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Particle physics’ landscape

5 2

SM'’s insufficient success H d
motivate a systematic %: o
exploration amenable = g:
|

towards larger masses. |

=< masses
\\:/ N2
= Z [smaller
>~ = |couplings
— Q\-’
— -~
- Y= AN
AN v NP2
r— \ N - _ -
\\: \’/\\/NP]-\\
— gl S N
— N

Gauthier Durieux — HEFT — Manchester — 19 June 2023


https://inspirehep.net/authors/1273362
https://indico.cern.ch/event/1234517/timetable/#all.detailed

Taking the SM to higher dimensions
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- using established bricks

(fields and symmetries)

- extension organised by

relevance (dimension)

- including all deformations

(theory space coverage)


https://inspirehep.net/authors/1273362
https://indico.cern.ch/event/1234517/timetable/#all.detailed

Isolating patterns of new physics
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- precise SM-EFT predictions

. preC|se measurements

— correlate deviations


https://inspirehep.net/authors/1273362
https://indico.cern.ch/event/1234517/timetable/#all.detailed

SMEFT progresses

1. Improved sensitivity (powerful observables, multidimensionally)

2. Global picture (parameterisation, sector combinations, fits)

3. Precise interpretation (higher-order SM/EFT corrections)

4. Models' connection (charting, matching, positiving, bootstraping)

5. New techniques & understanding (amplitudes, geometry)
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1. Improved sensitivity



- matrix element method defines the theoretical optimal

- ML for invisible PS integration, shower, hadronisation, detector

. mUltidimenSiona“ty curse [Atwood, Soni '92] [Diehl, Nachtmann '94]
[Gomez Ambrosio, ter Hoeve, Madigan, Rojo, Sanz '22]

- ease, understanding, and control
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[CMS "21]

ML optimisation for SMEFT

- tZ + X process in the three-lepton signal region
- 1. discriminate ttZ, tZj signals and backgrounds

WG studies
- 2. train SM vs. (ciz, cow, €,) fron{reweighted samples
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. . [Kraus, Martini, Uwer '19]
FIXGd—OI’deI’ N I_O WelghtS [see also Figy, Giele '18]

- NLO = Born + Virtual 4+ Real

with virtual and real occupying different phase-spaces (n vs. n+ 1)
and IR divergences cancelling between them

‘jet events' instead of parton events
intrinsic inclusiveness guaranteeing IR safety
for a given jet clustering algorithm
integrating over soft and collinear radiations

dro.NLO dr BV d'o. R

O,
dxy...dx, - .dx, Z Z dx .. jx Z dxy .. dx, Z dxi.. dx,

- phase space parametrization with variables

already non-trivial at LO
not allowing reconstruction of - jet invariant masses
- overall transverse momentum
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Fixed-order NLO weights

e.g. inpp — tj use x ={n, E, n;, ¢;}

Jq
Jj

0.1
0.08

0.06

doNO

N diy

0.04
0.02

20
lo

pull

~lo
20

Gauthier Durieux — HEFT — Manchester — 19 June 2023

= (E,, —Jtcos¢;, —J*tsing;, J* sinhr],)

(Ej, J* cosdj, Jt sing;, Jt sinhr]j)

channel single t0p pp— /X, V5= 13 TeV, Conventional PS —— |
Ko Alz, generated events -
7> Vdw =30 GeV, I <35 1
ol Lol Wm =
[ o o PRt S ]
ol e
jee -
- -
[l ' ' ' ' ' ' ' |
,
.t . +
* ES * *.
+ * + +
. - . -
-4 -3 -2 -1 0 1 2 3 4
m

=Tt =0 =

with

[Kraus, Martini, Uwer '19]

ﬂEjZ—JjZ

coshn;

E = \/Jiz cosh?z; + J;

t-channel single top, inclusive kty—;-Alg.,

28031 NLO+PS events (POWHEG-+Pythia8),

Fit fom) = ~tog Lo+ (252 ).

NLOwy | A=—~NLOwy D%y _ L07241TT
Ty A0 A O A”m’,,(173.81,0.724,“,

omyig Ay 8.7
O £ A0 < (174.50£0.59 3,

Born, i0/2

Bom, g

Born, 24

NLO, uo/2

NLO, uo

NLO, 21y

mie = 173.2 GeV

) Gev,|

PEIHE

) Gev

.

