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THE STANDARD MODEL:
A STORY OF SUCCESS

Standard Model Production Cross Section Measurements Status: February 2022
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Nature 607 (2022) 60-68
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So far, the Standard Model rules, but we know it has its shortcomings and
the exploration has just begun...
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-009/
https://www.nature.com/articles/s41586-022-04892-x

EFFECTIVE FIELD THEORIES AT THE LHC

« Searching for physics Beyond the Standard Model (BSM)

major goal of particle physics SMEFT Wilson coefficients
top EW
- Higgs, Top and electroweak precision measurements i CW 1
benefit from a global approach in the framework of |
Effective Field Theories (EFT) (c... e \\ Cinn
« Different operators sensitive to different phenomena o Cuws Cup Cu oW C
o Cv. Cil Ciul . "
« SMEFT (SM EFT, Higgs fields as doublets) or HEFT (Higgs g”H c® D C.. O, Cira | | Cus
EFT, physical Higgs boson mH kel Cdq
phy ele ) o Q e ) | Co g
*  SMEFT typically expanded to dim. 6 operators, dim. 8 ' Cpe | C. Ot Cs of Co
included to probe certain couplings cw | " Ta o o5 e
. . A A ——l
« HEFT more general than SMEFT, certain coefficients £ - Higgs P
become independent v +Cly

ke f Curtesy of L. Pereira Sanchez, adapted from
Di-Higgs'~ JHEP04(2021)279

V.MM.CAIRO 3


https://arxiv.org/pdf/2012.02779.pdf
https://link.springer.com/article/10.1007/JHEP04(2021)279

v

DIRECT VS INDIRECT PROBES

BSM effect fully simulated

Analyses optimized for EFT
parameters

Potentially better sensitivity to a
| smaller set of operators

* More difficult to combine due to overlap

Optimal Observables based on
Matrix Element Method (MELA) or
on parameterized classifiers
optimized with ML

Reinterpretation of existing
- measurements

(e.g STXS in the Higgs)

"Access o more operators but with
potentially reduced sensitivity

e Power comes from combinations

S

V.M.M.CAIRO

Acceptance effects may be
difficult to model
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EXPERIMENTAL OBSERVABLES

SM

What EFT BSM

allows us
to proE)e /\

LSMEFT — LSM +L5 +L6 + L7 +L8 + - ’

Inspired by D. Valsecchi

| E< Eryc

N > Wilson Coefficient

for d > 4

Odd dim. neglected (I/b number violations)

Scale of BSM physics
Operator

V.M.M.CAIRO (indicated also with O) >


https://indico.cern.ch/event/1198609/contributions/5367280/

g
EXPERIMENTAL OBSERVABLES

SM

What EFT BSM

allows us
to proE)e
v
Inspired by D. Valsecchi \

I E< Eyc E> Einc

LSMEFT = LSM + L6+ L8 + e
OSMEFT = Osm t Ointe + OBsM.6 T Ointg + -

\ ) | J
| |

linear quadratic
V.MM.CAIRO (1/A?) (1/A%) 6



https://indico.cern.ch/event/1198609/contributions/5367280/

o

EXPERIMENTAL OBSERVABLES

SM

What EFT BSM
allows us

to prope

Inspired by D. Valsecchi \

I E< Eyc E> Einc

LSMEFT = LSM + L6+ L8 + e
OSMEFT = Osm T Ointe T Opsme T+ Ointg T -

\ ) | J
|

|
linear quadratic
V.MM.CAIRO (1/A2) (1/A4)

High energy tails of kinematic

observables enhance

experimental sensitivity to SM

deviations

* Lin. vs Lin.+Quad. to probe
higher order effects

Differential & precise
measurements are key

Great complementarity between
SM, Top and Higgs sectors to
address fundamental physics
guestions...
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https://indico.cern.ch/event/1198609/contributions/5367280/

STANDARD
MODEL
MEASUREMENTS

More in Li Yuan, Shu Li,
W. Hopkins, M. Vos



https://indico.cern.ch/event/1114856/timetable/
https://indico.cern.ch/event/1114856/timetable/
https://indico.cern.ch/event/1114856/timetable/
https://indico.cern.ch/event/1114856/timetable/

CP TESTS WITH V'BOSONS Eur. Phys. J. C 81 (2021) 163

« Additional sources of CP-violation required to

explain the matter-antimatter asymmetry in
the Universe - can manifest as anomalous
Higgs/multiboson interactions

« E.g. ATLAS EW Zjj Run 2 differential cross-

section .

EW Zjj Z

«  myj, |Ayj;l, pru. Agj; sensitive to SM and BSM
interference, direct CP test

Ratio to SM

ATLAS Simulation
| Mae|? 2Re(MgyMas)

cw /N = 0.2 Tev~?|
1

VS =13TeV, EW Zjj- lljj

_— IMdGlz + ZRG(MgMMdG)

e g=—

|éw /N2 =0.2TeV~?|

i e
gt

« Constraints placed on Oy, , Oy (CP-even)
and Oy, , Oy (CP-odd),
which produce anomalous WWZ

leA.t&(r:%Rcohons, e.g. ¢y obs [-0.19,0.41]

:
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https://link.springer.com/article/10.1140/epjc/s10052-020-08734-w

o

DI-BOSONS AS
TESTS OF aTGC Phys. Rev. D 105 (2022) 052003

- Charged Ve

Vy and VV production sensitive to anomalous triple gauge couplings q
(aTGCs)

CMS Run 2 analysis uses p}. and ¢, in Wy events to enhance sensitivity to

interference between SM and Osyy Osw = W WlPW,"
Similar approach in ATLAS WW+jets (STDM- 20 8-34) previously unexplored

. CMS 138 b (13 TeV) q Y
AR 0<lol<2 T<lol<2 | 5<w<3 g
> WA (Fv)y =ll<g? g =l< ﬂ R - ol <3 138 fb™' (13 TeV)
D 10°F 1 1 i < — T T T T T T
= W(vyy d - — . —
(D [ Nonprompt/misid. y > 10 L CMS SMint only .
~ 102k + L @ Nonprompt/misid. | |1) I — — 95% CL SM+int. only
2 .ty ~ i SM+int. only, no ¢ binning |
c C Ziv'(ee) (e > ) = . -
o 10 E+ 3 Ziy(y 3 ) r 95% CL SM+int. only, no ¢ binning| 1
Ll>J [ Single-t+y (@) 5 B
3 vy F i
- e | | Upto
107" 1 —{-:E 1 I ] I x10
=t v ===  ————8 |
ok i ' i . - = 1B impr.
T T R g g L += | @ [------T------ = : : d Ue TO
_5F _ .
g : Il ¢ Dbins
LlJ B 7 A s pr L 4
~
]
200 400 600 800 1000 1200 1400200 400 600 800 1000 1200 1400200 400 600 800 1000 1200 1400 500 1000 1500
pT (GeV) p! cutoff (GeV)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-34/
http://dx.doi.org/10.1103/PhysRevD.105.052003

7
DI-BOSONS AS

TESTS OF aTGC i

Vy and VV production sensitive to anomalous triple gauge couplings (aTGCs)
- ATLAS Run 2 analysis examines high-energy tails of p¥ in ZZ(llvv) events (Z

boosted against the other in the transv. plane)to test aTGCs in an effective
vertex function approach

- fY and f# (CP violating), ;" and fZ (CP conserving)

Nevtiral
aTGCs

alTGC

dim-8in
SMEFT

=2 3 ATLAS - Data = J10°2
5 (5=13TeV, 36.1 fo! g sm zz ] o e
2:5 2=15x10° | 1 | 45 ATEAS _(E)bserfeﬁ E
_____ Z_1. ] ; xpecte . E
»_ IIIIIIIII £o1.0x10° | 3 Vs =13TeV, 36.1 fb° -Exgec:eg+;c E
_____ fi=05x10'3 E 25 + SM Pred. E
15 " Theo. Uncer. J 1
S S = 0
058 g
0 200 300 400 500 600 1000
P [GeV]
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https://link.springer.com/article/10.1007/JHEP10(2019)127

g
DI-BOSONS AS

CMS: 2212.12592,
a ATLAS: ATLAS CONF-2023-023, JHEP 06 (2023) 082, ATLAS-CONF-2023-024

« Vy orVV plus jets used by CMS and ATLAS to test anomalous quartic gauge
couplings (aQGCs) (dim. 8 EFT operators)

¢ Neutral a:QGCs g

. . . . . f}
« 4 covariant derivatives Higgs field (0gq 1. scalar type)
« 2 Higgs covariant derivatives, 2 field strength tensors (O 123,457 Of mixed scalar/tensor type)
« 4 field strength tensors (071256789 Of tensor type)
Z
@ T | T L IR DL L WL BN >
$ —e— Data Z(vVYyjj EWK 4] a
o ATLAS B Z(vV)yjj QCD W(lvjyj QCD )
100 EVs-13 TeV, 130 10" wmiyi v | 200p ' ' ]
.z U -?éﬁmj 3 s C ATLAS ]
****** —fTO/A =0.084 Te)/ 7/, Uncertainty  _| o | 150 NN ) ]
- g AT4.6 TeV" i > - \s=13 TeV, 139 fb ]
y 3 :g 100: .................................................................................... [ ............ ] ..................... [ 6262]_:
- C faro/A* -4.6,4.6 -6.2,6. ]
0 E; > 150 GeV _E E NN T E
1 = ———
107" .
.......................................................................... R Expected __E
¥ 2F — Observed ]
T 1.5F . =
% 1 — Unitarity bound -
05E 3 4 5 =

m
=
()
=

1.8
E] [TeV]

C
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https://arxiv.org/abs/2212.12592
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-023/
https://link.springer.com/article/10.1007/JHEP06(2023)082
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-024/
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DI-BOSONS AS

CMS: 2212.12592,
a ATLAS: ATLAS-CONF-2023-023, JHEP 06 (2023) 082, ATLAS-CONF-2023-024

fi
Vi Vs P
- = 1 -
sSWWjj A Wyjj
gy,
f
q2 q4
- 1
2 AU B e — 3 —M00r CMS 138fb1(13TeV) CMS 138 fb (13 TeV)
8 F ATLAS Preliminary =W+W ﬁ E}\{V ] s 8on ATLAS Preliminary 1 c B 4
W 10°E Vs =13 TeV, 139 for E s 5 g - o, —— Data EW Wy —1 T
-quooD E E) Vs =13 TeV, 139 fb : \1045 > T Obs. 2ANLL
10t Nor-promp E =| 60} = £t I Top. vV, 2y QcD Wy J2
10° -o?rzgf rompt =1 40t = g [ Muonevens  mmwisio photon [ Double MisiD i
140 |4 g o/at P [39.58 2o L - y 10 - — Obs. 95% CL interval
102 — H;Y,"/VF-OZTL% % = ToVf = 20" A Juof A G 41,41 = 10°k MisID lepton % Stat @ syst °
oF ] c — Fy /A% =8 Tev* ol
g E 6
4 .
o fMO /N = 4 T e LL Lt TECEEEEEEEEETE
£ —— 0Obs. 95% CL limit | L
g --- Exp.95% CL limit | L
b3 ——— Unitarity bounds 4 oL
w -
g bt C
O b b b b by T T T 4 5 oo
~0 200 400 600 800 1000 1200 1400 [0.15,0.4] [0.4.0.6] [0.6:0.8] [08,10] [1.0.15] 0 T [ S T
m,,, cut-off [TeV
m, [GeV] ww [TeV] My, [TeV] Fu/A* [TeV?]

