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Overview of Talk

Multi-Jet Predictions

A new approach to resummation for multiple, hard, wide-angle
emissions in the hard scattering:

High Energy Jets
Predictions for dijets, W +jets, H+jets,. . .

Theory vs. Data

Data vs. description of hard, higher order effects
Thoughts on what not to do
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Drivers of Perturbative Corrections

@ Collinear ( jet profile)
@ Soft (p;-hierarchies)

© Opening of phase space (semi-hard emissions - not related to a
divergence of |M|?).
Think (e.g.) multiple jets of fixed p;, with increasing rapidity span
(span=max difference in rapidity of two hard jets=Ay).
All calculations will agree that number of additional jets increases
- but the amount of radiation will differ (wildly) - e.g. due to
limitations on the number (NLO) or hardness (shower) of
additional radiation allowed by theoretical assumptions.

© Virtual Corrections: Disparate scales
Ins/p? ~ Ay (“High Energy”: § — oo, p; fixed)

Corrections from 3) and 4) are systematically summed with
High Energy Jets (including contributions also from soft emissions).
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"High Energy" can mean slightly different things

Consider first the production of
W-boson in a hadronic collision.
One-scale partonic process: myy.

Jeppe R. Andersen H+Dijets (or more) with HEJ IPPP, December 9 2014 4/27



"High Energy" can mean slightly different things

Consider first the production of
W-boson in a hadronic collision.
One-scale partonic process: myy.
If /s> my (i.e. high energy
hadronic cms) the pdfs at

x = my/+/s will be completely
dominated by the gluon
component.
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"High Energy" can mean slightly different things

Consider first the production of
W-boson in a hadronic collision.
One-scale partonic process: myy.
If /s> my (i.e. high energy
hadronic cms) the pdfs at

x = my/+/s will be completely
dominated by the gluon
component.

This is not the “High Energy Limit”
we will be discussing. Even at
14TeV, Wijj receives only a small
perturbative contribution from
gg-states.
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"High Energy" can mean slightly different things

Will instead be discussing the limit
of large partonic centre of mass
energy: s > §(>> p?). Relevant for
e.g. hjj (where cuts on large mj is
often imposed).
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"High Energy" can mean slightly different things

Will instead be discussing the limit
of large partonic centre of mass
energy: s > §(>> p?). Relevant for
e.g. hjj (where cuts on large mj is

| often imposed). But what really is
the difference of the two “High En-
ergy Limits?” The diagrams look
the same!

- e For “/s > my": Emissions

of gluons considered process-

| independent.  Fundamental pro-
cess: off-shell gluon fusion

[ For the limit s — oo, p; fixed: Stan-
dard DGLAP pdfs. Describe the
on-shell scattering matrix element
at large invariant mass. (hjj domi-
nated by qgg-initial states!)
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Increasing Rapidity Span — Increasing Number of Jets

W+dijets@Tevatron (D0)
Ay(js, jp): Rapidity differ-
ence between most for-
ward and backward hard
jet

Theory/Data

2.7F

Lo

D@, 3.7 b, W(— ev)+>2jets+X
(most rapidity-separated jets)
NLO Blackhat+Sherpa

21 r%v -
2}-0- Reone=0.5, pL_ '520 GeV, |y™|<3.2
E pT>15GeV |7l |<11 MT>4UGeVp>2(]GeV
1.1F
1.05
1
0.95
09t v Lo Lo Lo T L0 W Ly
0
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All models show a clear
increase in the number of
hard jets as the rapidity
span Ay(js, jp) increases.

Radiation patter important
to understand for applying
central jet veto, extract-
ing CP-properties of the
Higgs boson coupling.
Similar behaviour in pure
dijet, W/Z+dijet, H+dijet
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The Possibility for Predictions of n-jet Rates

The Power of Reggeisation

kb:}’5

Ka, Ya
High Energy Limit
—

ks, y3
k2ay2

# fixed, &— oo

ki, y1
ka7}’0

n Jita: o
AR o= rA;A (H ew(qf)<ym—m‘/(thh+1)> (1) 0n o) T 88

5\ 97 a7 i
q,-:ka+2;:11 K LL: Fadin, Kuraev, Lipatov; NLL: Fadin, Fiore, Kozlov, Reznichenko
Maintain (at LL) terms of the form At LL only gluon production; at NLL
s also quark—anti-quark pairs produced.
(as In ﬁ) Approximation of any-jet rate possible.
i

to all orders in as.
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Comparison of 3-jet scattering amplitudes

