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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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New physics!?

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

® Need for accurate p

ﬁ‘ production

Status: Moriond 2014

I All limits at 95% CL

- CDF 2.6 fb' [1203.4171]
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1L
||||||||||||||||| I|'|"||lllIII|IIII|IIII|IIII|IIII|IIII|
— ATLAS Preliminary L, =20-21fb'Vs=8TeV L, =471 {s=7 TeV —
B oL, 71—> 1y OL ATLAS-CONF-2013-024 OL [1208.1447] 7]
B = Observed limits 1L, T‘aiz 1L ATLAS-CONF-2013-037 1L [1208.2590] 7
: 2L, i*} t 2‘ 2L [1403.4853] 2L [1209.4186] T
| === Expected limits 2L, > Wby, 2L [1403.4853] - ]

OL mono-jet/c-tag, CONF-2013-068
0L [1308.2631]
2L [1403.4853]
1L CONF-2013-037, OL [1308.2631]
2L [1403.4853]
1L CONF-2013-037, 2L [1403.4853]

11—> c Z? /T1—> w

300

400

2L [1208.4308], 1-2L [1209.2102]

1-2L[1209.2102] -1

bR, /> tX, -

ATLAS SUSY Searches* - 95% CL Lower Limits

INF

redictions for signal and background

ATLAS Preliminary

Status: Moriond 2014 de’ =(4.6-229)fb! +s5=7,8TeV
Model Ty Jets EX™ [Laqm™) Mass limit Reference
MSUGRA/CMSSM 0 26jets  Yes 203 |@E 1.7TeV. m(@=m(z) ATLAS-CONF-2013-047
MSUGRA/CMSSM feu  3-Bjets Yes 203 |& 12TeV any m() ATLAS-CONF-2013-062
" MSUGRA/CMSSM 0 7-10jets  Yes 20.3 H 1.1 TeV any m(g) 1308.1841
© 0 26jets  Yes 203 |d 740 GeV v ATLAS-CONF-2013-047
S 33, 3-qah) 0 2:6jets  Yes 20.3 g 1.3TeV m(¥})=0 GeV ATLAS-CONF-2013-047
8 2 z-agti oagW' ) leq  36jets  Yes 203 |& 1.18 TeV mE)<200 GeV, m(E=)=0.5(m(¥2)+m(z)) ATLAS-CONF-2013-062
o, §4»qg(((/[v/vv))?? 2en 0-3 jets 203 |2 1.12TeV m(¥)=0GeV ATLAS-CONF-2013-089
Q  GMSB ({ NLSP) 2eq 2-4jets  Yes 47 & 4 tang<15 1208.4688
‘G GMSB (7 NLSP) 127 O2jets  Yes 207 tanB >18 ATLAS-CONF-2013-026
% GGM (bino NLSP) 2y - Yes  20.3 m(¥})>50 GeV ATLAS-CONF-2014-001
£ GGM(wino NLSP) Tep+y - Yes 4.8 m(¥)>50 GeV ATLAS-CONF-2012-144
GGM (higgsino-bino NLSP) Y 1b Yes 4.8 m(¥)>220 GeV 1211.1167
GGM (higgsino NLSP) 2ep(Z) 03jets  Yes 5.8 m(H)>200GeV ATLAS-CONF-2012-152
Gravitino LSP 0 mono-jet  Yes 10.5 m(z)>10" eV ATLAS-CONF-2012-147
5 o g—bbl) 0 3b Yes 201 g 1.2 TeV m(¥)<600 GeV ATLAS-CONF-2013-061
S g oty 0 7-10jets  Yes 203 |& 1.1 TeV m(¥}) <350 GeV 1308.1841
3 o & ]* O-leu 3b Yes 201 g 1.34 TeV m(¥))<400 GeV ATLAS-CONF-2013-061
) bt O-teu 3bh Yes 201 z 1.3 TeV m(¥})<300 GeV ATLAS-CONF-2013-061
biby, bi—bY) 0 2h Yes 201 |5, 100-620 GeV m(P)<90 GeV 1308.2631
o bbbt 2e.4(8S) 08h Yes 207 |B 275-430 GeV m{¥i)=2 m(E?) ATLAS-CONF-2013-007
<9 fii(light), i —bF| 12ep 12b Yes 47 |& 1105H67GV] 1208.4305, 1209.2102
S8 hiidight), i »wat) 2epx  O2jets  Yes 203 | 130-210 GeV 1403.4853
T- 77 (medium), 7 -t 2epu 2jets Yes 203 |# 215-530 GeV' 1403.4853
@ g 717 (medium), 7; —»(If)h’ 0 2bh Yes 201 i 150-580 GeV' m(¥})<200 GeV, m(¥})-m(¥})=5 GeV 1308.2631
%G 717y (heavy), 7, —2X Tep 1b Yes 20.7 fn 200-610 GeV m(¥})=0 GeV ATLAS-CONF-2013-037
~ O i (heavy)bil - 0 2 Yes 20.5 7 320-660 GeV ( ATLAS-CONF-2013-024
D i), ok 0  mono-jet/c-tag Yes 20.3 i 90-200 GeV m(fy)-m(¥})<85GeV ATLAS-CONF-2013-068
)71 (natural GMSB) 2e.u(2) 1b Yes 20.3 A 150-580 GeV m(¥))>150 GeV 1403.5222
hib, bl +Z 3e.pu(2) 1b Yes 203 |[@ 290-600 GeV m(¥)<200 GeV 14035222
Trbig, I—00) 2ep 0 Yes 203 |7 90-325 GeV. m(E)=0GeV 1403.5294
5 AL =) 2ep 0 Yes 203 |[¥F 140-465 GeV m(E)=0 GeV, m 14035204
= o /ﬁ)?g,)?fa%v(m 27 - Yes 207 | ¥ 180-330 GeV GeV, m(7. ATLAS-CONF-2013-028
WS Wi i), 67 L) 3ep 0 Yes 203 ¥y 700 GeV' . miZ, 7)=0.5(m(F; J+m(E)) 1402.7029
T -wiize! 23ep 0 Yes 203 Xfi, A 420 GeV. m(¥s m(¥))=0, sleptons decoupled | 1403.5294, 1402.7029
XiXa—Wi| h}" Tep 2b Yes 20.3 XXy 285 GeV m{¥;)=m(F3), m(¥)=0, sleptons decoupled | ATLAS-CONF-2013-093
B'@' Direct¥iki prod, longriived ¥i  Disapp.k  1jet  Yes 203 [ 270 GeV. m(¥)-m(¥)=160 MeV, r(¥1)=0.2 ns ATLAS-CONF-2013-069
= % Stable, stopped 3 E%rhadron 0 1-5jets  Yes 22.9 z 832 GeV m(¥])=100 GeV, 10 us<7(7)<1000 s ATLAS-CONF-2013-057
©E GMSB, stable 7, '\ 2@, f)+r(e. ) 124 - - 15.9 10<tanf<50 ATLAS-CONF-2013-058
S 8 GMSB, ¥1—G, long-lived ¥} 2y Yes 47 0.4<r(¥)<2 ns 1304.6310
— 33, X\ —>qqu (RPV) 1 p, displ. vix - 203 |4 1.0 TeV 1.5 <cr<156 mm, BR(x)=1, m(¥})=108 GeV | ATLAS-CONF-2013-092
LFV pp—¥r + X, Vroe + 2eu 4.6 1212.1272
LRV pp—7 + X, Ve + 7 Teu+r - - 4.6 12121272
> Bilinear RPV CMSSM Tepu 7 jets Yes 4.7 (8] ATLAS-CONF-2012-140
%: T, W, Xy et eut, dep - Yes 207 | 760 GeV M(T%)>300 GeV, 412 >0 ATLAS-CONF-2013-036
XX, —»WH X >ttt erv,  Bep+T - Yes 20.7 A"}‘ 350 GeV m(¥})>80 Ge' ATLAS-CONF-2013-036
349499 0 67jets - 203 |# 916 GeV BR(1=BR(b)=BR(c)=0% ATLAS-CONF-2013-091
g0t | —bs 2e,u(SS) 0-3h Yes 20.7 4 880 GeV ATLAS-CONF-2013-007
w Scalar gluon pair, sgluon—gg 0 4 jets incl. limit from 1110.2693 1210.4826
2 Scalar gluon pair, sgluon— 2e.u(88) 2b Yes ATLAS-CONF-2013-051
S  WIMP interaction (DS, Dirac y) 0 mono-jet  Yes m(y)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147
Vs =8TeV —1
m - full data 10 1 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.
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Precision at the LHC
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Future colliders