First efforts from ATLAS at combining aQGC results ATL-PHYS-PUB-2023-002
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-002/
https://arxiv.org/abs/2212.12592
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-023/
https://link.springer.com/article/10.1007/JHEP06(2023)082
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-024/

TRI-BOSONS AS

T ESTS O F aQG C Eur. Phys. J. C 83 (2023) 539

- Vyy also studied in ATLAS & CMS to test aQGCs Oha 77 =2.45£0.20(stat) £ 0.22(syst) + 0.04(lumi) fb
« Resent ATLAS Zyy inclusive and differential cross-section measured
- Sensitive to field strength tensors, with pYdistributions providing the highest sensitivity
‘T;' LT ' IAIT;_/I\SI T lI—¢I—IDI tl T ATLAS . Expected limits
e 10 S =13TeV, 139" = ghopanio 3 e At e o Otserved Iimits
2, C e 2=t -\-ﬁr-MadGraph Lo fro /A’ . oere
! Z/ 8|=%'_ 102 iﬁg e g /A*=1TeV? | fr /A : [0.889.34]
% ; fT,z /A : [-20.31,18.68]
Z/y* 10,3;_ __________________________ 57; fr /A" , [-4.64,4.54]
v E % fT,G /A4 : [-7.04,6.94]
., :_ _: r./ A : [-15.55,15.04]
10 E E frg N —: [-1.64,1.61]
q v - - frq /A ' [-3.36,3.26]
10—5 v b b e by v by b b v by Iy i Lo v b b v by v v v b b b by |
0 50 100 150 200 250 300 350 400 -20 -15 -10 -5 0 5 10 15 20
pl [GeV] 95% confidence intervals [TeV™]

CMS’ results on Wyy and Zyy can be found here: JHEP 10 (2021) 1/4
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https://link.springer.com/article/10.1140/epjc/s10052-023-11579-8
http://dx.doi.org/10.1007/JHEP10(2021)174
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MEASUREMENTS

TOP

\

More in T. Barillari, D. Dobur

7/17/23
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https://indico.cern.ch/event/1114856/timetable/
https://indico.cern.ch/event/1114856/timetable/

> -
tt CHARGE ASYMMETRY .......

Al — N(Aly:| > 0) = N(Alys| < 0)
C " N(Alyi| > 0) + N(Alys| < 0)

~ O(1%) (symmetric ggF production NNLO QCD + NLOEW  ATLAS

dominates over asymmetric gg and gq 0.04f <+ combination Vs=13TeV, 139 fb~1 |
+  single-lepton
« Effects can vary withmz, pres, B,ii 4+ dilepton
' ’ 0.02¢ 1. *
 FullRun 2 ATLAS results report evidence 3 | $t . } Al
of tt charge asymmetry 0.00f h { Tl

« Combined inclusive

A% =0.0068 * 0.0015, which differs
from zero by 4.7 standard deviations.

—0.02}

0,03] [0306] [0608  [081]
[52,1‘?

V.M.M.CAIRO 16


https://arxiv.org/abs/2208.12095

o

tt CHARGE ASYMMETRY .......

BSM predicts charge asymmetry
variying with my;z , pr ¢z, Btz

Results are interpreted in SMEFT
* 14 four-fermion operators and 1
top-gluon operator

Differential distributions allow for up
to x2 better constraints on WCs

Complementary info to charge
asymmetry (see extra slides)

V.MM.CAIRO

f
AC

0.08}
0.06;
0.04;
0.02;
0.00;
—0.02;
—0.04¢

0%, = (Fy Tt) (Y T u;)

—— NNLOQCD + NLOEW  ATLAS

———- C8,=05 J/s=13TeV, 139 b |
—— C8=1.0
4 combination
<4~ single-lepton
4 dilepton +{H} ol
T TS
l ___.__'K____._____ |U _____ '
. | | | v |
< 0.5 [0.5,0.75][0.75,1.0] [1.0,1.5] > 1.5
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https://arxiv.org/abs/2208.12095

o

tt + X oo

* Most comprehensive CMS EFT analysis about top-related operators (top to leptons, bosons,
and other heavy quarks)

 Run 2 data, categories based on lepton, jet, b-jet multiplicity & total lepton charge

« Targeting ttH, ttZ, ttW, tHq, tZq, tttt processes with 26 WCs fitted together, 178 analysis bins

DCharge misid. DMisid. leptons .Diboson DTriboson DConv. .tWZ .tfH

B i By [ Jtii CliHg Bttt 7 Total unc. - Obs.
CMS Preliminary  postfit 138 b (13 TeV)

Events

+

T Hi" .

%*i‘ftﬁ%ﬁ /77 * *«
' ™ 1
....... 3 T % 10 AT 1] ..
@ . ST LT, T P .

) 2058 2b(+) 20 55 2b(-) | 20ss3b(+) | 20ss3b(-) | 3¢ off-Z 1b(+) | 3t oftZ1b() | 3¢ otz 2b(+) | 3¢ off-z20() [ 5eT| a4 3¢ on-Z 1b

,I,

» <
» <

A
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https://cds.cern.ch/record/2851651/files/TOP-22-006-pas.pdf?version=1

> -

tf + X TOP-22-006

—— Others profiled (20) 138 fb1 (1 3 TeV)

