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HUGE COMMUNITY WORKING AT LHC PRECISION PRYSICS

TOO MANY INTERESTING RESULTS TO SUMMARISE IN FEW MINUTES
SO | AM NOT EVEN GOING TO TRY...

Quantum Chromodynamics Production of electroweak vector bosons
Resummation, parton showers, non DY, di-boson, three-boson production
perturbative corrections, physics of jets... QCD, EW corrections
Heavy quarks Higgs Physics

top, bottom, charm quarks Higgs couplings, Higgs potential,

QCD and EW effects, fragmentation, hadronization.... Electroweak symmetry breaking



WHAT CAN | DO IN 25 MINUTES. ..

1.MOTIVATE WHY WE ARE DOING THIS AND MOST IMPORTANT PHYSICS

2.INTRODUCE THE FRAMEWORK ON WHICH THESE RESULTS ARE BASED

3.GIVE YOU AN IDEA OF THE STATE-OF-THE-ART

4. STRESS THE LIMITATIONS WE STILL NEED TO OVERCOME

5._... AND CONVEY SOME EXCITEMENT FOR THIS FIELD... :)




HIGHER AND HIGHER PRECISION AT THE LHC (anp BEYOND)....
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THE LHC HAS BECOME A PRECISION MACHINE

CMS Experiment at the LHC, CERN
Data recorded: 2023-Sep=26 17:59:51.672000 GMT
Run/ Event/ LS: 374288 / 9272477 | 82

After its discovery in 2012, a lot (but not only)
revolving around Higgs boson’s properties

Standard Model Production Cross Section Measurements

Status: October 2023
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THE HIGGS BOSON: THE LAST MISSING PIECE
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HIGGS INTERACTIONS At THE LuC

Hints to answer these questions hidden in the details of Higgs interactions to SM particles




HIGGS INTERACTIONS At THE LuC
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HIGGS INTERACTIONS At THE LuC

Hints to answer these questions hidden in the details of Hi

Events / 2 GeV

/70

60

50

40

30

CM 35.9 fb' (13 TeV)
_II I | L L I [ [ | [ | L | L | I II_
E + Data E
| H(125) ]
- o qq—2Z, Zy* ’
- B 9922, 2y -
I B AL B rrrrr ] rrr rrrrrprr o rrr T
B KZ e =
= . . o ATLASRun?2
B 7
B | , Lept K
— Kt i————-=——--—-i eptons Quarks
ST N e 8 o
B B Force carriers Higgs boson |
- K -
T r - -l 1 Y Z W H
Kﬂ = = == == == == = { = .—. ————————— I :
i b —— Binv =B, =0 .
Kg b - —I.— - .
--®m- B, free,B, 20, x, <1
K;/ SM prediction
e Parameter value not allowed
sz |-: —————————————— -.-.— —————————— 4
....l....l ........ I....l....l....l....l....l....l
0.8 W 1.2 1.4 1.6




HIGGS INTERACTIONS At THE LuC
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PROBING THE GAUGE SECTOR

Multiboson final states as probe of electroweak sector of SM

a0 BB Data 202-203fb" '

A0
#
pr> LHC pp Vs =7 TeV
30 GeV
GeV' 100 Gev - "&":O-
o O V- total
nj>2 3gTG>eV O g u s Www LHC pp VE - 5
A Ao > 1 t-chan o -1
oy vz B4 BB  Der003-030b
. nj = 3 pT > Wit -0 WZ _0_ -ﬂt;taj
100 GeV . 77 wz
njz 2 l_n— nj = 1 HS-2 .u- -I_ZOZ__* |-_+‘0‘
-~ n>4 o pr>25 Ge\/n' zZ 77 n
nj>3 i >3 nj >4 Ao total
o .. o & Wy AL o
n>5 o M25 " g chan Zy 10 H_}M/F\)/V . 3
o g8
i n> 4 A O 7 bb WWW tot.
g o "o Zy o o oo o
226 s o o g o™ B —
j = e Yy — - ! ttZ Wii
n nj>5 nj =7 yy (x0.0 H-tr (x0.5) mm WWZ tot. "4
n Q (x0.01) i (x0.25) s W ttWw+ ! A x0.2) IQ
o . Y -H— (x0.5)
n>8 tZj (x0.01) L - )
n=4 nj>6 n H—-Z7Z i
u g Aoy o
Hoyy Hoe 1} ﬂ Wyy g
; nj>7 (x0.15) A oy total
. nj= [
ISAR - o o = R ...
T H—vyy Hovyy —'n. u finfg
B 09 a Z2Z /N
. |
=0 H — 4¢ ") WZy a i d =
l H o yy N gz 3
i o -.l : 1
XU. =
VBF (vector boson fusion)
y w z tt t WV H Hi VH v  tiH WWV 777 Vyy &7 VVjj

