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Precision, accuracy, errors and uncertainty...

...for physics at the (HL-)LHC

...for physics at future future colliders

Some prospects for new methods and tools towards yet further precision

Recommended: inputs to and talks at Granada Open Symposium

Apologies: credits in talk will be vastly inadequate



Theoretical colliders

+ Hadron collider

» transformed into “parton collider” via parton distribution functions

1 1
dop,m, ({Xn}) = Z/ dfl/ dé2 fi/m, (€1)[5/m,(82) d6i;(&1, &2, { Xn})
’L] 1,min 2,min

»  compute partonic cross section in perturbation theory

» infer (i.e. download) pdf

+ Lepton collider: can do (partly) without pdf's
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Goal: highly precise output

=» Optimize precision of inputs



A lot of LHC data stull to come

= Run1 + Run 2 Luminosity Production
LHC /HL-LH P HiLun Tt N

@
=3

Every year beats the record

i %1402— /s =7-8 TeV Vs=13 TeV

LHC : HL-LHC § 120; \ / of the last!

m—m £ - 29fb" \ 160fb" . Integrated luminosity Run 2:
B’ 80 -1

BT o BT I g \ / 1607

= O — 567 - NN «  LHC total integrated proton-
w i ce coraeidation ayeire LS nemta £
L T "’;:;;:;1;7;: - notslision VST S / \\ / proton luminosity: 189fb-!

2011 2012 2013 2014 2015 2016 2017 2018

70

) ALAs - Cun Sames e F : Int. Luminosity
cmm a2z, B aae, o
e WP Tt vewoaly At .\;;Cl é E
L — — E s Run 1 29.2
- (500 10 ECTH e B o Run 2: 2015 4.2
8 wf Run 2: 2016 39.7
7 kS
UESIGHN STUDY
1ol 2011 2015 Run 2: 2018 66
of— s T Total Run 1+ 2 189
02-Mar 02-May 01-Jul 31-Aug 31-Oct 31-Dec
31.10.2018

Source: https://twiki.cern.ch/twiki/bin/viewauth/LhcMachine/LhcCoordinationMain

c@
\\
Z

At present we only have about 190/3000 ~ 6.5 % of data yield after HL-LHC



Precision, accuracy, error and uncertainty

+ Abit of terminology: for predictions for observable O

o =% ¢ra™ + 60

n

»  Precision: compute to order “m”, large enough for uncertainty 0™ to be small enough

»  But beware: it can a be small uncertainty on an incorrect result. It is then precise, but not
accurate

»  Errors: a measure of accuracy

v experimental: statistical and systematical

»  Uncertainty: indicates range in which true value could lie

+ Confront prediction with measurement, all the more meaningful with small 0™

+ This is what we should be doing: a highly sophisticated instance of The Scientific
Method
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CDF Run 1 rapidity distribution of Z boson vs

Example of precision vs accuracy

perturbation theory
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Purpose of precision: To Measure and Explore

® Aside from exceptional moments in the development of the field, research is
not about proving a theory is right or wrong, it’s about finding out how
things work

® We do not measure Higgs couplings precisely to find deviations from the
SM.We measure them to know them!

Michelangelo Mangano at SM@LHC ’19, Zurich



Precision for SM and BSM

Falsification
»  Compute promising SM observables to high precision for easier falsification by data
Diboson Cross Sectlon Measurements Status: July 2017
I | LI ! ! UL L | | |
vy ERT R /
Wy tvy 5 ATLAS Preliminary NNLO QCD
[ =0 B
Zy— bty "~ NNLo ineo %12“(“) Ph (e Run 1,2 \/— = 7,8,13 TeV m NLO QCD
NNLO (theory)
~ [jex = 0] ; O e
- Z’}/—)VV’)/ Zi%éi%z%s(’yfot; ;b)(d ta)
= 202228 24> b (data)

Verification
»  Compute BSM influenced on selected observables to high precision
v to ensure that the unique signatures are robust on HO corrections

v to extract information (measurement or exclusion)



Precision for (HL-) LHC



So far excellent predictivity of SM at LHC

August2017 CMS Preliminary
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A core process at (HL-)LHC: Drell-Yan

+ Sub percent level experimental error for Drell-Yan pr spectrum, and other
distributions

