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|) Discoveries at hadron colliders
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|) Discoveries at hadron colliders
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|) Discoveries at hadron colliders
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parameter extraction
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|) Discoveries at hadron colliders

Peak Shape Rate
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Background directly measured Background SHAPE needed. Relies on prediction for both
from data. Flexible MC for both signal and shape and normalization.
Theory needed only for background validated and tuned Complicated interplay of best
parameter extraction to data simulations and data
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New physics!?

ATLAS Preliminary

Status: Moriond 2014

[ ATLAS Preliminary

| == Observed limits
[ e Expected limits

L All limits at 95% CL

- CDF 2.6 b [1203.4171]
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Ly = 20 - 21 fb' {s=8 TeV
OL ATLAS-CONF-2013-024
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m;, [GeV]

® Fither there is
® |f it is there, it

Status: Moriond 2014 det -(46-229)fb"! +s=7,8TeV
Model 6T,y Jets ET™ [raqm™) Reference
MSUGRA/CMSSM o 26jets  Yes 203 |@E 1.7TeV.  m(@=m() ATLAS-CONF-2013-047
MSUGRA/CMSSM Ten 3-6jets  Yes 203 |Z 1.2 TeV any m(3) ATLAS-CONF-2013-062
o  MSUGRA/CMSSM 0 7-10jets  Yes 203 |& 11 Tev any m(g) 1308.1841
2 @ ti—vq)?‘w’ 0 2-6jets  Yes 203 i 740 GeV m(E))=0 GeV ATLAS-CONF-2013-047
S | 3z 3050 o 2:6jets  Yes 203 |& 1.3 TeV m(¥})=0 GeV ATLAS-CONF-2013-047
8 zz.3-qdtt ﬁquzﬁ leu 36jets Yes 203 & 1.18 TeV m(E})<200 GeV, m(F*)=0.5(m(¥})+m(z)) ATLAS-CONF-2013-062
D 2z, 5qq((L v f)E) 2ep 0-3 jets - 203 |& 1.12TeV m(¥})=0GeV ATLAS-CONF-2013-089
g GMSB (7 NLSP) 2epu 2-4jets  Yes 4.7 tanf<15 1208.4688
‘D GMSB (7 NLSP) 127 0-2jets  Yes 20.7 tan$ >18 ATLAS-CONF-2013-026
% GGM (bino NLSP) 2y - Yes 203 m(¥})>50 GeV ATLAS-CONF-2014-001
£ GGM (wino NLSP) Tepu+y - Yes 4.8 m(F})>50 GeV ATLAS-CONF-2012-144
GGM (higgsino-bino NLSP) Y 1b Yes 4.8 m(¥})>220 GeV 1211.1167
GGM (higgsino NLSP) 2e,4(Z) O3jets  Yes 5.8 m()>200GeV ATLAS-CONF-2012-152
Gravitino LSP 0 mono-jet  Yes 105 m(g)>10"" eV ATLAS-CONF-2012-147
S5 0 3b Yes  20.1 z 1.2TeV m(¥})<600 GeV ATLAS-CONF-2013-061
S 0 7-10jets  Yes 203 |& 1.1 TeV m(¥) <350 GeV 1308.1841
3 E 0-1ep 3b Yes 201 |& 1.34 TeV m(F})<400 GeV ATLAS-CONF-2013-061
o 10 0-1ep 3b Yes 201 |2 1.3TeV m(¥})<300 GeV ATLAS-CONF-2013-061
0 2b Yes 201 by 100-620 GeV m(¥})<90 GeV 1308.2631
0o 2e,u(SS)  03b Yes 207 |B 275-430 GeV m(¥})=2 m(t)) ATLAS-CONF-2013-007
XS fi(light), fi S 12ep 12b Yes 47 |& 11 m(¥})=55 GeV 1208.4305, 1209.2102
S8 Aillight), i woi) 2ep 0-2jets  Yes 203 |7 130-210 GeV m(F)) =m(@)-m(W)-50 GeV, (i, )<<m(¥;) 1403.4853
2B 77 (medium), fj >t 2eqn 2jets  Yes 203 |& 215-530 GeV m(F})=1 GeV. 1403.4853
= g_ i1 (medium), 7 Hﬁy)?f 0 2h Yes 201 7 150-580 GeV m(¥})<200 GeV, m(¥i)-m(¥})=5 GeV 1308.2631
%3 i1 (heavy), _")E:\ Ten 1b Yes 20.7 i 200-610 GeV m(¥})=0GeV ATLAS-CONF-2013-037
S O Al (heavy)hz] -t 0 2b Yes  20.5 i 320-660 GeV m(¥})=0 GeV ATLAS-CONF-2013-024
™ if, focX, 0 mono-jet/c-tag Yes 20.3 I 90-200 GeV m(f1)-m(¥})<85GeV ATLAS-CONF-2013-068
fifi(natural GMSB) 2e.u(2) 1b Yes 20.3 i 150-580 GeV m(¥})>150 GeV 1403.5222
b, h-h +Z 3e,u(2) 1b Yes 203 |& 290-600 GeV m(¥})<200 GeV 1403.5222
2ep 0 Yes 203 |7 90-325 GeV m(E)=0 GeV 1403.5294
5 ¥ b 2ep 0 Yes 203 )?i 140-465 GeV m(¥})=0 GeV, m(Z. 7)=0.5(m({} )+m(¥?)) 1403.5294
O XX X -t 27 - Yes 207 ¥y 180-330 GeV m(¥})=0 GeV, m(, )=0.5(m(¥})+m(¥})) ATLAS-CONF-2013-028
WSS Vv vl ), (7L L) Ben 0 Yes 203 ii’i; 700 GeV m(ET)=m(E3), m(¥})=0, m(¢, #)=0.5(m(¥})+m(¥})) 1402.7029
X ;zgﬂw;”z)zg 23ep 0 Yes 203 |FLi 420 GeV m(ET)=m(¥3), m(¥})=0, sleptons decoupled | 1403.5294, 1402.7029
XX — WX h Y 1eu 2b Yes 203 | XK, 285 GeV m(¥T)=m(¥3), m(¥})=0, sleptons decoupled | ATLAS-CONF-2013-093
8@ Direct Y147 prod., long-lived ¥;  Disapp. trk 1 jet Yes 203 | 270 GeV m(E+)-m(E0)=160 MeV, 7(¥})=0.2 ns ATLAS-CONF-2013-069
=2 % Stable, stopped g R-hadron 0 15jets  Yes 229 |& 832 GeV m(¥})=100 GeV, 10 yis<(Z)<1000 s ATLAS-CONF-2013-057
ST GMSB, stable 7, ¥/ 7@, i)er(e, ) 121 - - 15.9 10<tanB<50 ATLAS-CONF-2013-058
s 8 Gwss, X —yG, long-lived ¥ 2y - Yes 47 0.4<r(¥)<2 ns 1304.6310
- 34, X\ —qqu (RPV) 1 g, displ. vix - - 203 1.0 TeV. 1.5 <cr<156 mm, BR()=1, m(¥})=108 GeV | ATLAS-CONF-2013-092
LFV pp—o¥: + X,z —e + 2ep - - 46 k3 12121272
LFV pp—ve + X, Vi —e(u) + 7 Tep+r - - 4.6 k3 12121272
= Bilinear RPV CMSSM Tep 7jets Yes 47 m(g)=m(2), crsp<1 mm ATLAS-CONF-2012-140
& X ,).(rﬁW/\?ﬂ,)?nﬂee\'?w epv, 4dep - Yes  20.7 760 GeV m(¥})>300GeV, 42,50 ATLAS-CONF-2013-036
XXX »Wh W orrv, erv, Bep+T - Yes 207 350 GeV/ m(E1)>80GeV, 433>0 ATLAS-CONF-2013-036
&—4q9q o 67 jets - 203 |& 916 GeV BR(1)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091
gooiit, fi—bs 2¢u(SS) 08b  Yes 207 |& 880 GeV ATLAS-CONF-2013-007
L Scalar gluon pair, sgluon—qg 0 4jets - 4.6 incl. limit from 1110.2693 1210.4826
g Scalar gluon pair, sgluon—i’ 2e, (SS) 2b Yes 14.3 ATLAS-CONF-2013-051
6 WIMP interaction (D5, Dirac y) 0 mono-jet  Yes 10.5 m(y)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147
Vs =8TeV 1
full data Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1o theoretical signal cross section uncertainty.