Universal behaviour of scattering amplitudes in the High Energy Limit:

Vie{2,....,n=1}:1yi 1> VYi> Vi
Vi,j:|pi| ~ |pjL|

MRk 2 48 g2G <ﬁ4QQCA> PG

Mgg-g-g CONZ -1 !Pu’2 BiLl? ) lPnrl?

i
n—

MK 2 458 PG <H4QZCA> 9° Cy
i=2

— 2 48 PG (TH462G)\ PG
’Mg/lgiqg QT a2 2 H ? 2A ,;’
CNE-1 |Pu| PiLl* ) [Padl

Allow for analytic resummation (BFKL equation).
However, how well does this actually approximate the amplitude?
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Comparison of 3-jet scattering amplitudes

Study just a slice in phase space:

40GeV jets in Mer-
cedes star (trans-

verse) configura-
tion. Rapidities at
—-Ay,0,Ay.

Limit ensures logarith-
mic accuracy
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Comparison of 3-jet scattering amplitudes

Study just a slice in phase space:

|
e
o
N

40GeV jets in Mer-
cedes star (trans-

=]
-

----- MRK limit
— A(qQ->qQg)

|M|A2/(256 75 s2) [GeV*
o
=4
=]

verse) configura- — C/C, Alag>aga)

i Rapiditi t — (C/C,)* A(gg->999)
|on ap| IIeS a s 4 A(qQ_>ng)Eﬁectlve 4
—-Ay,0,Ay.

Limit ensures logarith- 0.04

mic accuracy

High Energy Jets (HEJ): O T

JRA, JM. Smillie, arXiv:0908.2756
1) Inspiration from Fadin&Lipatov: dominance by t-channel

2

)
3) Accurate definition of currents (coupling through t-channel exchange)
)

No kinematic approximations in invariants (denominator)

4) Gauge invariance. Not just asymptotically.
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Scattering of gQ-Helicity States

Start by describing quark scattering. Simple matrix element for
q(a)Q(b) — q(1)Q(2):

ar
My-a-—g-o- = (1lpla ; (2|v|b)

t-channel factorised: Contraction of (local) currents across t-channel
pole

T =

5 1
‘<g CFn)

5 1
(ey)

J.M.Smillie and JRA: arXiv:0908.2786
IPPP, December 9 2014 10/27
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Building Blocks for an Amplitude

Identification of the dominant contributions to the perturbative
series in the limit of well-separated particles

q 1 exp (a(q)Ay) gq

s
Qi1 I
0 1 VE(gi-1, qi) J =07
Pa . P I
Z; EQQJ P2 V*(ar, ) = — (a1 + &)

o 2
o D3 &( qi P2 - Ps pz-pn>
+ > ,02'pA+pA',DB+pA'pn + Pa <> P

pE( % P2 - Pa Pz'P1)
-2 + + — Ps ¢ Ps.
g% 2 \p2-ps  Ps P Pa-p Pe > P

Jeppe R. Andersen H+Dijets (or more) with HEJ IPPP, December 9 2014 11/27




Building Blocks for an Amplitude

pg - V = 0 can easily be checked (exact gauge invariance).
The lowest order approximation for gQ — qgQ is given by

- 1
Maa s = (1) Saa-5qall”

>~ 1 2~ 1
(o) (Foy)

—g2C
< ?11‘2A Vi1, g2) Viu(a4, CI2)>

-~ MRK limit |
— A(qQ->qQg) 4
— C/C, Alqg>qgg) |
— (C/C,)* Algg->gg9)
o A(gQqQg)ee ]

[M[~21(256 7° <) [GeV™]
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Quark-Gluon Scattering

“What happens in 2 — 2-processes with gluons? Surely the t-channel
factorisation is spoiled!” J

P1 Pa P1 Pa

X

P2 pp P2 Po
Direct calculatlon (g9~ —-q9g7)

2 * —
p Py p.

=fg i ( i) —té’etsu/'i) (blof2) x (1]o|a).
pZJ_‘ Pb

Complete t-channel factorisation!

J.M.Smillie and JRA
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Quark-Gluon Scattering

The t-channel current generated by a gluon in qg scattering is that
generated by a quark, but with a colour factor

1 1 Py P, 1

— [ Cp — — b + r2 + —

2 ( A CA> <p§ pt; Ca
instead of Cr. Tends to C4 in MRK limit.