Where this fits: the integrated FCC programme

« FCC = one 90.7 km tunnel, two machines staged.
» FCC-ee — ete™ precision / Higgs / EW / flavour / top factory
» FCC-hh — a ~ 100 TeV pp energy frontier machine reusing the same tunnel.

]
"/

transfer lines proposed | |
\ 2 2 : | \
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| = (Secondary y: \ ndary
slte) | site) Experiment P N Experiment

site) site)

LLSS=2032m LLSS=2032m

PF
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o PH
(Technical site) (Technical site)

Betatron & Betatron
momentum collimation

(Technical site) SLSS=1400 m

Collider RF Beam absorber

o EGTE;;;éHment site) PG (Experiment site)

collimation

2048 - 2062 ~2075 ?

M. Benedikt & F. Zimmermann, FCC Status & Plans for Reference Design Phase, FCC Week 2026, Helsinki, 8 June 2026

Takeaway. FCC-ee would run for ~ 15 yr, starting a few years after HL-LHC ends, project decision in the next few years.
FCC-hh as a possible future next step.

Josh Bendavid (CERN) - Physics Potential of the FCC-ee 3/63
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Future colliders

A staged run plan across four energies (Table 1)

Working point 7 pole WW thr. ttthr. tt
V5 (GeV) 88/91/94 157/ 163 240 340-350 365
Lumi / IP (103%) 140 20 7.5 1.8 1.4
Lumi / yr (ab™1) 68 9.6 3.6 0.83  0.67
Run time (yr) 4 2 3 1 4
[ L (@b 205 19.2 10.8 0.42  2.70
Events 6 x 10127 2.4 x 108WW 2.2 x 10°ZH 2 x 10°tt

Four heaviest SM particles, one machine: Z (91) - W (80) - H (125) - t (173) GeV.
1

\Y/ Nexp

complementarity in experimental systematics).

Four interaction points — diversity, redundancy, statistical uncertainty (and some reduction/

Implication. 10° X more Z than LEP — statistical errors shrink ~ 100-1000 x. Every interpretation

or theoretical input to the measurements now needs SM theory at that level.
Primary reference: 2025 FCC Feasibility Study Report Vol. 1 (arXiv:2505.00272) Physics, Experiments, Detectors.

Josh Bendavid (CERN) - Physics Potential of the FCC-ee 4/ 63
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Future colliders

The five physics pillars (and a discovery engine)

Electroweak — Z lineshape, sin? 6 g, my;: ppm Higgs — recoil method, mass to a few MeV, per-mil
EWPQOs, the precision backbone. kK, model-independent I';; and couplings.

QCD — ag to 0.1%, jets, fragmentation, Flavour — 102 b/c/7: rare decays, CKM, lepton
hadronisation as a calibrated science. universality, deep CP.

Top — threshold scan: m, to 10 MeV, EW couplings, = Discovery — indirect reach to 100 TeV (SMEFT) +
the EW-fit anchor. direct: HNLs, ALPs, dark sectors.

Takeaway. Every pillar is precision-driven — and each one converts, at FCC-ee statistics, into a demand on the

theory calculation that interprets it (or any corresponding theory inputs to the measurements).

Josh Bendavid (CERN) - Physics Potential of the FCC-ee 5/ 63
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Cross-section measurements

® The discovery of the Higgs boson is an
emblematic example of the need for precision

® |arge perturbative corrections for the gaF
dominant channel (gluon fusion)

® Without higher-order corrections, measured
signal strength ~3 * SM

. extracted
® Very competitive experimental measurements!  cross section signal s;ren%glh
I|III|III|III|III|III|IIIIIII|III|IIIIII] (assumlngS)
ATLAS Preliminary —e—Total Stat. MM Syst. | SMm
Vs=13TeV, 24.5-139 fo
m, =125.09 GeV, ly | <2.5 OEXP 2002 NNLO 2.99
psm=86% # I O% Total Stat. Syst. /’l' T O_TH S /;
ggF :|-E-|: 1.00 =+0.07( +005, +0.05) e E
] ] v O
VBF 1 115 I8¢ sogs, *012) QD -
] | ‘f L
wi " —— 120 c0m( w0 o) 2 9
| |
L a1 +0.22 +0.15 | °
ZH I I—II 'I - 1 0.98 “y51( o016, ‘gy3) O 8 I.O3
e [ 110 (08, ) O k¢ -
| s : o | | | | | | |978 — 00~
06 08 1 12 14 16 18 2 22 24 26

Cross-section normalized to SM value
Marco Zaro, June 2026 9 Anastasiou et al, arXiv:1602.00695
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How to compute a cross-section

AN

.’,UlE ‘ CE‘QE

HE <

long distance \

z; /d$1d$2d@FS folzy, pr) fo(xe, pr) Gap—x (S, UF, UR)

long distance

Phase-space Parton density Parton-level cross
integral functions section

Marco Zaro, June 2026 10
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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:
s = 0s(UR) o; = 0i(br, LF)
Coupling and cross section depend on unphysical scales

Marco Zaro, June 2026 |l
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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...

(Lo
Remember:
s = 0s(UR) o; = 0i(br, LF)
Coupling and cross section depend on unphysical scales

Marco Zaro, June 2026 |l
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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+1 b+2 b
O'()—|—Oé+ 01 +oz+ 02+ozs+303+...

LO /B ( NLO/S

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

Marco Zaro, June 2026 |l



INFN

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'() -+ ozbﬂa -+ ozb+2c7 -+ ozb+3 o3 + ...

LO /B ( NLO/B (NNLé\)

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

Marco Zaro, June 2026 |l
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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'() -+ ozbﬂa -+ ozb+2c7 -+ ozb+3 o3 + ...

LO /B ( NLO/B (NNLé\) NNNLO

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

Marco Zaro, June 2026 |l
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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 = = e L 000 e o= e
rates an d shapes [ Gt o |

® Residual uncertainties related to
the arbitrary scales in the process .-
decrease b NS :

® The computational complexity | | ?
grows exponentially

® NLO is mandatory for LHC
physics!