tty Vij  tEtt EWK s ww
tot. tot. VBF tot. EWK  tot. EWK




PROBING THE YUKAWA SECTOR
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PROBING H SELF INTERACTION THE CHALLENGES AHEAD

Direct sensitivity in HH production: Progress, but extremely hard to measure even at (HL-)LHC
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PLENTY OF POTENTIAL FOR “DISCOVERY" AHEAD

ATLAS

EXPERIMENT
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For the first time in decades, we might not expect new particles ahead...

Still,_thanks to % precision physics program at colliders, we have the chance to investigate these
“new Interactions”, and scrutinize quantum field theory to the highest precisions




PRECISION STUDIES “OPPORTUNITIES™ ALL OVER

Rule of thumb: 1 more loop ~ 1 more leg
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PRECISION STUDIECS “nPPAPTIAITIEG” AL NVIED

I 1 Status: October 2023
Standard Model Production Cross Section Measurements e e
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% PRECISION, HOW DO WE GET THERE?
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PRECISION AT COLLIDERS: THE “STANDARD” FACTORIZATION PICTURE




PRECISION AT COLLIDERS: THE “STANDARD” FACTORIZATION PICTURE
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PRECISION AT COLLIDERS: THE “STANDARD” FACTORIZATION PICTURE

Resummation, parton

showers, matching...
See C. Biello’s talk \
this afternoon
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Non-perturbative PDFs
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PRECISION AT COLLIDERS: 1s 1T UNDER CONTROL?

(1 +O(Agen/Q)) Aocp ~ 1GeV  Q ~ 30— 100 GeV

if n = 1, can easily give % level corrections

Impact in eTe™ — 3 jets for ag fits (subtleties in 3 jets vs
2 jet case) [Nason, Zanderighi ’23]

12 . . . , | Recently excluded for some observables
10 no NP cco(;/r). - B
. g data —=— qq — tt [Makarov, Melnikov, Nason, Ozcelik ’23]
§ 6 - _ Using short-distance (MS) top-mass scheme
@)
- 4+ -
, Single top [Makarov, Melnikov, Nason, Ozcelik ’23, ’24]
| | | . Depending also on observable (positron momentum components!)
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§ 0.95 ‘;Ii% I Lll%ll%ll llIIL__ I % OCD QCD
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PRECISION AT COLLIDERS: pARTON DISTRIBUTION FUNCTIONS

d$1d$2f($1)f($2)

Huge effort to understand PDF evolution to N3LO

Inter esting low-x behaviour [Ball, Bertone, Bonvini, Marzani, Rojo, Rottoli *18]

30 | | IIIIII| | I T TTTTI | | IIIIII| | | IIIIII_
25 i XPg((f) (X) N
20 B Ilf =4 B
15 n it 2 x 80 approx. |
(N = 20) i
10 i 4 - QQQOOONC 01010]0/0700)6
i]l —— selected -
_‘t M cases A.B _
ST ‘k“ - -
o L Kk\\\\\ S = == ]
5 ~_ .- ” ] [Davies, Vogt, Ruji, Ueda, Vermaseren,’16]
{ [Gehrmann, Manteuffel, Sotnikov, Yang ’23, 24]
_10 _4! Ll _3| L1l _2| Ll _1| L 111111 [Falcioni’ Herzog, MOCh, Pelloni’ VOgt )23, ’24]
10 10 10 10 1
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HARD SCATTERING

A0parc (71, 72) —> Ouigg = [ [APS] Mgy’




HARD SCATTERING

small “coupling constant” ~ 0.1 \

NLO NNLO
‘qu—>99| ‘qu—hqg‘ _I_. qq—>gg| . |qu—>gg




HARD SCATTERING

49—99g 49—39

2 O
Mgg—gg " = ‘MLO + (—) |./\/lNLO

0 00 N
4 Often not even enough in pure QCD
| | |
Double Virtual Real Virtual Double Real QCD+EW effects must be included!