+ Impact on W-mass, PDF-fits etc
Lorenzo Bianchini SM@LHC ‘19

q¥T measurements at LHC

[1] Bizon et al., JHEP 12 (2018) 132
Theory: [2] Rottoli, Isaacson, EW workshop, Durham

3 'doVv/d 591 [3] ATLAS, EPJC 78 (2018) 110
0-'d0¥/aqr ~ %

p doW/doZ ~5%=-10%2, 0.5%=2.5%0], 1 -2%[2 (depending on corr.scheme)
Experiment:

» 0'do%Z/dgr ~ 0.5-1% with ~2 GeV bins

» 0-'doW/dqr ~ 1.5-2.5% with ~8 GeV bins

» doW/doz ~2.5% with ~8 GeV bins
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Drell-Yan (@ (HL-)LHC

+ Theory challenged!

+ NNLO + N3LL better than NNLO alone
»  NLO + resummation not sufficient N
+ At this level many small effects must be E
assessed =
» N3LO + N4LL?
»  PDF uncertainties at 1%? m
»  non-perturbative effects at small pr "
»  QED corrections (1-2%) :
»  Os uncertainty
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Bizon, Chen, Gehrmann-de Ridder, Gehrmann,

+ HL_LHC data Wl” be much more Cha”englng Glover, Huss, Monni, Re, Rottoli, Torrieli “18



Inclusive tf cross section [pb]

Top quark pairs at (HL)-LHC

+ We are already well into precision top quark physics era

I
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+ all-QCD process, NNLO corrections for cross sections.. Czakon, Fiedler, Mitov ‘13

+

..and for differential distributions

Czakon, Heymes, Mitov "15,"16

+ good enough now to be input for PDF fits
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Precision for top quark pair production

+ Value of higher orders for precision, and uncertainty budget

B ) Yo l 1< V_I
Scale variation

280 Concurrent uncertainties:
260 NLO
NNLO

240 |- O l } b1 Scales ~ 3%
220 ' NNLL [ a NLLNNLL pdf (at 68%cl) ~ 2-3%
g NLL dg (parametric ~1.5%
< 200 LL 5
5 my,p, (parametric) ~ 3%

180 Fixed Order —e—

160 NLO+res =—e— | | )

NNLO+res r=—v— Soft gluon resummation makes a
140 LHC 8 TeV, my,,=173.3 GeV; A=0 difference: 5% =2 3%
120 MSTW2008 LO; NLO; NNLO

- o~ wee ~

Czakon, Fiedler, Mitov ‘13
+ improvement due to higher orders and resummation clear

+ all at the few percent level

* NLO EW alSO known Czakon, Heymes, Mitov, Pagani, Tsinikos, Zaro ‘17
»  impact of photon-in-proton distribution notable

15



Theory for top pairs plus more

+ Status of precision theory description in 3D

loops

Markus Schulze at LHCP “18

NNLO v
Resummation ) v v
NLO 4 v
tt tt+jet ttbb/jj /‘Ulegs
stable tops tq t+V,H ittt + VYV
narrow width approx. v v
off-shell effects (WWbb) v v

decays

+ Again, smaller effects come to the fore when precision is high

»  narrow width approximation vs. full off-shell decay, all this at higher order

»  Miop definition and value - a guaranteed topic for lively debates

+ Also here the experimental accuracies will be challenging theory

16



Higgs production at (HL-) LHC

Status of Higgs production mechanisms vs theory: theory (just) ahead for now

CMS 35.9 o' (13 TeV) .
oy 1 T T Includes N3LO calculation:
er process 68% CL
ggH |rozes B s presion 7 Million 3-loop Feynman diagrams
VBF | oo myprofled 2 months of running on 25K cores

ttH | 20¢ =

WH leptonic | 307 | — Anastasiou, Duhr, Dulat, Herzog, Mistlberger ‘15

ZH leptonic | 007 w—

T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T
LHC @ 13TeV
74 SR . WOy WOy :z>01 | SwheXsubcham
‘ ‘ Q‘L 99" o - MSTWO08 68cl
=lp=UF=m

VH hadronic | 5128 : = 300

N3LO
99 /pb

Calculation was done in “1-z" = soft expansion

g,

A(3N)_5 5 5é2+z (n) n

»  to N=37/..