)

150 160

170 180 190

m; [GeV]


https://arxiv.org/abs/1901.08008
https://inspirehep.net/authors/1273362
https://indico.cern.ch/event/1234517/timetable/#all.detailed

2. Global picture



Fitmaker EW+Higgs+top, linear
[Ellis, Madigan, Mimasu, Sanz, You

SMEFiT dibgse
& Vryonidou, Zhang
more observables
less restrictive flavour assumptions
better predictions
facilitated interpretations

Silvestrini

— build LHC legacy

akrabortty, Patra, Spannowsky
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'20]

'21]

'22]

23

'22]

'21]


https://arxiv.org/abs/2012.02779
https://arxiv.org/abs/2105.00006
https://arxiv.org/abs/2204.04204
https://arxiv.org/abs/2304.12837
https://arxiv.org/abs/2208.08454
https://arxiv.org/abs/2111.05876
https://indico.bnl.gov/event/14918/attachments/41472/69484/EFT_Biekoetter_BNL.pdf
https://inspirehep.net/authors/1273362
https://indico.cern.ch/event/1234517/timetable/#all.detailed

- shared predictions: validated, consistent, state-of-the-art  [(wc studies]

- cross-validation of fitting machineries

- uncertainties on EFT parameterisation [Altmannshofer, Stangl '21]

- EFT in backgrounds, in PDFs

[Kassabov, Madigan, Mantani, Moore, Morales Alvarado, Rojo, Ubiali '23]
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https://indico.cern.ch/event/1234517/contributions/5450494/
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[CMS 20]

Abolishing the ‘signal’ definition [CMs 23]

- leptons+b's+jets final state, pr bins, 178 data points
- contains tth, ttZ, ttW, tZq, tHq, diboson, etc.
- 26 top operator contributions to all processes [reweighting!]

|:|Charge misid. |:|Misid. leptons .Diboson |:|Triboson |:|Conv. .tWZ .tfH
[ [l By [tiig BltHg Bt 7 Total unc. » Obs.

CMS Preliminary prefit 138 fb™' (13 TeV)
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https://arxiv.org/abs/2012.04120
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-006/
https://inspirehep.net/authors/1273362
https://indico.cern.ch/event/1234517/timetable/#all.detailed

1,3 [Bruggisser et al. '21]
BOttom for tOp b — S’Y he|pS Cng [see also Brod et al. '14]
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(gLgLqrqL op. also studied)
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https://arxiv.org/abs/2101.07273
https://arxiv.org/abs/1408.0792
https://inspirehep.net/authors/1273362
https://indico.cern.ch/event/1234517/timetable/#all.detailed

Bottom for top: b — s helps ¢ [BiBmann et al. 20]
0.2
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Bottom for top

[Grunwald, Hiller, Kréninger, Nollen 23]
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3. Precise interpretation



- deploy NLO QCD, systematise NLO EW [Biekstter, Pecjak, Scott, Smith

[Bellafronte, Dawson, Giardino

- gain new sensitivities 4+ handle new degeneracies

- account for RG running, go beyond one-loop

[Aoude, Maltoni, Mattelaer, Severi, Vryonidou
[Bern, Parra-Martinez, Sawyer

[Cao, Herzog, Melia, Roosmale Nepveu

- explore dim>6, benchmark dim-6 truncation validity

[Ellis, Mimasu, Zampedri
[Degrande, Li
[Heinrich, Lang
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https://arxiv.org/abs/2305.03763
https://arxiv.org/abs/2304.00029
https://arxiv.org/abs/2212.05067
https://arxiv.org/abs/2005.12917
https://arxiv.org/abs/2303.07391
https://arxiv.org/abs/2304.06663
https://arxiv.org/abs/2303.10493
https://arxiv.org/abs/2212.00711
https://inspirehep.net/authors/1273362
https://indico.cern.ch/event/1234517/timetable/#all.detailed