= Others profiled (10)
~~~~~~~~~~~~~~ Others fixed to SM (20)
-------------- Others fixed to SM (10)

Preliminary

Two heavy with / TWO a

fromm many A OO SO O AR SR WA S

Coav2| = with
processes \ : N

bosons " “ |

....... Four heavy i:g

1

Ciq X 5
11

Caq* S|
38

Caq * 5

e Two heavy g
N R T || ............ | ............ | ............ . two |igh’r

V.M.M.CAIRO -10 8 6 4 -2 0_ 2 4 6 28 _20 19
Wilson coefficient / A* [TeV™]



https://cds.cern.ch/record/2851651/files/TOP-22-006-pas.pdf?version=1
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ATOP OBSERVATION .o

« 4 iop observed by ATLAS (6.16) and CMS (5.60), announced during Moriond earlier this year
« Final state contains from zero to four charged leptons (results require at least 2) and up to 12 jets

nt at the LHC, CERN
18-Sep-07 02:15:53.337408 GMT
322356 / 153159025/ 79

ATLAS

Event: 1533145462

EXPERIMENT 2016-07-18 15:11:43 CEST

V.MM.CAIRO



https://link.springer.com/article/10.1140/epjc/s10052-023-11573-0
https://arxiv.org/abs/2305.13439

« 4 top observed by ATLAS (6.10) and CMS (5.6a), announced during Moriond earlier this year
« Final state contains from zero to four charged leptons (results require at least 2) and up to 12 jets

138 fb"' (13 TeV)
8 :I TTT | TTTT I TTTT | TTTT | TTTT | TTTT | TTTT I TTTT I TTT I: m T T T T | T T T T | T T T T
: - ATLAS ¢ Data M titt 8 = !
o _ -
2 10*E 5 =13TeV, 140 fo! [Jfiw mtz 3 = CMS t Data  Background
£ SR W [JQmisID 7 @ 102-  Postit I it Total unc.
() o Post-Fit B Mat. Conv. [HFe o i
o 10F Mlowm. WHFu = £ ,
L [ Others [ttt ] %)
) 72 Uncertainty - Pre-Fit | c
10 E o
: i
]
-1 = <
. 10 EI L] ! | 1 | ! | ! I | | | | | 1| i | | ! (. IE -8
o e et
o 21 + ..... E o
D_ ------------
148 ietpr e TTITYTIT L 'y
E 0 7 L ’/-’-A»‘ ;“ﬁfv*ﬁ/i’v‘/*/v’*: *%///»/ﬁ*//*‘ *//i%’/x///w fE
a o i
01 02 03 04 05 06 07 08 09 1 )

GNN score
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https://link.springer.com/article/10.1140/epjc/s10052-023-11573-0
https://arxiv.org/abs/2305.13439

o

4 TOP OBSERVATION oocoiiim

ATLAS provides EFT interpretations (CMS’s provided before observation, included in top + X

combination)

+ 4top sensitive to heavy-flavour fermion operators 0gq. 0, 0%, 0, > probe BSM that enhances
interactions between third-generation quarks

Sensitive to Higgs obligue parameter H

CMS'"isat0.12

Operators | Expected C;/A? [TeV ~2] Observed C;/A? [TeV 2]
0(12Q [-2.4, 3.0] [-3.5, 4.1]
Oy, [-2.5,2.0] [-3.5, 3.0]
0,, [-1.1, 1.3] [-1.7, 1.9]
ogt [-4.2, 4.8] [-6.2, 6.9]
Fit one parameter at the time
o Qprrrr
T gf ATLAS
g E Vs=13TeV, 140"
. . . . . I 7;_ — Observ
ATLAS' limit coincides with the largest value 6F e s
that preserves unitarity in the perturbative theory | T’
4E_QS%CL
3_
2f
|
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https://arxiv.org/abs/1903.07725
https://link.springer.com/article/10.1140/epjc/s10052-023-11573-0
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More in A. Mehto
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https://indico.cern.ch/event/1114856/timetable/

CPTESTSIN H - TT 200

« CMS full Run 2 analysis dedicated to studying anomalous cuplings in ggF, VBF and VH H - 1t
« Combined with H - yy and H — 4l
* Measure effective cross-section ratios (reduce uncertainties)

0000000000,
g \
= K¢ |?

me - A 00 | et
A(Hff) = —ﬁle (i + i %¢ys) o, ‘ > Hff

%
pr— —— S —_
/ P P+ RP 8 \ &

1 VV,2 WV 2 vV 2
AHVV) = - |al¥+ K1 4w :‘VKZZ Gva | K3 (w1 +Zv2) €€ty q q
. (A7) (%)

1 1 % / 1 *(1 Fx /
+5 a;’Vf;l(/ )f (2),m i aaglv—f}“(/ )f (2),m .

120 :
_____ . fai - Iall Ul Slgn (ﬂ)

Yi—123.. 4% 1

Courtesy D. Valsecchi
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https://arxiv.org/abs/2205.05120
https://indico.cern.ch/event/1198609/contributions/5367280/

CPTESTSIN H - TT 200

« Access CP-violating effects using reconstructed H — 1t events
« correlation of H and two quark jets or leptons in VBF and VH production (anomalous HVV)

« correlation of H and two quark jets in ggH production (anomalous Hgg)
- Use a matrix element likelihood approach (MELA) and neural networks

+  Build optimal discriminants, e.g. D" (P = 0~ is the BSM hypothesis)

T — A O VA

CMS 138 b (13 TeV)
o 10 N  AaRaasnaes
£ ofF MELA method, Tt
< - —— Observed
C\Il 8 Expected =
.
CP even of
CP odd 5§

v

CMS VBF, 7,7, Dy [0.3,0.7] 138 fb' (13 TeV)
£ T T ! —4— Observation
s D\ E[0.2,0.4] D\ E[0.4,0.6] D\€[06,0.8]  :  Dy€[0.8,1.0] B
3 : . [« bkg.
w ’ $ |:|jet—>rh mis-ID
10 ' : [ other
Stat. uncertainty
] — > ggH_
] I ggH—tt (fasH—O)
- | — s 99n_
I |- ggH—e (- =1)
107"
: 2 T
Q. :
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https://arxiv.org/abs/2205.05120

OFFSHELL H —» ZZ IN SMEFT ..ccncomon

- Breaks c, — ¢, degeneracy present in inclusive on-shell measurements
« High invariant mass (TeV level), Z Z — 4l and Z Z — 2|2v final states, with | = e or u

k-framework

V.M.M.CAIRO

0.2

0.1

0.0

L T I T T T | T T T I T
- ATLAS Preliminary

L H* = ZZ— 41+
13 TeV, 139 fb!

" Linear only
- A=1TeV

- Obs. 68% CL.
—— Obs. 95% CL.
Obs. Best Fit
- Exp. 68% CL.
Exp. 95% CL.
SM

11 1 1 I 11 1 1 | 111 1 I 11 1 1 l 1 1 1

A
\4

B

| —

2
(' - 5)GLGa,

SMEFT

CoG

0.08F

0.06

ATLAS Preliminary

H*— ZZ— 4l + v +
13 TeV, 139 fb~!

0.04

Linear + quadratic *
A=1TeV

0.02

0.00

-0.02

-0.04

Illllllllllllllllllll

Obs. 68% CL.
Obs. 95% CL.
Obs. Best Fit
- Exp. 68% CL.
Exp. 95% CL.
SM

(970 — £)0rftr +h.c.

See also CMS’s
Higgs width
analysis s41567-
022-01682-0
setting
constraints on
anomalous HVV
couplings
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-012/
https://www.nature.com/articles/s41567-022-01682-0
https://www.nature.com/articles/s41567-022-01682-0
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CMS HIGGS COMBINATION

» Interpretation of Higgs boson
production and decay rates in terms
of simultaneous constraints on EFT
couplings in the Higgs Effective
Lagrangian (HEL) model

« Paper provides mapping into
WCs

» Included Higgs boson decays to
vy, ZZ,WW,tt,bb (non boosted) @ 13 TeV,

35.9-137 fb~! depending on the
analysis

V.MM.CAIRO

HIG-19-005-pas

35.9-137 fb™' (13 TeV)

c M S ® Observed O Observed (other ¢ = 0)
— 1o . +1o (other c] =0)
Preliminary — .z +20 (other ¢, =0)
P, =89%
C,y X 10° —+
(€ ~ Ce) X 10° i
c,x10 ——— +_
¢ x 10 =R -
c, x 10 —-_»—
¢, X 10° ———
¢, x 10 —_ -
' L 1 l ' 1 L I L ' L 1 I L ' 1 L i L ' 1 L l 1 1 L 1
20 -15 -10 -5 0 5 10

Parameter value

p7


https://cds.cern.ch/record/2706103/files/HIG-19-005-pas.pdf?version=1

ATLAS GLOBAL COMBINATION .ooorci

« Constraints on 28 SMEFT Wilson coefficients for
dim.6 operators

 Insufficient information to constraint
simultaneously all coefficients
« Basis modified: linear combination of WCs
* First combine inputs from ATLAS, consiraining 7
individual and 17 linear combinations of WCs
« Higgs production and decay in STXS bins
« EW differential cross-section measurements

 Then add EW Precision Observables (EWPQO)

V.M.M.CAIRO 28
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ATLAS GLOBAL COMBINATION ooz
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ATLAS GLOBAL COMBINATION ooz
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Parameter value

‘ L
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\
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expected fractional
contribution

« Some WCs tightly constrained by single sector, but conftributions from ATLAS expected to become
more important with larger datasets. Results largelt consistent with SM.

V.M.M.CAIRO
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17.07.23

ATLAS

EXPERIMENT

Double the Higgs,
Double the Challenge! |

HH - bbtt

Run: 329964
Event: 796155578
2017-07-17 23:58:15 CEST

ATLAS

HH — bbbb

CMS CMS Experiment at the LHC, CERN
Data recorded: 2016-Aug-13 16:51:13.749568 C
Run / Event / LS: 278803 / 465417690 / 259

Run: 351223
Event: 1338580001
2018-05-26 17:36:20 CEST

More in
Yu Nakahama Higuchi

" i
/i

VMMCARO =


https://indico.cern.ch/event/1114856/timetable/

g
WHY HH? AND WHY IN EFT?

Higgs pairs produced by means of various interactions at the LHC, including the Higgs ..

self-coupling, A, giving us direct access to its measurement when searching for HH -____ ol
K
\‘ w
-HH pr(;duction ILﬁC14 | | | j// Os |
including interferené'e\__‘and squared terms / 0 H
dashed:" excluded by LHC results 0. éc ’
LHC early Run 2 A
constraints = 10 < Ho :
No sensitivity to 5
parameters other S
than 06 (~k/1) 10° _
rg = 0.05,rg =1
TG = 10,7"45@ = 200
Tty = 1
—20 -15 —10 -5 0 5 10 15 20
jrevip.2020.100045 ri ¢i/v? [TeV 7]
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g
WHY HH? AND WHY IN EFT?

Higgs pairs produced by means of various interactions at the LHC, including the Higgs ..

self-coupling, 4, giving us direct access to its measurement when searching for HH - a7
K\
\‘ "l/
-HH pr(;duction ILﬁClél | | | ’/ Os
including interferené'e\__‘and squared terms 0 H
dashed: excluded by LHC results %) éc
LHC early Run 2 A
constraints =~ 10 < Ho— :
S
5
LHC full Run 2 =
constraints =~ 3
100 -
Relevant to [ u
. \/ =0.05,ry = 1
consider general . s 10, o = 200
coupling ' rig = 1
variations 20 -15 —10 -5 0 5 10 15 20
jrevip.2020.100045 ri ¢i/v? [TeV 7]
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HIGGS PAIRS IN SMEFT -0

ATLAS HH — 4b

Wilson Coefficient Operator