® No NP has been discovered yet
no NP, or it is hiding very well
will be a ‘Hard’ or ‘very Hard’ discovery

® Need for accurate predictions for signal and background
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2) Measurement of parameters

® E.g.: Extracting the top mass from leptonic observables

® Start with pseudo-data with m9=174.3 GeV
® Use theoretical predictions with different accuracy
TH. ACC. m;
NLO-+PS+MS  174.4879-73[5.0]
LO+PS+MS  175.9870:93116.9]
NLO+PS 175.4370:55[29.2]
|

LO+PS 187.901 )0 [428.3
fNLO 174.4119-72(96.6]
fL.O 197.3170 52 [2496.1]

® [arge differences appear in the reconstructed mg, due to
different TH accuracies
® Better TH simulations improve central value and reliability of

uncertainties Frixione, Mitov arXiv:1407.2763
Marco Zaro, 25-12-2015 5
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How to compute a cross-section

> [

long distance

long distance

Z /d$1d$2dq)FS folzy, pr) fo(xe, pr) Gap—x (S, UF, UR)

a,b
’ Phase-space Parton density Parton-level cross

integral functions section
Marco Zaro, 25-12-2015 6
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Perturbation theory at work

Gab—x (8, L, tR) Parton-level cross section

® The parton-level cross section can be computed as a series in
perturbation theory, using the coupling constant as an expansion
parameter

~ b b+1 b+2 b+3
oO=o,00tTQ, 01 +T«Q, "02+Q, "03T...

® Remember:
as = as(1r) o; = 0i(br, LF)

Both coupling and cross section depend on unphysical scales

Marco Zaro, 25-12-2015 7
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Perturbation theory at work

Gab—x (8, L, tR) Parton-level cross section

® The parton-level cross section can be computed as a series in
perturbation theory, using the coupling constant as an expansion
parameter

~ b b+1 b+2 b+3
oO=o,00tTQ, 01 +T«Q, "02+Q, "03T...

)

® Remember:

as = as(1r) o; = 0i(br, LF)
Both coupling and cross section depend on unphysical scales
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Perturbation theory at work

Gab—x (8, L, tR) Parton-level cross section

® The parton-level cross section can be computed as a series in
perturbation theory, using the coupling constant as an expansion

parameter - o b
O'()—I—Oé_l_()' +oz+0 +a+0 -+ .
LO /5 ( NLO/S
® Remember:
as = as(Ur) 0; = 0i([R, F)

Both coupling and cross section depend on unphysical scales

Marco Zaro, 25-12-2015 7
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Perturbation theory at work

Gab—x (8, L, tR) Parton-level cross section

® The parton-level cross section can be computed as a series in
perturbation theory, using the coupling constant as an expansion

parameter
(70 +ab 01 +ozb+20 +ab+30 -+ .

LO /5 ( NLO/S (NNLQ\)

as = as(1R) 0; = 0i(1Rs LF)
Both coupling and cross section depend on unphysical scales

® Remember:

Marco Zaro, 25-12-2015 7
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Perturbation theory at work

Gab—x (8, L, tR) Parton-level cross section

® The parton-level cross section can be computed as a series in
perturbation theory, using the coupling constant as an expansion

parameter

~ b b+1 b+2 b+3
oO=o,00tTQ, 01 +TQ, "02+Q, "03T...

(Lo /5 ( NLO/S (NNLé\) NNNLO

® Remember:

as = as(1r) o; = 0i(br, LF)
Both coupling and cross section depend on unphysical scales

Marco Zaro, 25-12-2015 7
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Perturbation theory at work

® The inclusion of higher orders improves the reliability of

a given computation

® More reliable description of total
rates and shapes

® Residual uncertainties related to
the arbitrary scales in the process *
decrease

® The computational complexity
grows exponentially |—

® NLO is mandatory for LHC ol
physics (in particular at Runll)!

pp->h+X gluon fusion

B LO m NLO m NNLO ®m NNNLO

s mev
Anastasiou, Duhr, Dulat, Herzog, Mitslberger arXiv:1503.06056

Marco Zaro, 25-12-2015 8
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Perturbation theory at work

CMS Preliminary ‘
— 19607 (8TeV) 7A7, Data CMS PAS SMP-13-007
QO 5 | T —$— Sherpa2 (<2j@NLO 3,4j@LO + PS) ) ) ) )
Z10° o o Tree level with parton shower computed with MADGRAPH 5 [1] interfaced with
= —Eh— Madgraph + Pythia6 (<4j@LO + PS) . . . . .

g - —— PYTHIA 6, for parton shower and hadronization, with the same configuration as de-
% 102 E S scribed in section 3. The total cross section is normalised to the NNLO cross section
g - 4 computed with FEWZ. This NNLO normalisation is not applied to the other predic-

10 * =  tion that follows.
N e 1 e Multileg NLO with parton shower computed with Sherpa 2 [2] and Blackhat [33, 34]
1 = . 5§ for the one-loop corrections. The matrix elements include the five processes pp —
y - 4 Z+Nijet,N =0...4, withan NLO accuracy for N < 2and LO accuracy for N = 3, 4.
107 = i ‘2 The CT10 PDF is used. The merging of parton shower and matrix elements is done
- epippirion 4 with the MEPS@NLO method [35] and QCUT parameter set to 20 GeV.
102 _ .. =
= anti-k; (R=0.5) Jets E B ——
, - p]:t >30 GeV, h]]et| <24 % 10° ATLAIS data vs |HERWIG+:+- | | | | |
10° E ziy*— lichannel E = N o) o | * + il?::a
= | | | | | | | = 9 g % 3 - e Var ]
q - ‘ | o= ol ]
- R s
5 - R 3
= - o o A :
@ OSE & >% I e .
3 B o5 <t —+—
S 1.5 c ﬂi N 107° | i
£ - o= 5 , , , , | | |
g 1 X q:) o 1.35| ' ' ' .
& F ; EE R i :
S 05F = : 2 o%f N & i
S - I.:| Stat. ulnc. (gen)l | | | ] é |: z 0751 | : : : | % A L
=1 =9 =3 =4 =5 =6 =7 Q 8 g}gg: 15.0 GeV 25;1)(3_ev___| ]
Niets 9§ ip—— e
: SO > 075k e C = - - =
L. A © 0.60 . . . . . . . . .
0 1 2 3 4 5 6 7
Marco Zaro, 25-12-2015 9 N
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In these lectures:

®* How to compute effectively a NLO cross section!?
® How to compute loops!?
® How to deal with infrared divergences!

® How to generate events to be showered at NLO!?

Marco Zaro, 25-12-2015 10
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NLO

&

® NLO evolution:

O
N
o
N
LN
o>
o0
4
4
O
4
o
4
N
oo o
S £
d+
3
= 1o
3 S

Marco Zaro, 25-12-2015
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® NLO evolution:

NLO

Hvirt diag 2 43 416 4489 57026

ud—W* ng NLO revolution!

Marco Zaro, 25-12-2015 |l
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NLO revolution

® Amazing development of computational techniques to
tackle any process at NLO

® Local Subtraction Frixione, Kun.szt, Signer, hep-ph/9512328
Catani, Seymour, hep-ph/9605323

¢ Computation of loop MEs |
] Passarino,Veltman, 1979
o TenSOI" reductlon Denner, Dittmaier, hep-ph/509 14|

. . . Binoth, Guillet, Heinrich, Pilon, Reiter, arXiv:0810.0992
® Generalized unitarity

Bern, Dixon, Dunbar, Kosower, hep-ph/9403226 + ...
Ellis, Giele, Kunszt, arXiv:0708.2398
+ Melnikov, arXiv:0806.3467

Marco Zaro, 25-12-2015 12
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Going NLO

~ b b+1 b+2 b+3
oO=o,00t0a, 01 t+oa, "02+a, 03+...

® NLO is the first order where the scale dependence in s and

PDFs is compensated by loop corrections
® First reliable predictions for rates and uncertainties

® Better description of final state (inclusion of extra radiation)
® Opening of new partonic channels from real emissions

Marco Zaro, 25-12-2015 |3
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Going NLO

A b+1 b+2 b+3
o=« O'Q—I—()é5+ 01+048+ oy +a’ o3+ ...

S
(LO

® NLO is the first order where the scale dependence in s and

PDFs is compensated by loop corrections
® First reliable predictions for rates and uncertainties

® Better description of final state (inclusion of extra radiation)
® Opening of new partonic channels from real emissions

Marco Zaro, 25-12-2015 |3
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Going NLO

A~ b b+1 b+2 b+3
O=Q,0)+0Q, 01 +Q, "02+0, “03+ ...

( LO/B(NLO/S |

® NLO is the first order where the scale dependence in s and

PDFs is compensated by loop corrections
® First reliable predictions for rates and uncertainties

® Better description of final state (inclusion of extra radiation)
® Opening of new partonic channels from real emissions

Marco Zaro, 25-12-2015 |3
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Going NLO

A~ b b+1 b+2 b+3
O=Q,0)t+0Q, 01 +Q, "02+0, “03+ ...