»  full analytic result also available Mistlberger ‘18

Truncation order

117



J. de Blas et al, arXiv: 1905.03764

Higgs boson studies at future colliders

+ In general, Higgs uncertainties at HL-LHC = 1/2 those of LHC

+ FCC: well below 1%
F. Caola @ Granada

Higgs: parametric uncertainties

Decay Partial width |  curren tunc. AT/T [%] future unc. AT/T [%]
[keV] Thine  Thpar(mg)  Thpar(®)  Thpar(my) | Thie  Thpar(mg)  Thpar(0)  Thpar(mp )
H — bb 2379 <0.4 1.4 0.4 - 0.2 0.6 <0.1 - 6a5 _ 0 0002 <= very hard but doable at M,
Sl S ! S : : om,= 50 MeV <= OK at e*e" threshold scan
H - cé 118 <04 40 0.4 - 0.2 1.0 <0.1 -
Houtp- 0.89 <03 _ . _ <0.1 _ . _ émb: 15 Mel/ <= OK
H—WW- 883 0.5 - - 2.6 0.4 - - 0.1 (3]726: 7M€V <= OK
H— gg 335 32 <0.2 3.7 - 1.0 - 0.5 - 6772}[: ]0 MC’V
H—Z7Z 108 0.5 - - 3.0 0.3 - - 0.1
H-yy 9.3 <10 <02 -~ - <1.0 - - - \
H—Zy 6.3 5.0 - - 2.1 1.0 - - 0.1 see S. Dittmaier’s talk

+ ggF cross section: many sources of small uncertainties in theory description, need all to
be beaten down

18



*

*

The theory community has responded to the precision challenge very impressively

Status of QCD corrections for LHC

In the last 20 years

Started in 2005 with highly ambitious (at the time) Les Houches wishlist for NLO

calculations. All done by 2011
This lead to NLO revolution
New frontier: NNLO and even N3LO

)

many new methods have been developed: healthy marketplace

Resummation, parton showers

>

much progress here in each (higher precision), and their combination

Also much improved:

)

PDFs, heavy quark masses, computing methods

19



The NLO “revolution™

+ Clever new methods have led to a breakthrough in NLO calculations. Particular the calculation of the one-
loop diagrams has been “solved” in full generality, and has been automatized.

»  Results now in codes such as aMC@NLO, Powheg Box, MCFM,...

+ Basic notion: all one-loop amplitudes can written as a sum of boxes, triangle, bubbles and tadpoles

i:% = 2;Q + ZzW‘F YiCi_ N+ ZZdZ;Q

v Inessence because we live in 4 dimensions: every vector can be decomposed in at maximum four
Independent vectors

Vermaseren, van Neerven; Bern, Dixon, Kosower,...

M = Z a;(D)Boxes; + Z b;(D)Triangles, + Z ¢;(D)Bubbles; + Z d;(D)Tadpoles,

+ Job: find coefficients

»  can use (generalized) unitarity: determined them from cuts and poles

B e
iy N Pole

20



Status of higher order calculations in QCD

Order 2 —1 2—-212—-2312—-4(2—>5|2—6
1 LO
g NLO LO
o> | NNLO | NLO | LO
oz? NNNLO | NNLO | NLO LO
o NLO | LO
a; NLO | LO

NLO etc

LO well-understood, now more efficient than ever

NLO: automatized, a flood of results

NNLO: top quark production (single and pair), dijet production, 1-jet inclusive, ....
NNNLO: Higgs production, Fa(x,Q),

21



Automatic higher order calculations

+ QCD NLO is automatized
»  no limitations In principle, but high multiplicity means longer running
» including matching to parton showers: aMC@NLO in MadGraphb framework

Allwal, Frederix, Frixione, Hirschi, Maltoni, Mattelaer, Shao, Torrieli, Zaro ’14
approaching 4000 citations..

) NLO EW NOW a|SO iﬂClUded Frederix, Frixione, Hirschi, Maltoni, Pagani, Shao, Zaro ‘18
*I%#:f‘%:—nub\ Physics

+ POWHEG Box for NLO + PS ...

