ity

The Univers
of Manchester

MANCHESTER
1824

Gluon radiation & QCD at the
LHC

Jeff Forshaw



Overview

1.

2.

Introduction to perturbative QCD

Fixed order calculations at the LHC

All order calculations and resummation
The menace of Coulomb gluons

Using QCD to probe new physics
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Asymptotic Freedom 9>
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i as(Mz) = 0.1171+559%5 (3-jet mass)
0.05 - B as(Mz) =0.1185 + 0.0006 (World average)

I1O | 100 | H”I1I(I)OO
Q [GeV]

Free quarks and gluons do not exist.

But we can use pQCD to describe their interactions at short
distances.



https://sciencenode.org/feature/sherpa-and-open-science-grid-predicting-emergence-jets.php



Factorization allows us to make predictions

do = Z/d$1dﬂf2 filxr, pr) fij(xe, pr) doi; (Q, ur, Br)
i’j

fi is a universal function

() = a large invariant mass.

Collins, Soper, Sterman
Nucl. Phys B308 (1988) 833.



» Short distance interactions

» Signal process

From Stefan Hoche at the workshop



» Short distance interactions

» Signal process
» Radiative corrections
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» Particle decays

» Long-distance interactions
» Hadronization
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alpb

QCD Higgs production at three loops

50

LHC @ 13TeV
pp->h+X gluon fusion

\D LO D NLO . NNLO . NNNLO M=STV:0868<:I

“The total scale variation
at N3LO is 3%, reducing
the uncertainty due to

e A — Q missing higher order QCD
f i 1 corrections by a factor of
| | three.”

0.5 2
pimy
o/pb 2 TeV 7 TeV 8 TeV 13 TeV 14 TeV
= 09970 153 10T S 44T 1057
= 09T ST 189012 43,1472 485743

Anastasiou, Duhr, Dulat, Herzog, Mistlberger: arXiv:1503.06056
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*There will be a continued need for further improvements in precision
QCD as Run |l data arrives.

ATLAS Preliminary —:E’;?;‘;,‘,C, Total uncertainty
- , — Y\theory

my = 125.36 GeV — oftheory) +t1conp
2al 011 ; HH ,

H= 117j?8 i:f:xlsi o : o jF:'. B | o
H — ZZ* ‘0
1= 1.46"::{ LD:S :‘ :
=0. o R . |
H > Ww" \*z:;: B

. +0.24\ -0 14 : a1

“_1'184‘.21"513 ] HH |

*The dominant component of the systematic error on the signal strength is theory.

*This will become a limiting factor in interpretation in Run Il as statistical errors decrease.

Need better theory to sharpen our probes of BSM physics
in the Higgs sector!

From talk by Petriello at the workshop



Higgs + 1 jet

[pb/GeV]
o o
® o

jet

T

NNLO

do/dp
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N
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1.8
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0.6L-- ETEOOOTTT T T L SETPTTTTry ORI ]
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pi'[ GeV]

Pt > 30 GeV, [V < 2.5 |
Leading order: 3.173 pb
Next-to-leading order: 4.8%5% pb

Next-to-next-to-leading order:|5.575% pb

Table I: Fiducial cross sections, defined by pZ¢* > 30 GeV,

: T

|Y7¢t| < 2.5, using NNPDF PDFs at each order of pertur-

bation theory. The central scale choice is u = my. Results Boughezal, Focke, Giele, Liu, Petriello
for 4 = mpg /2 and p = 2mpy are shown as superscripts and arXiv:1505.03893

subscripts, respectively.



Precision at the LHC

CMS Preliminary

July 2015
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All results at: http://cern.ch/go/pN;j7

|W | z |WY|ZY |WW|WZ|ZZ |5{‘1’¥N|5W|Wﬁ

aZ = WW
Wy, Z—ll, I=e,u

|SEVV‘\’/W|WV«{ | tt | teen | tw | t | tty | tw | ttz | ggH |;/('13}5 | VH | ttH |
Th. Ao, in exp. Ao



Many observables are (often by construction) sensitive
to multiparticle production in the final state.