See T. Armadillo’s talk this afternoon



HARD SCATTERING

2 LO
‘Mq§—>gg| — ‘Mq(i—hqg

Double Virtual

+(50) M

(00000
100000
00000

Real Virtual

NLO
49—99

Double Real

Cancellation of IR divergences

Well under control up to NNLO

Antennas, Stripper, Nested, Torino,
Colorful, Geometric, slicing schemes

(Some more developed than others,
but conceptually under control!)

See L. Bonino’s and G. Fontana’s talks



HARD SCATTERING

2 LO 2 Qg NLO |2 s 2
Magosgol” = (M2, + (52) MGG+ (52) MG+

Two-loop amplitudes often bottleneck

Cancellation of IR divergences

Well under control up to NNLO

Antennas, Stripper, Nested, Torino,
Colorful, Geometric, slicing schemes

19t

00000

(Some more developed than others,
but conceptually under control!)

Double Virtual Real Virtual Double Real See L. Bonino’s and G. Fontana’s talks



AMPLITUDES: THE STANDARD WAY AT # LOOPS

QQY — = efteel e My b )

. N

D1 ~el 2T PE Pk

L D b b, L D b b,
0 = Hdkl 0 Vﬂsll,..Sm 7 Hdkl Sll"’Sm
JAl@np ot | Dp...Df ' 27)P D ... D
[=1 k | S n =1 1 - n
Integration by parts identities (IBPs) scalar Feynman integrals
(+ Symmetries, Lorentz ids and all that) D;= g} —m;

[Chetyrkin, Tkachov; Laporta; ...] S;=1{¢;- ;. ¢ i}




ON THE DECOMPOSITION: 18PS AND MASTER INTEGRALS

Modern methods, first applied* systematically in 1997 to calculate electron g-2 to 3 loops

Reduction to 17 Master Integrals

.83 , 215 100 [ (. /1)  In*2 m21n%2
i : i AA 2T B = 5B+ 3 _(L14 (5) " o4 > 24

239 4 139 298 o 17101 28259
T ¢(3) 7 1ln 2 T [Laporta, Remiddi ’97]
2160 18 9 810 5184

* qs far as I know...



ON THE DECOMPOSITION: 18PS AND MASTER INTEGRALS

Modern methods, first applied* systematically in 1997 to calculate electron g-2 to 3 loops

Reduction to 17 Master Integrals

.83 , 215 100 [ (. /1)  In*2 m21n%2
i : i AA 2T B = 5B+ 3 _<L14 (5) " o4 > 24

239 4 139 298 o 17101 28259
T ¢(3) 7 1ln 2 T [Laporta, Remiddi ’97]
2160 18 9 810 5184

Since then, things have changed a lot!

Complexity increases factorially with # of legs and # of loops
- many scales — huge rational functions to handle symbolically (typically TBs of RAM on large machines!)

- many loops — explosion in number of identities (typically > 10 for 2 — 2 at three loops, again TBs!)

* qs far as I know...



ON THE DECOMPOSITION: NEw METHODS FOR IBPS

>
Y
<
Finite-fields methods Algebraic geometry methods intersection theory
Avoid intermediate expression swell Reduce the number of IBPs generated X] B B
(plC] = > {ele) (C71)i P (H i [Ci[C]

[von Manteufell, Schabinger, [Zhang, Bohem, Kosower, baRI=L
Peraro, Abreu, Page, Ita, Peraro, Page, Abreu, Ita, von
Klappert, Lange,....] Manteuffel, Schabinger ...]

[Mizera, Mastrolia, Frellesvig,
Brunello, Crisanti, Mattiazzi,
Gasparotto, Smith, Chen, Feng,
Yang, Xu, Pokraka, Caron-Huot,
Giroux, Weinzierl, Fontana,
Peraro...]




ON THE DECOMPOSITION: STATE-OF-THE-ART FOR QCD CALCULATIONS

2 loop 5 point 3 loop 4 point 4 loop 3 point

! !

