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* almost entirely fixed-order



Where we are at a glance

“Vanilla” NP must be heavy

Overview of CMS EXO results
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Where we are at a glance

Charting the Higgs sector

. ~5-10% accuracy in

many channels/
observables

- Exploring Yukawa sector

First steps towards Higgs
potential



https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-005/

Where we are at a glance

t differentig
13 t =+

Substructyre
32

Inclusi\,e jet

7 .
) JHEP 03.'156 (2017) 3']et Mmass \
-7 8
- EPJC 77.74¢ (2017) Inclusive jeg T
~ aonaioe JHEP 8 Dij ——
o GO e 02142 (2022) Yets (30)
g \EY ceo P oM 13
\;\\\]5;93%3 6= Pt - arxiv 231216669 (2024) ,nC’usiVe ]et —6G [
My’ -7 o
.- 13 . — ~-~
0 D e ? CMS'PAS-SMP.22-015 Dijets (2p/3p @
B .- 0 K?\\“\\ﬁ“' \03\6\, (2024) 13 £
Pm&%%js-’f"”’ g Nergy correlators
mw

xtracting fundamental parameters

*\WW-mass, Qs...
- Often competitive with world average
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The usual picture
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The usual picture

VW

dilfld.’lfgf(xl)f(xQ)dUpart(xl7 xQ)FJ(l T O(AZ}CD/Qn))

do =



Power corrections

do = /dﬂfldef(xl)f(xQ)dUpart(3317 QEZ)FJ(l + O( TCSCD/QR))

In principle, easy to imagine mechanisms for linear power corrections.
Disastrous for precision programme (1 GeV/30 GeV ~ 3%)
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[G.P. Salam]
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(pea) Integrate over soft d.o.f. = NP



Power corrections

do = /dgcldef(xl)f(xz)dapart(:171,azz)FJ(l Jr-)

In principle, easy to imagine mechanisms for linear power corrections.
Disastrous for precision programme (1 GeV/30 GeV ~ 3%)
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For many interesting observables, this does not happen!

(— see Paolo’s talk)



[Camarda (LHC seminar 2023)]
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PDFs and evolution: the rise of N3LO (+th. unc.)

do = /dx1d$2f(m1)f(m2)d0-part(xl7 372)FJ(1 T O( ZJ}CD/QWJ))

A lot of effort in computing N3LO evolution [Davies, Falcioni, Gehrmann,
Herzog, von Manteuffel, Moch, Pelloni, Ruijl, Sotnikov, Ueda, Vermaseren, Vogt, Yang...]

In many cases, enough moments + asymptotic for collider pheno

— see Tommaso’s talk
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[Ball, Bertone, Bonvini,

Marzani, Rojo, Rottoli

N3LO: evolution and the problems of small-x
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[Altarelli, Ball, Forte,
Ciafaloni, Colferai, Salam,
Stasto]

n — perturbative instabilities@N3LO

but large subleading effects [Bonvini, Marzani (2018)]
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NNLO: an issue at low-mass, not quite so at the EW scale



[Ball, Bertone, Bonvini,

Marzani, Rojo, Rottoli

N3LO: evolution and the problems of small-x
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[HE-HL LHC report, 2019]

Hard scattering: Higgs, ggF

- ggF: N3LO is not enough

- a lot of recent work (from many people in the audience!) to improve on it
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[HE-HL LHC report, 2019]

- ggF: N3LO is not enough

Hard matrix element: Higgs, ggF

- a lot of recent work (from many people in the audience!) to improve on it
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Klappert, Niggetiedt (2021);
Higgs pt. Bonciani, Del Duca,
Frellesvig, Hidding,Hirschi,
Moriello, Salvatori, Somogyi,
Tramontano]



Hard matrix element: Higgs, ggF

- ggF: N3LO is not enough

- a lot of recent work (from many people in the audience!) to improve on it

[Bonetti, Melnikov, Tancredi
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(2017); Bonetti, Panzer,
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1 Bacchetti, Bonciani, del Duca,

Hirschi, Moriello, Schweitzer
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[Czakon, Eschment,
Niggedietd, Poncelet,
Schellenberger (2023)]
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[HE-HL LHC report, 2019]

Hard matrix element: Higgs. ggF

- ggF: N3LO is not enough
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Hard matrix element: Higgs. ggF

- ggF: N3LO is not enough

- a lot of recent work (from many people in the audience!) to improve on it
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ttH & ttV@NNLO

- Despite a lot of progress in scattering amplitudes (see Federico’s, Vasily’s &
Andreas’ talks), these amplitudes are still out of reach

dea: approximate them, and study impact on physical cross-section

tt H pp — tEH @ 13.6 TeV, pp=pp=Bri+Er't Bog)/2 ttW
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> the updated measurement is compatible with our prediction at the
level of 1.40

oatas = 880 = 50 (stat.) = 70 (syst.) = 880 = 80 fb
Otheory = 145 £ 50 (scale) + 13 (2loop approx.) £ 19 (PDF, ;) fb
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[C. Savoini, talk at Moriond 2024]

[Catani, Devoto, Grazzini,
— see Simone’s + Javier’s talks Kallweit, Mazzitelli, Savoini]



ttH & ttV@NNLO

e The problem: the approximations (soft Higgs /W,
~ massless top) are non-parametric, and typically non-
| convergent '

 * The solution: it seems that the impact of the
. (properly defined) finite remainder on the total cross

section is small for the cross section, as long as it is
. not outrageous, O(50%) control is enough




ttH & ttV@NNLO

— see Simone’s + Javier’s talks Kallweit, Mazzitelli, Savoini]