\/;/Tev
Anastasiou, et al, arXiv:1503.06056

Marco Zaro, June 2026 12
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Perturbation theory at work

19.6 fb™' (8 TeV)

444> Data
—4@— MG5 + PY6 (< 4] LO + PS)

- CMS ~—f#— SHERPA 2 (< 2j NLO 3,4j LO + PS)
B —A— MG5_aMC + PY8 (= 2j NLO + PS)
1;~ﬁ=—g—+
= It
- ——
- ==
107 = =
E —=g==
- "'_'E"_"
102 & —e—
= —O—
10° & antik; (R=0.5) .L?ts .
= p*>30GeV, Iy 1<24 —
I o
. Z/y*— Il channel
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
1.5
1: © .9 .o ) (Lt LA
— S0 4 . 4 S gag Y
= © o O e}
0.5 Stat. unc. © o
1.5
1: - - - - | = I J /m///?// b &
- O
0.5 = Stat. unc.
1.5
1‘ — ;_E—i —_— ’/’ 4 T//
; STt
0.5  stat. 1@ theo. [CJ® PDF @ o unc.

Marco Zaro, June 2026

0 02040608 1 121471618 2 2224
CMS, arXiv:1611.03844

(Z.))

1

y

diff

In order to describe data, LO predictions must
be rescaled to match the cross section
including higher orders (typically NNLO)

NLO predictions are generally not rescaled
—More predictive power

NLO effects can be important even if merged
samples are used at LO



In these lectures:

®* How to compute effectively a NLO cross section?

® How to deal with infrared divergences!

® How about EVV corrections?

Join at
slido.com
#141 171

Marco Zaro, June 2026 |4



NLO (pre)history

® NLO evolution:
® cg.pp—?WHn jets

n= 0 | 2 3 4 5

#virt diag 2 43 416 4489 57026
ud— W+ ng

Marco Zaro, June 2026 |5
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NLO (pre)history

® NLO evolution:
® cg.pp—?WHn jets

n:

#virtdiag 2 43 416 4489 57026 ...
ud=W"ng NLO revolution!

Marco Zaro, June 2026 |5
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NLO (pre)history

® NLO evolution:
® cg.pp—?WHn jets

n:

#virtdiag 2 43 416 4489 57026 ...
ud=W"ng NLO revolution!

Marco Zaro, June 2026 |5
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NLO revolution

® Amazing development of computational techniques to

tackle any process at NLO
o Local Subtraction Frixione, Kunszt, Signer, hep-ph/9512328

) Catani, Seymour, hep-ph/9605323
® Computation of loop MEs

® Tensor redUCUOn Passarino,Veltman, 1979

@ I I I Denner, Dittmaier, hep-ph/509141
General |Zed un |tar|t)’ Binoth, Guillet, Heinrich, Pilon, Reiter, arXiv:0810.0992

Bern, Dixon, Dunbar, Kosower, hep-ph/9403226 + ...

Ellis, Giele, Kunszt, arXiv:0708.2398
+ Melnikov, arXiv:0806.3467

Marco Zaro, June 2026 |6



The NNLO revolution

is happening now!

INFN

Antenna Hl+jet
Z+j(‘t
i resFiets VH
q1 e‘e—>J)ets Yets VH |
- ep—>2jets Z+b-jet vy
N-jettiness Wiet  y+X WH +jet teH
YY , b ,
| ZH ZZ WW WZ Yy 70 0(a.a) vy
Colourful 7/W WH 2y Wy HH tt bb |
\V+jet
7.7
P2B y+X Zsjet Zy Z@0(aa)
nested soft-coll. _ .
H+jet ep—>)et WH(m,, # 0)
. . HHy (VBF
Hj; (VBF) ) ( )
oV/Z O’H 7
tot tot Wit ere—>Siets Wt
Wit ;
* - > - >
1991 2002 2005 2007 2009 2011 2013 2015 2017 2019 2020 2021 2022 2023

Adapted from G. Zanderighi @LHCP23
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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 Qs 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

® [ earning NLO technicalities will set the basis for us (you!) to
tackle NNLO or beyond

Marco Zaro, June 2026 |18
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Going NLO

o abao + ot lo; + a2+202 + ozb+303 + ...

S

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

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

® Better description of final state (inclusion of extra radiation)
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NLO: how to!

® Three ingredients need to be computed at NLO

ONLO :/a2d00+/ag+1dav+/ o dog
n T 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, June 2026 19
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Infrared divergences

1 1
O-NLO:/(ngO-O_I_/ag—I_ dO'V—|—/ ongr dO'R
n n n+1 7

Marco Zaro, June 2026 20
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Singularities

® | et us rewrite the branching of a gluon from a quark as

/

o
> p 2P asCr dz dk?
. T Thtg = Th ™ 1—2z /<:2

E=(1-z)p
Where £; 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
T w ThtV =TT k?
g — ¢

® The cancelation happens if we cannot distinguish between the
case of no branching, and that of a soft/collinear branching

Marco Zaro, June 2026 22
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Cancellation 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

Marco Zaro, June 2026 23
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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;j and pi are collinear

® For example
® The number of gluons in an event
® The number of jets with pr > prnin
® The hardest parton in an event
® The hardest jet

Marco Zaro, June 2026 24



INFN

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.
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must not be sensitive on the branching pi—p;+px, where either
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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;j and pi are collinear

® For example
® The number of gluons in an event is not IR-safe x
® The number of jets with pr > prmin is IR-safe

® The hardest parton in an event is not IR-safe x
® The hardest jet is IR-safe

Join at
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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

Marco Zaro, June 2026 25
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Example

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

1
/ dref(z) with f(x)= 9(z) and g() a regular function
0 L

® We introduce a regulator which renders the integral finite

/Oldxng(m) zfoldxifxz

® The divergence will turn into a pole in €. How can we extract
the pole!

Marco Zaro, June 2026 26



Phase space slicing

1 1
lim [ dxz®f(x)=1lim | dx gfx)
e—0 0 e—0 0 €T —&

®* We introduce a small parameter 0« 1:

1 5 1
lim dx gEx) = lim (/ dx gf:l:) —I—/ dx gfx))
e—0 Jy xrt—¢ e—0 0 xrt—¢ 5 xrt—¢

Marco Zaro, June 2026 27
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Phase space slicing

1 1
lim [ dxz®f(x)=1lim | dx gfx)
e—0 0 e—0 0 €T —&

®* We introduce a small parameter 0« 1:

1 5 1
lim dx gEx) = lim (/ dx gf:l:) —I—/ dx gfx))
e—0 Jy xrt—¢ e—0 0 xrt—¢ 5 —€

o) 1
~ ]im (/ dx gl(O) —|—/ dx gEx))
e—0 0 T —¢& S5 —¢&

S

-
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Phase space slicing

1 1
lim [ dxz®f(x)=1lim | dx gfx)
e—0 0 e—0 0 €T —&

®* We introduce a small parameter 0« 1:

1 5 1
lim dx gEx) = lim (/ dx gf:l:) —I—/ dx gfx))
e—0 Jy xrt—¢ e—0 0 xrt—¢ 5 xrt—¢

o) 1
~ ]im (/ dx gl(O) —|—/ dx gEx))
e—0 0 T —¢& 5 T —¢&

= lim fg(O) + /51 d:z:@

e—0 &
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Phase space slicing

1 1
lim [ dxz®f(x)=1lim | dx gfx)
e—0 0 e—0 0 €T —&

®* We introduce a small parameter 0« 1:

1 5 1
lim dx gEx) = lim (/ dx gf:l:) —I—/ dx gfx))
e—0 Jy xrt—¢ e—0 0 xrt—¢ 5 xrt—¢

o) 1
~ ]im (/ dx gl(O) —|—/ dx gEx))
e—0 0 T —¢& 5 T —¢&

= lim fg(O) + /51 d:z:@

e—0 € X
1 1
= lim (— —|—log5> g(0) +/ d:c@
e—0 E 5 T
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Phase space slicing

1 1
lim [ dxz®f(x)=1lim | dx ‘(]Em)
e—0 0 e—0 0 €T —&

®* We introduce a small parameter 0« 1:

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

o) 1
~ ]im (/ dx gl(()) —|—/ dx gix))
e—0 0 T —¢& 5 T —¢&

= lim fg(O) + /51 dajM

e—0 &£ X
1 1
= lim <— —|—log5> g(0) +/ d:c@
e—0 E 5 T
pole in ¢
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Phase space slicing

1 1
lim [ dxz®f(x)=1lim | dx ggx)
e—0 0 e—0 0 €T —&

®* We introduce a small parameter 0« 1:

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

o) 1
~ ]im (/ dx gl(O) —I—/ dx gEx))
e—0 0 T —¢& 5 T —¢&

= lim fg(O) + /51 al:z:M

e—0 &£ X
1 1
= lim (— —|—log5) g(0) +/ al:z:M
e—0 E 5 T
pole in ¢
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finite integral

(can be computed numerically)



Subtraction method

1 1

lim [ dzx®f(zx)=1lim [ dx gfx)
e—0 Jy e—0 Jy xr+—¢

® Add and subtract g(0)/x

lim 1 dajg(x) — lim 1 dxz® (@ + 9(z) _ @)

e—0 Jq rl—e e—0 T €T €T

Marco Zaro, June 2026 28
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Subtraction method

1 1

lim [ dzx®f(zx)=1lim [ dx gfx)
e—0 Jy e—0 Jy xr+—¢

® Add and subtract g(0)/x
(@) 1 (0) | 9(=) <0>)

lim = lim [ dea® (T 4 B BT
e—0 Jq Trt—¢ e—0 Jy

1
= lim dx +
8_>O O ajl_g :E]._g

Marco Zaro, June 2026 28
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Subtraction method

1 1
lim [ dzx®f(zx)=1lim [ dx 9(2)

e—0 0 e—0 0 xl_g

® Add and subtract g(O)/x

1
lim g(x) — lim d:z::z: (O (a: O))
e—0 0 QE e—0 T X
= lim dx <gl(0 1 O))
e—0 Trt—¢ rt—¢
1
= hm —g(0) +
e—0 5 0

Marco Zaro, June 2026 28
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Subtraction method

1 1

lim [ dzx®f(zx)=1lim [ dx ggx)
e—0 Jy e—0 Jy xr+—¢

® Add and subtract g(0)/x

1 1
i [0 92) iy [ e (20, 56250
e—0 Jq xr+t—¢ e—0 Jy X X X
1 R
v | ds (gl(O) L 9(@) 1 9(0))
e—0 Jq xr+—¢ xr+—¢
1 ! —
= lim|—g(0)|+ dmg(x) 9(0)
e—0| € 0 X
pole in ¢
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Subtraction method

1 1
lim [ dzx®f(zx)=1lim [ dx 9(2)

e—0 0 e—0 0 {L.]_—E:

® Add and subtract g(())/x

1
lim gEx) = lim d:z:a: O (a: O))
e—0 Jq xr+—¢ e—0 X X T
1
— lim | dz (gl(O) - g(o))
e—0 0 g Tr—¢
1 ! —
= lim|—g¢(0) +/ dajg(x) 9(0)
e—0| € 0 x finite integral
bole in ¢ (can be computed numerically)
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Slicing vs Subtraction

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

remainder: . .
g(0)logé + / dx—g(x) / dwg(x) ; 9(0)
) 0

X
® Subtraction acts like a plus distribution

® Slicing works only for small 0: 0-independence of cross section
and distributions must be proven; subtraction is exact

® Both methods have cancelations between large numbers. If for a
given observable lim O(z) # O(0) or we choose a too small bin
size, instabilities will arise (we cannot ask for an infinite
resolution)

® Subtraction is in general more flexible: good for automation

Marco Zaro, June 2026 29
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NLO with subtraction

ONLO — /d4(I)nB—|—/d4(I)nV—|—/d4q)n+1R

® With the subtraction terms the expression becomes

_ 4(I) Integrating C is much simpler than than R
INLO / d nB Can be done in D=D dimension (once and for all)

+/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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INFN

NLO with subtraction

ONLO — /d4q)nB—|—/d4(I)nV—|—/d4q)n+1R

® With the subtraction terms the expression becomes

_ 4(I) Integrating C is much simpler than than R
INLO / d nB Can be done in D=D dimension (once and for all)

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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NLO with subtraction

ONLO — /d4q)nB—|—/d4(I)nV—|—/d4q)n+1R

® With the subtraction terms the expression becomes

_ 4(I) Integrating C is much simpler than than R
INLO / d nB Can be done in D=D dimension (once and for all)

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

e—0

1 / d4(I)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

Marco Zaro, June 2026 30
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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)

Marco Zaro, June 2026 31
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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 )

® Collinear singularity:

lim | M,11|? ~ |M,|* PAT(2)
p//k

® Soft singularity:
i 2 ~ 17 |2
li (M [* = 3 M7

Marco Zaro, June 2026 31 tJ
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Two subtraction methods

Dipole subtraction FKS subtraction
Catani, Seymour, hep-ph/9602277 & hep-ph/9605323 Frixione, Kunszt, Signer, hep-ph/9512328
® Recoil taken by one parton ® Recoil distributed among all particles
— N3 scaling — N2 scaling
® Method evolves from cancelation of ® Method evolves from cancelation of
soft divergences collinear divergences
® Proven to work for simple and ® Proven to work for simple and
complicated processes complicated processes
¢ Automated in MadDipole, ® Automated in MadGraph5 aMC@NLO
AutoDipole, Sherpa, Helac-NLO, ... and in the Powheg box/Powhel

Marco Zaro, June 2026 32



FKS subtraction #1 <@
Phase space partition

® | et us consider the real emission
2
dog = |M" " d®,44

® The matrix element [M"+1|2 diverges asg 2F,
|Mn+1‘ -~ 1 1 b \/g
&2 1 —yi; Yij = costi;

® Partition the phase space in order to have at most one
soft and one collinear singularity

dO’R — ZSZJ ‘Mn+1|2d(13n_|_1 ZSZ] =1
ij ij
Szjéllszkjﬁo Sij%()ifkm#i°kn7gj%0

Marco Zaro, June 2026 33
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Divide et impera

® Real emissions can have singularities in different regions of the

phase-space:
® E.g.gg—ttg:
® gcollineartogorg

® g soft
® Numeric integrators (VEGAS) are quite dumb (still, that is the best

one can do): peaks need to be well aligned with the integration

variables
® “Divide et impera” solution: integrate one singularity at the time, with

the most suitable phase-space parameterisation:

M| —ZSzJ\M| —Z!M\m > Sy =1

SZ]—>11f/c ki — 0 Sij — 01t kppsy - ks — 0

Marco Zaro, 13-12-2023 34
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FKS subtraction #2
Plus prescriptions

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

1 1
dop = Z <€_> ( ) (1 —yi;)Ss; ‘Mn—|—1‘2 id, .,
1 _|_ _|_

1 — vy,
ij Yi;

® Plus prescriptions are defined as

/dg @+ fe) - / dgf(ﬁ)gf(O) / " (lekg(y): / dyg(yiiz(l)

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

® Collinear counterevents (y;—1)
® Soft-collinear counterevents (§;—0 and y;—1)
® The counterevents will feature the same kinematics

Marco Zaro, June 2026 35
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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, June 2026 36
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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

1.00
0.50 [

0.10 ¢
0.05}

0.01 F
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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

Marco Zaro, June 2026 38
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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
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Filling histograms on-the-fly

ONLO :/d4q)n3

+/d4<1>n <v+/ddq>1c>
e—0

+ / d*®,.1 (R —C)

® |n practice, two set of momenta are generated during the MC
Integration
® One (or more) n-body set(s), for Born, virtuals and counterterms
® One 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

Marco Zaro, June 2026 39
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Instabilities at fixed order

® Besides the mis-binning problem, the 102 |
. o o ' ttH production at the 13 TeV LHC
kinematics mismatch can lead to odd | boosted ut: o0, o), o) > 200 Gev
behaviours of certain observables, in 3 ) o
. . . — 10 LO+NLO QCD+EW — 1
particular when some constraint coming 2 oo
from the n-body kinematics is relaxed in 3 I
5
the n+1-body one 10
10% ¢ 4 :%*
E W prod. at the 13 TeV LHC 10 ¢ 18
107 )
10° fﬁg
1.4
1.2
o) 1
k= 0.8
% 10° E 1
9 1a 1.4
o 15 L Y- 5 .kt SU
fNLO — 2 0'8; L=, F
101 NLO+HW6 — %l 88 : Lle_lc?g\é%C()_N[rlbut|ons LO+NLOEW,noy ¢ :
1% 0.4 ;_LO+NLOEW — 3
18 02 F =
13 OF e ————
= -0.2 F
107 o 20 40 60 800
0 50 100 150 200

pr(ti) [GeV]
Marco Zaro, June 2026 pr(W) 40 !
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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!

Marco Zaro, June 2026 4]
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Intermezzo:
Is everything NLO accurate?

® 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
® jet (extra parton) pr i o

® tt azimuthal distance Tfﬁi?i"

Marco Zaro, June 2026 42
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Intermezzo:
Is everything NLO accurate?

® 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

® jet (extra parton) pr i o

® tt azimuthal distance Tfﬁi?i"
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Intermezzo:
Is everything NLO accurate?

® 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

® jet (extra parton) pr i o

slido.com

® tt azimuthal distance #141 171
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Intermezzo:
Is everything NLO accurate?

® 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 (extra parton) pr i o

slido.com
#141 171
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Intermezzo:
Is everything NLO accurate?

® 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 (extra parton) pr NO i o
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® tt azimuthal distance
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Intermezzo:
Is everything NLO accurate?

® 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 (extra parton) pr NO i o

slido.com
#141 171

® tt azimuthal distance NO
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From QCD to EWV corrections

a brief overview

=»
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Why bothering?
Anastasiou et al,1503.06056

® QCD corrections generally improve precision = =i mrosmormonme
of computations (shrink theoretical errors)

® EW corrections necessary to improve
accuracy of predictions, specially in the tails of
distributions (Sudakov enhancement)

® EW corrections are crucial at lepton colliders

Vs

Pagani et al, 2006.10086

® EW and complete-NLO corrections 2 [ ey trots Tr—
) Sherpa+Openloops: 1412.5157; Sherpa+Recola: 1704.05783 | m(EC)> 30 GeV "Hoac0
automated! [y ig04 10017 A
® In some cases, EW corrections do not behave { | '_
as expected: can give effects as large as QCD! R SO

; 0.8 N

0” 50 100 150 200 250 300 350 400 450
Marco Zaro, June 2026 44 pri,) [GeV]
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Sudakov enhancement

Denner, Pozzorini, hep-ph/0010201 & hep-ph/0104127
Pagani, MZ, arXiv:2110.03714

® EW bosons are massive: a real W/Z/Higgs emissionis H,ZW, Y
detectable (at least in principle) \

.

® Radiation of W/Z/Higgs bosons is in general not
included in EWV corrections, which remain finite

® When the process scale Q is large, Q>M~mw,mz,mHu,

the would-be IR divergence associated to the heavy
boson shows up with double and single log(Q/M)

etfe —se~etu—u* LOO(a?)

10—14
<Ir 10—17 i

> 10—20 4

® |n the regime where all invariants are »M, these logs ¢

are universal, and exponentiate at all orders
(resummation possible)

10—23 4

=
o
|

N

o

® Sudakov approximation is excellent at high-energy
(only a constant part is missing)

e \Virt

Ratio over LO

0.50 A

irt — SDK

h

0.25 ~

LO

0.00

103 104 10° 10%
Vs [GeV]

Marco Zaro, June 2026 45



INFN

Large EVV corrections:
not only Sudakov logs

® Despite the naive estimate a~a,?, there are cases when EW
corrections comparable to NLO QCD or larger. It happens when:

feature of all VBS channels, see also

® Large scales are probed (VBS) . cr et al. 1904.00882, 2009.0041 |
® Power counting is altered (4 top:y: vs &)

® New production mechanisms, different than those at the “dominant” LO,

enter (ttVV, bbH) ttW: Frederix et al, 1711.02116
. ) CHt W, 13 TeV Jet Veto 1
VBS: Biedermann et al, 1708.00268 4 top: Frederix et al, I 711.02116 107 ¢ .
oo Imn ‘ ‘ ‘ e — Y= 1.6 — e ]
n "o Loacp - |tttt, 13 TeV LO, ¢ NLOy —- 10© F - 2
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EVV corrections at a Muon collider

Frixione, Maltoni, Pagani, MZ,2506.10732 & 2506.10733

w 7 T AN ——T
utpT — WHTW= at 3 TeV >ww< Y
+ t Y ——1

NLOT 'NNLO

T Iz ) p
() (d)
—— NNLOr
té --- NLO
”".’..... ..-..:..-.
.’A 0000000 S LOV'y
T T T T T LO
—~
8 o utuT =5 WHW v,
7, 11 ¢ utuT > WEWw,p,, Mo = 200 GeV
SN Jonauobotodedododobobobe bodododododo ol st o 3660600 o)t ol i 0 A0 A0 KO KO MO A0 A0 AC AT AT a0 0
S iz -—— SNLO
= 0.0+ Sendiea . —_— 17 === ONLO-noV
Z. . SrSetmba o T
o ] T g e T NLOf
S —0.51 el —— GSNNLOp x 2
Ap, LO
.. Ap x 2, NLO

Ap x 2, NNLOp

500 1000 1500 2000 2500 3000

m(WHW~—) [GeV]
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Anatomy of EWV corrections:
EVV corrections vs EVV effects

® A general process has more contributions at LO, NLO, ...