SMEFT loops

- pp ~>jj_(qc_]q(_1) [Gao, Li, Wang, Zhu, Yuan '11]
- pp — tt (qqtt) [Shao, Li, Wang, Gao, Zhang, Zhu '11]
- pp— VV [Dixon, Kunszt, Signer '99] [Melia, Nason, Réntsch, Zanderighi '11]
Baglio, Dawson, Homiller, Lane, Lewis '17, '18, '19, '20] [Chiesa, Denner, Lang '18

g
EWPO (top) [Zhang, Greiner, Willenbrock '12]
- top decays [Zhang '14] [Boughezal, Chen, Petriello, Wiegand '19]
- top FCNCs  UFO [Degrande, Maltoni, Wang, Zhang '14] [GD, Maltoni, Zhang '14]
- pp — tt (chromo-dipole) [Franzosi, Zhang '15]
h—~yy, W, ~Z [Hartmann, Trott '15] [Ghezzi, Gomez-Ambrosio, Passarino, Uccirati '15] [Dawson, Giardino '18]
[Dedes, Paraskevas, Rosiek, Suxho, Trifyllis '18] [Dawson, Giardino '18] [Dedes, Suxho, Trifyllis '19]
h— ff [Gauld, Pecjak, Scott '15, '16] [Cullen, Pecjak, Scott '19, '20]
S pp— b [Zhang '16] [de Beurs, Laenen, Vreeswijk, Vryonidou '18]
- pp— tEZ, gg — ZH [Réntsch, Markus Schulze '14] [Bylund, Maltoni, Vryonidou, Zhang '16]
- pp — ttH, gg — Hj, HH [Maltoni, Vryonidou, Zhang '16]
- pp— HV [Degrande, Fuks, Mawatari, Mimasu, Sanz '16] [Alioli, Dekens, Girard, Mereghetti '18]
- Z, W poles [Hartmann, Shepherd, Trott '16] [Bellafronte, Dawson, Ismail, Giardino '18, '18, '19, '22, '23]
- pp—h [Grazzini, linicka, Spira, Wiesemann '16] [Deutschmann, Duhr, Maltoni, Vryonidou '17]
- pp — tjiZ, tjh [Degrande, Maltoni, Mimasu, Vryonidou, Zhang '18]
- pp — jets (triple gluon)  UFO [Hirshi, Maltoni, Tsinikos, Vryonidou '18]
Higgs self-coupling [McCullough '13] [Gorbahn, Haisch '16] [Degrassi et al. '16, '17] [Bizon et al. '16] [Kribs et al. '16]
[Maltoni, Pagani, Shivaji, Zhao '17] [Di Vita, GD, Grojean, Gu, Liu, Panico, Riembau, Vantalon '17]
EW Higgs & WW (top) [Vryonidou, Zhang '18] [GD, Gu, Vryonidou, Zhang '18] [Boselli, Hunter, Mitov '18]
EW pp — tt (ttZ,tth) [Martini, Schulze '19] [Martini, Pan, Schulze, Xiao '21]
- all QCD and four-quarks ~ UFO [Degrande, GD, Maltoni, Mimasu, Vryonidou, Zhang '20]
EW pp — (4~ [Dawson, Giardino '21, '22]
EW QQQQ in gg — h, h — bb, pp — tth [Alasfar, de Blas, Grober '22]
NNLO pp — Zh — (T~ bb [Haisch, Scott, Wiesemann, Zanderighi, Zanoli '22]
NNLO VBF [Asteriadis, Caola, Melnikov, Réntsch '22]
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https://arxiv.org/abs/1101.4611
https://arxiv.org/abs/1107.4012
https://arxiv.org/abs/hep-ph/9907305
https://arxiv.org/abs/1107.5051
https://arxiv.org/abs/1708.03332
https://arxiv.org/abs/1812.00214
https://arxiv.org/abs/1909.11576
https://arxiv.org/abs/2003.07862
https://arxiv.org/abs/1804.01477
https://arxiv.org/abs/1201.6670
https://arxiv.org/abs/1404.1264
https://arxiv.org/abs/1907.00997
https://feynrules.irmp.ucl.ac.be/wiki/TopFCNC
https://arxiv.org/abs/1412.5594
https://arxiv.org/abs/1412.7166
https://arxiv.org/abs/1503.08841
https://arxiv.org/abs/1505.02646
https://arxiv.org/abs/1505.03706
https://arxiv.org/abs/1801.01136
https://arxiv.org/abs/1805.00302
https://arxiv.org/abs/1807.11504
https://arxiv.org/abs/1903.12046
https://arxiv.org/abs/1512.02508
https://arxiv.org/abs/1607.06354
https://arxiv.org/abs/1904.06358
https://arxiv.org/abs/2007.15238
https://arxiv.org/abs/1601.06163
https://arxiv.org/abs/1807.03576
https://arxiv.org/abs/1404.1005
https://arxiv.org/abs/1601.08193
https://arxiv.org/abs/1607.05330
https://arxiv.org/abs/1609.04833
https://arxiv.org/abs/1804.07407
https://arxiv.org/abs/1611.09879
https://arxiv.org/abs/1808.05948
https://arxiv.org/abs/1811.12260
https://arxiv.org/abs/1909.02000
https://arxiv.org/abs/2201.09887
https://arxiv.org/abs/2304.00029
https://arxiv.org/abs/1612.00283
https://arxiv.org/abs/1708.00460
https://arxiv.org/abs/1804.07773
https://feynrules.irmp.ucl.ac.be/wiki/GGG
https://arxiv.org/abs/1806.04696
https://arxiv.org/abs/1312.3322
https://arxiv.org/abs/1607.03773
https://arxiv.org/abs/1607.04251
https://arxiv.org/abs/1702.01737
https://arxiv.org/abs/1610.05771
https://arxiv.org/abs/1702.07678
https://arxiv.org/abs/1709.08649
https://arxiv.org/abs/1711.03978
https://arxiv.org/abs/1804.09766
https://arxiv.org/abs/1809.03520
https://arxiv.org/abs/1805.12027
https://arxiv.org/abs/1911.11244
https://arxiv.org/abs/2104.04277
https://feynrules.irmp.ucl.ac.be/wiki/SMEFTatNLO
https://arxiv.org/abs/2008.11743
https://arxiv.org/abs/2105.05852
https://arxiv.org/abs/2201.09887
https://arxiv.org/abs/2202.02333
https://arxiv.org/abs/2204.00663
https://arxiv.org/abs/2206.14630
https://inspirehep.net/authors/1273362
https://indico.cern.ch/event/1234517/timetable/#all.detailed

