2 -p2)(q3 - p1) + S%(CD 613))]

|9



« and for the real correction Is,

A |[E= 2 S 141, A
Ug) = o s 2CF ( 12) / d?hr/ dyor (Y1, Y2,Y12)

< ( /912/ ot e) Lo — ) (?J?r | y}r>:|
L \Y1:Y2r Yir  Yor
RESRABREG, the result is,

SRl !
0"(/1) = 0 O¢rg2Cr (ij;) oo 16 + 272 + O(e)

e e &
Ug) L )CFQSCF (222) 2 0y 3 + 19 — 27¢ + O(e)

* [hen,

oc=cV (1 =20 ZS | C’)(ozg))

T



Remarks:

» IR behaviour is qurte similar to the scalar case, therefore the same
mapping Is performed.

* [here is no need of tensor reduction, no need of Gram
determinants.

» [wo point function of massless particles are usually ignored
because Is scaleless.

» |n fact, this integral 1s zero because IR and UV poles cancels.

* In the LTD, there is an identification of IR and UV regions, therefore
it has to be consider at the integrand level.

2|



» Following the procedure described, it Is possible to find 4-
dimensional representations for the cross sections, resulting:

Sl — i)
(1-(1—w)é&o)

203 E2,0 (E2,0(1 — v3) — 1)
=G

1/2
Gl — 0(0) = CF / d&1,0 / dvi 4 R1(&1,0,v1) {2 Gos o)) -

1 1
D =50 25 o / dés o / dvy 2 Ra(€2,0,v2) (1 —v2) ™"
47 0 ’ 0 :

B 2 ]
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(
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» Then, this integrals in 4D are solvable analytically, resulting:

5 = O 0 (19 — 3210g(2)),

47
i Qs L1l 2
aé ) = O(O)ECF ( : - 8 log(2) 3 ) :

21 2
5-‘(/1) :J(O)%CF( > - 24 log(2) 7; )

51" +580 + 67 = 0 30r

» Computation of multi-legs and NNLO corrections are
doable within the LI D.

23



NON PERTURDATIVE DISTRIDUTIONS




— Motivation of FFl's

nput for helicities PDFs anad

transverse momentum PDFs. .| =5 e

all uncertainties for .'\'/_"a‘)

Necessary for a complete 1w
understanding of hadron  } 1 scsowsesmees |

- e p-Pb \s,, =5.02 TeV, NSD, | qmsl <03

= Pb-Pb \s,, =2.76 TeV, 0-5% central, | nl <0.8

production In presence of L P Y27, Todweane <0
nuclear medium. | &2 it

Heavy lon programs; RHIC
and LHC.

" 4 | L3 L 3 \ \ - &y
8 10 12 14 16 18 20 §
p, (GeV/c) )5¢




— Theory & Uncertainties —

Basic idea of hadronization: Cascade fragmentation

Ran|<
SR |qjqk L e = B VEIETGE | 2
L wde GG | rank > 2:"sea”, e
F‘ G | b 9T
1 o

» [heory framework: “independent fragmentation”.

+ QCD approach based on factorization.

» ete-:first data used for extracting Frs with LEP data (BKK
95 and KRE '00).

26



The fitters

' Name Ref.  Species Error  Zpin 0? (GeV?)
. AKK 4] 75, K5, K%, p,p A A no 0.1 2-4.10% .
: AKKO8  [5]  «*,K*,K0,p,pA,A yes 005  2-4-10*
' BKK 6] nt4+n, 7, KT+ K, K +KO ht +h™ no 0.05 2-200
. BFG 7] y no 1073 2-12-10* |
. BFGW 8] A+ yes! 107°  2-12.10% .|
+ CGRW  [9] « no 1073 2-12-10* .
' DSS [10,11] ==, K*,p, p,h* yes> 0050.1 1-10°
' DSV [12]  polarized and unpolarized A no 0.05 1-10%
. GRV (13] Y no 0.05 > 1 ]
. HKNS 14) 75, 7%, K5, K°+K%n,p+p yes 0.01-1 1-10% .
+ KKP 15] at 4,70, Kt +K,K'4K0, p+p,n+n,ht+h~ no 0.1 1-10*
' Kretzer  [16] a*, K&, ht+h~ no 0.01 0.8-10%

+ AKKOS: et+e- and pp data / Isospin symmetry for pions.