Similar results for e.g. g"g9g~ — g™ g~. Exact, complete t-channel
factorisation.

By using the formalism of current-current scattering, we get a better
description of the t-channel poles of the amplitude than by using just
the BFKL kinematic limit.
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Two currents to calculate for W + jets:

I I
? ?
i o i 0
H o
Pz

PA Pe
P

Vpi(qt,'v qti+1 ) i&&g/ pi+1

Pz Pn

Jeppe R. Andersen H+Dijets (or more) with HEJ IPPP, December 9 2014 15/27



Performing the Explicit Resummation

Soft divergence from real radiation:

2 2
| APaPe o Pops |2 pi—0 <4gsCA

p% > ‘ M,?apwpopzps‘?

Integrate over the soft part p? < A2 of phase space in D =4 + 2¢
dimensions
/ A& tEp dy; (495Ca 2
o (2m)T2=4n \  p?

B QCA 7.r1—i-s 2
T (2n)2rean TV |'(1—|—€)€( /iy

Pole in £ cancels with that from the virtual corrections

Lo ewana) e =-SHEA2 ()
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Expression for the Regularised Amplitude

ol 1 1 1
(D] = g 1Sl (85 1) (4 1)
n—2 4
11 (g Ca (” VH(@i, Qi) Viu(Qis Givt) — 5 0 (pf < AZ)))
i1 ili 1 p;
No o
'HeXp (@GN0 -y, &g, 2) = =L log 3.
Po
P1
P2
P3
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Resummed (and Matched) Cross Section

The cross section is calculated as phase space integrals over explicit
n-body phase space

s _ g~ Z H( /d piL /c12y> MEE 9% (o))

52
fi, b n=2 i=1

X 02/ {pi}) ZO ({Pi}) Wm—jet

X Xafaf (Xa, Qa) X2fg 1, (Xp, Qp) ( (Z Pu)

Matching to fixed order (tree-level so far) is obtained by clustering the

n-parton phase space point into m-jet momenta and multiply by ratio of
full to approximate matrix element:

[MA2=R9-9% ({p5 (DD
[MEAER9-9% (pg ({p))))]
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Les Houches Comparison of HJJ Predictions

Rapidity of the Higgs boson

E—‘ 0‘7: Leading jet selection
= E Hey Dijet cuts ]
T %0 —-- aMc@Nwo —
o  —— PownEcBox B
0.5 :* ----- PyrHiA 8 Sombooo *:
B T — | Good agreement of inclu-
03; 1 sive Hjj-cross section and
g 1 differential distributions
*E 1 (e.g. rapidity of the Higgs
oAI? € boson)
§ o Eert + Variations within the un-
2 25 - certainty quoted for each
S = calculation.
S 1 e =
L =
£ osEl e
M :\\I\\‘\\\\‘\\\\ \\\\‘\\\\‘\\\\‘\\\\‘\\\\:
-4 -3 -2 -1 o 1 2 3 4
y(h)
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Les Houches Comparison of HJJ Predictions

Invariant mass of the two tagging jets

EL?:D 102 I Le‘adi‘ng‘jet‘sel‘ecl‘ion‘ _
£ E Dijet cuts E
i E 1 Differences arising at large
1 . .
S o | invariant mass between the
E 7 hard jets.
[t 1 (as expected)
1074 | = PowHEGBoOX .
Fomimen PyTHIA 8 = .
SR — “n... Vector-Boson-Fusion cuts
4|+ Selectregion of large m;.
3 a5t 3
: e — (We will revisit large m; in
e W-Dijets).
: 1f
'% 0.5 B
& F
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Les Houches Comparison of HJJ Predictions

Rapidity of the Higgs boson

LT i | The difierence in the dis-
S oopf 17 MeoNio 3 ftrlbutlon of.m,-,- (and _Ay12)
P Cp— Pyrria 8 3 induce a difference in the
ook T g _ cross section after VBF-
004 [ 3 cuts.
003 & 4 The difference in be-
o0z [ ~ haviour between shower-
oot [ 3 approaches and HEJ
oiw - appear at large rapidities
8 st - and large m; - where HEJ
: *i - resums virtual corrections
S OUE = that are not treated system-
. 7| 7 atically in any of the other
€ Bl ool.oiooiile0... . 1250 5 approaches.
-4 -3 -2 -1 o 1 2 3 4
y(h)
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Theory vs. Data