[Degrande, GD, Maltoni, Mimasu, Vryonidou, Zhang '20]
SMEFT at one loop

Better accuracy New sensitivities
and uncertainties g ¢ t
g t t
0.08
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ZE ° 2
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https://arxiv.org/abs/2012.13989
https://inspirehep.net/authors/1273362
https://indico.cern.ch/event/1234517/timetable/#all.detailed

ttQQ in Higgs processes

- sensitivity in gg — h, h— vy, pp — tth
comparable to pp — tttt and ttbhb

[Alasfar, de Blas, Groéber '22]

- spoils the loop sensitivity to the Higgs self-coupling
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https://arxiv.org/abs/2202.02333
https://inspirehep.net/authors/1273362
https://indico.cern.ch/event/1234517/timetable/#all.detailed

[Haisch, Koole '21]

Self-coupling in off-shell gg — 4/

- extra discriminating power in differential distributions

- leveraged with matrix-element based observable

0.2 T T T
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8 99929900 “h
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https://arxiv.org/abs/2111.12589
https://inspirehep.net/authors/1273362
https://indico.cern.ch/event/1234517/timetable/#all.detailed

4. Models' connexion



- charting
EFT space populated by models

matching

- CoDEx (func)
Matchmakereft (diag)
Matchete (func)

- specific models

- subtleties

- positiving and bootstraping
- BSM starts at dim-8
- pheno starts at dim-8
- sum rules apply at dim-6
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[LHC EFT WG note
[Bakshi, Chakrabortty, Patra

[Carmona, Lazopoulos, Olgoso, Santiago

[Fuentes-Martin, Konig, Pagés, Thomsen, Wilsch

[Dawson, Fontes, Quezada-Calonge, Sanz-Cillero
[Banta, Cohen, Craig, Lu, Sutherland

[Fuentes-Martin, Kénig, Pagés, Thomsen, Wilsch

[Riembau '22] [Miro, Guerrieri, Gumus

[Bellazzini, Riva '18] [Gu, Wang, Zhang
[Remmen, Rodd

'22]
'18]
'21]
'22]

23]
23]
'22]

'22]