( LO/B(NLO/S |

® NLO is the first order where the scale dependence in s and

PDFs is compensated by loop corrections
® First reliable predictions for rates and uncertainties

® Better description of final state (inclusion of extra radiation)
® Opening of new partonic channels from real emissions

Marco Zaro, 25-12-2015 |3
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Going NLO

~ b b+1 b+2 b+3
O=Q,0)t+0Q, 01 +Q, "02+0, “03+ ...

( LO/B(NLO/S S

® NLO is the first order where the scale dependence in s and

PDFs is compensated by loop corrections
® First reliable predictions for rates and uncertainties

® Better description of final state (inclusion of extra radiation)
® Opening of new partonic channels from real emissions

Marco Zaro, 25-12-2015 |3
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NLO: how to!

® Three ingredients need to be computed at NLO

O-NLO:/OéZdO-O—I_/Oég—I—ldO-V_l_/ Ckg—l_ldO'R
n ? n T n+1 T

Born Virtual Real-emission
Cross section corrections corrections

® Remember: virtual and reals are not separately finite, but their
sum is (KLN theorem). Divergences have to be subtracted
before numerical integration.We will shortly see how

Marco Zaro, 25-12-2015 |4
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How to compute loops!
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Computing loops numerically

)

® Consider a m-point one-loop diagram with n external momenta

o

® The integral to compute is
N(I)
DoD1... Dy 1

Marco Zaro, 25-12-2015 |6
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A hint...

® Any one-loop integral can be cast in the form
d N () a1
P Dy Dy = 2 coefli [ d DD
® that is, a linear combination of scalar integrals
® Only scalar integrals with up to 4 denominators are
needed — the basis is finite!
® The coefficients depend only on external momenta and
parameters.

Marco Zaro, 25-12-2015 |7
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Scalar integrals

lloop __ E
M — di0i1i2i3Di0i1i2i3

1
BOXDiii@': ddl
10,11,12,13 0F1E2ts DiODil DigDig
+ Z CigirisCiginis Trianele C gy 1
40,411 rlangle Cipiiip =
0ot ’ D’ioDilDi2
+ Z bioillgioil 1
Bubble Bi, = [ dI
D; D;,
_I_ Z a”iOA’I:O 1
W Ao = [ d¥ 5
+ R+ O(e) "

® Scalar integrals are known and available as libraries

FF (van Oldenborgh, CPC 66,1991)
QCDLoop (Ellis, Zanderighi, arXiv:0712.1851)
OnelLOop (Van Hameren, arXiv:1007.4716)

Marco Zaro, 25-12-2015 |8
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How to compute the coefficients?

® Several techniques exist

. Passarino,Veltman, 1979
® Computatlon of |OOP MEs Denner, Dittmaier, hep-ph/509 141
. Binoth, Guillet, Heinrich, Pilon, Reiter, arXiv:0810.0992

® Tensor reduction
. . . Bern, Dixon, Dunbar, Kosower, hep-ph/9403226 + ...
° Generallzed Unltarlt)’ Ellis, Giele, Kunszt, arXiv:0708.2398
+ Melnikov, arXiv:0806.3467

In these lectures

Marco Zaro, 25-12-2015 19
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Integrand reduction

N (1) |

dl — ff; [ d°
DoD1 ... Doy 2 coe "Dy D .

® Can we take away the integral?
N (1) 1
+ coeft;
DoD; ... Dy 2. 'D;. D;, ...
® Of course not, we must take into account for terms
which integrate to 0, the so-called spurious termes:

N(l 1
B .(.)Dm_l — Z (coeff; + spurious, (1)) D Di ...

Marco Zaro, 25-12-2015 20
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Spurious terms

® The functional form of the spurious terms is known and
depends on the rank (powers of | in the numerator) and
on the number of denominators. vei gl icta, hep-ph/0404120
® F.g.a rank-1 box

~

L VOO V. P O
Aigivigis () = digiyigis €77 IHDY Pop]

® The integral is O

~

ddl dioi1i2i3(l) 7 /ddle,uupa l'upipgpg —0

DoD:DyDs = otrizis DoD:1 D+ D5
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OPP decomposition

Ossola, Papadopoulos, Pittau, hep-ph/0609007

N (1) . 1
N = Z (coeft; + spurious; (1)) D Dr ...

® |[f we multiply both sides times DoD;...D,-1 we get
N(l) = Z (digirigis T dvioiliQiS) H D;

7:07?:17?:27?:3 i#i07i17i27i3
T E , (Cioi1i2 —|—C730731732) | | Di
10,%1,12 110,11 ,12
+ > (bigin +biei) 1] D
10,21 110,21
+ > (ai, +ai,) || Di
io iio

+P() [ Di + O(e)
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o

Getting the coefficients

® N(I) is known from the diagrams and the functional

form of spurious terms is known too

® We can sample N([) at various values of the loop momentum,
and get a system of linear equations

® The sampling can be done numerically

® By choosing smart values of [ (in the complex plane), the
system can be greatly simplified

® E.g. we can choose | such that

Dyi(I%) = D2(I7) = Ds(1™) = D4(l7) =0

N(1%) = (d1234 + d1234(IF)) H D; (1)

Marco Zaro, 25-12-2015 23 17#1,2,3,4
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o

Getting the coefficients

® Two values of [ and the knowledge of the spurious
terms functional form are enough to extract the box

coefficient
] 1 N(IT) | N(™)
1234 — = |
Hi#1,2,3,4 D;(l") H¢¢1,2,3,4 D;(l~)

2

® Similarly, all the box coefficients can be determined

® Then one can move on to the triangles (choosing [ such
that 3 denominators vanish)

® Then to the bubbles, and finally to the tadpoles

Marco Zaro, 25-12-2015 24
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% Getting the coefficient: ™=

recap

® For each PS point, we have to solve a system of
equations numerically

® The system reduces when special values of the loop
momentum are chosen

® N(l) can be the numerator of the full matrix element, of
a single diagram or anything in between

® For a given PS point, the numerator has to be sampled
several times (~50 for a 4-point diagrams)

Marco Zaro, 25-12-2015 25



% The evil is in the details: UPmC

Complications in d dimensions

® So far, we did not care much about the number of
dimensions we were using

® |n general, external momenta and polarisations are in 4
dimensions; only the loop momentum is in d

® To be more rigorous, we compute the integral

de] — _N(Z’Q [ =1+1
DoD+...D,,_4 _/.' dT

Marco Zaro, 25-12-2015 26



UPMC

IAARI SORBONNE

Implications

® The reduction should be consistently done in d
dimensions

lloop __ E : ~
M T d’io’il’ig’igp’io’il’ig’ig

7:077:1 77:2 77:3

- E : C’io’iliQCioiliz

7:0 77;1 77:2
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Implications

® The reduction should be consistently done in d

dimensions
1lloo ~ lloop
MZOP = E Aigivigis Digivigis M P = E Aigiiinis Pigiqisis

7:077:177;277:3 7:077:177:277:3

- E : C’ioiliQCioiliz -+ E : C’io’il’iQC’io’il’i2
7:077:177:2 7:077;177:2

—I_ E b’l;()i]_BZOZ]_ _l_ § bio’illg’bozl
7:077:1 7:077;1

- Z ai, A, -+ Z a;, A,
10 10

+ O(e) RH O(e)

That is why the rational terms are needed
Marco Zaro, 25-12-2015 27
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The rational terms

OPP, arXiv:0802.1876

® |[n the OPP method, two types of rational terms are there:
R=R1+R>

® Both originate from the UV part of the model, but only R; can
be computed in the OPP decomposition

® R; originates from the denominators (propagators) in the loops
11 2

= (1= =

D; D; D;
® The denominator structure is known, so these terms can be
directly included in the OPP reduction

® R, contributions are proportional to
ZQ 2
~ d _
P i (i — 1)’ 55,5, - 2 "9©
/ddlDiDj = m; +m; — : J ] + O(e) z . 5
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R>

® R terms originate from the numerator. i
Integrals with rank =2 can have terms in the numerator ~ to /2

® This dependence can be quite hidden and become explicit only
after having done the Clifford algebra

® Since we want a fully numerical approach, these terms cannot
be obtained directly with the OPP reduction

® Within a given (renormalizable) model, only a finite set of terms
that can give rise to these terms exists. They can be identified
and computed as the “R» counterterms”

Marco Zaro, 25-12-2015 29
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R> Feynman rules

® |[n a renormalizable theory, only up to 4-point integrals
contribute to the R; terms
® They can be included in the computation using special Feynman
rules (as it is ]c?:lone for the yxzrenlormalisation). For example:
R g —

—®— = oL 5 (—p + 2mg) A
] . 16'7'('2 2Ncol kl( ¢_|_ mQ) HV

k
) 2
g Ncol —1 a
M, a — 1672 2N, b Y (1 + )‘HV)
[ Draggiotis, Garzelli, Papadopoulos, Pittau, arXiv:0903.0356
® Similarly to the UV counterterms, the R> terms are model
dependent and need to be explicitly computed for BSM models

This is now automated for renormalizable theories
Degrande, arXiv:1406.3030
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MadLoop

Hirschi et al, arXiv:1103.062 |

® How to automate loop computation?