T3 u | | l l I l | I
CH (H H ) g 50— ATL A S — Observed Limit (95% CL) —
CHO (H'H)o(H'H) , Js=13TeV, 1268 | | T Expected Limit (95% CL)
T == — ¢iy=0.0, ¢,g=0.0, chg=0.0 " Expected Limit+1o =
CtH (H H )(QH t) Expected Limit +20
CHG HTHGﬁvG/j‘V 30— %  SM Prediction o
¢, Qo™ TAHA Gﬁy 20— -
10— =
A 4 0 |— =
In Single Higgs, only included in ol B
linear combination with other WCs
v 20 il
Probed uniquely by HH a0l 1 1 1 1 1 1 1

-40 -30 -20 -10 0 10 20 30

More 2D scans in the extra slides
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&

HIGGS PAIRS IN SMEFT

2301.03212

v

Wilson Coefficient Operator
cn (H'H)’
Cho (H'H)o(H'H)
Cin (H'H)(QH!1)
CHG H'H G;‘VGT’
¢, (Qor* T 1 H G_Z‘V

A 4

Limits are ~ comparable with global
combination (dominated by single Higgs)

Order-of-magnitude hand-made comparison between 2301.03212 (Global Fit) and ATL-PHYS-PUB-2022-037 (HH4Db)

7.5 1
5.0 1
2.5 1
0.0 1
—2.51
—5.01
—7.51

—10.0 1

Observed 95% CL (range)
linear+quadratic

CHG

HH4b
V.M.M.CAIRO

Global Fit

0.06 1
0.04 1
0.02 1
0.00 1
—0.02 1
—0.04 1

—0.06 1

1.0 1
. 0.5 1
Observed 95% CL (range) H Observed 95% CL (range)
linear+quadratic 2 ) linear+quadratic
& 0.0]
-0.5
—1.0 1
HHab Global Fit HH4b Global Fit
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H I GGS PAI RS I N H E FT 2301.03212, ATL-PHYS-PUB-2022-019, JHEP 03 (2021) 257

In HEFT, anomalous single-Higgs couplings # HH couplings (¢, un # Cggu, Ctenn # Ceen )

: Standard Model
g H 22000000000
Ctth  Chhh
—————— o A
H AN
Kt R .
g H g e

Beyond Standard Model

V.M.M.CAIRO
(*) In black the CMS WCs convention, in colors the ATLAS one

H g H g H
Cggh  Chhh ,*° Cgghh -
______ ./ ’ :
H \\\ \‘\ - \\
Cg \\\ ng \\\\ C2 \\\
H g (*) H g H
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H I GGS PAI RS I N H E FT 2301.03212, ATL-PHYS-PUB-2022-019, JHEP 03 (2021) 257

In HEFT, anomalous single-Higgs couplings # HH couplings (¢, un # Cggu, Ctenn # Ceen )

~ Standard Model

H g 0000099000

Ctth Chhh ,*

H £ 0990099990~

Beyond Standard Model

H g H g H
Cggh  Chnn o nghh’x'/
: >
8 Cog . C2 .
H g (*) H g H

HEFT results for ATLAS HH — yybb + HH — bbtt (0/osy < 0(3)), ATLAS HH — 4b and CMS HH — yybb

See extra slides for constraints
on “benchmarks”, i.e. xs limits
on recommended
combinations of WCs values

Q' Q'
= al e —— Observed limit (95% CL) = 4 [ —— Observed limit (95% CL)
f 10 o A TLAS Prellm I nary ---- Expected limit (95% CL) f 10 E A TLAS Pre“mlnary -- Expected limit (95% CL)
I r Vs=13TeV, 139 fbo" = Expected limit +10 T C = m == Expected limit +10
5 :| HH - bbT* T~ +bbyy | 1 Expected limit +20 5 HH - bbT* T~ +bbyy 1 Expected limit +20
=} - —— Theory prediction =} —— Theory prediction
0oL Y% SM prediction 100k Y% SM prediction
102 102
ET N e _— - T
| Observed: cggnn €[—0.3, 0.4] | Observed: Cithn €[—0.2, 0.6]
10" =Expected: cggnn € [0.3, 0.3] 10" =Expected: cunn € [—0.2, 0.6]
: L I 1 1 1 1 I L | | | I 1 1 | | I | | L L I 1 1 I | | L | 1 1 1 1 I | | | L l | 1 1 1 I 1
-1 -0.5 0 0.5 0.5
Cgghh Ctthh
V.MM.CAIRO

(*) In black the CMS WCs convention, in colors the ATLAS one
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HIGGS PAIRS IN HEFT.... ..

CMS full Run 2 search for HH —> WWWW ,WW=zt, and tTTT

Require multi-leptons (e, u, t,44) iN the final state

o/osy < 0(20)

HH — Multllepton

138 fb (13 TeV

1.8F
1.6F

95% CL upper limit on o(pp — HH) [pb]

2r

- 68% expected = QObserved

95% expected

1 4b & Theoretical prediction

----- Median expected ]

V.MM.CAIRO

CMS | HH —>|Mult|Iepton o 13|8fb1 (1|3| TeV)
103 95% CL excluded 1
- [ ] Observed - Median expected
8- + Bestfitvalue . 68% expected -

¢ Standard model

95% expected



https://arxiv.org/abs/2206.10268

~
CONCLUSIONS

* The success of the Standard Model is extensively
confirmed by the current ATLAS and CMS results

 This moftivates searching for hints of physics BSM
which could manifest at a higher energy scale

« Effective Field Theory frameworks are powerful ways
to map our current understanding and look for
anomalies

EFT

e | HC results include more and more EFT direct and indirect
seaches

* SM, top, Higgs and more recently also Higgs pairs

* Global combinations can unveil mysteries that are
potentially still hidden

V.M.M.CAIRO
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Thanks for your attention!
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EFFECTIVE FIELD THEORIES AT THE LHC

hitps://arxiv.org/pdf/2204.01763.pdf

~

SMEFT U (2) doublet H = 7 (¢1+Z¢2)
G4 + 193

HEFT ®»=(1+h/v)n

V.M.M.CAIRO 42


https://arxiv.org/pdf/2204.01763.pdf

s M E FT X3 H® and H'D? 2 H?
Oc | fABCGAGErGCr || Oy (H'H)? O.n (H'H)(Ipe- H)
Os | fABCGAGEPGSH || Ouo (H'H)O(H'H) Oun (H'H)(gyu.H)
JHEPQ04(2021)279 Ow el TKW W] e W Ke Ouo | (H'D*H)" (H'D,H) O (H'H)(gyd, H)
Ow EIJKW‘{"W,‘,]”W;(“
X2 H? V2 XH 2H?D
Owe | HUHGAGMW O | (Gore)r'HWL, || O | (H'iD, H)({nM,)
Ous H'HGJ,GAw O.s (lpo" e, ) H By, W | (HYD H) (T )
O H'HW!, W O (Gpo* T4, )H G2, s, (H'iDy H)(@py*er)
Ouw HHW! W O.w (@0 u, )T HW], Ok, (H Tf;D“ H)(g,v"q;)
Ous H'H B B Ous | (@o*u)HBu || O | (H'iDg H) (@7 vr)
Ous H'H E;WB’W Ouc (qpa“vTAdr)H Gﬁu Ou. (Htilztx H)(ﬁp'y"u,)
Ouws H'rTH YY;{VB“V Ouw (qpo*vd,)T"H W;{u Oua (HliD# H )(Jp'yi‘dr)
Ouws HirlH W‘f,,B“" Oar (qpa“"d,)H B, Onua i(H fD,,H ) (ipy*dy)
(LL)(LL) _ (RR)(RR) (LL)(RR)
Ou (lpyulr) (Lay*1e) O.. (Epyuer)(Esy er) O.. (lpyulr) (Esy*er)
O‘(,:,) (qp’TpQT)(QS'Y”Qt) Ouu (ﬁpvpur)(ﬁs’yﬂut) Olu (l_p7ulr)(ﬁ87put)
0% | @0t @ 'a) || Ouw (dpyudr)(dsy¥dy) O (G vule ) (dsy*dy)
Ot(;) (Lpyulr) (@57 ge) (¢ 8 (Epyuer) (TsyHut) Oy (@pYugr) (Es7*er)
OR | Gyt )@y r'q) 0. (Epyuer)(dsy*dy) ow (Tpyutr) (s 1)
0. (@pyuur)(dsyde) 0% | (@ T ) (@sy* T us)
- (ﬁp’TuTA“r)(JS’Y"TAdt) O,[,;) (q_p’TuQr)(‘Is'Y"dt)
01(13) (qpﬂYpTAQT)(‘is’ypTAdt)
(LR)(RL) and (LR)(LR) B-violating
Oheaq (Zer)(dsql) Ouuq e*P7ejy, [(d3)T Cuf] [(g29)T ClE]
oy, (@ur)e ;i (@rdy) D 2875, [(29)TCf¥] [(u7)TCey)
Oea | (@Tu,)ejn(@TAd,) || Ouoa e*PVejnerm [(957)T Cq¥] [(g7™)TClE]
Oiqu (Ber)esn(qhue) O 27 [(d3)TCuf] [(u))T Cer]
O((:zu (I_‘Z,O’,‘,,C,.)Ejk (q-f aﬂyu't)
V.M.M.CAIRO Table 1. Dimension-6 operators in the Warsaw basis, adapted from Ref. [81]. The grey cells 43

indicate operators that break flavour SU(3)° explicitly.


https://link.springer.com/article/10.1007/JHEP04(2021)279

g
OBLIQUE PARAMETER AND

UNIVERSAL BASIS

https://arxiv.org/pdf/1903.07725.pdf ‘Higgs-only’
[9*] [g*] [9:]
Op = 1% S |OH|? On =35 (8“|H| ) O¢ = M2|H|6
Or = 2M2(HTD H)
Or = S| H?| D*H[?
‘Gauge-only’
O2G _ 4M2 (D Gal/)2 O2W - 4M2 (D Wa, ) 023 = _;1\}32 (8po,z/)2
‘Mixed gauge-Higgs’
Op = &2 (H'D H)@”B,w Oce = %58 |H PG Ge,,
Ow = zgﬂ‘}g (Hfo® D H)D”Wa Owp = ¥ws CWB HTOO’HB”VWO’

Oww = MIH|2W‘““’W,‘fu
Opp = ©-%E|H2B" B,

Relations between oblique parameters and Wilson coefficients

m2 N 2

cw+c _ v
S=d(ews+ =)l Foor
~ m2 N m2
W—CQWMZ Yzczgv";’

~ N m2
Z—chM2 HZCDF%
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https://arxiv.org/pdf/1903.07725.pdf

Standard Model
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CP TESTS WITH V'BOSONS Eur. Phys. J. C 81 (2021) 163

« Additional sources of CP-violation required to explain the matter-antimatter asymmetry in

the Universe - can manifest as anomalous Higgs/multiboson interactions

EW Zjj

V.M.M.CAIRO

Wilson Includes 95% confidence interval [TeV—2] p-value (SM)

coefficient | Myg)? Expected Observed
cw A2 no [-0.30, 0.30] [-0.19, 0.41] 45.99
yes  [-0.31, 0.29] [-0.19, 0.41] 43.2%
éw A no [-0.12, 0.12] [-0.11, 0.14] 82.0%
yes  [-0.12, 0.12] [-0.11, 0.14] 81.8%
cawg /A no [-2.45, 2.45] [-3.78, 1.13] 29.0%
yes  [-3.11, 2.10] [-6.31, 1.01] 25.0%
EgwalA® no [-1.06, 1.06]  [0.23, 2.34] 1.7%
yes  [-1.06, 1.06]  [0.23, 2.35] 1.6%

Strongest limits when pure dimension-six contributions are

excluded from the theoretical prediction


https://link.springer.com/article/10.1140/epjc/s10052-020-08734-w

/
DI - BOSO Ns AS neutral

T E STS O F aTG C https://arxiv.org/pdf/hep-ph/0008063.p0df

11. ZZZ AND ZZ~v ANOMALOUS COUPLINGS
£, and fZ (CP !
Vio|(]‘|'ing) , In the SM, at the parton level, the reaction p(f)) — Z Z proceeds by the Feynman diagrams
y d 7 CP of Fig. [l Including the anomalous couplings under discussion requires the addition of the
f 5 an f 5 ( graphs of Fig. 2. In the massless fermion limit, a reasonable approximation for hadron
Conser\/ing) collider processes, the most general form of the Z%(q1) Z%(gqo) V*(P) (V = Z, ) vertex

function (see Fig. 3 for notation) for on-shell Z’s which respects Lorentz invariance and
electromagnetic gauge invariance may be written as

P2 — M3

M% Pag,uﬁ + Pﬁg“a) € i (ql - Q2)p ) (1)

9zzv TSy =€
where M is the Z-boson mass and e is the proton charge. The overall factor (P? — M2) in
Eq. (1)) is a consequence of Bose symmetry for ZZZ couplings, while it is due to electromag-
netic gauge invariance for the ZZ~ couplings. The couplings f” (i = 4, 5) are dimensionless
complex functions of ¢?, g2 and P2. All couplings are C odd; CP invariance forbids f}’
and parity conservation requires that fi vanishes. Because fZ and f] are CP-odd, contri-
butions to the helicity amplitudes proportional to these couplings will not interfere with the
SM terms. In the static limit, fJ corresponds to the anapole moment of the Z boson [13].
In the SM, at tree level, f/ = f¥ = 0. At the one-loop level, only the CP conserving