® Example: top pair

il O <]

QCD } QCDM

e < <

NLO QCD
® The LO is often identified with the contribution with most o

® At NLO the first two contributions are identified with the
NLO QCD and corrections

® This structures induces mixed QCD-EWV effects at NLO:
NLO; = LOi.; ® EW + LO; ®QCD

Marco Zaro, June 2026

i) ’}&."{y
NLO
\ e e

azos, o



INFN

Multi-coupling expansion

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

(Lo /B ( NLO/S (NNL% NNNLO

Single coupling

Multi-coupling
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Multi-coupling expansion

. : A b b+1 b+2 b+3
Single coupling 7 = @500 T Qg 01 T Qg "02 T Qg "03 T ...

(Lo /B ( NLO/S (NNL% NNNLO

4 oy

Multi-coupling

1 . . NNLO
21 , NLO
5 , LO
+———+—+

0 1 2 P
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Steps towards the automation INFN
of EW corrections

® Apart for the (much) more complex book-keeping, automation of NLO
EW corrections largely builds on techniques for NLO QCD (modulo
bookkeeping)

® |R subtraction: techniques established for QCD corrections can be
extended to EVV ones

® Replace color factors with charges (Cr—¢i?, Ca—0, Tr—Nc, gi*) Replace
color-linked Borns with charge-links

® |oop amplitudes: one-loop techniques can be exploited for EW loops.
® UV/R2 counterterms for the EVV interactions are needed

® Higher ranks appear, integrand-reduction may lead to unstable results
Switch to other techniques (Tensor-integral reduction, Laurent-series
expansion,...)

® Use scalar-integral libraries that support complex masses
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EVV renormalisation schemes
in a nutshell

The renormalisation of a can be performed in different schemes:

® a(0): a is measured in the Thompson scattering, in the zero-momentum
limit. Terms ~log(Q/my) appear in the cross section, except for external
photons. Fermion masses must be retained.

® a(Mz): a.is measured at the Z peak (e.g.at LEP). It removes the
dependence on the fermion masses, which can be set to zero.

® (G, scheme: the Fermi constant is measured from the muon lifetime, then «
is extracted.WV.r.t. the a(Mz) scheme, also contributions of weak origin
(Ap) are resummed

The G, scheme is generally preferred for processes without final-state
photons at the LO.
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Renormalisation-scheme
dependence of cross sections

® Consider ete-—/ZH

STABLE Z STABLE Z
0-25 | | | | | | | | | | | | | | 1-1 A
NLO —eo—
1.08 | LO
02k 1.06 |
1.04 | -
T Lo2F a » -
2 0.15 F 5
2 o 1fF = = = = = = = = = = = = = = = = = = = = = = = m
-] \u:l.
& 0.98 |
0.1} 0.96 |
O
S({O Q\ a(mz) LO o 0.94 |
S O a(mz) NLO
0.05 | @) (o2 G,LO o | 0.92 |
: <} Y G, NLO
'] ] 1 1 0.9 '] '] ]
200 220 240 260 280 300 320 340 360 220 240 260 280 300 320 340 360
E (GeV) E (GeV)

® Ren.Scheme dependence reduces from LO to NLO:
at NPLO is always O(Npr+ILO)
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Renormalisation-scheme
dependence of cross sections

® NLO corrections are smaller (K-factor closer to |) in the G,
scheme: the coupling already incorporates higher-order weak effects

STABLE Z
1.08

a(mz) —e—
1.06 F G, —o— |-

1.04

1.02 - sg
\Q
(o) 1 - Y§>
5 \J> %&
\9 0.98 | & @0
& 0.96 | - s\{o@Q}O(
& &
0.94 f - Qo \o’b'

0.92

0.9 F

0.88
200 220 240 260 280 300 320 340 360

E (GeV)
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Processes with tagged photons

Pagani, Tsinikos, MZ arXiv:2106.02059

® The definition of a “photon” in the presence of EW
corrections is not IR-safe (in a scheme with massless
quarks/leptons)

® This is why democratic jets are usually employed @g
® |n order to define photons as physical objects, a
renormalisation scheme which takes into account fermion @%

masses must be employed (only for the vertices related to
tagged photons). Such a scheme exists: a(0)

® Renormalisation conditions define a from the low-energy
Thomson scattering. IR-poles differ from a high-energy
scheme such as G, or a(myz)

® The difference of IR poles accounts for the fact that real
emissions with y—2f splittings are not included

® Alternative: use fragmentation functions (more involved)
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NLO: Summary

® Precise predictions crucial for success of LHC programme
® They entail a lot of complexity: NLO is just the first bite!

® |0 years ago: NLO revolution.We have harvested many fruits

® Automation: complexity hidden to the user!

® NLO event generators ubiquitous in exp. analyses

® Techniques proved successful also beyond QCD: automation of
electroweak corrections (see backup slides for extra informations)
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Next!?

® Beyond NLO: NNLO is the new Holy Graal:

® Several subtraction techniques are being studied at NNLO. They all work
on paper, need for numeric implementation and testing

® No general algorithm to compute 2-loop amplitudes, but huge progress
(first results for massless 2— 3 processes available)

® |n general, huge amount of complexity and of running time (~IM CPU
hours for 2—2 with coloured FS)

® |s the NNLO revolution approaching?

Marco Zaro, June 2026 56



Matching NLO computations
with parton showers
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INFN

Matching NLO computations
with parton showers

;|
-t .
paaaiog 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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Recap from yesterday

® 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

and event generation not possible, plots are filled on-the-fly

with weighted events
® For plots, only IR-safe observable with finite resolution must be

used!
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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!?

Marco Zaro, June 2026 60



INFN

Fixed order instabilities, again

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

10°

o per bin [pb]
S
N
|

- O 1 IIIIIII! |IL) IIIIIII!
= m i
N
o L
N
0)
)\
)
MadGraph5 aMC@NLO

1 0 | | |
1 fNLO —
10 NLO+HW6 ——
1 OO , , , , | , , , , | | , , ,
0 50 100 150 200
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Warning: double counting!

Parton shower

—_—
Born+Virtual: >VVW 2:“’” :ng
Real emission: Z:vw ng

® 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, responsible for the resummation
performed by the shower, gives the no-emission probability 1-P,

P being the emission probability) shower variables

A i
A(Q, Qo) = exp -/ d¢1&;(f)P t ;Zi

a—bc d(I)l = — dZ
® A contains implicitly contributions from the virtual and real
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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“How 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
do « "
TNLOLES' B 4 ] 4, I10(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 = Ap (@, Qo) + Ay (Q, Qo) dPy Oéé—(t)Pa—wc

T

Aa (QaQO) — €XpP [_/dq)l Oég—fl_t)Pa—ﬂ)c] ~ 1 - /dq)l Of;—f_f)Pa—ﬂjc

s s(T
Tnie ~ 1 — / d<1>10‘2—()PMC dp, 2o

Pa—)bc
T 27T

65
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Naive (wrong) matching

® At order as we get

do«N1LO+PS”
dO

= B+ V]d®, +d®,+1R
s (1)

s(T
- ( )Pa—>bc =+ qu)ndq)l Q—Pa—>bc

s s

_Bdo, / 0,
® 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
OPMC | oy (t)
A(Q,Qo) — eXPp |—- Cl(I)lMC MC =
8(131 27T
® The MC@NLO cross section is defined as

dUM;?gNLO — <B+V+/d<;[>1MC> d®,, I, (0) + (R — MC) d®,, .11}, (0)