® Exploit MadGraph’s capabilities to generate tree-level diagrams

® Loop diagrams with n external legs can be cut, leading to tree

diagrams with n+2 legs

® All diagrams with 2 extra particles are
generated, those which are needed are
filtered out

® Each diagram is assigned a tag, which helps
removing mirror/cyclic configurations

® Additional filters to remove tadpole/
bubbles on external legs

® Contract with Born, do the color algebra,
re-glue the cut particle, etc...

® Add UV and R2 counterterms as extra
vertices

1
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Results with the older (MG4) version

c.2
c.3

mw + 2mtop

0.009415 £0.000003
9.459 +£0.004

0.01159 =0.00001

15.31£0.03

Process i ni ¢ Cross section (pb)
LO NLO

a.l pp—tt Miop 5) 123.76 £0.05 162.08 £0.12
a2  pp—ij Mitop 5 34.7840.03 41.03 4 0.07
a3 pp—tjj Miop 5 11.851 +0.006 13.71 4 0.02
ad  pp—thj Miop/4 4 25.62 +0.01 30.96 + 0.06
a5 pp—thjj Miop/4 4 8.195 4 0.002 8.91+0.01
b.l pp— (Wt =)etr, my 5072.5+£2.9 6146.2 +£9.8
b.2 pp— (Wt =)etr.j mw 828.440.8 1065.3+1.8
b.3 pp— (W =)etv, jj mw 298.8 £0.4 300.34+0.6
b4 pp— (v*/Z —)ete myz 1007.0+0.1 1170.0+2.4
b.5 pp—(v*/Z =)eTe j myz 156.11£0.03 203.0£0.2
b.6 pp— (v*/Z —)ete jj my 54.24 +£0.02 56.69 +0.07
el pp— (W =)etuvebb  my + 2my 11.557 £ 0.005 92.95 +0.07

(

(

mz + 2my

L SN SN Ot Ot = Ot gt Ot Ot Ot Ot Ot

cd pp—(v)Z =)ete tt  my + 2meop 0.0035131 £0.0000004  0.004876 = 0.000002
c5  pp—tt 2Mtop 0.2906 == 0.0001 0.4169 = 0.0003
Al ppoWTW- 2m 29.976 - 0.004 43.92 +0.03
d2 pp—oWTW~—j 2mw 11.613 £0.002 15.174 40.008
d3 ppoWTWTjj 2m 0.07048 4 0.00004 0.1377 +£0.0005
el pp— HWT mw +myg 5 0.3428 £ 0.0003 0.4455 - 0.0003
e2 pp— HWT; mw +mg 5 0.1223 £0.0001 0.1501 = 0.0002
e3 pp—HZ mz+myg 5 0.2781 -+ 0.0001 0.3659 == 0.0002
ed pp—HZj mz+myg 5 0.0988 = 0.0001 0.1237 £0.0001
e.5 pp— Htt Miop + M 5 0.08896 4 0.00001 0.09869 4 0.00003
e.6 pp— Hbb my+mp 33 0.16510 £ 0.00009 0.2099 == 0.0006
=

1 104 _L..NO NN

1 N2CL L. N NN



Proce Syntax Cross section (pb) Process Syntax Cross section (pb)
LO 13 TeV NLO 13 TeV Four vector bosons LO 13 T
+15.4% +2.0% +5.2%
p p > wpm 1.3754+0.002 - 10°  F0e® 200 1.773+£0.007 - 10°  Fo5% c2l* ppoWHW-W+HW= (4f) p p > wt w- w w-  5.7214+0.014 - ¥
: 4 +19.7% +1.4% 4 +5.9%
PP > wpm j 2.045 £ 0.001 - 10 _%Zgzz _(1).%(% 2.843 +£0.010 - 10 _é.gg) c.29% pp—>W+W7WiZ (4f) PP > Wt w- wpm z 6.391 + 0.076 - t . . .
P 103 1+24.5% +0.8% L1038 +24% . :
pp>wpmjj  6.805+£0015-10" Tigly Toqy  7-786+£0.030 -10° Ty c23 ppoWIWIWEY(Af)  pp > wsw-wpma  S.115+0.064 107 ‘Zg ) REBES R OR5 1 1073 ThaE
pp>wpmjjj 1.821+0.002 103 FAL0% +05% 9005+ 0.008 - 103 F09% il b X
—27.1% —0.5% —6.7% c24* pp—WHIW-ZZ (4) PpP>wtw-zz 4.32040.013 -107*  F1E 220 7.10740.020 - 1074 FIO8 IS8

a.b pp>z 4.248 +0.005 -fo*, 1% f?g;‘; 5410+ 0.0 -10* T c25%  pp— WHW Zy (4f) pp>wtu-za _ 8403+0016010~ *3.0% 287 14834 0.004 - 1073 FT2% +16%
a6 pp—Zj Pp>z O0R - Qv - 2 6* >+ 0 % 9.3814£0.032-107% 9T L
a.l  pp—Z4jj pp>z ‘00 v, —Og 66 - ' 0. 2T Z > wpm z 47 1'3(‘? 1.240£0.004 - 10~ +s§‘g‘§ +1;ZJ

CoL 2 +40.8% +0.5% 2 +1.1% +0.5% e e e
a8  pp—Zjjj PP>zjjJ 6314420008 107 Tory Tose 6.996£0.028 -10° Ty Tos  cosr ppowEzzy pp>wpnz 1148 +0.003 - 1074 F38% +22% 99454 0,008 - 10~4 FL08% +19%
a9  pp—j pPp>aj 1.964 £0.001 - 10*  FT3L2% T17% 5918 +0.025 - 10* TEA% TN 200 pp s WEZyy pp>wpmzaa 105440004 1074 +LTE+21% 3033400101074 +L00% +11%

al0  pp—njj PpP>aj]j 7.81540.008 - 10°  FI5E FO9% 1004 +0.004 - 100 F3% FOSE e300 ppos WEyyy pp>wpmaaa 360040013105 4% 120% 946400051071 8% 1097

Process Syntax Cross section (pb) 31" pp— 2227 pp>zzzz 1.989+0.002 - 1077 *3E% 328 2620 £0.008 - 1077 T30 F12%
Vector-boson pair +jets LO 13 TeV NLO 13 TeV 32" pp— 227y pp>zzza 3.94540.007 - 1077 F3F T 5.224£0.016 -107° TR FiE
bl  pp—oWHW= (4f)  pop > wt w- 7.35540.005 - 101 +20% 420% 0984 003 - 102 +40% +19% 33" pp—ZZyy pp>zzaa 5.513+£0.017 -107° F09% T3 7518 £0.032 - 1075 F ek FO%

. . . —6.1% —1.5% : ) —4.5% —1.4%

* — +2.3% +2.0% - +3.4% +1.6%
b2  pp—ZZ pp>zz 1.097 +0.002 - 100 +45% +19% 4 41540.005 - 100 31 H18%e34T pp— Zyry Pp>zaaa 4.790£0.012 - 1077 Ty Trgy  T1034£0.026 11077 Tyog Tigy
b3 pp— ZW* pp>zwpn 2.777+0.003 - 100 +30% +20% 4487+ 0.013 - 101 TAA% HLTE 35" pp—y17Y pp>aaaa 1.594+£0.004 - 107° FI70 F19% 3.389+£0.012 1077 FLO% 9
b4 pp—y pp>aa 2.510£0.002 - 100 T220% T24% 6593 £0.021 - 100 TTO% 207 Proces ; secti
b5 pp—Z pp>az 25234 0.004 - 100 0% +20% 3.60540.013 100 4% £14% Heavyrz(lf::ks and jets o LO 13 TeV o section (vt NLO 13 TeV
b6  pp—yWE PP >awpn 2.954 +0.005 - 101 T95% +20% 71944 0.026 - 101 FIT% +15%

. . : —11.0% —1.7% ) ) —9.9% —1.3% a1 ppﬁjj pp> J j 1.162 + 0.001 - 106 +24A9§ +0A8? 1.580 + 0.007 - 106 +8A4g; +0A7?