- HKNS: ete- data only / Hessian method for uncertainties. 7



DSS results

DSS fit arrived to a data-driven separation of
individual parton-to-pion fragmentations.

Large charge symmetry violation between u- and d-
quarks FFs (~10%).

Gluon FFs was constrained for the first time with
BNL-RHIC data.

L agrange multiplier technigue was used for
estimating uncertainties.

28



I'Fs in data: e+e- SIA

+ The distribution Is given terms of the structure functions,

+ Not possible to separate charge and flavour only with SIA.

* Only have information of the singlet.




s in data: SIDILS

- Distributions for SIDIS are given by,

@NLO, all coefficients are known:
Altarelli et al. /9, Furmanski, Petronzio ‘82, de Florian, Stratmann,Vogelsang "98

» Charge and flavour separation Is achieved by including SIDIS.
* However, gluon FF i1s not well constrained by SIA and SIDIS data.




I'Fs in data: Hadron collisions

» [he general picture Is:
P/

T
\'\ >
! >

YYVY

dxidxodz (x xo, lhr)Di (2 g
}j/'l : [ )£ e ) DA ) |

zgk

d (pp — hX
" dedﬁ

[t also allows charge and flavour separation.
[t contains large contributions from gluons.

3



DSS os the new fit

Number of parameters: 23 parameters > 28 parameters.

Different treatment for the normalization of the experiments.

PDFs: MSTW2008.

Relaxing some of the FFs assumptions.

HERMES data are replaced and added deuteron target data sets.

N;z% (1 — 2)Pi[1 + (1 — 2)%]

"(2,Qo) =

7 7TJr . 7T+
Dd_|_d — Nd—I-dDu—I—u Dra — Dd

DT =DI =N,z%Df  Yep # 0 -_;

B2+ «;, 8; + 1] + v B2 + «;, B; + 0; +

1] |



Uncertanties

Goal: Provide Hessian sets to propagate FFs uncertainties.

HESSIAN METHOD

- |dea: Explore the vicinity of the best fit in quadratic
approximation.

- Caveat: Quadratic approximation is not exactly what
s used for the global fits, 1.e. PDFs too.

- However, 1t Is a good test of the convergence of the
fitting procedure.




— New data to fit —

New data from PHENIX and STAR (Phys.Rev.C8 | (2010)064904;
g SRRSO 07 2302:.. ).

Data from the LHC (Phys.Lett.B/71/7(2012)162;1307.1093;...).
e+e- data from BELLE(1301.6183) and BaBar (1306.2895)
SIDIS multiplicities from COMPASS (1307.3407). 2

ttttttttttttttttttttttt

SLD (91.2 GeV)
o TASSO (34)
e BaBar (10.54)
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BLELLE & BaBar

BELLE and BaBar results can be
fitted extremely well within the
68 and 90 % C.L.

There is a drop on the large z
regime for BELLE but 1t Is
consistent with the
uncertainties.

Large logarithmic corrections
are expected at large values of
Z.

Sensitive to a partial flavour
separation
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e DSS cannot fit the

new HERMES data for
the smallest bin of z
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* |n this new analysis,
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HERMES data have no