The production of many particles is typically not
rare: the rate is enhanced by large logarithmic terms
In the perturbation series.
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A classic example: Drell-Yan

h_]_. kl. do d OéSCF 2
2 — — L
de de (OO “AP ( 2T

pr = transverse momentum of the Z particle

L =In(Q*/p7)

e Fixed order in oy fails if L > 1.
e Accounts for all terms ~ a7 L?".

e Simple interpretation as a non-emission probability.

PT do « CF
d / — s L2
/0 dpép Pr — 0o €Xp ( o )

= rate of producing Z particles with transverse momentum below pp
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Beyond the simplest approximation: systematic resummation
of the large logarithms is possible.

O=1+a;L*+L+1)+*(IL*+L3+L*+L+1)+---
For many observables:

O = C(as) exp |Lgrr(asL) + gvrr(asLl) + asgynrrn(asL) + - -
Clas) =1+ asCnnrr + -+

Can match the resummed result with the fixed order result.

Progress in automated resummation

e‘e” at NLL: Banfi, Salam, Zanderighi hep-ph//0407286

e*e at NNLL: Banfi, McAslan, Monni, Zanderighi arXiv:1412.2126
Gerwick, Schumann, Héche, Marzani arXiv: 1411.7325
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All orders (resummed) works well
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Banfi, Dasgupta, Marzani and Tomlinson, arXiv:1205.4760



1/0 do/dqr (1/GeV)

DATA/THEORY

e

50 70 100 200 300 500700

T ATLAS arXiv:1406.3660
JSLdt=4.7 tb™!
X" NLL+NLO
& NNLL+NNLO
mg/4<pg, 1y 2Q<my
1/2<pp/py.pr/Q<2

008 ™ pyRes 0.0 |~ DYRes
L = 1\/;\; 10—3
i e
i R 10~4
0.06 . | = 0.06—K 1075
y\/z o e
P < o 8 10-6
[ - >:
> £ ~ -
Y I X
*
< 50 70 100 200 300 500 o' é
0.04 T 0.04f~
™ P
< o
I CMS arXiv:1110.4973 o
B fLdt=36 pb~* >
- InYl<21 c& & NLL+NLO - Inll<24
0.02 [—pk >20 GeV £Z<23 NNLL+NNLO 0.02 |—pk > 20 Gev
- 60 GeV<my < 120 GeV ‘1“/12/:;:‘;”:"“‘:;:“:2 - 66 GeV<my < 116 GeV
: PP - Zo/7.+x - e+e_/ﬂ+,[+x m : PP > Z°/7'+X - e+e'/p+p—+X
B Vs="7 TeV NNPDF3.0 2 XXX | Vs=7 TeV I1NPDF3.0
1 3 1 1 1 1 1 1 1 l 1 1 1 1 1 1 1 1 1 1 1 L 1 1
Y E E >
12f — S
1'35‘~'I‘I“TLL»T- Z
0.9 =
0.8 g
0.75
0

NNLO + NNLL

Catani, de Florian, Ferrera, Grazzini, arXiv:1507.06937




The large logarithms of infra-red origin are
a result of:

1. Soft gluon emission

2. Collinear parton branching

\

- &)



SOFT GLUONS

b b-%

o

ozSdEdQZC 2 pi - Dy
2 B 2m Pi-qpj-q

do,41 = don

» Only have to consider soft gluons off the external legs of a hard
subprocess.

 Colour factor is the “problem”.



COLLINEAR EMISSIONS

Colour structure is easier. It is as if z
emission is off the parton to which it is ~

collinear.

Qg dq2
21 q2

dO‘n_|_1 — dO‘n dz Pba(z)

Simulation codes exploit the fact that in the “large N.” approximation
both wide-angle soft and collinear emissions can be included via a
classical branching algorithm.



Not all observables are affected by soft and/or collinear
enhancements

Intuitive: inclusive observables do not care that the outgoing partons may
subsequently radiate additional soft and/or collinear particles.

Bloch-Nordsieck Theorem

N AN
& ®< + @\{r §% Real & virtual graphs cancel
/- - d exactly in soft approximation

if the real emissions are
\ . integrated over without
+ @ /@ {;& - O restriction.