T — o 1 +11.6% +1.0% 1 +4.9% +1.1% ' ' ' —18.8% —0.9% ) ’ 0% —0.9%
b.7 pp—>W w J (4f) PP > wt w J 2.865 + 0.003 - 10 ~10.0% —0.8% 3.730 £ 0.013 - 10 —4.9% —0.8% d.2 pp*}]‘jj PP > J jj 8.940 + 0.021 - 104 +421248LZ) "rii? 7.791 + 0.037 - 104 +§;§’7 +ié§“
b8  pp—ZZj Pp>zz] 3.662+0.003 - 100 007 0% 4.830£0.016 - 100 8% T - s Taman o S 50% T1%
bo iy . L6054 0.005 . 101 F1L6% F09% o 0864 0.007 . 101 +49% +0.9% A3 pp—bb (4f) pp>b b~ 3.743£0.004 - 103 F25:2% +15% 64384+ 0.028 - 108 F159% +1.5%
pp J PP pm J —10.0% —0.7% —4.8% —0.7% " o . 441% +1.6% 6.8% +1.5%

g g c 5 d.4 — bbj (4f) > b b~ 1.050 +£0.002 - 103 * + 1.32740.007 - 103 * +
b.10 SNPWE > aa i 1.022 + 0.001 - 101 120:3% +1.2% 2992 4+ 0.010 - 10t F17-2% +1.0% : bp J PP J : . —28.5% —1.8% : : —11.6% —1.8%

. pp =777 pp J : : -17.7% —1.5% . : ~15.1% —1.4% X T o 2 +61.8% +2.1% 2 +8.2% +2.0%
b.11* T >az i 8.310 & 0.017 - 100 +14.5% +1.0% 1.220 + 0.005 - 101 +7.3% +0.9% d.5 pp*)bb]] (4f) PP > Db b~ J ] 1.852 4+ 0.006 - 10 —35.6% —2.4% 2.4714+0.012 - 10 ~16.4% —2.3%

. pp Y4) PP ] . . _12.8% . . —7.4% —0.9% bi)bg Af >bb bb 5.050 4+ 0 7. 10*1 +61.7% +2.9% 8.736 + 0.034 - 1071 +20.9% +2.9%
b.12*  pp—>AWEj pp>avpn j 2.546 + Q@10 - 100 *13TE 3.713£0.015 - 100 *T2% +0-9% pp — bbb (4f) PP ~hh Y : —35.6% —3.4% : —22.0% —3.4%
b3 pp— WHWHjj P D>t wt ] 1.484 1107 2.251 ! — PP Asgic0 B 10° TR T 674120023107 Tgg Ty
b4 pp WO T 10 i« 1003 ts ) 002 10° Togom Tty 41060015107 Tgy Tany
b15  ppos W —is (40 o . 99 306 1jj 3 BT 0.001 - 102 F6LA% +26% 4 7954 0 006 . 102 +95% +24%

’ w o oy o ’ 0 +26:0% ' titt p ~ tl~ S 05 103 +035% fg 2% 9.201+£0.028 - 1073 FE08% 5.5
b.16  pp—ZZjj PP>223]j 1.344+0.002 - 10 T{5cn 1.706 £ 0.011 - 10 0 © 20 TR
b17  pp— ZWEjj pp>zuwpmjj 803840009 100 2677 9.139 + 0.031 - 10° PP>ttebby 611940004100 FEIE A% 145240005 - 101 FHTO% 20
b.18  pp—yvij pp>aaj]j 5.377+0.029 - 10° f23‘. 7.501£0.032 - Syntax Cross section (pb)

b.19*  pp—~Zij pp>azjj 3.260 +0.009 - 10° 477 LO 13 TeV NLO 13 TeV

b.20* —yW*jj >awpm j j  1.233£0.002 - 10211 % 12,07 % 159
a0 PP ) —184 pp>wpnb b~ 307420002102 FE23% 200 816240034102 28 F15%
Process Syntax pp>zbb~ 6.993 +£0.003 - 102 T3-% TLO% 1235+ 0.004 - 103 297 0%
Three vector bosons +jet LO M Te p i a b~ 1.7314+0.001 -10% +5L9% F16% 4171 £0.015 -10% TR+
el ppWIW-W* (4f)  pp>wrw-wpm 13070003108 T05% TI0% 210040006 1070 FLE SR ear pp— Wb (4f) pp>uwpnb bl j 186140003102 +i23% +0TE 395740013 102 F270% 0T
c2  ppoZWIW- (4f)  pop >z w u- 9.658+0.065 - 107> *OU0 TG 1.679£0.005 1071 TN FIEE est pp— Zbbj (4f) pp>zb b j 1.604+0.001 - 102 H24% +09% 58054 (009 - 102 +2L0% +08%
c3  ppZIWE PP>zzupm 2.996+0.016 - 1072 F10% T2 555040020 1072 XL TN o6t pp—ybbj (4f) pp>abb~ j 7.8124£0.017 - 10> 3120 +10% 19334 0,004 - 103 FIS9% +10%
cd  pp— 277 pp>zzz 1.085+£0.002 - 1072 FO-9% +1.9% 1 4174+ 0.005 - 1072 T2 0% E— L +23.9% 12.1% . t1L2% +17%
5 pp—AWHTW - (4f) pp>awtu- 142740011 - 1071 +19% +2'°0§” 2.581+0.008 - 10~ 5% +14% of ity PPz E R SITT0008 10 Th08% e 20020021 -1 PR A

: : ) —2.6% —1.5% ’ : —4.3% —1.1% I —1 5% +1.8% —1 7% 9%
o6 pposy Wt b > aaupn 2681 +0.007 -10- F4k LV ga51 40032 10- IO TibE e8 ppotiZ Pp>ttez 5.273 £ 0.004 - 10 ;92é§% Lo 7.598 + 0.026 - 10 e Do

: . . —5.6% —1.6% : : —7.0% —1.0% ¥ 6% 6% 8% 7%
cT  ppoyZWE pp>azupn 4,994+ 0.011 - 102 +8'g°§° iy 80;5 1.117 £ 0.004 - 10! +§.3"§v +14g°§u e oty Pp>tt~a 1.20440.001 -10° Tor5e Tid 174440005 -10° T3 00

: : : —1.4% —1.6% : : —5.9% —0.9% — R
c8  pporZZ pprazz 2.32040.005 - 1072 *20% +19%  311840,012-1072 2% A1 010" pp— T W) PP >tt~upmj 235200021070 FOOE FLOE 3.404£0.011 -1071 TR R
¢ oz pp>aa 3.078£0.007 - 1072 507 +L9% 463440020 1072 TISEALTE ellt pp—tlZ) PP>ttvz ]  3953+£0004 1071 FH0E TR 5.074:£0.016 -1071 TRV 08
c10 pp—y7y pp>aaa 1.269+0.003 - 1072 +95% +20% 3441 40,012 1072 ISR A% 0120 pp ity PpP>tt~alj 8.726 +0.010 - 1071 F300% 38%  1.135£0.004 - 100 FTP% 22
¢l pp—sWHW-WEj (4f) pp > wh w-wpm j 91670010 - 1072 +130% +10% 11974 0,004 - 1071 +32% +L0% e13" pp—t W WT (4f)  pp >t te~ whw-  6.675+£0.006 -107 FIFE F20E 9.904+0.026 - 1075 F990 %
12 pp—ZWHW=j (4f)  pp > z wt wu- ] 8.340+0.010 - 10-2 T156% +10% 1 066+0,003 - 1071 TE2% F10%  e14r pp—tIWEZ PP>ttywpmz 2404400021073 TIOEH TR0 352540010 -107% 008 3L
c13*  pp— ZZW*Ej pp>zzupnj 2.81040.004 - 1072 F161% +10% 3660 40,013 - 1072 T48% +10%  e15t pp— i WEy PP>ttywpma 27180003107 TR R 3927400131070 T04% TH0%
cl14* pp—ZZZj pp>zzzj 4.823+0.011 - 107 F11E8 T100 6.3414£0.025 -107% FR9E FIOE ed6T pp—ittZZ PP>tt~zz 1.349£0.014 - 1073 fgﬁg.,/g j};gg.;g 1.840 £ 0.007 - 1073 jg;gg;g j{g%
cl5* pp—yWHTWTj(4f) pp>awru- ] 1182 £0.004 - 101 HI34% +08% 1 9334 0,004 - 103 FIS% +1.0% 17" pp—tiZy PpP>ttvza 2.548+0.003 - 1078 5000 TLER 3.656+0.012 -107° 9T IO
cl6  pp—yyWEj pp>aawpnj 4107 £0.015 - 1072 FIL8E H06%  5807£0.023 - 1072 TREXHOTE e18%  pp—tlyy PP>tt~aa 3.27240.006 - 1073 F284% T18%  4.40240.015 - 1073 T80 1A%
17 pp—yZWEj pPp>azuwpn j 5.833+£0.023 - 1072 F134% F0-T% 7764 +0.025 - 1072 T2 L% 0%

Margo -Zaro, 25- 12~ 2015 0.995+0.013 -10° HZ0% 120 1371500051072 £20% 1120 33
c19*  pp—yvZj pp>aazj 1.372 +0.003 - 102 j},”;’,; tgg% 2.051 +0.011 - 102 j;;gg?;wfgﬂg;%



@ UPMC
How to compute loops: "<

Summary

® There has been an enormous progress in loop
computation techniques in the recent years

® For one-loop computation, we need to find the coefficient
which multiply the scalar integrals

® OPP is a powerful method to compute the coefficients
numerically. Some cares need to be taken because of
dimensional regularisation
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Branching

® | et us consider the branching of a gluon from a quark

SN, 2P  oCOp dz di}
/ S Thtg = O 1— 2z k?
o E=(1-2)p .
Where k; is the transverse momentum of the gluon k~=FEsin0.
It diverges in the soft (z—1) and collinear (k; -0) region
® These singularities cancel with the virtual contribution, which

comes from the integration of the loop momentum

\ /
/ p p N asCr dz dkt2
W w e
g — t

® The cancelation happens if we cannot distinguish between the
case of no branching, and of a soft or collinear branching
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Cancelation of divergences

® The KLN theorem tells us that divergences from the virtual and
real emission cancel in the sum if observables are insensitive to
soft and collinear branchings (IR-safety)

® When doing an analytic computation in dimensional
regularisation, divergences appear as poles in the regularisation
parameter €

® |n the real emissions, poles appear dfter the phase space
integration in d dimension
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Infrared safety

® |n order to have meaningful predictions in fixed-order
perturbation theory, observables must be |IR-safe, i.e. not
sensitive to the emission of soft or collinear partons.