couplings fJ receive contributions. Numerically, these contributions are of O(10™*) [14].
Loop contributions from supersymmetric particles and additional heavy fermions produce
ZZV couplings of a similar magnitude [14]. If the Z bosons are allowed to be off-shell, five
additional ZZZ couplings, and five additional ZZ~ couplings contribute [15]. For these
couplings, the factor (P? — M2) in the vertex function is replaced by (¢? — ¢2). The effect
of these couplings thus is strongly suppressed and we shall ignore them in our discussion.

= iel*™(q,,q,,P)
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g
DI-BOSONS AS

TESTS OF aTGC . v

Vy and VV production sensitive to anomalous triple gauge couplings (aTGCs)
- ATLAS Run 2 analysis examines high-energy tails of p¥ in ZZ(llvv) events (Z

boosted against the other in the transv. plane)to test aTGCs in an effective
vertex function approach

- fY and f# (CP violating), ;" and fZ (CP conserving)

Nevtiral
aTGCs

alTGC

dim-8in
SMEFT

Step Selection criteria ! Z
Two leptons Two opposite-sign leptons, leading (subleading) pr > 30 (20) GeV

Jets pr > 20 GeV, |n| < 4.5, and AR > 0.4 relative to the leptons

Third-lepton veto No additional lepton with pr > 7 GeV

Mee 76 < mee < 106 GeV

Hard jets pr > 25 GeV for |n| < 2.4, pr > 40 GeV for 2.4 < || < 4.5

E}“iss and Vp/St E}“iss > 110 GeV and V1/St > 0.65

ARge AR < 1.9

AG(PEE, Emiss) AG(PEE, EMiss) > 2.2 radians

b-jet veto N(b-jets) = 0 with b-jet pr > 20 GeV and || < 2.5

V.M.M.CAIRO Table 2: Event selection criteria for the ££vv signature. 48
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« VV production sensitive to anomalous triple gauge couplings (aTGCs)
i Charged ve Use pX and ¢, to enhance sensitivity to interference
aTGCs between SM and Oz O = eFWirwir )
W+
€+ Ai
W+ P
x-z plane
i ¢
a ; \
CMS simuiation 13 TeV CMS simulation 13 TeV * . g
=] T b4 * 5 T - > - T b 5 3' [ : ¥ T L % T T & e = T 2 2
(“' 3r w:.Y — C3W =0.0 - (U. WzY _CSW =0.0 .
—C,y=0.1 8k —C,y =01 w/jetveto:
Cyy=02 Cuy=02 --C,, =00
L02—-2 —Cgy = 0.4 [ LOs2jMLM  —C,, =04 C,, =04 %
2F . 6 i
i Figure 2: Scheme of the special coordinate system for W*+ production, defined by a Lorentz
_ ——] boost to the center-of-mass frame along the direction ?. The z axis is chosen as the W boson
[ = 41 ‘ . direction in this frame, and y is given by 2 x 7. The W boson decay plane is indicated in
I } blue, where the labels f, and f_ refer to positive and negative helicity final-state fermions. The
Lt s angles ¢ and 0 are the azimuthal and polar angles of £, .
2F 1 iy o
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« VV production sensitive to anomalous friple gauge couplings (aTGCs)

138 b (13 TeV)
T T T T T

o | T
138 fb™! (13 TeV) < —— SM+int. only -
§— — > |- -
o éMS | | I ] o 2r CMS — 95% CL SM+int. only |
7k . St - —+— SM+int.+BSM
E —— SM+int. only ] O% — 95% CL SM+int.+BSM |
6F e SM+int.+BSM E T ]
E B
1 0' e
0/’/{' ___________
E I ///: —————————————
,/
4 -1 / n
-/
— / ]
T ‘2_/ B
02 03 T
Cyy (TeV?) 500 1000 1500

pYT cutoff (GeV)

Table 4: Best fit values of C3p; and corresponding 95% CL confidence intervals as a function of
the maximum p] bin included in the fit.

p'T’ cutoff (GeV) Best fit Cypy (TeV~2) Observed 95% CL (TeV ~2) Expected 95% CL (TeV~—2)
SM+int. only SM+int.+BSM SM+int. only SM+int.+BSM SM+int. only SM+int.+BSM
200 —0.86 —0.24 [—2.01,0.38] [—0.76,0.40] [—1.16,1.27] [—0.81,0.71]
300 —0.25 -0.17 [—0.81,0.34] [—0.39,0.28] [—0.56,0.60] [—0.33,0.33]
500 —0.13 —0.025 [—0.50,0.25] [—0.15,0.12] [—0.35,0.38] [—0.17,0.16]
800 —0.20 —0.033 [—0.49,0.11] [—0.10, 0.08] [-0.29,0.31] [—0.097,0.095]
V.M.M.CAIRO 1500 —0.13 —0.009 [-0.38,0.17] [—0.062,0.052] [—0.27,0.29] [—0.066,0.065]
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+ VV production sensitive to anomalous triple gauge couplings (aTGCs)
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« VV production sensitive to anomalous friple gauge couplings (aTGCs)

q Z g q

Figure | shows representative Feynman diagrams for ZZ production at the LHC. The dominant process q 7 g P
is r-channel production with a quark and anti-quark initial state, hereafter denoted by the ggZZ process.
Higher-order QCD corrections to the g¢Z Z process are found to be sizeable [4], and two tree-level diagrams
concerning production of two Z bosons and one outgoing parton are shown. The gluon fusion process

(ggZZ) includes two sub-processes, one with a fermion loop and the other involving a virtual Higgs boson.

Although the ggZZ process only appears at O(arg), it nevertheless has a non-negligible contribution of

0O(10%) to the total ZZ production rate due to the large gluon flux at the LHC. The s-channel production is q 7 q 7
forbidden at the lowest order; however, the neutral TGCs can still acquire small values of O(107#) in the q 4

SM, due to the correction with a fermion loop [5]. The observation of aTGCs with larger values would hint (a) (b) ©

at the existence of new physics.

————ee aTGC

N/
s

(d) (e) ()

Figure 1: Representative Feynman diagrams for ZZ production at the LHC: (a) lowest-order r-channel gqZZ
production; (b) production of ZZ plus one parton through the g4 initial state; (c) production of ZZ plus one parton
through the gg initial state; (d) ggZZ production with a fermion loop; (e) ggZZ production involving an exchange of
a virtual Higgs boson; (f) s-channel production with aTGCs.
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« Vy orVV plus jets used by CMS and ATLAS to test anomalous quartic gauge couplings (aQGCs) in
terms of dimension-8 EFT operators Leﬂ~=LSM+Zﬁomzﬁo@u...
« 4 covariant derivatives of the Higgs field (0sg 12, scalar type) oA At
« 2 Higgs covariant derivatives and 2 field strength tensors (00,123,457 ©f mixed — scalar and tensor - type)
+ 4 field strength tensors (07,1 256,789 Of fENsor type).

< L I L L L L S B IR L L B IR B R B g Wilson [Mgs|>  95% confidence interval [TeV 2]
f C ATLAS Preliminary ] coefficient Included  Expected Observed
= 601~ {s =13 TeV, 140 fo" ] cw/A2 yes  [[13,13] [12,12]
77 — 4l “r . no [-32, 32] [-37, 28]
) 401~ -] e/ A yes [-1.3, 1.3] [-12,12]
1 A ] no [-17, 17]* [0, 30]*
20 ] caws/AZ  yes [-16, 7] [-16, 6]
7 C ] no [-12, 12] [-15, 10]
W Uy = chuwalAE yes  [1.3,13] [-12,12]
= ;f . no [-67, 67" [-25, 1301°
7z —-201 — cus/AZ ves [-13, 13] [-12, 12]
] no [-38, 38] [-38, 38]
—40- — —  Expected 95% confidence interval g/ b (-13,13] (-12, 12]
1 - Observed 95% confidence interval - s [-420, 420]* (200, 790]*
—601- Unitarity Bound = : : i
T T N T The analysis sets also limits on dimé operators, obtained using a 2D fit to the 4ljj
1 2 3 4 5 6 differential cross-sections as a function of m4l and mjj, except for the constraints on
E. [TeV] CP-odd operators when the pure dimension-six contribution to the EFT is excluded.
Those constraints, denoted with a (), are obtained in a fit fo the differential cross

V.M.M.CAIRG section as a function of Agjj. 53
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« Vy orVV plus jets used by CMS and ATLAS to test anomalous quartic gauge couplings (aQGCs) in
terms of dimension-8 EFT operators
« 4 covariant derivatives of the Higgs field (0gg 1 2. scalar type)
« 2 Higgs covariant derivatives and 2 field strength tensors (00,123,457 ©f mixed — scalar and tensor - type)
+ 4 field strength tensors (07,1 256,789 Of fENsor type).

=40 2 L LN B B WL BASRE £ | 200 | ' T 3
o U ; : £ VT EWK T ; o 3
= ATLAS Simulation | | 5 F anas =iuaco oD | b\ ATEAS N
2r)vii S 35 s=13 TeV, 139 fb 10° {513 TeV, 139 10" wmityy =¥é.(.:)” L | "k Vs=13TeV, 139 b 3
vv y E —— sM | ke _fTO/A ATV /Unc(-:l‘f'tamty E “_g 100:_ ............................................................. R .
1 30— —e— Interference term 102 A4 6 Tev = | SR NG o e I
! i - —e— Quadratic term 3 - 3
25 — —e— Sum of terms 0 _: O; ................................ E_
B Y -4 ==z E E ]
20; dN/dET, SR, fTO=069 TeV 77777 . 3 _50.:_.. .............................................................................. .
’ C ! E e —— —— Expected =
: : B o T E / — Observed ]
.y C ——0— - 10- _150: ............. U ) } b d _:
EY > 150 GeV . e ~_ 200:// | - — Unitarity bound
. .- » B 6x107" 1 2 3 4 o
5:— +—o— E 15 } % / / / / E. [TeV]
- ~. 3 b 0 o : - .
[ et -~ 8 o > In addition, on T5 g o tighter limits than previous
ofr i1 | g gy ule o o lole oid oig s e )
0 05 1 1.5 2 2'5Ey [TeV]3 00204 06 08 1 12 14 16 18 2 results by ATLAS and CMS (Tg 9 uniquely probed
E! [TeV] . . . ’
! ° via neutral quartic vertices)
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CMS: 2212.12592,
a ATLAS: ATLAS CONF-2023-023, JHEP 06 (2023) 082, ATLAS-CONF-2023-024

« Vy orVV plus jets used by CMS and ATLAS to test anomalous quartic gauge couplings (aQGCs) in
terms of dimension-8 EFT operators
« 4 covariant derivatives of the Higgs field (0gg 1 2. scalar type)
« 2 Higgs covariant derivatives and 2 field strength tensors (00,123,457 ©f mixed — scalar and tensor - type)
+ 4 field strength tensors (07,1 256,789 Of fENsor type).

Table 2: Fiducial region definition.

Selections Cut value
‘s Eiss > 120 GeV
(, Z(VV)YJ J ,1 ITZ% > 150 GeV
Number of isolated photons N, =1
Photon isolation EC°“e40 < 0.022pT + 2. 45 GeV, pconezo /pT < 0.05
, Number of jets Nijets > 2 with pt > 50 GeV
Overlap removal AR(7y,jet) > 0.3