The revenge of amplitudes: VBF

- Non-factorizable VBF: bulk of the effect comes from scattering amplitude

1007

80¢

60

401

do™©/dp! [fb / CeV]

Starts at NNLO; kinematic suppressed
in VBF region, color-suppressed (but
12 enhanced)

ratio to LO [%]

LHC @ 13.6 TeV, WBF cuts |
NNPDF31-nnlo-as-118

pE =mg, f € [my/2, 2my| |

Only recently leading contribution has L
py e
been computed. Large residual scale
uncertainty

Recent progress: leading-ns

contribution, to fix this
[Liu, Melnikov, Penin (2019),

B -H L
Dreyer, Karlberg, Tancredi (2020)] [Brennum-Hansen, Long,

Melnikov (2023)]



Characterising the Higgs: I'

['v~ 4 MeV, detector resolution ~ GeV — need indirect constraints

I, = 2. 9ti:‘9} MeV at 68% Cl_[ — [atest CMS result

. Three main methods

- global fits

» Off-shell: v very strong constraints, ¥ some model dependence

* Mass shift in yy: v expected less model dependence, X weaker

constraints, difficult to compute exactly what experimentalists measure
(detector simulation)
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Off-shell: first full NLO result

7
[Agarwal, Jones, Kerner, von Manteuffel (2024)] — see Andreas’ talk
X 102 3
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- Mixed analytical/numerical approach

- Result provided much-needed validation for current estimates for the NLO
K-factor (used by experiments...)

- Confirmed large destructive interference at NLO as well

- The usual issue: top-quark scheme uncertainties? Now we can study...



[F. Devoto, talk at Moriond 2024]

vy interference: leading terms beyond NLO

[Bargiela, Buccioni, FC, Devoto, von Manteuffel, Tancredi]

and via a first-moment method

H — yy NNLO SV calculation: results

Table 3 Comparison of K-factors, measured w.r.t. the LO value, for
the mass-shift at /s = 13.6 TeV calculated via a gaussian fit method

Am,y,,, / Aml};g First moment

Gaussian Fit

KniLo 0.665
KNNLOsy 0.554

KNNLOsv/ 0.475 -

AM, (N)NLO — AM, o K(N)NLO

0.664
0.554
0.474

Federica Devoto Rencontres de Moriond, 01/04/2024

[similar approach applied
to rare H—Zy decay,
Buccioni, Devoto, Djouadi,
Ellis, Quevillon, Tancredi]

- Soft-virtual approx to NNLO (bulk of the effect: virtual + low-pt physics)

- Unfortunately: looser bounds (but impressive experimental progress)

» Off-the-shelf “SV improvements” don't work for the background/interference —

non-trivial NLP behaviour (— see Michal’s talk)



The devil is i
BaCkgrOund deVIl IS 1N the d'e't_aﬂ:s back
s playing an increasingly crucial role ( gmunds
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Fresh from the press: Zbb

[Mazzitelli, Sotnikov, Wiesemann] — see Javier’s talk
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- 4FNS, retain (dominant) kinematic mass effects, neglect (2L) dynamic effects,
“massification”. Matched with shower

- Large corrections, as expected from 4FS. Good agreement with data
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flavour fraction

flavour fraction

A word on jet flavour

[FC, Grabarczyk, Hutt, Salam, Scyboz, Thaler; Czakon, Mitov, Poncelet; Gauld, Huss Stagnitto]
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- anti-kt: does not do a good job in identifying “hard flavour”

* Many recent work, but any alternative must be experimentally feasible = non-trivial



Higgs — polarised cross sections
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Ratio to off-shell
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— see Giovanni's & Ansgar’s talks — see Samuel’s talk for WW;



... and to standard candles: DY

- N3LO calculations and phenomenological explorations well underway (but see Arnd's &
Chen-Yu’s talks about going beyond colour singlet)

- Ultra-precise studies (e.g. Mw, sinBw), or large scale: mixed QCD-EWK

[Armadillo, Bonciani, Buccioni, Rana, Vicini, Devoto, Buonocore, Grazzini, Savoini, Kallweit, Dittmaier, Huss,
Schwinn, Behring, FC, Delto, Devoto, Jaquier, von Manteuffel, Heller, Melnikov, Roentsch, Signorile-Signorile...]
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- Recent high-precision estimate of Arg and its impact on parameter expansion

- In general, good agreement with expectations, but at this level of accuracy one has to
be careful...

— see also Luca’s talk for resummation



Complex final states, event shapes

* Thanks to progress in scattering amplitudes (— see Federico’s, Vasily’s & Andreas’

talks) + efficient-enough subtraction formalisms: 2 — 3 processes are now a reality

[Badger, Czakon, Hartanto, Moodie, Peraro, Chawdhry, Mitov, Poncelet, Kallweit, Sotnikov,
Wiesemann, Alvarez, Cantero, Llorente]

* A highlight: 3j production, R3,2 and Qs in the TeV region
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Conclusions and outlook

A lot of technical progress in the last few years.
Now we are reaping the (phenomenological) fruits

- They may be cracks in our overall factorisation framework, but they
are not (yet) hampering us

» A significant bottleneck has been removed with more 2— 3 loop
amplitudes becoming available

- With more complex final state, richer / more involved phenomenology.
(Large K-factors etc should have a simple explanation...)

- Arich interplay of many different effects, QCD/EWK corrections

- An even richer interplay as you start showering down to the hadronic
scale — plenty to discuss in the next few days...



Thank you very much for your attention!