® |n particular, if an observable depends on the momentum p,, it
must not be sensitive on the branching pi—p;+px, where either
p; is soft or p; and pi are collinear

® For example
® The number of gluons in an event is not IR-safe
® The number of jets with pr > pr™ is IR-safe
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Phase space integration

ONLO — /d4<1>n8+/d4<1>nv+/d4<1>n+172

contains [d¢l

® For complicated processes the integrations have to be done via
MonteCarlo techniques, in an integer number of dimensions

® Divergences have to be canceled explicitly

® Slicing/Subtraction methods have been developed to extract
divergences from the phase-space integrals
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Example

® Suppose that we can cast the phase space integral in the form

1
/ def(x) with f(x) = @ and g() a regular function
0 L

® We introduce a regulator which renders the integral finite

/Oldmef(x) zf()ldxif$1

® The divergence shows as a pole in €. How can we extract the
pole?

Marco Zaro, 25-12-2015 40



Phase space slicing

1 1

lim [ dxx®f(x)=I1lim | dx gfx)
e—0 Jq e—0 Jg xr+—¢

®* We introduce a small parameter 0«1:

1 5 1
lim dx gga:) = lim (/ dx gf:l:) —I—/ dx gfx))
e—0 Jy xr+—¢ e—0 0 xr+—¢ 5 xr+—¢

o) 1
~ ]im (/ dx 91(0) —I—/ dx gEx))
e—0 0 17__8 5 a:-—g

= lim fg(()) + /51 da:@

e—0 € X
1 1
= lim (— —|—log5) g(0) +/ d:z:M
e—0 E 5 T

Marco Zaro, 25-12-2015 4]
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Phase space slicing

1 1

lim [ dxx®f(x)=I1lim | dx gfx)
e—0 Jq e—0 Jg xr+—¢

®* We introduce a small parameter 0«1:

1 5 1
lim dx gga:) = lim (/ dx gf:l:) —I—/ dx gf:c))
e—0 Jy xr+—¢ e—0 0 xr+—¢ 5 xr+—¢

o) 1
~ ]im (/ dx 91(0) —I—/ dx gEx))
e—0 0 17__8 5 a:-—g

= lim fg(()) + /51 da:@

e—0 € X
1 1
= lim <— —|—log5) g(0) +/ d:z:M
e—0 E 5 T

Marco Zaro, 25-12-2015 4]
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Phase space slicing

1 1

lim [ dxx®f(x)=I1lim | dx gfx)
e—0 0 e—0 0 Trt—¢

®* We introduce a small parameter 0«1:

1 5 1
lim dx 95:13) = lim (/ dx gf:l:) —I—/ dx gfx))
e—0 Jy xr+—¢ e—0 0 xr+—¢ 5 xr+—¢

o) 1
~ ]im (/ dx 91(0) —I—/ dx g§$)>
e—0 0 T —¢& S5 T —¢&

= lim fg(()) + /51 da:@

e—0 &

e—0

= Im @Hogc?) 9(0) +/;da:M

Marco Zaro, 25-12-2015 4]
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finite integral

(can be computed numerically)
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Subtraction method

1 1
lim [ dxx®f(x)=1lim | dx 9(2)

e—0 0 e—0 0 a:l—_s

® Add and subtract g(O)/x

1
lim dx E — lim d:z:a: ( (O (a: 9(0) )
e—0 Jq Trt—¢ e—0 T €T
1
50 0 €Tt xr-—¢
1 _
= lim —g(0) + d:z: 9(x) = 9(0)
e—0 & 0 €T

Marco Zaro, 25-12-2015 42
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Subtraction method

1 1
lim [ dxx®f(x)=1lim | dx 9(2)

e—0 0 e—0 0 a:l—_s
® Add and subtract g(0)/x
1 1
lim dx gf:v) = lim dxx* @ —- _(a:) — ﬂ)
e—0 Jq xrt—¢ e—0 Jy X X X
1 -
v | ds (gl(O) L 9(@) 1 9(0))
e—0 Jq T xr+—¢
1 ! —~
= lim|—¢(0) +/ dxg(x) 9(0)
e—0| € 0 X
pole in ¢
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Subtraction method

1 1
lim [ dxx®f(x)=1lim | dx gfx)
e—0 Jq e—0 Jg xr+—¢

® Add and subtract g(O)/x

1
lim ( = lim d:z:a:
e—0 0 :Ij e—0

. (0 g9(x) _ 0))

X

9(0 ;1 g( ))

= lim dx ( -
e—0 g =
e—0 € 0 X finite integral

sole in ¢ (can be computed numerically)
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o

Slicing vs Subtraction

® |[n both cases the pole is extracted and we end up with a finite
remainder:

g(0) log d + /51 d:EM /01 da:g(w) —¢(0)

X X
® Subtraction acts like a plus distribution

® Slicing works only for small 0, and one has to prove the 0-
independence of cross section and distribution; subtraction is
exact

® |In both methods there are cancelation between large numbers.
If for a given observable hn% O(x) # O(0) or we choose a too small
bin size, instabilities will arise (we cannot ask for an infinite
resolution)

® Subtraction is more flexible: good for automation
Marco Zaro, 25-12-2015
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NLO with subtraction

ONLO — /d4q)nB -+ /d4<1>nV + /d4q)n_|_1R
® |ncluding the subtraction terms the expression becomes

ONLO :/d4(I)nB

+/d4<1>n (V+/dd<1>1€>
e—0

+/d4<1>n+1 (R —C)

® Terms in brackets are finite and can be integrated
numerically in d=4 and independently one from another
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NLO with subtraction

ONLO — /d4q)nB -+ /d4<1>nV + /d4q)n_|_1R
® |ncluding the subtraction terms the expression becomes

ONLO :/d4(1)n6

4 d Poles cancel from
—|—/d (I)n V—|—/d <I>1C d-dim integration

e—0
+/d4<1>n+1 (R —C)

® Terms in brackets are finite and can be integrated
numerically in d=4 and independently one from another
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o

NLO with subtraction

ONLO — /d4q)nB -+ /d4<1>nV + /d4q)n_|_1R
® |ncluding the subtraction terms the expression becomes

ONLO :/d4(1)n6

4 d Poles cancel from
—|—/d (I)n V—|—/d <I>1C d-dim integration

e—0

1 / d4(1)n—|—1 (R - C) Integrand is finite in

4 dimension
® Terms in brackets are finite and can be integrated
numerically in d=4 and independently one from another
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The subtraction term

® The subtraction term C should be chosen such that:

® |t exactly matches the singular behaviour of R
® [t can be integrated numerically in a convenient way
® |t can be integrated exactly in d dimension, leading to the soft
and/or collinear poles in the dimensional regulator
® |t is process independent (overall factor times Born)
® QCD comes to help: structure of divergences is universal:

(p + k)2 = 2E,E;(1 — cos ,1)

® Collinear singularity:
lim |M,,41]? ~ | M,|* PAT(2)
p//k

® Soft singularity:

lim M1 [? = > [ME 2
k—0

o]
Marco Zaro, 25-12-2015 45
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Dipole subtraction
Catani, Seymour, hep-ph/9602277 & hep-ph/9605323

® Most used method

® Recoil taken by one parton
— N3 scaling

® Method evolves from cancelation of
soft divergences

® Proven to work for simple and
complicated processes

¢ Automated in MadDipole,
AutoDipole, Sherpa, Helac-NLO, ...