E;f > 150 GeV Lepton veto N.=0,N,=0
|AG(y, P > 0.4
|AG(j1, P >0.3
|A¢(ja, P m“S)I >0.3
m;;j > 300 GeV
y-centrality <0.6
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Table 6: Observed and expected one-dimensional limits on dimension-8 aQGC coefficients. Limits are obtained by
setting all aQGC coefficients except one to zero. Unitarity is not preserved.

Coeflicient

Observed limit [TeV 4]

Expected limit [TeV™]

fro/A*
frs/A®
frs/A®
fro/A*
fumo/A*
fui/A*
2/ A

[-9.4,8.4] x 1072
[-8.8,9.9] x 1072
[-5.9,5.9] x 1072
[-1.3,1.3] x 107!
[-4.6,4.6]
[-7.7,7.7]
[-1.9,1.9]

[-1.3,1.2] x 107!
[-1.2,1.3] x 107!
[-8.1,8.0] x 1072
[-1.7,1.7] x 107!
[-6.2,6.2]
[-1.0,1.0] x 10!
[-2.6,2.6]

V.M.M.CAIRO

Table 7: Observed and expected one-dimensional limits on dimension-8 aQGC coefficients in the region where
unitarity is preserved. The cut-off scale E, in the simulation is given for each parameter. Limits are obtained by

(8)

f-(ﬁ) 6 fj 8
Leﬁ'=£sm+2—1'\2 0 + —1’\40;.)+...
i 7

setting all aQGC coefficients except one to zero.

Coefficient E. [TeV] Observed limit [TeV ] Expected limit [TeV~4]
fro/A* 1.7 [-8.7,7.1] x 107! [-8.9,7.3] x 107!
frs/A* 2.4 [-3.4,4.2] x 10~ [-3.5,4.3] x 107!
fra/A* 17 [-5.2,5.2] x 107! [-5.3,5.3] x 107!
fro/A* 1.9 [-7.9,7.9] x 107! [-8.1,8.1] x 107!
fmo/A* 0.7 [-1.6,1.6] x 10? [-1.5,1.5] x 10?
a1 /A 1.0 [-1.6,1.5] x 10? [-1.4,1.4] x 10?
fua/A* 1.0 [-3.3,3.2] x 10! [-3.0,3.0] x 10!
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4LEPTON EVENTS oo o

ATLAS full model
Vs=13 TeV, 139 fb™ Expected 95% CL === Observed 95% CL

Coeff. Observable Draw Scale Obs. 95% interval
Coe  Ma l = T x4 [-0.20,-0.029] U [-0.010, 0.012]
Cuc  Mas ——— x5 | [-0.033,0.033]
Cup My ' [-0.60, 0.29 ]

Chwe Mz —— [-0.29,0.13]
Cha Pros ey, % 0.05 | [-2.6,83]
Chu APy : x0.05 | [-13.0,-6.9] U [-1.5,4.4]
Che APpais : [-0.70,0.21]
ch A, — [-0.19,0.55]
ch AP, __ [-0.47,0.12]
Cly  Ma ' x 0.5 | [-1.6,0.43]
Chg APpais ——— [-0.15,0.52]
Ca  Ms : [-0.51,0.41]
Coe My, S — x 0.01| [-33.0,42.0]
Cw My —— [-0.14,0.21]
Ca  Ms4 _;— [-0.41,0.36]
Ce My : x 0.02 | [-21.0,26.0]

Mg : x 0.02 | [-20.0,25.0]
o) A, _._ [-0.17,0.50]
cy my ——— x2 | [-0.086,0.17]
Cla M —— x4 | [-0.064, 0.081]
Cu My —— x2| [-0.16,0.20 ]
Cee My e— x2| [-0.11,0.14]
| i |
—1 -0.5 0 0.5 1
V.M.M.CAIRO

ATLAS
-1 o,
\/§=1 3 TeV, 139 fb Expected 95% CL
Coeff. Observable Draw Scale
Chc M | | x 10
cHD m34 :
Chwe Mg, ,
Ca Prpp ; x 0.01
Cuu Ay : x 0.1
cHe ACI)pairs :
1) '
cHI Aquairs :
¥ Ao, :
CS; M3y x 0.5
3) '
ch Aquairs :
Ced Mg, ; x 0.25
Cee My, x 0.005
ceu m4l E
Cq My : % 0.25
C. My x 0.005
c, my, : x 0.01
1 |
cfl) ACI)pairs .
Cy My ; x 0.1
® g I x 4
lq 34 ;
c, My : x 0.5
Cqe my E x 0.5
| | |
-1 -0.5 0 0.5

only linear term
Observed 95% CL

Obs. 95% interval
[-0.0090, 0.015 ]
[-0.63,0.28 ]
[-0.29,0.13]
[-3.0,18.0]
[-1.6,6.1]
[-0.75,0.21]
[-0.19,0.57 ]
[-0.51,0.12]
[-1.1,0.47]
[-0.15,0.53 ]
[-1.0,2.3]
[-25.0,100.0]
[-0.36,0.63 ]
[-1.3,3.0]
[-18.0,130.0]
[-17.0,70.0]
[-0.18,0.50 ]
[-4.1,0.53]
[-0.050, 0.098 ]
[-0.78,1.4]
[-0.72,1.2]
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These limits represent the first limits at 13 TeV on aQGC parameters in the electroweak W +Z j j and W:W+j j processes,

as well as the first combination of D-8 EFT operators, performed using unfolded and reconstruction-level results.

e e S . e
4 ATLAS Preliminary — W"Z} limit
fmr/A Vs = 13TeV, 36.1 b — WWj limit
— Combination
fan //\" no unitarization
fumo/A® S
fs1/A?
fso/A*
P PO Y | RS T T 1 1 P 1
-80 -60 -40 -20 0 20 40 60 80
fra/A*
fri/A _—
fro/A*
-3 -2 -1 0 1 2
aQGC Limits @95% C.L. [Tev™)
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e o e e L o o S B e e
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—— Combination
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caa e e e by e b e by s by by by b sy b s
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Comparing the nominal unclipped exclusion intervals
with the current best limits, obtained by the CMS
collaboration using the WV j j fully leptonic [10] and
semileptonic [17] channels, it can be seen that the limits
are not competitive. However, no optimization was done
regarding the binning or the phase space used for this
study. The individual limits can be improved by using the
Full Run 2 dataset and the combination can be improved,
for example, by including more channels as well as a
more extensive correlation of the experimental
systematic uncertainties. The analysis flow developed for
this result makes it straightforward to include additional
measurements in the combination in the future.
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acé _ N(Almezl > 0) — N(Alngz| < 0)
C 7 N(Alnzl > 0) + N(Aln,zl < 0)

The leptonic asymmetry is
slightly diluted relative to
the underlying top-quark
asymmertry, but has the
advantage that
reconstruction of the top-
quark pair is not required;
only the directions and
charges of the leptons are
needed.
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Figure 6: The unfolded inclusive (a) and differential leptonic asymmetries as a function of the invariant mass (b),
transverse momentum (c), and the longitudinal boost (d) of the reconstructed lepton pair in dilepton channel data.
Shaded regions show SM theory predictions calculated at NLO in QCD and NLO in EW theory. Vertical bars
correspond to the total uncertainties.
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Results are interpreted in SMEFT (14 four-fermion operators and 1 top-gluon operator, SMEFT@NLQO)
0%, = (Fy T™t) @y T u;)

ATLAS Vs=13TeV, 139 fo'
- - - - A% vs. NNLO QCD + NLO EW
008l — NNLOQCD +NLOEW  ATLAS _ My interval 68% CL
' el 8 _ - 1 —AZ+ A* - 95% CL
Ctu =0.5 \/E 13 TeV, 139 b —A? o Best-fit value
0.06f —— C&=1.0 oG o -
<4 combination
0.04} _+_ single—lepton - 1000 - 1500 GeV e :._
=0 -4 dilepton —
< 0.02! p * B 23 . AT 750 - 1000 GeV e
= _—1 —1__—_' =_"" : I _____ 500 - 750 GeV "‘T_.—._;l_..'.
0.00¢ 1 1 :
0-500GeV "L :; ................
¢ :
—002 I inclusive '_:_.
x2 impr.
—0.04t , , , , I differential ol l P
<0.5 [0.5,0.75][0.75,1.0] [1.0,1.5] > 1.5 o Toveomonaten e
mtf [TeV] pp, 8 TeV, JHEP 1804 (2018) 033 "—0—"
Tevatron combination R S
pP, 1.96 TeV, PRL 120 (2018) 042001 e
Complementary info to charge asymmetry (see extra slides) ' ?10 — 1'5 — 1'0 o '5 - (') - 5'3 = '1'0' =
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Compared to global fits of | ATLAS s=13TeV, 139 b
the top-quark sector and fits | A vs. NNLO QCD + NLO EW
|nC|Ud|ng ‘I'Op, H|995 a nd EW Differential mff In the following, the left-handed (L) quark doublets of .the. ﬁr§t two generations are .represented by
. . — B 4 —68% CL qi = (ur,dp), (cL, sL), and the doublet of the third generation is given by Q = (¢, b.). Right-handed (R)
d a 1-0 The bO un d S fO un d N Th IS —A » + A ----95% CL quarks of the first two generations are denoted by u;, d; and the right-handed top quark by ¢.
and |YSIS are Of Th e same —A : * Bestit value Using this notation, our interpretation considers 15 dimension-six operators in the Warsaw basis [44, 45]:
. CtG — :
Ord er Of ma g N ITU d e. C1 8 _::-_: * There are eight ggtf operators with LL and RR chiral structures:
Qq |
38 L ey L8 _ (P, TAMN( 5 A Ll _ 5 -
- ; === 0. = i” i)s 05, = i”i’
Often, the bounds from the Cag ! 0q = (%I Q)@ T a:) gq = @70 @7"4)

. . . cht - greld 05y = (07, T*7' Q)@ T 7" qy), 0%, = @77 Q)@ 4,
dlfferenTlOl Gn0|y5|s Ore C:?,? | .--:..... Oitlu — (fy,,TAt)(ﬁiy”TAu,-) Otlu — (fy,,t)(ﬁiy”ui)
significantly tighter than the G o 0%, = (Fy"TA1) (diy, T dy) 0!, = (Fyut)(drydy).

g | @) bOl bO un d S, |n d |COT| N g Céu . o There are six further gg¢7 operators with LR structures:

. . cd, r T SR

fhat inclusion of these results o L iy 08 = @y, AQ) @y T 0L, = By, @)@y u)

in future global fits can @ _H' 0%, = Oy, T*0) iy T d) 0Ly = (07,0)(drv¥d,)

improve the global result, by Cgu A Of = (T (GryuT* ) Ol = (") (@ivuay).

d ise N TO N g ||n g some Of Th e CQd I J T * There is one tensor operator that modifies the top—gluon interaction:

. 1 -ty

poorly constrained C:u ; 016 = (™ TA1) G,

com bl n Oh ons Of O pero TO r gd _._ The indices indicate the strong and weak structures: colour-singlet operators are indicated with (1) and

C Oeff|C|e n‘l‘s . th B ""' colour-octet operators with (8), weak-singlet operators with (1) and weak-triplet operators with (3). Also,
C1 - el T4 = 24/2 where A4 are Gell-Mann matrices; 7/ represents Pauli matrices, ¢ represents the Higgs doublet

Qu ¢ with the antisymmetric SU(2) tensor by € = it?> and & = ep*. The CP-violating imaginary parts of
C1Qd = s . . operator coefficients are not considered.
11 | 1111 | 1111 | 1111 I 1111 | 1111 I 1111 | 1111 | 1111
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AND ENERGY ASYMMETRY s oo

The energy asymmetry in ¢7j production is defined as

TP (0;|AE > 0) — (6| AE < 0)

Ar(0:) = , 1
“J)<ﬂm@mE>m+ww@mE<m )

with the optimised cross section
o®(8;) = o(6;ly;zj > 0) + o (n = 0;ly;7; <0), 6, €[0,7], 2)

where o (6;) is the differential cross section as a function of 6, and y,;; is the rapidity of the ¢7j system.
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tt CHARGE ASYMMETRY

AND ENERGY ASYMMETRY o v scorpmmo

« The energy asymmetry in boosted ttj production
provides complementary information that can