LLL VULS, LA Ep

A . by A G TTELEN S S -~ e
. . . . y [ SIS PN S -2 ’ C-:/‘: L_‘nhl.l)l.b - s
Nason, Olean; e Frx|one’ A|OI|, Re 04 ff Iocw  Rgiwe Tosb  Datbws  Rams  (racciscoed 8 Saocs 0%

Generate processes online using MadGraphS_aMC@NLO

»  general framework for NLO + PS SO,

Mg onr 4 FUS PRper . R en s ieth el Bte. TOn ey spnet 10 e By s ledng ey
Pl motr the awsect ~erremon for Nl raghe_aMOSNCL o XG45S00 | ey pht)

by G0k e LO promiess o X ownded ol st

+ HELAC-NLO e . s

Lt Preco ExanplenYorra
Bevilacqua, Czakon, Garzelli, van Hameren, Kardos, Malamos NI oarsoveiointdir -y
= ] e I-‘---- AL L - L B
Papadopoulos, Pitta, Worek, Shao ’14 o

+ Codes increasingly incorportated into exp’tl frameworks

22



NNLO QCD and NLO EW Les Houches Wishlist

Wishlist part 1 - Higgs (V=W,Z)

Process known

H

H+j

H+2j

H+V

t\bar tH

HH

d\sgma @ NNLO QCD
d\sigma @ NLO EW

desired

motivation

d\sigma @ NNNLO QCD + NLO H branching ratios and

EW

finite quark mass effects @ NLO  MC@NNLO
finite quark mass effects @ NNLO

d\sgma @ NNLO QCD (g only)

d\sgma @ NLO EW

\sicma_tot(VBF) @ NNLO(DIS)

QCD
d\sgma(gg) @ NLO QCD
d\sigma(VBF) @ NLO EW

d\sgma(V decays) @ NNLO QCD

d\sigma @ NLO EW

EW

couplings

d\sigma @ NNLO QCD + NLO Hp T

finite quark mass effects @ NLO

EW

d\sgma(stable tops) @ NLO QCD d\sigma(NWA top decays)

disigma @ LO QCD finite quark

mass effects

@ NLO QCD + NLO EW

mass effects

d\sgma @ NLO QCD large m_t d\sigma @ NNLO QCD

limit

Wishlist part 2 - jets and heavy quarks

Process

t\bar t

known

\sigma_tot @ NNLO QCD
disigma(top decays) @
NLO QCD

disigma(stable tops) @
NLO EW

desired

d\sigma(top decays)
@ NN_O QCD + NLO EW

d\sigma @ NNLO QCD + NLO H couplings

with H—bb @ same accuracy H couplings

top Yukawa coupling

d\sigma @ NLO QCD finite quark  Higgs self coupling

motivation

precision top/QCD,

gluon PDF

effect of extra radiation at high
rapidity

ton asvmmetries



Precision for BSM

+ Top - down BSM

» assume new physics model, or a simplified version, compute signals including (QCD)
corrections

» much work here has been done for MSSM, compositie models etc

»  Example: NLO + NNLL resummed for squark-gluino production

v includes threshold and Coulomb corrections ol o K
»  improves limit-setting for gluino masses etc. 5 :
Beenakker, Borchesnky, Kraemer, Kulesza, EL “16 §':
Beneke, Piclum, Schwinn, Wever, ‘16 3"" e :111
W tow  mn 2w Zon aro
+ Bottom-up BSM PRt

»  be agnostic about new physics, parametrize it as effective theory

24



Standard Model Effective Theory

+ To parametrize new physics, one can extend the Standard Model with invariant
dimension-6 operators

Ci . .
Lsvm + Z FO,E(S] + hermitian conjugate

»  Each operator i has a coefficient Ci. The scale of new physics is A, which we take to
be of order 1 TeV.

+ No new particles, discoveries only through new interactions

1:|'III|IIIIIIIII|I.\I|III\lIIII‘II\IlIII
500 1000 1500 2000 2500 3000 3500 4000 4500

+ Procedure: include these extra operators (as new Feynman rules) in predictions,
compare with data to set bounds on the C..