Henn, Lee, Manteuffel, Schabinger,

Abreu, Agarwal, Badger, Buccioni, Chawdhry, Chicherin, Smirnov. Smirnov. Stainhauser
b b b B

Czakon, de Laurentis, Febres-Cordero, Gambuti, Gehrmann,
Henn, Ita, Lo Presti, Manteuffel, Ma, Mitov, Page, Peraro,
Pochelet, Schabinger, Sotnikov, Tancredi, Zhang, ...

Bargiela, Bobadilla, Canko, Caola,
Jakubcik, Gambuti, Gehrmann, Henn, Lim,
Mella, Mistlberger, Wasser, Manteuffel,
Syrrakos, Smirnov, Tancredi, ...



ON THE DECOMPOSITION: STATE-OF-THE-ART FOR QCD CALCULATIONS

2 loop 5 point 3 loop 4 point 4 loop 3 point

! !

Henn, Lee, Manteuffel, Schabinger,

Abreu, Agarwal, Badger, Buccioni, Chawdhry, Chicherin, Smirnov. Smirnov. Stainhauser
b b b B

Czakon, de Laurentis, Febres-Cordero, Gambuti, Gehrmann,
Henn, Ita, Lo Presti, Manteuffel, Ma, Mitov, Page, Peraro,
Pochelet, Schabinger, Sotnikov, Tancredi, Zhang, ...

Bargiela, Bobadilla, Canko, Caola,
Jakubcik, Gambuti, Gehrmann, Henn, Lim,
Mella, Mistlberger, Wasser, Manteuffel,

All processes computed in Full Color Syrrakos, Smirnov, Tancredi, ...

Including Planar and Non-Planar diagrams




PROBING QCD AT THE HIGHEST ENERGIES

Recently, full-color calculation of all scattering amplitudes

I:{32
* CMS Vs=7TeV
0.2 ]
0.1 -
[Agarwal, Buccioni, Devoto, Gambuti, Manteuffel, LT *23] : ]
De Laurentis, Ita, Klinkert, Sotnikov, ’21, ’23 " ~ -
| : " o NLO pQCD CT18 PDFs
0.05 B fixed order o a(M) =0.118 1
CTho<y <04 LHC 13 TeV i T standard L=w={p )
+ non-pert. correct. S .2
I I I I I
| | | | | | 300 500 1000
Yyt < 1.2 m—— N[O = NNLO <p-|-1 2> (GeV)

Multijet to fit aq

R3o/ R;)I\%O(Ho)

R3/2, Scale: p = ﬁT/Q

3-jet production in NNLO QCD

500 10|00 15|00 2OIOO 25|00 SOIOO 35|00 40|00 [Czakon, MitOV, Poncelet ?22, ’23]
H T [GGVI




BEYOND ALL-MASSLESS: AMPLITUDES AND CROSS SECTIONS

Frontier of algebraic complexity: production of 2 massless and 1 massive particle at 2 loops



BEYOND ALL-MASSLESS: AMPLITUDES AND CROSS SECTIONS

Frontier of algebraic complexity: production of 2 massless and 1 massive particle at 2 loops

Many results for LC (planar) virtual corrections, e.g. e bt ey
'g‘ 45 :_I | | | | | | | | | | | ‘ | | | | ‘ | | I_:

— o 1 = —+— CMS E

ia’ iy g —— MINNLO E

pp — Wbb [Badger, Hartanto, Zoia ’21] % v Ly —H MINNLOrs E
pp — Hb[_y [Badger, Hartanto, Krys, Zoia ’21] § 3 ;— + _;
2.5 t —

pp — W}/j Badger, Hartanto, Krys, Zoia ’22] 9 g_ | | ; _;
b - 1.5 ;— + ;

pp — VV]] Abreu, Cordero, Ita, Klinkert, Page, Sotnikov ’22] B E
q 05 i_ _i

b ! Cc%fgO?IIIIIIIII|IIII|IIII|III—;

g 1.5 — -

) WY s = -

g V 14 ; | | g 1 = 9 — s + ; =
5 4 Ve *2 0.5 ;— _;
S ; -

’\/\/V\/< B . | | | | | | | | | | | | | I | I I | | | | | |
q d |77|b_‘]et1

NNLO corrections to pp — Zbb + PS matching

[Abreu, Chicherin, Ita, Page, Sotnikov, Tschernow, Zoia ’23] L . .
[Mazzitelli, Sotnikov, Wieseman ’24]