eliminate a blind direction of the charge
asymmetry measurement

« Asymmetries probe different directions in chiral and
colour space

« For colour-octet operators with same chirality,
shapes are different

« Charge asymmetry leaves a blind direction which is
broken by the energy asymmetry due to operator

CE/N [Tev?]

v

interference with the QCD amplitude

V.M.M.CAIRO

TP (6;|AE > 0) — o°P'(6;|AE < 0)

—_—

]
]
]
| =
|
]
<.
| ———rrrT

¢

4

ATLAS

V5 =13TeV, 139fb~1
—— A 68%CL

Ag 95% CL

——
———

—— Al 68% CL
AL 95% CL
|

) 0

2 4
Coa/N? [TeV—2]

0P G;|AE > 0) + o°P(6;|AE < 0)

>
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tt CHARGE ASYMMETRY
AND ENERGY ASYMMETRY oo ominies

o o < |ATLAS % [aTLAS
< < |ATLAS — Ag68%CL S 4/Vs=13TeV,139fb! S 4/vs=13TeV,139fb~1 | ... Ar 95% CL
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2 o ¢ Ae 95% CL £ |— aces%ocL £
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2. 0 | = S .
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¥ i \ H ! ¥i
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> .
) ) 0 3 4 v ) 0 5 4 0 2 4 i 2 0 2 4
Caa (TeV/A)? C&d (TeVIA) C2 (TeVIn)? C38 (TevInY
T |ATLAS — Ag68%CL| = [ATLAS —— Ar68%CL
S 4{Vs=13TeV,139fb1 | . Ar95%CL| > 4[vs=13TeV,139fb~1 | ... Ag 95% CL
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tt + X oo

—— Others profiled (20) 138 fb1 (1 3 TeV)

= Others profiled (10)
-------------- Others fixed to SM (20)
-------------- Others fixed to SM (10)

Preliminary

Table 6: Summary of categories that provide leading contributions to the sensitivity for subsets
of the WCs.

Grouping of WCs WCs Lead categories
| Two heavy two leptons CZ)(?' C;Eﬁf), ng, CEE)I 3¢ off-Z
Cgs)’ Cts(f)’ CtT(f)
Four heavy char Cor Cop Cit 20ss
Two heavy two light “ttlv-like” cgq, cgq, c}q, ch 2/ss
Two heavy two light “tll1q-like” Cq’ Cq 3{ on-Z
Two heavy with bosons “ttll-like” ¢z, Cotr Cp0 3/ on-Z and 2/ss
Two heavy with bosons “tXq-like” cz’,Q, Cotbs Cow 3/ on-Z
Two heavy with bosons with signif- ¢, ¢y, Cew 3¢ and 2¢ss

icant impacts on many processes

1
thx5

'a 5 5 5 - . -
Cag* 8| L . i | $

38 : : :
Cqq* 0

C811><5IIIIIIIIIIIIIIIIIII:FIII

[ J
-10 8 6 4 2 0 2 4 6 8 10
Wilson coefficient / A2 [TeV?]
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tt + BOOSTED H/Z _W ZZ;Y

« CMS Run 2 analysis, semi-leptonic tt and H/Z — bb, 8 dimension-six operators added to the
SM Lagrangian and their WCs constrained via a fit to the data
« Large tt+jets background

— S |

CMS Preliminary 138fb™" (13 TeV) 138 fb” (13 TeV)
LN N A |

CMS Simulation Preliminary 13 TeV

= 3 - 9
g§> 200 Cor / A2 [TeV2]= % 95% CL upper limits ' ﬁ 9 S“’.s. Seetl-dal=00]
% — Obs. [168% exp. | p Freliminary 95% CL [ - 9.39, + 10.12]
3 i r o ROLR )
\LT_ 1.754 —0.0 6.0 —10.0 —12.0 10 ---- Median exp. [195% exp. } % g}~ — Observed
3 ] F — Expected
102 3 i :
L e ] af
10! af
s - —————— 2'
(7)) 1 01 = E 1 :_
100 200 300 400 500 600 ‘g‘ : 05 gis
H s i 15
p [GeV] = 100} Cop /A2 [TEV?]

Simulated pt' [GeV]
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/
tf + BOOSTED H/Z TOP-21-003 gng}:}l

t g

CNSCIBEAY o errrer 1501 " (13776V)

Co |

A2
Char | NS

A2

3 i
SeQ -

A2

Cot| | =i

A2
Coth |

A2

68% CL interval

caw L - = Others profiled
A2 - == Others fixed to SM
Cbw L S

A2 —— 95% CL interval

— Others profiled

Gz | i — Others fixed to SM

A2 -

-10 0 10 20 30
CL interval [TeV 2]
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LipeorI + quodroficlmgdgl .

< TN T I < A RIEERIE |
£ + ATLAS Preliminary £ + ATLAS Preliminary 1
Al 10k Vs =13 TeV, 36.1-139 fb’' | &N 10k Vs =13 TeV, 36.1-139 fb’' .
! SMEFT A =1 TeV; one-at-a-time ! SMEFT A =1 TeV; one-at-a-time
[ =W — EWPO = [ o EW
i — Higgs — EW+Higgs+EWPO ) I — Higgs — EW+Higgs+EWPO |
| N d// |
! ) ) ! ) ! RN T B (UMY TR ERU ST W TN N
2 A 0 0.5 1
q Cw
(1) K= _ 1IK wilvy /Py Ke
CHg (H'i D ,H)(gy"q) CWw eTEW,WLEW,
Affects mainly EWPO and high energy Triple-gauge-coupling
tails for VH and diboson production parameter
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AT LAS G LO BAL COM B I N ATI O N ATL-PHYS-PUB-2022-03/

« Constraints on 28 SMEFT Wilson coefficients (and mutually orthogonal linear combinations) for
dim.6 operators

Decay channel Target Production Modes
H— yy ggF, VBF,WH, ZH, ttH,tH
H— ZzZ* gegF, VBF,WH, ZH, ttH(4¢)
H— WwW* ggF, VBF
H—- 1t ggF, VBF,WH,ZH, tt—H(ThadThad)

WH,ZH
H — bb VBF

Observable Measurement Prediction Ratio

Iz [MeV] 24952 +23 24957 £ 1 0.9998 + 0.0010 ;

Rg (MeV] 20767 + 0.025 20.758 £ 0.008 10004 + 0.0013 Process Important phase space requirements Observable
RY 0.1721 £ 0.0030  0.17223 + 0.00003  0.999 + 0.017 g5 o jet lead. lep.

R‘é 0.21629 + 0.00066 0.21586 + 0.00003  1.0020 + 0.0031 pp = e*vu'v mee > 55GeV, pIT <35GeV PTW i

AE’B‘ 0.0171 £0.0010  0.01718 + 0.00037  0.995 + 0.062 pp — vEH€~ myge € (81,101) GeV my

Agi 0.0707 £ 0.0035  0.0758 = 0.0012 0.932 + 0.048 pp — € my > 180 GeV mz,

AY 0.0992 + 0.0016  0.1062 + 0.0016 0.935 + 0.021 ..

o0 [pb] 414886 41489 +5 0.99998 + 0.00019 pp— €7 jj  mj; > 1000GeV, mee € (81,101) GeV  Agj;

« For processes in which kinematics are affected by different operators, parameterization done in a
fiducial and not phase space. Overlap checked and dataset removed when relevant
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ATLAS GLOBAL COMBINATION ooz

« Constraints on 28 SMEFT Wilson coefficients (and mutually
orthogonal linear combinations) for dim.é6 operators
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» |nsufficient information to constraint simultaneously all coefficients
« Basis modified: linear combination of WCs
« First combine inputs from ATLAS, constraining 7 individual and 17 Ilneor combmc’rlons of WCs

ATLAS Preliminary ® BestFit B Hicos
/5 =13 TeV, 36.1-139 fb~ _ggégt g\;%g
SMEFT A =1 TeV —:Izgz: quad
Best constrained WCs S
R g
l “ o004 —002 0 002 004
Modifies
the rate of
H - vyy
v
Modifies
the rate of
gg—->H
V.M.M.CAIRO 77
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» |nsufficient information to constraint simultaneously all coefficients
« Basis modified: linear combination of WCs
« First combine inputs from ATLAS, constraining 7 individual and 17 Imeor combmc’rlons of WCs

Weaker constraints from lin+quad e.g. cg’;z,

(introduction of quadratic terms leads to non-linear
correlations between parameters)

Stronger constraints from lin+quad e.g. ¢y,
(sizable quadratic contributions from VV)

V.MM.CAIRO
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Insufficient information to constraint simultaneously all coefficients
« Basis modified: linear combination of WCs
« First combine inputs from ATLAS, constraining 7 individual and 17 Imeor combmc’rlons of WCs

Least constrained WCs,
quadratic contributions large due to
quadratic dependence on WCs,
questionable validity of obtained
constraints

V.MM.CAIRO
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ATLAS Preliminary /s=13TeV, 36.1-139 fb~
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Include EWPQO, constrain 28 WCs

Group of 5 WCs now fightly constrained
by single observables (gg — H. 05,4 Z
width, forward-backward asymmetries,)

Contributions from ATLAS expected to
become more important with larger
dataset analyses

Results compatible with SM except for
Chvv.v s €xcess driven by a well-known

discrepancy between A]?'bb and

Afy measurements and the SM
expectation
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Wilson coefficient and operator ~ Affected process group
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In order to obtain a fit basis that is easy to interpret but still numerically stable, the eigenvector analysis is
performed using orthogonal subsets of Wilson coefficients. The groups are constructed such that the impact
from each group is distinct from the impact of the other groups. At the same time, strong similarities in
the impact on observables exist within a given group. The aforementioned parameters CS) s CbH, CW,
and ¢,y can be constrained individually. The three parameters affecting gg — H (cyg. ¢;g. and ¢,5)
can also be constrained individually, albeit with a fairly strong correlation, as loop-induced ZH and trH
production offer additional constraining power. Furthermore, eight groups containing multiple operators

are constructed. The groups are:
(N

* cHe and ¢y, which are mainly detectable by their impact on Z-boson-lepton couplings;
. cg; and cy;, which affect the strength of the electroweak coupling and thus most observables;

* CHu, CHd,and ‘;JIL which mainly affect the high-energy tails of VH and diboson production;

* ¢uH, Cqn, and ¢y, which have a strong effect on the rate of all Higgs boson processes (in the case
of ¢, and ¢ g due to their effect on the unmeasured Higgs decays into strange and charm quarks);

* CHB,CHW.CHWB, CHD, Ctw, and ¢, g, which affect the H — yy partial width;

(1) (3) ) . . . i i
* Ciq > Clg » Cews Ceds Clus Clds and ¢, four-fermion operators with two quark and two lepton fields,

which are particularly affecting the tails of the diboson observables;

(L1 (L,8)  (3,1) (3,8) (1) (8 (1) (8 (1) (8 (1) (8 () .(8) :
b "qq * "qq ’ "l{q s Cqq - Cuus Cuus dd® “dd® “ud’® “ud’ Cqu’ Cqu, qu, and qu, four-fermion
operators with four light quarks, which are only relevant for the VBF Z measurement; and