25



Precision ftor other future colliders



Precision of o

Global average (various classes observables)
as(MZ) =0.1181 £ 0.0011 .

about 1% uncertainty, based on NNLO and above predictionsﬁﬁﬂ“r‘;wew

We shall need ~.0.1% in the future
Higgs, top physics, EW precision tests

Higher jet-multiplicity observables

FCC-ee

from hadronic Z decays  da, <0.15% (today 2.5%)
from hadronic W decays oJa,<0.2% (today 35%)
from hadronic rdecays Ja.,<1% (today 1.5%)
event shapes oo, < 1% (today 2.9%)

FCC-eh or LHeC
with DIS would be able to reach oa, ~0.1-0.2%

FCC-hh
from top quark pair production
test the running of a. up to 25 TeV (jet cross sections)

~—

Lattice QCD
with adequate R&D on computing a robust calculation up
to 0.3% precision might be within reach

Bethke, Dissertori, Salam ‘18

Baikov :|—|—0——| n
Davier Ire— o
Pich | o—l L4
—o=— Q
— | 1
gl ' SEh I
="
HPQCD (wilson loops) |-=.i-|
HPQCD (c-c correlators) |-b1 |
Maltmann (wilson loops) | |-@— =
PACS-CS (SF scheme) : —c- %'-'
ETM (ghost-gluon vertex) :I-l—.—l (¢))
BBGPSV (static potent) || !
------- J l " + " " l " + " " ]l
I
ABM }—e——o | —~ U
| C ~+
BBG —e— i > 2
JR | o 1 O q
NNPDF et o C
MMHI-I- ..... : + J .! ....... m. .m. 1
L
ALEPH (jets&shapes) ; : | O i n?,_
OPAL(j&s) } I T | ®
JADE(zs) | . ! ! 5
Dissertori 3j) —e— ot
JADEE) e | o
DW (1) —e— »
Abbate m) o— | | =
Gehrm.l—-r-;—o—ll : ©
Hoang —e— Ly {2
(C) ! :+ i + + ! + IJ‘ _: } ! " + : " ! " " " " !
GEitter i ‘ | eIec’c-rc_)weak
' s e precision fits
CMS | hadron
(ttcrosssection) | o= L .., collider |
0.11 0.115 0.12 0.125 0.13
2
April 2016 ( )
o (M2



Electroweak Observables at Future Colliders _

EWPOs

LEP TEV LHC CEPC FCClee)
Em‘t . Z-pole 1012 Z’s
ol MW WWW) “Tera-Z”
10’5:
10‘::
10;
ILC: M. Lancaster

o “Giga-Z” running not part of baseline
but maybe later

I

Top mass exp’t error: 25 MeV expected

Precision EWK Observables
Submission Inputs: 29, 145, 101, 132, 135

EWPO Current | CEPC | FCC (ee)
My [MeV] 2.1 0.5 0.1
I'z [MeV] 2.1 0.5 0.1
N, (%] L7 0.05 0.03
My, [MeV] 12 1 0.67
A% [x104) 16 1 <1
sin? 51 [x10°] 16 1 0.6
Ry [x10°] 66 4 2-6
R}, [x10°] 2500 200 100

LHeC can measure
sin26,y as f(E).

LHeC : Mw to 10 MeV but can measure PDFs allowing HL-LHC to

half PDF uncertainty and achieve O(5 MeV) Mw.

ILC/CLIC : Mw to 5 MeV similar to HL-LHC/TeV average.

16 14/05/19 Mark Lancaster | Electroweak Precision Measurements

Theory one larger at present.

1@
uropemn
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Electroweak corrections

+ QED corrections are also becoming quite important at the LHC
»  NNLO in QCD =NLO in EW

»  Photons in protons: LUXged formalism

Manohar, Nason, Salam, Zanderighi ‘17

v Extract from precise ep data — large increase in precision! (% level)

LMVWMV (DIS) == 5-6’}/ X ffy/p (/VPDF) NNLO, Q = 1.65 GeV

//////

//////

+ EW loop corrections: many scales
»  particular relevant for EW precision observables

» atlarge pr in hadron colliders
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High precision at lepton collider: Higgs couplings

Improvements w.r.t. HL-LHC

M. Cepeda Kappa-framework EFT-framework
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Some prospects for more precision



News from PDFs: theory errors

NNDPDF collab.”19

PDF errors dominant for many LHC predictions. Thus far they only reflect the
uncertainties of measurements and their correlations