THE NEED OF PRECISION: TowARDS THE % LEVEL

pp—H+X 13 TeV, PDF4LHC15, ug=ug=my/2

60 r
ATLAS®
50 -
_ 40:—
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S
N
<
f 30 |-
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N i
@) o0 L LLO
. Georgi et al
A 5 1978
. [plot from M.Grazzini]
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THE NEED OF PRECISION: TowARDS THE % LEVEL

pp—H+X 13 TeV, PDF4LHC15, ug=ug=my/2
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THE NEED OF PRECISION: TowARDS THE % LEVEL

pp—H+X 13 TeV, PDF4LHC15, ug=ug=my/2
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THE NEED OF PRECISION: TowARDS THE % LEVEL

pp—H+X 13 TeV, PDF4LHC15, up=pg=my/2
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THE NEED OF PRECISION: TowARDS THE % LEVEL

pp—H+X 13 TeV, PDF4LHC15, pug=ug=my/2

60 p
ATLAS® :
_ NNLL+NNLO QCD+NLO EW N3LO QCD+NLO EW }
Bl
NLO QCD f
i Anastasiou et al ;
40 -_ 2016' _‘
S - M. Grazzini, D. de Florian y
o 2003-2016
[S—]
Y
<o ;
I"' 30 |- .
1\ : Dawson, Spira et al -
A 1991-2003
G
@) o0 L LO
- Beyond NNLO:
ol Georgi et al IR subtraction becomes an issue again
- 1978
o Amplitudes even more complicated
[plot from M.Grazzini] .
N See G. Fontana’s talk this afternoon




TOWARDS N3LO: THE NEW FRONTIER

Our current ability of going to N3LO still rather limited and based on:

- either direct “analytic calculation” of some observables (reverse unitarity) [Anastasiou, Melnikov ’02]
and Pr ojection to Born [Cacciari, Dreyer, Karlberg, Salam, Zanderighi ’15]

- or slicing techniques based on factorization theorems (g;, N-jettines) [Catani, Grazzini ’07]
| Boughezal, Focke, Liu, Petriello ’16]

First results for 2 — 1 processes (DY, Higgs)

g



- [Chen, Gehrmann, Glover, AH, Yang Zhu '21]
o SCET+NNLOJET  pp-1T1-(y") VE=13Tev
| SCET+NNLOJET pp=1*t1=(y") Vs

110.0 E— — 5] N 5
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TOWARDS N3LO: THE NEW FRONTIER

Impressive effort to compute all missing ingredients for slicing methods to N3LO

.n““““ fl(kl)
- N-jettiness Beam Functions ‘ )
: S qe60000° - Jo (k2
|Ebert, Mistlberger, Vita ’20] i)
[Baranowski, Behring, Melnikov, Rietkerk, Tancredi, Wever ’17,’19,22] 5 fa(ks)
S Z*(p@)
-

()

- zero-jettiness soft function (for color singlet) [Baranowski, Delto, Melnikov, Pikelner, Wang *24]

- recent progress on generalization of Antenna’s to N3LO See G. Fontana’s talk this afternoon



TOWARDS N3LO: THE NEW FRONTIER (FOR AMPLITUDES T00)

First 3 loop amplitudes with one off-shell external leg

- 3 loop leading-color amplitudes for gg — {Zj : Wl}

[Vita, Mastrolia, Schubert, Yundin, Syrrakos ’14] [Canko, Syrrakos ’21]
[Gehrmann, Jakubcik, Mella, Syrrakos, Tancredi *23]

- 3 loop master integrals for leading color amplitudes for pp — Hj

[Bobadilla, Henn, Lim,’23] [Canko, Syrrakos 23]
[Bobadilla, Gehrmann, Henn, Jakubcik, Lim, Mella, Syrrakos, LT to appear soon]



CONCLUSIONS

1.Colliders remain some of the most flexible (multi-purpose) experiments to investigate
fundamental questions in physics

2.Higher-order corrections crucial to precision physics studies: QCD, QCD-EW, pure EW ...
3.QCD NNLO calculations for 2 — 3 have become a reality!

4.Breaking the QCD N3LO barrier seems to be also around the corner (including progress on
PDF evolution): amplitudes are on the way, progress on IR subtraction.

5.Accounting for QCD-EW and pure EW to higher order becomes increasingly important

Exciting developments all over! Stay tuned...!