Example: ATLAS W+jets.
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=) FT T T T T T T T T T T T T L A
8 10°E-ATLAS W(- ) +jets - 14 [~ = BLACKHAT+SHERPA /// 1
B OE ik %44 Data, E S12f 2 7 //
>% E anti-k, jets, R=0.4, h L1 oLer ) ///// /
5 F V<44 Vs=7Tev, 461" { e 2
: e ;_,yT >30CeV. VI <44 _, g ackHAT+SHERPAY o8| /
5 E —+ HEJ 3 06 -_ATLAS
3 —=— ALPGEN 1 CE—t
10 —+— SHERPA E 14 — HES //7/ ]
Fre —«— MEPS@NLO E A / ////
16° i 1 = 1R %, ”W”g,r//////// / %Z//f
E E s I ) 7 1
F = E fos| 7 //////
[ . 1 o, L ,///f
1025 3 slaf = apeEN ' % %// -
F o ] S12F P / / 7
E E 5, F e %
F ] a8 L 2
- 5 o6f, .. o
F 3 14F — sHERPA 7 /ﬁ//’
b 2 12f
101% E 9_ / %ﬂ//% //
E 2 %k
i % fos . /
v, 4 0| S MEPS@NLO 4 /
0 > =2 23 24 > 26 37 0 > 2 =3 6
N, N

Yets

Yjets

Good agreement between all predictions and data - on inclusive

quantities.
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W+Didets

;‘ _l I LI I TTr 1T I LI I LI I LI I_ T T T T T T
$ ATLAS W(- ) +23jet 1.4 = = BLACKHAT+SHERPA
=A [ oantik _ “42 Data, 7
= anti-k, jets, R=0.4, V5= 7TeV, 4.6 " i
=3 pl >30GeV, |y| <4.4 ' = = - 2%
S LT —=— BLACKHAT+SHERPA |
? 1: Scaled Predictions HEJ E
o L —=— ALPGEN ]
° L —+— SHERPA E
F —%— MEPS@NLO 1
107 b
5! % E
[ . ]
L L ] 1
E ]
ol 4
F @ 08 L epsan
[ 3\ MEPS@NLO
il IS NS NS A | (U] o T RN T B B |
50 100 150 200 250 300 50 100 150 200 250 300
p’T (leading jet) [GeV] pJT (leading jet) [GeV]

For standard p;-based observables, all predictions give a reasonable
description (NLO is very good!).
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N

3 i 3 1.4 |- = BLackHAT+SHERPA i
o [ ATLAS W(- ) +22jet ] g //////
=T “42 Dat 1 12
2 ofanikjes s R 108 Yy
~ 1OE = 4 E ; . T
£ EMR0CVIMI<Ad | ol shiErpad 8 /{////// //// /// é
<c [ Scaled Predictions HEJ ] o 4 on,
N —I=
E —a— ALPGEN - + ”’,
8 5‘,\ —+— SHERPA E 14 //;
Fe —»— MEPS@NLO E 8 )
] o i z
F o2 ////////
10 E 3 ) /ﬂ/ﬂ? 7;
E E a 7|
- * 4
L8 1
10’25— E=SS E
i = SN ]
10°F E
3 ==XV E
E ]
E st I
F = A i D)
N T 2 7z
i Sosf - . @
10°E >e< MEPS@NLO %
Ev oo by by a by 0.6 A P RN/,
o 500 1000 1500 2000 0 500 1000 1500 2000

There is a large spread in the prnézcﬁ(isce:%ons for the spectrum in the rinﬁ\[/Ga‘la\r?ant
mass between the two hardest jets. Here, the terms systematically dealt with
in HEJ are important, and HEJ gives a good description.

Note: hjj interesting for m; > 400 — 600GeV.

Jeppe R. Andersen H+Dijets (or more) with HEJ IPPP, December 9 2014 25/27



7

1 nonfkl
1 uno
1 fkl

10"}

10°F

0 260 460 660 860 1000
_ _ B _ M(jj) [GeV]
Sub-leading corrections small at large mjj - matching corrections small.
First set of sub-leading corrections included in the all-order treatment.
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@ Hadron colliders probes hard (=jets) perturbative corrections
beyond pure NLO ... already at 2, 7TeV!

@ High Energy Jets* provides a new approach to the perturbative
description of proton collider physics
...and compares favourably to data in several analyses
... several ongoing improvements in the formal accuracy of the
perturbative approximations

*http://cern.ch/hej
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