20]
'22]

20


https://arxiv.org/abs/2212.02905
https://arxiv.org/abs/1808.04403
https://arxiv.org/abs/2112.10787
https://arxiv.org/abs/2212.04510
https://arxiv.org/abs/2305.07689
https://arxiv.org/abs/2304.09884
https://arxiv.org/abs/2211.09144
https://arxiv.org/abs/2212.14056
https://arxiv.org/abs/2210.01502
https://arxiv.org/abs/1806.09640
https://arxiv.org/abs/2011.03055
https://arxiv.org/abs/2206.13524
https://inspirehep.net/authors/1273362
https://indico.cern.ch/event/1234517/timetable/#all.detailed

. [GD, McCullough, Salvioni '21, '22, '22]
Chart'ng 5/’4'/)\/5&\/ Space see also: [Di Luzio, Gréber, Spannowsky '17]
[Gupta, Rzehak, Wells '13]  [Falkowski, Rattazzi '19]

[Logan, Rentala '15] [Chala, Krause, Nardini '18] [etc.]

Gegenbauer's Twin custodial weak-quadruplet scalar

0.00 14

—0.01 12
—0.02 =12
—0.03
6l€v
—0.04 S
—0.05

~0.06 I

—-0.07
-35 =30 =25 =20 -15 -10 =05 0.0

Sk M [TeV]

* L% 1 K L% L% oy
A HH(eH)® + A\ H*H*H*®

- a loop factor allowed dimensionally (or v?/M3 if dim-6/dim-8)
- dim>6 operators may be very relevant
- vacuum stability as limiting constraint
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https://arxiv.org/abs/2110.06941
https://arxiv.org/abs/2202.01228
https://arxiv.org/abs/2209.00666
https://arxiv.org/abs/1704.02311
https://arxiv.org/abs/1305.6397
https://arxiv.org/abs/1902.05936
https://arxiv.org/abs/1502.01275
https://arxiv.org/abs/1802.02168
https://inspirehep.net/authors/1273362
https://indico.cern.ch/event/1234517/timetable/#all.detailed

[Altmannshofer, Gori, Lehmann, Zuo '23]

Top FCNC sum rules

If UV dominated either by scalars or vectors: [Remmen, Rodd 20, '22]
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https://arxiv.org/abs/2303.00781
https://arxiv.org/abs/2206.13524
https://arxiv.org/abs/2010.04723
https://inspirehep.net/authors/1273362
https://indico.cern.ch/event/1234517/timetable/#all.detailed

5. New techniques & understanding



- on-shell anomalous dimensions and selection rules
[Cheung, Shen '15], [Azatov et al. '16], [Bern et al. '19, '20]
[Jiang et al. '20], [Elias Miré et al. '20, '21], [Baratella et al. '20, '20, '21]
[Accettulli Huber, De Angelis '21], [Delle Rose et al. '22], [Baratella '22]
[Machado, Renner, Sutherland '22], [Chala '23]
- on-shell operator enumeration
[Shadmi, Weiss '18], [Ma, Shu, Xiao '19], [Falkowski '19], [GD, Machado '19]
[Li, Ren, et al. 20, '20], [Harlander, Kempkens, Schaaf '23]
Hllbert Series [Kondo, Murayama, Okabe '22] [Sun, Wang, Yu '22]
[Gréf, Henning, Lu, Melia, Murayama '22]
- on-shell EFT amplitude construction
[Aoude, Machado '19], [GD, Kitahara, Shadmi, Weiss '19], [GD et al. '20]
[Balkin et al. '21], [Dong, Ma, Shu, Zheng '21, '22], [De Angelis '22]
[Bradshaw, Chang, Chen, Liu, Luty '22, '23], [Liu, Ma, Shadmi, Waterbury '23]
. On-She” matChing [Delle Rose, von Harling, Pomarol '22]
[De Angelis, GD 'xx]
- field geometry [Corbett, Martin '23] [Martin, Trott '23]
[Craig, Lee, Lu, Sutherland '23] [Helset, Jenkins, Manohar '22]

[Brivio, Davighi, Alminawi 'xx]