Weighting the real emissions induces a miscancellation and a logarithm,

e.g.
/Q dkr /“ dkr Q

Qg — — QO — =qagln—

0 kr 0 kT %

Real emission phase-space if

Virtual loop emissions forbidden above p



Im

COHERENCE

=IRe

ZIm

Marchesini, Webber 1988




COHERENCE

Used to factorize collinear emissions from soft, wide
angle, gluon emissions.

The failure of the “coherence identity” for the imaginary part
will be significant later.



Soft gluon corrections will be important for observables that
measure only small deviations from lowest order kinematics.

In such cases real radiation is constrained to a small corner of
phase space and BN miscancellation triggers large logarithms.

If V measures ‘distance’ from the lowest order
kKinematics:

Event shapes such as thrust (V=1-1T)
Production near threshold (top, W/Z) (V =
1 — M?/3)

Drell-Yan at low py (W/Z or Higgs) (V = p2/3)
Deep-inelastic scattering at large x (V = 1—1x)
Gaps between jets....



JET VETOING: “Gaps between jets”

b4

. T
P @/ ;,‘_—r“

\ QL

v':h, V0N
Q,?

Jets produced with pr = Q > Qg

Observable restricts emission only in the gap region therefore expect

aglog"(Q/Qo)

i.e. do not expect collinear enhancement since we sum inclusively over the
collinear regions of the incoming and outgoing partons.



Real emissions are forbidden in the phase-space region
—-Y/2<y<Y/2
kT > Qo

“By Bloch-Nordsieck, all other real emissions cancel and we therefore only
need to compute the virtual soft gluon corrections to the primary hard
Scattering.”

eTe~ — qq case is very simple:

Ogap = 00 €XP <—CF%Y1I1 <%>>

The virtual gluon is
integrated over “in gap”
momenta, i.e. the
region where real
emissions are
forbidden.



Real emissions are forbidden in the phase-space region
—-Y/2<y<Y/2
kT > Qo

“By Bloch-Nordsieck, all other real emissions cancel and we therefore only
need to compute the virtual soft gluon corrections to the primary hard

Scattering.”

P, p,—Q+k Ps
P> p2+Q—k Py

But this is over an oversimplication
so easily....

P, N p,—k Ps
% The virtual gluon is
L integrated over “in gap”
P pQ+k P momenta, i.e. the
region where real
emissions are
p1 p1_Q'k p3 H
forbidden.
k
P,  Pyk Py

. we cannot get rid of the real emissions



This observable is non-global

N : o\
\Y \/
o N

The observable is sensitive to “out of gap” gluons.

Dasgupta & Salam

Real & virtual
corrections cancel
for

“out of gap” gluons.

But these do not if
the gluon marked
with a red blob is in
the forbidden region:
the 2" cut is not
allowed.

The real emissions no longer cancel once we start to evolve emissions
(such as those denoted by the blue blob in the above) which lie outside

Of the gap reg|0n and WhICh have kT > QO' If k7 < Qo then subsequent evolution also has

kr < Qo and cancellation works.



* The observable is sensitive to gluon emissions outside of the gap, even
though it sums inclusively over that region.

* Not a surprise: emissions outside of the gap can radiate back into the
gap.

* Must include any number of emissions outside of the gap and their
subsequent evolution.

 Colour structure now becomes much more complicated.



The amplitude can be projected onto a colour basis, e.g. for
quark scattering:

(M) igl =MW C-zi( Jl 2«1 +M® C-z'.(jsl)cl

M)
ie. M = and oc=M'SyM

M®)
. < N? 0 >
V= N2—
0 =

lterating the insertion of soft virtual gluons builds up the resummed
amplitude:

Q

2ce, [dk

M =exp | — / L1 | M

T kT

Qo
where the evolution matrix is
N2—1 (Y, A N?_1;
F — AN p( - y) ) AN2 Z.’/;r
i —xim+ Y + Ste(Y, Ay)