First step in including uncertainties from Missing Higher Orders, by fitting PDF’s for

a set of ur,pr values, and from there sum the exp.("C”) and th. (*S”) covariance
matrix

Ndat

=3 (Di = TZ.(O)) (S+0);; (Dj = Tj(O))

i,J=1

Introduces much more correlations between experimental inputs

Experimental + Theory Correlation Matrix (9 pt)

i Wil 0
Wi

Ui

CCCCC

) o) «
3 2 ) 0



News from PDFs: theory errors

+ Validation: see at NLO if the NNLO central value is in the MHO uncertainty band
+ Looks ok:

NNPDF3.1 Global, Q = 10 GeV
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(QCD precision at REALLY high order |

+ five-loop QCD beta function

: Baikov, Chetyrkin, Kiithn ‘16
» first done for SU(3) ’ then for SU(N) Herzog, Ruijl, Ueda, Vermaseren, Vogt "17,

v using R* method to extract divergences

v 6 days on 32 core machine

»  five loop expansion in MSbar scheme very benign

B(as,n=4) = 1+0.490197 o +0.308790 2 +0.485901 o + 0.280601 ot + ...

v less than 1% change due to 5-loop term, even at as=0.47

1.06

+ Implications for running coupling:

O NLO
1.04

1.02

n,=4,0 =02 at40 GeV’
IIIIII| 1 IIIIIII| 1 IIIIIII| 11 111111l

1 10 0% 2 10° 10

34 W




(QCD precision at REALLY high order 11

+ QCD splitting functions at four and five loops

z ! .
d1n 12 filx,u*) = /x %Pik(yv os(1?)) fk(; a.U2> B — iR R e p ST G el e
»  at three loops (NNLO) known analytically; at 4 loops in part numerically, at 5 loops

some moments
Herzog, Moch, Ruijl, Ueda, Vermaseren, Vogt "18,

>
'0.06 1 1 LI IIII 1 1 I.'I LI '0.092 LI
i o i )
-0.062 —dln qns/dln My ; = B NNLO ]
2 : 1 -0.096 | ; _
r 1 - --- N’LO .
-0.064 | ; Vil I 7 72
E NLO il - — N'LO il
- - 7 1 01} A
[ a s ™\ . e P
10.066 [ - ) ]
> 10104 - N
10.068 |- - | ]
L NS i N'=3" 5
_().()7 ; 1 Ll ] L1111t -0.108 : ] Lol ] L L1111l
10 el 10 10 e 10
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Prospects for turther QCD accuracy

+ There is a “vibrant” community addressing NNLO for 2 — 3, N3LO and beyond

+ Involves progress in
» loop diagrams: analytical and numerical approaches

» IR divergence management, new subtraction mechanisms, phase space slicing
making a comeback

»  Shuffle/Hopf algebra of polylogs to 3rd order — elliptic integrals
» threshold expansions

» automation, computing methods
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Solt logarithms at next-to-leading power

+ (General soft expansion for 2—1 processes

o’e 2n—1
do g\ ™ L o GRS
S E e E (—1)
dz ( ™ ) {Cnm 1—z

+ 0 logm(l—z)—l—...}
_|_

+ NLP logarithm organization

»  exhibit all-order patterns. Leading logarithmic resummation now achieved for a

num ber Of reacions Beneke, Broggio, Garny, Jaskiewicz, Vernazza,
Szafron, Wang "18
X 20.C 20.0% log N Bahjat-Abbas, Bonocore, EL, Magnea, Sinninghe-
O_égog) (Qz) exp { e log2 (N) } (1 = o Damsté, Vernazza, White ‘19
Q T N Moult, Stewart, Vita, Xhu ‘18

»  technology also used to extend phase space slicing methods for NNLO calculations
(using N-jettiness) to NLP

v for much better numerical behavior
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Elliptic progress: from math for loops

+ Polylogarithms appear after doing Ioop integrals
Lij(z) = —log(l —x), Liy(x / —Lln 1(

» and more generallly multiple polylogarithms (MPL's)

S
G(al,...,an,m)z/o t_alG(ag,...,an,t)

+ They obey a “shuffle algebra’
Eilafcr=s ar; ) G(ags, - - -, Tl 65)) — Z G(ag(1)s-- - (k+1)} T)

oeX(k,l)

»  which can greatly simplify results. Its math properties help compute loop integrals

+ At two loop and certainly beyond “elliptic” functions start appearing, including

/1 — X2
/\/1—752 1 — Xt2) / 1 — ¢2

» extensions of MPL technology to elliptic case are appearing

Broedel, Duhr, Dulat, Penante, Tancredi ‘19

38



Computing progress: analytical, numerical

+ Computer algebra!