Marco Zaro, 25-12-2015
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Two subtraction methods

FKS subtraction
Frixione, Kunszt, Signer, hep-ph/9512328

46

Less known method

Recoil distributed among all particles

— N? scaling

Probably (?) more efficient because less
subtraction terms are needed

Method evolves from cancelation of
collinear divergences

Proven to work for simple and
complicated processes

Automated in MadGraph5 aMC@NLO
and in the Powheg box/Powhel
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Phase space partition

® | et us consider the real emission
dog = |M™ " d®,, 4
® The matrix element IM"*+1|> diverges as i
i L fiE\/E
&1 —yij Yij = €08 0
® Partition the phase space in order to have at most one
soft and one collinear singularity

dO’R — ZSZJ ‘Mn+1{2dcl)n_|_1 ZSZ] =1
. i 7

(]
Swﬁllszkjﬁo Sij%Oifkm;éi'kn?gj%O
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Plus prescriptions

® Use plus prescriptions in y;; and &; to subtract the divergences

1 1
dop = Z <§_> < ) & (1 — yi5)Si; ‘Mnﬂ‘z AP, 11
i/ 4 +

I — vy,
ij Yij

® Plus prescriptions are defined as

Jae (L) so= [aOIO [ay((L) = [t =o

® Maximally three counterevents are needed
® Soft counterevent (£;—0)

® Collinear counterevents (y;—1)
® Soft-collinear counterevents (£§,—0 and y;—1)

Marco Zaro, 25-12-2015 48



UPMC

IAARI SORBONNE

Kinematics of counterevents

o

Real emission Subtraction term

® |f i and j are on-shell in the event, for the counterevent the
combined particle i+j must be on shell
® ;+j can be put on shell only be reshuffling the momenta of the

other particles
® |t can happen that event and counterevent end up in different

histogram bins
® Use |IR-safe observables and don’t ask for infinite resolution!

® Still, these precautions do not eliminate the problem...

Marco Zaro, 25-12-2015 49
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An example in 4-lepton production

® The NLO result shows the typical

peak-dip structure that hampers fixed-
order computation

® Can be cured by increasing the statistics

50



UPMC

IAARI SORBONNE

Can we generate unweighted
events at NLO?

® Another consequence of the kinematic mismatch is that
we cannot generate events at NLO

® n+1-body contribution and n-body contribution are not
bounded from above — unweighting not possible

® Further ambiguity on which kinematics to use for the
unweighted events

o

Marco Zaro, 25-12-2015 51
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Filling histograms on-the-fly

o

ONLO :/d4q)nB

+/d4<1>n <v+/ddq>1c>
e—0
-~ / d*®,.1 (R —C)

® |n practice, two set of momenta are generated during the MC
Integration
® A n-body set, for Born, virtuals and counterterms
® A n+l-body set, for the real emission

® The various terms are computed. Cuts are applied on the
corresponding momenta and histograms are filled with the
weight and kinematics of each term
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Instabilities at fixed order

® Besides the mis-binning problem, the 10%
kinematics mismatch can lead to odd |
behaviours of certain observables, in
particular when some constraint coming
from the n-body kinematics is relaxed in

the n+1-body one

ttH production at the 13 TeV LHC
boosted cuts: p1(t), pr(t), pr(H) > 200 GeV

LOQCD --- A1

LO+NLOQCD ——
LO+NLO QCD+EW —

[pb]

LO+NLO QCD+EW, noy

in

o perb

MadGraph5 aMC@NLO

4
10 3 2
E W* prod. at the 13 TeV LHC 107
1 -5
3 fg
10 1461
1.2
o 1
ke 0.8
c
5 10° : 18
2 ] 1.4
o 1o
o) ’ g 1.?
% 0.8 : . . . ] A ; ; | ; A A ] 3
10" E fNLO — ° 0.8 E relative contributions 3
NLO+HW6 — I 0.6 £ Noaco — LO+NLOEW,noy o E
1 0'4 E LOINLOEW — HBR —-- 3
15 02 F E
: % O i‘***************— 7-7—7-7—7'7—7-5;:;—,-,—,-,—,-,—;:;—,;—,-:—;,—,—:;:;—7;—7—7—;—_—_-:-7—7-7—7-7—5
= -0.2 F
100 o 200 a0 60 800
0 50 100 150 200

p(tt) [GeV]
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Subtracting IR divergences: =
Summary

® Virtual and real matrix element are not finite, but their sum is.
Subtraction methods can be used to extract divergences for
real-emission matrix elements and cancel explicitly the poles
from the virtuals

® Event and counterevents have different kinematics. Unweighting
is not possible, we need to fill plots on-the-fly with weighted
events

® For plots, only IR-safe observable with finite resolution must be
used!
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s it all at NLO?

® Suppose we have a code for pp—tt @NLO.Are all the
following (IR-safe) variables described at NLO?

® top pr

® tt pair pr

® tt pair invariant mass
®jetpr

® tt azimuthal distance

Marco Zaro, 25-12-2015 55
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I nte rm eZZO: 18R SORBONNE
s it all at NLO?

® Suppose we have a code for pp—tt @NLO.Are all the
following (IR-safe) variables described at NLO?

® top pr YES
® tt pair pr

® tt pair invariant mass

®letpr

® tt azimuthal distance
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I nte rm eZZO: 18R SORBONNE
s it all at NLO?

® Suppose we have a code for pp—tt @NLO.Are all the
following (IR-safe) variables described at NLO?

® top pr YES

® tt pair pr NO
® tt pair invariant mass

® et pr

® tt azimuthal distance
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I nte FmezZzo. 181 SORBONNE
s it all at NLO?

o

® Suppose we have a code for pp—tt @NLO.Are all the
following (IR-safe) variables described at NLO?

°top pr YES

® tt pair pr NO
® tt pair invariant mass YES
®jetpr

® tt azimuthal distance
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I nte FmezZzo. 181 SORBONNE
s it all at NLO?

o

® Suppose we have a code for pp—tt @NLO.Are all the
following (IR-safe) variables described at NLO?

®top pr YES
® tt pair pr NO
® tt pair invariant mass YES
®jet pr NO

® tt azimuthal distance
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Intermezzo:
s it all at NLO?

o

® Suppose we have a code for pp—tt @NLO.Are all the
following (IR-safe) variables described at NLO?

°top pr YES
® tt pair pr NO
® tt pair invariant mass YES
®letpr NO

® tt azimuthal distance NO

Marco Zaro, 25-12-2015 55
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Matching NLO predictions and
parton showers

= /

;|
-t .
praaavg 4

CMS Experiment at LHC, CERN

Data recorded: Mon Sep 26 20:18:07 2011 CEST
Run/Event: 177201 / 625786854

Lumi section: 450
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Matching NLO predictions and
parton showers

® Parton showers evolve hard partons by emitting extra
QCD radiation down to a more realistic final state made
of hadrons

® This resums the effect of soft gluon radiations, and cures
fixed-order instabilities

® After the parton shower, a fully exclusive description of
the event is available

® NLO corrections are inclusive by definition, but they
provide the first reliable estimate of rates and
uncertainties

Can we attach a parton shower to NLO simulations?
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Fixed order instabilities, again

: 4
. W prod. atthe 13 TeV LHC 10 E

o)
e
C
.'6 -
) ]
g’ | | L :é
5 10 15  20/g
1 fNLO — 19
10 NLO+HW6 —— i
] &
18
o)
1a
=
100 , L L L L L L
0 50 100 150 200

PT(W)
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Warning: double counting!

o

Parton shower

—_—
Born+Virtual: >vvw j%:WV ng
Real emission: Z:vw %v

® There is a double counting between real emission and
the parton shower

® There is also double counting between the virtuals and
the non-emission probability from the Sudakov factor
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Double counting the virtuals

® The Sudakov factor A, which is responsible for the resummation
performed by the shower, is the no-emission probability (1-P, P
being the emission probability)

® A therefore contains implicitly contributions from the virtual
corrections

® We should therefore avoid to double counting the contribution
from the virtuals in the matrix element and in the Sudakov

® Because of unitarity, what is double counted in the virtuals is
exactly opposite to what is double counted by the reals
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ow to avoid double counting at NLO!?