® Again, if we expand up to aswe recover the NLO
Injo=1— /dCI)lMC’—I—dcblMC'

Pa—>bc

dO—“M;}gNLO” _ |:B—|—V‘|‘/d(I)1MC:| dcbn—|—d(1>n+1 [R_MC]

+ B {—/d@lMC%— dq)lMC} 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
OPMC | oy (t)
A(Q,Qo) — eXPp |—- Cl(I)lMC MC =
8(131 27T
® The MC@NLO cross section is defined as

dUMggNLO — <B+V+/d<;[>1MC> d®,, I, (0) + (R — MC) d®,, .11}, (0)

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

Pa—>bc

d 44
O«“MCQNLO” B LY+ AP d(I)n —+ dq)n+1 [R MC]

10
LB /},ﬂ(ﬂ@ MCO| do,
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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
A(Q, Qo) = exp (—/ dCInMC) MC = ag)&)l 0‘;(:5)

® The MC@NLO cross section is defined as
d”Mg(@;NLO = (B +V / dc1>1M0> AP, I, (0) + (R — MC) d®,, 111751 (0)
® Again, if we expand up to aswe recover the NLO

]Mczl—/dCD MC+ de,MC
dO—“M;}’gNLO B+V‘|‘ AP dq)n_|_d(1)n+1 [R M

B /MMM i,

Pa—>bc
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The MC counterterm

® MC has some remarkable properties:
® |t avoids double counting when matching to PS +|ust 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 MC counterterms
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Unweighting

d
"Ms(@)NLO — (B +V+ / d<I>1MC> d®,, I%,5(0) + (R — MC) d®, 1 I71(O)

® 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

INFN

doyrcanNLo _ (B+V+/d<1>1MC) d®, I7~(0)+ (R—MC) dCI)n+1IX’4+Cl(O)

dO
® |n the soft/collinear region, R — MC ~ 0 103
so that
doMCQNLO O 1
~ Inre(0)
dO _ 10" ¢
® In the hard region, MC=0 (it mustbe & |
zero far from singular regions). é 109
The only contribution comes from the o
real-emission ME 107" |
102
0.1
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The MC counterterms and
the FKS subtraction

d
UMSC@)NLO — (B +V+ / dcblMC) d®, I (0) + (R — MC)d®,, 11y~ (0)

® 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

d
OMC@NLO _ {B—F <V+/d<ID1C> +/dCI>1 (MC—C)} APy, Iy (0)

dO
+ (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:
as (1)

doro+ps = Bd®, {A(Q, Qo) + A(Q, Qo)d®, o

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

do«N1O+PS” = (B +V + /dq)lR> dd,, [A(Q, QO) + A(Q, Qo)dq)l O‘;(t) P]

T

P

:B<1—/d<ID1MC’—d<I>1MC) +V 4+ | dP1R

N

® 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 o’
. R
A(Q, Qo) =exp | — dP;—
(@.Q0) =6 p< | 15)

2
0

® Such that
R

do«N101PS” = <B+V—|— /dq)lR> dP,, {A(Q,QO) -+ A(Q,Qo)dq)lg}

® But the total rate is not the NLO! The second parentheses does
not integrate to | (see next slide). It has to be modified to

~ ~ R
dU“NLO+PS” — (B -+ V -+ /dq)1R> dq)n {A(Qa QO) + A(Q,t)dq)l E}

® Where 7 is the scale at which R/B is evaluated
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® Note that

dJPowheg — (B -+ V -+ /dq)lR) dq)n |:A(Q, Qo) -+ A(Q, t)d@1%:|

®
Therefore Lower integration bound

R dAQ, )

® So the [] integrates to |.
Q R R R

® The NLO normalisation is kept
® Double counting is avoided
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Comments

R

dOPowheg — (B +V + /d(I)lR> dP,, |:A(Q, QO) —+ A(Q’t)d(blg}

® 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, their predictions may visibly differ
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MC@NLO vs Powheg

® The two matching procedure can be cast in a single formula

S

_ R
donrorps = d®,B° |A*(Q, Q%) + dd, = A%(Q, )| +d®, 1R’
* With

B°=B+V / AP R
® 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° = —=PB=MC
Powheg 2 default F=1,

RE=FR R/ =(1-F)R but can be tuned in order to

suppress non-singular part of R
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Effect of F

=75 7z pr>h are suppressed

my, = 140 GeV - LHCQ7TeV

r r I r
Hqt NNLL+NNLO

1. MC@NLO (Pythia) «---eeeeee--

Loy
10~ K G POWHEG (Pythia) 4
- ] POWHEG (Pythia) DAMP140 ]

=
>
@,
=
= 10-2 | MC@NLO naturally matches analytic
S S P resummation+FO curve at large pr
= Powheg (without damping) overshoots
< the FO
recovers matching at large pr
1077
0
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Matching EVV corrections INFN
with PS?

® EW corrections matched with PS still not available for Lindert et al, 2208.12660

do/dmgg [fb/GeV] pp—e*e” ut v ,@LHC 13 TeV

general processes G AT

10"

® Approximate approaches exist, only including n-body 1o

contribution (“EWvirt” or EWSL).Accuracy depends | - NNLOg

on kinematics region el — NNLOGS

EWYVirt: VV()): Brauer et al, 2005.12128; top: Gutschov et al, 1803.00950; .

V+jets: Kallweit et al, 1511.08692, ... |

. . . 0.9 T

® Exact matching performed only for processes with just 08F /

LO, (in the Powheg scheme) Ny e :

DY: Barzé et al,1302.4606; HV(J): Granata et al, 1706.03522; 1 e 5

VBS: Chiesa et al, 1906.01863,VV: Chiesa et al, 2005.12146; e e e s

WZ@NNLO+PS: Lindert et al, 2208.12660 R

.. . o95F Lo x KL ik
® Main issue: how to assign colour-flows to N 0 O W i
interferences (LO> is mostly an interference e GV
contribution) Some ideas: Frixione et al, 2106.1347| ” 9 LO
CD
(2] NLO
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- NLO event generation and matchm?
Summary

® Generating and showering events at NLO is much trickier than at
LO: n(+1) body contributions are not separately finite +need not to
double count contributions

® Methods have been developed to overcome this
®* MC@NLO achieves this by means of the so-called MC

counterterm

® Powheg generates the hardest emission with its own Sudakov

® Both have proven very successful, and today NLO+PS simulations
are the workhorses of all experimental analyses
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Backup
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MG5 aMC Syntax (I) <

® The syntax to generate NLO EWV corrections is very
similar to the one for QCD:

® e.g.ttbar@NLO EW:generate p p > t t~ [QED]

® Since no orders are specified, it will take the LO
contribution with the largest power of a2, O(a2), a @ @

and generate NLO corrections with one extra NLO @ ) @ @
power of «,

® |f one wants to also generate NLO QCD
corrections, the syntax is
generate pp > tt~ | QCD]
In this case NLO contributions with both one extra -© 0 @ @

power of & and of o, will be generated NLO ‘ ) @ @
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MGS5 aMC Syntax (l)

® |n the previous slide, the syntax would have been equivalent had we
explicitly selected the dominant LO contribution.

® This could be done by adding QED"2=0 QCD*2=4 to the generate command
(note the squared-order constraints, applied at the amplitude level)

® Now, suppose you want to include also the first subleasing LO term (LO»),
together with NLO QCD and EW corrections.