» Many dedicated mathematica packages for categorizing loop diagrams (FIRE,
REDUZE, ...)

»  Most powerful language, especially for high loops: FORM  J. Vermaseren

v still under active development. Recent: FORCER, code that writes other code
+ Monte Carlo technology

» improved parton showers, matching to fixed order

IMPORTANT:
As for other areas, for future progress we cannot take the
new talent entering precision calculations for granted.

Support, including recognition, for creating /maintaining
tools and technical innovations will be needed!
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SMEFT and top physics

Brown,
Buckley,Englert,Ferrando,Galler,Miller,
e TopFltter More,Russell, White,Warrack

T
individual ——e—
marginalized —e—

»  Confront LHC and Tevatron top data with theory, including operators | ¢
(14) Cu ——

G -
& ==

~33
CuW e

v pair production (+ vector boson) and single top

I e

»  Experimental uncertainties as given 2 =
»  Theoretical ones: vary scales, and use PDF uncertainties g() e
» NLO effects via SM K-factors pe

+ Top flavour-changing interactions, global analysis Durieux,MaItoni,Zha_rlmg Y acaemw

»  Top pair and single top contributions
» Include NLO for SM included

» Include also running and mixing for operators

+ Recent note on common standards in EFT approach by all involved

Aguilar-Saavedra et al
arXiv:1802.07237
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Dimension-6 operators for single top in t-channel

de Beurs, EL, Vreeswijk,Vryonidou ‘18
1,3
K M |

For single top production in the t-channel, only 3 operators matter!

1 — -
= z§yf (SOT D M) @ a)
Oy = ytg’w(QO-MVTIt)@W;{I/

022,7~5 — (@1“/7'“7-[(]8) (@/Y,LLTIQ)

Easier to get info on each operator separately

Effects will be small, hence we should also include QCD corrections to SM
They will affect the cross section, and differential distributions, in different ways
» used MadGraph5_aMC@NLO
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Effect on amplitudes and cross sections

+ How do these operators modify single top scattering amplitudes and the cross

section?
»  Amplitude | TV

M = Mqgy + A2

()

Ci M;

»  Squared amplitude

1TeV? . 1TeV*
‘M’Q = \M‘%M—I—Z A2 C; 2Re (MSMMZ)+Z Al C@Cj ’M‘i]
i 1<J
»  Cross sections
1TeV? 1TeV*
0 = 0OSM T Z A2 Cz oF; A4 CZCJ 04,5
? 1<j

+ NLO QCD needed in order to make C;i corrections stand out from osm(x, as())
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SMEFT single top distributions at NLO

+ Whbj production then W-decay via MadSpin, parton showering with Pythia8

+ Top quark pr and n normalized distributions

»  Four-fermion operator different shape. QCD corrections at large pT and central
rapidity notable

»  Allow for new physics operators in production and decay (EFT=2)

EFT=2 10 EFT=2
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Next steps in automation in MG5_aMC@NLO

+ (Not yet NNLO...)

+ SMEFT@NLO is fully included

»  but renormalization group running and mixing of all the operators still to be done

+ MSSM@NLO is under construction. Two example plots [thanks to M. Zaro]

»  susy pair production at NLO; # jets in gluino pair production after decay and ps

NLO cross sections at 13 TeV pp
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Gluino pair production at 13 TeV LHC
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Imprecise and somewhat uncertain outlook

+ With only the first few percent of LHC data acquired, experiment will demand high
theoretical precision

» not just NLO or NNLO, small other effects come into play

+ Theory community is meeting the challenge, with quite spectacular progress in the

last 15 years
S. Dittmaier @ Granada

+ New ideas, methods and talent give reason for optimism

»  with sufficient support, recognition and resources
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