o, 2
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COMPASS

st i T TR
L Sk A S S S e e ETTTTTTTTTY 2
! . 02 F 4F 4z
E (data-theory) / theory " "MW{" T 3
! 02 FQ-tis | FE9s L, €
1 T FT T T T T LT E ] s
: ,M{H:z PRVYE DO TR
* DSS also has some : 02 Equd! 4 E| ET EfS
L =S ST TR TR SO SO S T ST R T S T = | S T T T S T JE_+ 4o =
tensions with COMPASS « w2F i Y WA it % 2N 3
: () oo g* ..... = ':'_ J#&}*# i 4’*#*#*4# . &“mé .............. ._::" ;.'_"w ....................... .
data sets Bl TG HIINE |  drs AE - o= 3 S I | X e e |
| LB ' SARNIE SRR SRR E ARBRRAS
02 £ CE El3 K
: T S— j é_:_ ........... &+{Hﬂ+__ ...... M‘”*‘“ﬁdd:—&#ﬂ#&# .............. __#**j ..................... 3:
1 02 Foora E | B qFQ’=395 JE Q=590 EE
:
* For all values of z, LB aE R : N 3 £
. 0 F ###-f- *4#2* ##ﬂd{; 4“;"“{“ = Hy 1:
COMPASS is well fitted. | o2 g ., "W, IR T W 3
: e e e e
I 02 05 02 E JE _‘;_ _‘_+ k=
E 0(7) ﬁ#ié#é*#’#— *é#&#}ﬁ#*}— Ef"i¢m*§ .............. - :Qit ....................... : E
- ' 2 fom SN | 2 S SR | 2 e AN |
* [tis been shown also in . ERNTH San s Shaseas TRTET
inerenic 2 — | O], E S COMPASS ™ data 0 —#4*?41%1’{ ?"?#Wéﬂ """"""" :
UL FQ=s91 {HE Q=131 -
; THIS FIT (") :::::::?__::i:‘:::q ’
] 68 and 90% C L. bands 0.2 ;— “;;_ ‘ *Jﬁ -'-:: E
: ---DSS (1) o JQMWM“;; i +H, E
! U2 Q=527 | .1:_(?:.11‘1(. » .-' 2
: -(]2 05 08 02 05 0.8 3
|
|

R P L L PR E PP PR EEEPPPEr



PHENIX & STAR

PDF

uncertainties
where
computed with
AU SR
and they are
less significant
than the scale
ambigurties.
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ALICE

{
3 n
do

* In the range of small pT, RHIC and LHC data
showed a tension during the fitting.

E [ub / GeV~]

-
A

¢ ALICE data (7 TeV)

* By introducing the cut on the pT, we achieved \ o
10~ N
a reasonable agreement between both data F - -
10 with ;.N and 90% C_.L. bands -.?‘_:':‘-?-:__. _
sets. B =
10 vy oo Ve o by oo ben o by g o b e g ey o by oo bey s byl
LA RARA AR RERE RARRREARE BE
NN (data - theory)/theory |
05 T N% ."':::._.L., \ ]
- Nevertheless, we lost some data sets such as NN :
| | o NN e ]L ....... E
ALICE 900GeV which only stands with one AN P { % % :
point. B R

A
T [IV

L} I " L} l' |}
05 W% & BN PDF uncertainty (90% CL) =

0 3

2 - 6 8 10 12 14 16 18 20 22

p, [GeV]

« Contribution of uncertainties due to PDF are

again not relevant enough; the main

contribution Is coming from the scale variation.
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Hessian method & convergence
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parton-to-pion Fls

* Deviations from DSS is
found on the gluon and

charm FF

* c-FF has a more flexible
parametrisation (5
instead of 3 parameters).

* o-FF uncertainties Is
about 20% at 907%CL up
to z > 0.5 and they
Increase towards larger

values (Q = |0 GeV).
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How good is the fit ?

DSS NOW
Global 843/392(2.15) 1154.6/973(1.19)
I.LEP-SI.AC 500.1/260(1.92) 412.6/260(1.58)
BELLE & BABAR o 90.4/123(0.73)
HERMES 188.2/64(2.94) 175/128(1.36)
COMPASS = 403.2/398(1.01)
RHIC 160.8/68(2.36) 45.7/53(0.86)
LLHC e 27.7/1 @5l
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— Conclusions —

* New methods for computing higher order corrections are needed for
upcoming LHC observables.

- Mapping of momenta between real and virtual corrections permits to
cancel soft and final-state collinear singularities.

» Fully local cancellation of IR and UV divergences through the LTD.

» LTD allows to build an algorithm for computing 4-dimensional
representations of NLO cross sections.

» Extension of the LTD at NNLO and multi-leg processes I1s on the way.
A



— Conclusions —

* The numerical results shown that the breaking of the charge asymmetry
parameter is very close to one.

- Tension between RHIC & LHC data have been avoided when a lower cut Is
introduced In the proton-proton collisions.

» [he new data do not favor any symmetry violation.

» Uncertainties have been estimated using the standard iterative Hessian
method.

- The analysis implemented strongly supports factorization and universality for
the parton-to-pion FFs.
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