- double copy [ask Jasper and Quentin!]
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https://arxiv.org/abs/1505.01844
https://arxiv.org/abs/1607.05236
https://arxiv.org/abs/1910.05831
https://arxiv.org/abs/2005.12917
https://arxiv.org/abs/2001.04481
https://arxiv.org/abs/2005.06983
https://arxiv.org/abs/2112.12131
https://arxiv.org/abs/2005.07129
https://arxiv.org/abs/2010.13809
https://arxiv.org/abs/2109.06191
https://arxiv.org/abs/2108.03669
https://arxiv.org/abs/2201.10572
https://arxiv.org/abs/2207.08831
https://arxiv.org/abs/2210.09316
https://arxiv.org/abs/2301.09995
https://arxiv.org/abs/1809.09644
https://arxiv.org/abs/1902.06752
https://arxiv.org/abs/1912.07865
https://arxiv.org/abs/1912.08827
https://arxiv.org/abs/2005.00008
https://arxiv.org/abs/2007.07899
https://arxiv.org/abs/2305.06832
https://arxiv.org/abs/2212.02413
https://arxiv.org/abs/2211.11598
https://arxiv.org/abs/2211.06275
https://arxiv.org/abs/1905.11433
https://arxiv.org/abs/1909.10551
https://arxiv.org/abs/2008.09652
https://arxiv.org/abs/2112.09688
https://arxiv.org/abs/2103.15837
https://arxiv.org/abs/2202.08350
https://arxiv.org/abs/2202.02681
https://arxiv.org/abs/2212.06215
https://arxiv.org/abs/2304.06063
https://arxiv.org/abs/2301.11349
https://arxiv.org/abs/2201.10572
https://indico.cern.ch/event/1236335/contributions/5397765/attachments/2661192/4610209/EFT%20matching%20-%20Busan%20(1).pdf
https://arxiv.org/abs/2306.00053
https://arxiv.org/abs/2305.05879
https://arxiv.org/abs/2305.09722
https://arxiv.org/abs/2210.08000
https://inspirehep.net/authors/1273362
https://indico.cern.ch/event/1234517/timetable/#all.detailed

On-shell: recursive amplitude

- loops cut into trees

+ rational terms

- trees cut into trees

-+ contact terms

construction

unitarity /factorisation

k k+1
My Mg
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Miree(1, .k, P) M%(P, k +1,...n)

M1, k)= 3
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P2 — m2

ML k)
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https://inspirehep.net/authors/1273362
https://indico.cern.ch/event/1234517/timetable/#all.detailed

[De Angelis, GD 'xx]

On-shell matching
- phrase matching as AEFT = AUV for pi—~ 0 (assume massless EFT for simplicity)
- introduce ‘dilatation’ p,- — +/z pi and equate powers of z at z — 0

6A %dz

around z = 0 and

Imz
AN

ﬁ\ o P \
\/ I‘,'/lz /‘5,2 > Rez
Sij Sij

- reduce residues and 1-loop cuts to trees by factorisation / unitarity 7—rt =it . 7

- get new insight / sum rules? [Delle Rose, von Harling, Pomarol '22]
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https://indico.cern.ch/event/1236335/contributions/5397765/attachments/2661192/4610209/EFT%20matching%20-%20Busan%20(1).pdf
https://arxiv.org/abs/2201.10572
https://inspirehep.net/authors/1273362
https://indico.cern.ch/event/1234517/timetable/#all.detailed

On-shell matching: ®¢> example

i
2

J Z zn+1|A(¢¢¢ﬁ\¢)| ;2 Z (;,/Jll;)n

= Mz/sqk channels
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1 2
= / it /dLIPS A(¢p — ¢0)]
channels ¥ M?/sij
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Z / z"+1 87r (1 - ZS,") g2
channels M2 /s;j v
si \"
167r2 n(n +1) Z < )
channels

- all EFT orders obtained at once
- nothing to compute on the EFT side (i.e. hard expansion obtained)

- phase-space integral can be complicated and require dimreg
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https://indico.cern.ch/event/1234517/timetable/#all.detailed

SMEFT progresses

1. Improved sensitivity (powerful observables, multidimensionally)

2. Global picture (parameterisation, sector combinations, fits)

3. Precise interpretation (higher-order SM/EFT corrections)

4. Models' connection (charting, matching, positiving+bootstraping)

5. New techniques & understanding (amplitudes, geometry)
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