The syntax is: generate p p > t t~ QED”2=2 QCD*2=4 [QCD].
While counterintuitive, this is interpreted as in the previous slide:

® Generate LO contributions which satisfy the squared-order constraints
(O(as?) and O(asa))

® For the NLO corrections, add a power of o on top of both. This will
give (O(a,’) and )
o @ @ G
¥ X' YoYo

Marco Zaro, June 2026 83



INFN

MG5 aMC Syntax (lll)

® Can | use diagram-order constraints?

® While this will give inconsistencies when NLO EWV corrections are
computed, it may be useful e.g.in EFT studies

® |f the user asks for diagram constraints together with NLO
corrections, the code will issue a clear warning, asking the user to
acknowledge what he/she wants to do

® More info on http://amcatnlo.cern.ch/co.htm
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rocesses with tagged photons: how to

® |n practice:a new model with both the HE renormalisation scheme (G,)
and the a(0) is available: loop gqcd ged sm_ Gmu-a0

® Once loaded, tagged photons can be specified via the generate syntax:
generate t t~ la! [QED]

® Photons marked as tagged will not originate real emissions where y—2f
and the corresponding (local and integrated) FKS counterterms will not be
included

® For each tagged photon, a term proportional to the difference between
a(0) and agy is added (it has IR poles)

® The final result is rescaled by (a(0)/a,)NTagPhotons

® Result presented for top-pair and single-top production + photons
Pagani, Shao, Tsinikos, MZ 2106.02059

® Available in v3.3.0
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® The different coupling combinations to the cross section
are evaluated in the same run

® Histograms can be booked for each of them in the

analysis

® The coupling combination can be detected by using the

orders tag plot variable
integer orders_tag_plot

common /corderstagplot/ orders_tag_plot

Accessing the various coupling <i
combinations

1.b

M(tttt) [GeV]

® |tis typically computed as |00*QED + I*QCD (may change if more
coupling types are around)

® |n any case, the specific values are printed inside the log file

INFO: orders_tag_plot is computed as:

orders_tag_plot= 4
orders_tag_plot= 202
orders_tag_plot= 400
orders_tag_plot= 6
orders_tag_plot= 204
orders_tag_plot= 402

Marco Zaro, June 2026

for QCD,QED,
for QCD,QED,
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for QCD,QED,

+ QCD
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Accessing the various coupling
combinations in LHE events

® The same coupling structure can be accessed inside the LHE event
file (when PS-matching is possible)

INFN

® Weights are stored in the same format as the scale/PDF variations

<weightgroup name='scale variation

<weightgroup name='scale variation

<weightgroup name='scale variation

<initrwgt>
<weight id='1001'>
<weight id='1002"'>
<weight id='1003"'>
<weight id='1004"'>
<weight id='1005'>
<weight id='1006"'>
<weight id='1007"'>
<weight id='1008"'>
<weight id='1009'>
</weightgroup>
<weight id='1010"'>
<weight id='1011'>
<weight id='1012"'>
<weight id='1013"'>
<weight id='1014"'>
<weight id='1015'>
<weight id='1016"'>
<weight id='1017"'>
<weight id='1018'>
</weightgroup>

tag=
tag=
tag=
tag=
tag=
tag=
tag=
tag=
tag=

tag=
tag=
tag=
tag=
tag=
tag=
tag=
tag=
tag=

<weight id='1019'> tag=
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O O O O O O o o oo

40200
40200
40200
40200
40200
40200
40200
40200
40200

40202

dyn=
dyn=
dyn=
dyn=
dyn=
dyn=
dyn=
dyn=
dyn=

dyn=
dyn=
dyn=
dyn=
dyn=
dyn=
dyn=
dyn=
dyn=

dyn=

O O O O O O O O o

40200

o

O O O O O o o o

40202

0

O 1

muR=0.
muR=0.
muR=0.
muR=0.
muR=0.
muR=0.
muR=0.
muR=0.
muR=0.

0 1

muR=0.
muR=0.
muR=0.
muR=0.
muR=0.
muR=0.
muR=0.
muR=0.
muR=0.

O 1

muR=0.

combine='envelope'>

10000E+01
20000E+01
50000E+00
10000E+01
20000E+01
50000E+00
10000E+01
20000E+01
50000E+00

muF=0.
muF=0.
muF=0.
muF=0.
muF=0.
muF=0.
muF=0.
muF=0.
muF=0.

10000E+01
10000E+01
10000E+01
20000E+01
20000E+01
20000E+01
50000E+00
50000E+00
50000E+00

combine='envelope'>

10000E+01
20000E+01
50000E+00
10000E+01
20000E+01
50000E+00
10000E+01
20000E+01
50000E+00

muF=0.
muF=0.
muF=0.
muF=0.
muF=0.
muF=0.
muF=0.
muF=0.
muF=0.

10000E+01
10000E+01
10000E+01
20000E+01
20000E+01
20000E+01
50000E+00
50000E+00
50000E+00

combine='envelope'>
10000E+01 muF=0.10000E+01
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</weight>
</weight>
</weight>
</weight>
</weight>
</weight>
</weight>
</weight>
</weight>

</weight>
</weight>
</weight>
</weight>
</weight>
</weight>
</weight>
</weight>
</weight>

</weight>

0 0.15776264E+00 0.2138334¢

<event>
5

-5 -1 0
21 -1 0
-6 1 1
24 1 1
23 1 1

#aMCatNLO 1 0 O

0.00000000E+00
<rwgt>

<wgt
<wgt
<wgt
<wgt
<wgt
<wgt
<wgt
<wgt
<wgt
<wgt
<wgt
<wgt
<wgt
<wgt
<wgt

id=
id=
id=
id=
id=
id=
id=
id=
id=
id=
id=
id=
id=
id=
id=

'1001'>
'1002'>
'1003'>
'1004'>
'1005'>
'1006"'>
'1007'>
'1008'>
'1009'>
'1010'>
"1011'>
'1012'>
'1013'>
'1014'>
'1015'>

O O O O O O O O O OO o o o o

0 0 501 0.¢
0 501 502 0.¢
2 0 502 -.:
2 0 0 0.°
2 0 0 -..:

2 0.91081533E-

.15776E+00
.15496E+00
.15846E+00
.16498E+00
.16195E+00
.16585E+00
.14640E+00
.14389E+00
.14693E+00
.13388E+00
.12227E+00
.14798E+00
.13946E+00
.12736E+00
.15414E+00

</wgH
</wgH
</wgf
</wg1
</wgH
</wgf
</wg1
</wgH
</wgt
</wg1
</wgH
</wgt
</wgH
</wgH
</wgt



Accessing the various coupling CINN

® |n either case, having all the couplings available
from the same run makes them all statistically- "} SRS s ~s0Gev imi <25
I SM —
correlated s el O} INT.SM —
: : : 9 f 05 SQ+INT+SM
® |t is specially useful in the context of EFT s .
= 10_3§ %
studies, where different admixtures of new- 3 |
physics can be morphed starting from the e
event weights | :
03
® Careful when matching to PS! 93]
If the statistical distribution of colour-flows is 0
-0.2 |
very different from one coupling combination e P
1
to another (e.g. EFT vs SM), morphing could be % ]
0

100 200 300 400 500 600

dangerous!
pr(W)[GeV]

El Faham, Maltoni, Mimasu, MZ
arXiv:2111.03080
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