Ay = distance between jet centres Y = size of gap Oderda & Sterman



Further real emissions introduce new ingredients

1) How to add a real gluon to the four-quark amplitude

Mp =D M bizj@

2) How to evolve the resulting 5-parton amplitude

kT
20‘&- ([A’/ .
Me(Qa) = exp |~ [ T2 A | Ma(k)
/" o T

Qo
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Kyrieleis & Seymour: hep-ph/0510089



Has been extended to all five parton amplitudes:

Sjédanl

e.g. gg =2 ggg arXiv:0807.0555

-3 N (ks + kes) 0 0 0 0 0 0 0 0 0 0
e 1N (Kos +Kop) e 0 ad L 0 0 0 0 0 0 0 0
1 N Koaa. 1 S 2 Kyan +Kage R ) N Ky 2 iz Ko Kaaa.
12Kz kaga) Kaas - 2 ~LN (2kos +koo+ 2kss) - = = e 0 0 0 0 0 - 0 - S
T 0 L “LN (2 kos + Koo+ 2 kgs) L2 K 2Kizs + Kesa) BT o 0 0 _ M) 1) Yo 0
2 (4w ¥ 8 4 82N 4w LN 4 (-aw)?
o e Ll e LN (2kos + Koo+ 2Kes) 1N (2 Kaas - kaas) 0 o e o AELI . . .
0 o 1N (-2 Kuas + Kasa) IN (2Kgs - Kass) SN (2K Koo+ 2Kes) 0 0 0 0 0 0

s i s s T
0 o 0 L (-2 K315 + Kaae) 0 L DN (oot 2Kss) L (-2 Kizs ¢ Kusa) o o o o o LS
0 0 0 0 0 1N (kop + 2 kes) 0 e % 0 o 0

2N kg TN ) Kasa 2 Kaus +Kaas 140 Kaaa 2 (3-7 NN ) Kaga 89NN Kaap 3 (-14W) (-2 Kuas +Kaaa)
Ty o o EIErT 0 4N (3 4 (-3 0 0 o o N (-12419 N7 -8 NENE IRTICEL 4N (30
o o o o s + 0 o o D kel (s ke O (s o) o
0 0 0 0 L o 0 T 0 B TN (koo + 2 ko) o e 0 P = 0
0 0 o ° 0 ~Kaas 0 L (2K tKasa) O o Ksas - S “IN (2 (kos +kss) + B (2R o B {E) (2
: : g = et
e f 8 [8) 21T W2 (8] K 2 (A o] N (8] o) (24 200 35) re
0 0 0 0 Kaas 0 0 T2 0 - 0 Iy B 6 T2 (2410w BN [24-10 NN
. L 2k ko . . . . e () (k) (1) . s, W2 (98] i )
H Qe e P e
IET N 5] b o H ) (2] s (26 20030, W ko3 ([449] ks [8) o

o 0 0 Faas ° 0 2 (-6 o T2 (za 0w 0 T - OEES BN (24 10NN 0 DIEES
. . e . . . - . EI e o (2o, REEIREI RIEIS ) (s o s

nd then we need to allow for a second (and third etc.) real emission.
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The general algorithm

a:i /dO'nF
n=0"

(i
S
Il
-
=
=S

Vi Voo M©@) drt,

_ (MO
doy = (MO,

T T T oyt
VQlT QDIFV;”T Q‘ITD VD g2r

DI, Vi 4., Voaur Di Vairg[M®) dilodrly

e
VU:Q2TDZVQ‘2T:QIT 1).L1I un"jQ

(ol
i
Il
_—
=
=S

M(O)> dll,dI1, dIT,

Vap = exp [ / dkTZ ~T;-T;) {/dg:d) . —iw O(ij = II or FF)}}

1<j
1 P
dIL — _205 dqri dyido; .
T qri 27 X
2 Pi-P;
Wi = v
1= 3 G )y )

Angeles-Martinez, JRF, Seymour: arXiv:1510.07998



Coulomb gluons ak.a. Glauber gluons

e The real-virtual cancellation of soft gluons occurs point-by-point in phase-
space only between the real parts of the virtual corrections and the real
emissions.

e Below (g, the imaginary parts exponentiate to produce a pure phase in
the amplitude and no physical effect.

e Above )y, the imaginary parts mix with the real parts in non-abelian
QCD and contribute.
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One loop
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Two loops
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Three loops

Sp
— M
S? ~ EA"')[-.A'°) ]]
o cenpe

Only cancels if we integrate over the full green (“eikonal”) gluon phase-space, i.e. no breakdown
of the factorization theorems as originally proven.