® Two methods exist:
® MC@NLO Frixione, webber hep-ph/0204244
® Powh €8 Nason, hep-ph/0409146
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Naive (wrong) matching

® | et us assume we can generate events separately for Born,
virtuals and real emissions, and that we pass them to a parton

shower ;. )
i Né’g*PS = [B+V]d®, IT,o(0) + d®, 1R I (O)

® Do we get the NLO cross section?
® | et us expand the shower operator at order as (0 or | emission)

Inie = A0 (Q, Qo) + Ay (@, Qo) dqh%—(t)Pa—wc

Aa (QaQO) — €XP [_/d(bl a—)bc] ~ 1 — /dq)l a—>bc
as (1
I

Qg (T
[MCgl_/d(I)l 2( )Pa—>bc_|_dq)1 ) a—>bc

T

Marco Zaro, 25-12-2015 62



UPMC

IAARI SORBONNE

&

® At order as we get

Naive (wrong) matching

do«NTLO+LPS”
dO

= B+ V]d®, +d®,+1R
as (1)

s(T
- ( )Pa—>bc =+ qu)ndq)l Q—Pa—ﬂ)c

s s

- Bas, [ do,

® Which is not the NLO
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MC@NLO matching

® In the MC@NLO formalism, double counting can be cured by

the so-called Monte Carlo counterterms, defined as
MC OPMC | g (t)

A(O? — dbd, —— — 1 5
(Q% Qo) = exp (/ - > MC = | =0 —| =

® The MC@NLO cross section is defined as

dOMggNLO N (B +V+ / AP M C) APy I3y (0) + (R — MC) d®p 1137 (O)

® Again, if we expand up to as we recover the NLO
Inio=1— /dq)lMC+d<I>1MC

Pa—>bc

ClO'“MCCZZ’gNLO” _ |:B—|—V—|—/dq)1MC:| d(I)n+d(I)n+1 [R_MC]

+ B {—/d@lMC%— d<I>1MC’] d®d,,
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MC@NLO matching

® In the MC@NLO formalism, double counting can be cured by

the so-called Monte Carlo counterterms, defined as
MC OPMC | oy (1)

2 _ —
A(Q7, Qo) = exp (/0@1 3 > MC = 9%, | on
® The MC@NLO cross section is defined as

dOMggNLO N (B +V+ / AP M C) APy I3y (0) + (R — MC) d®p 1137 (O)

® Again, if we expand up to as we recover the NLO
IMczl—/dq) MC +deMC

Pa—>bc

do «
O«“MCQNLO” B‘|_V+ AP d(I)n‘l‘d(I)n—l—l R MC]

10
LB /%er@ MC| 4.,
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MC@NLO matching

UPMC

IAARI SORBONNE

® In the MC@NLO formalism, double counting can be cured by
the so-called Monte Carlo counterterms, defined as

A(Q?, Qo) = exp (/ d®, ]\20

) we-

HHMC

as ()

0P

® The MC@NLO cross section is defined as
domcenLo _ (B +V+ / d<I>1MC> AP, I, (0) + (R — MC) d®,, 11171 (0)

dO

Pa C
9 —b

® Again, if we expand up to as we recover the NLO
IMczl—/dCD MC +deMC

dO'“MCC;gNLO B LY+ [ dd d<I>n +d®p11 [R N

e /%MM i,
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o

The MC counterterm

® MC has some remarkable properties:

® |t avoids double counting when matching to PS < Just shown

® |t matches the singular behaviour of the real-emission ME,
making it possible to unweight events (some special cares are
needed for the soft region)

® |t ensures a smooth matching: NLO+PS has the same shape of
the shower in the soft/collinear region;in the hard region, it
approaches the NLO

® |t is PS dependent, as it depends on the PS details. For each PS,
we need its own M(C counterterms
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o

Unweighting

T = (B4t [ 40 MC) 40, 1 (0) + (R - MO) i Ti2O)

® MC is by construction what the shower does to go
from n to n+1. It matches exactly R in the soft-collinear
region. Furthermore, it has the same kinematics as R,
therefore there is no reshuffling needed. The n and n+1
body contributions are separately finite and bounded.

Unweighted events can be generated!
® S-events, with n-body kinematics
® H-events, with n+1-body kinematics
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Smooth matching

doyrcanNLo _ (B+V+/d<1>1MC) d®, I7~(0)+ (R—MC) d@n+1f&?(0)

dO

® |n the soft/collinear region, R — MC ~ 0 103, _ :
- ttproduction at the LHC iNLO —— ]
SO that NLO+HW6 —— |
dO-MC@NLO 10 3 LO+HWE —— =
Y n B ]

— IMC’(O) [

dO _. 10" ¢

® |n the hard region, MC=0 (it is bound to2 |

be zero far from singular regions). S 40

The only contribution comes from the o

aMC@NLO

real-emission ME 107" |

1072 ¢

10 ; ‘\\ss' T L L L ! --~§‘\-~"\
" Ratio over NLO+HW6 ‘—‘“‘\”':;dﬁ‘

10 | 100 | “HH‘I‘OOO
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The MC counterterms and™ "
the FKS subtraction

ACEHL = (B4 v+ [ d0,1C ) i, Tic(0) + (R~ MC) ¥ 1T} O

® The MC counterterms already make the cross-section finite.
Are the local counterterms still needed?

® Yes, because we cannot integrate M( analytically to extract the
poles

® |[n practice, we have

dO'MCCZgNLO _ {B—F <V+/d<ID1C> +/d<I>1 (MC’—C)} APy, Iy (0)

+ (R — MC)d®, 11} (0)
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Negative weights

ACEHL = (B4 v+ [ d0,1C ) i, Tic(0) + (R~ MC) ¥ 1T} O

® Events are generated for n- and n+1-body kinematics
separately

® Nothing guarantees that the two contributions are
separately positive

® The unweighting has to be done up to a sign, and the sign
should be taken into account when filling plots

® Remember: results are physical only after having showered
the events!
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Powheg

® | et us consider the LO+PS cross-section expanded up to the
first emission:

dopo+ps = b d®, {A(Q, Qo) + A(Q, Qo)d‘bla;(t) P}

T

® We could think of going NLO by replacing the Born with the
NLO cross section

do“NLO+PS = (B +YV / d<I>1R> dd, [A(Q, Qo) + A(Q, Qo)dd; ozg(t) P]

® Of course, there is double counting. This is in particular due by

the fact that the integral in the Sudakov does not contain R
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A modified Sudakov

® |n order to avoid double counting one could use a modified

Sudakov 0 -
A : =exp | — AP —
(Q Qo) exXp ( /Q 1 B)

® Such that

dO'“NLO+PS” — (B -+ V + /dq)lR> dq)n |:A(Q7 QO) + A(Q, Qo)dq)1%:|

® But the total rate is not the NLO! The second parentheses does
not integrate to |. It has to be modified to
R

® Where 7 is the scale at which R/B is evaluated
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Properties
X X R
do_Powheg (B +V 4+ /d(I)lR) dP,, |:A(Q, QO) -+ A(Q7 t)d(I)lE:|
® Note that R dAO.D
® Therefore
R

Q@ N N N
/ th(Qat)E — A(Qv Q) o A(Qv QO) =1- A(Qa QO)

® So the [] integrates to |.The NLO normalisation is kept
® |[f one expands at order as:

R R
dUPowheg (B +V + /dq)lR> dd,, {1 — /dq)lg + dPq E} = donrLo

® Double counting is avoided
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o

Comments

R

dUPowheg — (B +V + /dq)lR> dP,, |:A(Q, QO) -+ A(Qyt)dq)1§:|

® The Powheg cross section has the same structure as an ordinary
shower, with a global K-factor correction and a
for the first emission

®* Note that when matching to PS one has to veto emissions
harder than 7 (in the Powheg formalism, is has to be interpreted
as transverse momentum), even for showers with a different
ordering variable
® Formula to be modified for angular-ordered PS in order to

keep color coherence

* MC@NLO and Powheg are formally equivalent at NLO level. In

practice, there are many differences between the two
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® The two matching procedure can be cast in a single formula

donrotps = d®,B°

® With

A*(Q, Q")

RS
+ dP, ?AS

BS:B+V+/d<I>1RS

(@, 1)

+d®, . 1 RS

® And the real-emission ME has been split in a singular and non-

singular (finite) part
R =R°+R'

® The difference between the two methods is in Rs;

MC@NLO R* = (;—SPB — MC
70

Powheg R =FR R/ =(1-F)R
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Effect of F

h2
~ h?+pA

my, = 140 GeV - LHCQ7TeV

F

pr>h are suppressed

: : |
Hqt NNLL4+NNLO

MC@NLO (Pythia) «-e-eeeesess
POWHEG (Pythia) .
POWHEG (Pythia) DAMP140 ]

MC@NLO naturally matches analytic
resummation+FO curve at large pr

Powheg (without damping) overshoots
the FO

do /dp; [pb/GeV]

recovers matching at large pr

Marco Zaro, 25-12-2015 75



UPMC

IAAR1 SORBONNE

Comparison and summary

MC@NLO | POWHEG

Parton showers are (usually) not exact in the soft limit:
MC@NLO needs an artificial smoothing

MC@NLO does not exponentiate the non-singular part of the
real emission amplitudes

MC@NLO does not require any tricks for treating Born zeros

POWHEG is independent from the parton shower

(although, in general the shower should be a truncated vetoed)

POWHEG has (almost) no negatively weighted events

Automation of the methods:
http://amcatnlo.cern.ch, http://powhegbox.mib.infn.it, http://
www.sherpa-mc.de

G| W|O| ©f 0
O1O|O|0| ®| G
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