JRF, Kyrieleis, Seymour, arXiv:08081269
JRF, Seymour, Siodmok, arXiv: 1206.6363
Catani, de Florian, Rodrigo: arXiv: 1112.4405



The impact on “gaps between jets”

<L =0, + 0 + 0, 4 .-
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JRF, Kyrieleis, Seymour hep-ph/0604094



. ATLAS Collaboration: 1401.7610v_
Jet vetoing as a tool

Measurement of electroweak production of Z + two jets

The signal:
g g g g
- , poye e 4 poiem
-
prie Z priem
q ¢ q q
(a) vector boson fusion (b) Z-boson bremsstrahlung (c) non-resonant £ £~ jj

Figure 1. Representative leading-order Feynman diagrams for electroweak Zjj production at the
LHC: (a) vector boson fusion (b) Z-boson bremsstrahlung and (c¢) non-resonant £7£~jj production.



The background:

(a) strong Zjj production

The QCD process is much more likely to radiate extra gluons.....so

Divide the event sample into two, according to whether or not there is a
3" jet in between the two highest transverse momentum jets

Signal sample = no 3" jet

Control sample = a 3" jet
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Figure 11. (a) The dijet invariant mass distribution in the control region. The simulation has
been normalised to match the number of events observed in the data. The lower panel shows
the reweighting function used to constrain the shape of the background template. (b) The dijet
invariant mass distribution in the search region. The signal and (constrained) background templates

are scaled to match the number of events obtained in the fit. The lowest panel shows the ratio of

constrained and unconstrained background templates to the data.



Since the background is extracted from the data, many of the experimenal
and theoretical uncertainties associated with it are reduced, e.g.

« Theoretical modelling of background is 7.5% (i.e. from using different
Monte Carlo generators to provide the template). The theory itself is known
far less accurately than this.

» Uncertainty on the energy scale callibration of the jets is down to 5.6% (since it
only really affects the shape of the signal). This would otherwise be > 20%.

orw = 54.7 £ 4.6 (stat) ™) 10 4 (syst) £ 1.5 (lumi) fb

Theory predicts ~ 46 £ 1 fb

Impressively high significance of observation because
of the use of the jet veto.

A precursor to similar studies in Higgs production.
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Just starting
to study jets in
Higgs production.

One of the exciting
areas for Run 2.

Absolute and fractional cross sections in bins of jet
multiplicity for inclusive Higgs boson production at
8 TeV measured by combining the H—yy and H —
ZZ "— 4f analyses using 20.3 fb-' of pp collisions.

ATLAS collaboration arXiv: 1504.05833v2



Jet substructure: a way to detected boosted heavy particles

e.g.

—&&

Not used to date (8 TeV) in Higgs decay to b quarks but expected to be important
in 14 TeV analyses and the eventual detection. Butterworth, Ochoa, Scanlon arXiv: 1506.04973

Butterworth, Davison, Rubin, Salam arXiv:0802.2470
Seymour, Z. Phys. C 62, 127 (1994)
Butterworth, Cox and JRF, hep-ph/0201098

Major progress on analytic understanding of jet substructure:
Dasgupta, Fregoso, Marzani, Salam arXiv:1307.0007
Dasgupta, Fregoso, Marzani, Powling arXiv:1307.0013
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ATLAS arXiv: 1506.00962



Conclusions

» Accounting for soft gluons is hampered by the
complications of colour.

« Partial resummations, based on parton shower Monte
Carlos, are subject to potentially large corrections,
especially from sub-leading colour and Coulomb gluons.

 Features of QCD radiation can be used to isolate and
study non-QCD physics. This will be a feature of LHC
Run 2 analyses.