. (LD (L8 (3.1 .(3.8) A1 (1) (8) (1) (8) (1) .(8)

c_G, €ou *€0q *€0q *€0q *» €tu*€ou Couw Coa® ‘Qq’ Crq s and C;q » Operators mainly affecting
ttH production, i.e., ¢ an(({ four-quark operators coupling to the top quark.

V.M.M.CAIRO

For each of these operators groups orthogonal eigenvectors are determined from a principal component
analysis that considers only operators within the group. The resulting eigenvectors are visualized in
Figure 9. Again, only eigenvectors with an expected uncertainty of o= < 5 are retained. The remaining
eigenvectors are fixed to zero in the maximum likelihood fit. As Wilson coefficients are expected to be
at most order 1 and the new physics scale A is expected to be at least 1 TeV, the directions in parameter
space with o= > 5 have very little impact on the measurement. The removal of these weakly constrained
directions allows for measurement of the remaining coefficients simultaneously.

Eigenvector constraints are obtained from profile-likelihood fits, as described in Section 4.4. Results based
on both the linear and the linear+quadratic model are presented in Figure 10. The contribution of a given
measurement group i of input measurements (where i is, in this case, Higgs or LHC electroweak) to an
eigenvector constraint is shown on the right-hand side. It is calculated in the Gaussian limit and using

-2
. o T N . . . .
the linear model as =——, where o7 is the uncertainty from the analysis of input measurement . The
j o.“

correlation of fitted coefficients is shown, for the linear model, in Figure 11. In the linear+quadratic model
the likelihood structure is non-Gaussian and cannot be easily represented by a correlation matrix.

The most stringent constraints are obtained for cﬂ,' B.cHw .cnwB.cHD.cow crp» Which modifies the rate of
H — yvy decays and ¢y, which modifies the gg — H production rate. These processes are loop-
suppressed in the SM but can proceed at tree level in the SMEFT. Stringent constraints are also obtained for
¢pa, which impacts the H — bb decay rate, while the triple-gauge-coupling operator cw and the leading

87
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CPTESTSIN H - TT o0

« Combined with H - yy and H — 4l
* Measure effective cross-section ratios (reduce uncertainties)

|“3|2‘73 as
faz = sgn | —
’ a1 201 + |ay|%05 + |as|?03 + |Kkq|?0p1 + |K1ny|2‘71%17 !

’

ay o
fir = 2% 7 sgn

CMS full Run 2 analysis dedicated to studying anomalous cuplings in ggF, VBF and VH H - 1t

Coupling o0;/0;

Z
a1 207 + |ay|?05 + |a3)?03 + [x1|?001 + K] 7|2‘7A1

2
Fap = [x1]“0 A1 sgn (__Kl) ’ a,

Z
a1 |20 + |ay |20 + |as|?03 + |x1 [2op1 + [K] 7|2‘712\¥

Zy |K2
Al —

V.MM.CAIRO

0.153
0.361
0.682
1.746
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« CMS full Run 2 analysis dedicated to studying anomalous cuplings in ggF, VBF and VH H — 11

« Combined with H - yy and H — 4l
* Measure effective cross-section ratios (reduce uncertainties)

C = — 1 agg
&8 271'“8 27
Cop = — 1 as®
&8 27'[065 37

Hggr =1.1068x7 + 0.0082 — 0.1150k, + 2.5717%2 + 1.0298(127t%¢, )% + 2.3170(87%C,, )2
+2.1357 (1277 )1, — 0.1109(1271°¢ ) + 4.8821(87°C g K-

ggH __

V.MM.CAIRO

It is hard to distinguish between

the k and agg, The only remaining
effective fractional cross section

for the Hgg interaction is defined
as:

88 |2 &8
= |a3 | Sgn ai .
a3 |a§g|2_|_ |a§g|2 ﬂgg

20
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Table 3: Kinematic selection requirements for the four di-t decay channels. The trigger require-
ment is defined by a combination of trigger candidates with pr over a given threshold, indi-
cated inside parentheses in GeV. The pseudorapidity thresholds come from trigger and object
reconstruction constraints. The pt thresholds for the lepton selection are driven by the trigger
requirements, except for the 7, candidate in the u 7, and et, channels, and the sub-leading
lepton in the ey channel, where they have been optimized to increase the analysis sensitivity.

Channel Trigger Year Selection criteria
requirement pr (GeV) n Isolation _ o
ot Th(35) &T,(35) 2016 pit > 40 7| <21 DNN 74, ID Coupling Discrim/nant
7,,(40) & T,,(40) 2017, 2018 % Dy
" trigger a3 Dy-
Ut} 1 (22) 2016 pr >pr° +1GeV |pF| <21 I* <0.15 . D
1(19) & 7, (21) 2016 prh > 30 7™ <23 DNN 7, ID iy Do
1u(24) 2017, 2018 2 D21
1(20) & 7, (27)  2017,2018 : M
eTy, e(25) 2016 ps > pa®T £1GeV || <21  1°<0.15
e(27) 2017 p > 30 |7™| <23 DNN 1, ID
e(32) 2018
e(24) &, (30)  2017,2018
ey e(12) &u(23) allyears pp>15,pf >24 I7¢| <24 I°<0.15
e(23) & u(8) allyears  pp >15,p; > 24 In*| <24 I* <0.15

V.M.M.CAIRO 21
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Table 5: List of observables used in the MELA method.

Category Observable  Goal

O-jet Myt Separate H signal from backgrounds

Boosted  pr', M, Separate H signal from backgrounds and BSM from SM HVV
VBF D Separate VBF-like H signal from backgrounds

VBF DZ&F Separate ggH from VBF H production

VBF D§§H (Dy_) Separate BSM from SM Hgg (HVV)

VBF DE%H (DZBF)  Sensitive to the interference between the CP-even and CP-odd

V.MM.CAIRO

contributions to the Hgg (HVV) coupling
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MELA discriminants
in ggF

ggH ggH

Zjet pggH +pggH pVBF

DggH ngH
ngH + rngH !
DggH pggH

CP " ggH ggH'
Péa +Pge

V.M.M.CAIRO

MELA discriminants
in VBF
VBE VBE
D, = Psm , Dops = i
- PVBF + 'pV_BF + pVBF + PaZ
D= o, DY =T
PIBE L P, PYBE 1 Py
VBF __ PQII\%F 0—
23 PIEF + PyBE

23
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« Access CP-violating effects using reconstructed H — 1t events
« correlation of H and two quark jets or leptons in VBF and VH production (HVV)
« correlation of H and two quark jets in ggH production (Hgg)

« Use a matrix element likelihood approach (MELA) and a neural network

Parameter Method Observed Expected
68% CL 95% CL 68% CL  95% CL
BgH MELA 008703 [-0.09,090] 0.00+036 —

88t Ag; 0077039 — 0.00+039  — Parameter Observed Expected
i MELA  (11718)°  [-11,63] (0£26)° — 68%CL  95%CL 68% CL 95% CL
i Ag;  (1013)° = (0427)° - 880 0077032 [-0.15,0.89] 0.00+0.26 —

s 003937 [-0.07,0.51] 0.00+0.12 [-0.49,0.49]

. R . . CMS 138 ™" (13 TeV) CMS 138 b (13 TeV)

The combined likelihood scans for the Hgg anomalous coupling measurements are shown in i 1o..,.........‘,..,‘."....,,..,..,.‘?. o 16v.-,v--l--.1---“--1‘-1;-].--.-”.-..-7

o o . o . = E T+ 3 £ f\ Tt + 4l + 4
Fig.[13} and the allowed 68 and 95% CL intervals are listed in Table[10| The H — 77 channel is a — Observed | 2 — Observed

f\ll 8 ” ------ Expected ‘ <\Il SEN 202w Expected /]

7f , .

more sensitive to ff3gH than the H — 4£ channel is, but there is a significant improvement from of & A
including both channels in the combination. Previous measurements by the CMS and ATLAS s B

Collaborations [21,31] were only able to differentiate between the CP-even and CP-odd scenar-
ios with a significance slightly less than 1 standard deviation. With the current measurement,
the pure CP-odd scenario is excluded with a observed (expected) significance of 2.4 standard
deviations (1.8 standard deviations), which is cross-checked with pseudo-experiments.

[ P PR PPPE R Y o (PSR [ I IFd PR IR 2 A IR i PR

0 08-06-04-02 0 02 04 0608 1 0" 08-06-04-02 0 02 04 0608 1
fQQH fHﬂ
a3 cP
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O F FS HELLH —- ZZ IN SM EFT oovsrweonon

V.MM.CAIRO

The inclusive ggF cross-section in this framework can be calculated and normalized to the SM prediction
to yield [6]:

oSMEFT (¢ c) ~ e+ e 1- Rz m?, )
(TSM ! 4 15 Ct+Cg4m%
In the on-shell Higgs boson region, the mass-dependent term can be neglected, yielding
SMEFT
o Ct, C

on—shell( ! 9) ~ (c; + Cg)Z (4)

oM
on-shell

This is the source of the coupling degeneracy: as the SMEFT on-shell signal strength is only dependent on
the sum of ¢, and c,, they cannot be measured separately in the on-shell regime. However, for the off-shell
Higgs production, for which mzz > m;, the mass term in Equation 3 can no longer be ignored. Therefore,
measurements using off-shell events can probe c; and c, separately.

25
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O F FS H E LL H ﬁ ZZ I N SM E FT ATL-PHYS-PUB-2023-012/

e 77— 4land Z Z — 212v final states, with [ =e or u

k-framework

V.M.M.CAIRO
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integrated luminosity reaches up to 138 fb~' when only off-shell information is used, and up to 140 fb~" when on-shell 47 events are included. 101
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CMS HIGGS COMBINATION .o

« Interpretation of Higgs boson production
and decay rates in ferms of simultaneous
constraints on EFT couplings in the Higgs
Effective Lagrangian (HEL) model

* Included Higgs boson decays to
vy, ZZ,WW,tt,bb (non boosted) @ 13 TeV,

35.9-137 fb~! depending on the
analysis

V.MM.CAIRO
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g
WHY HH? AND WHY IN EFT?

Higgs pairs produced by means of various interactions at the LHC, including the Higgs ...

self-coupling, 4, giving us direct access to its measurement when searching for HH - a7
H o\
Complementarity between H & HH clear Y2
already from k framework j.ohysletb.2023.137745
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EFT FOR HH

HiggsPairs-2022 Scyboz.pdf

» SMEFT:

» H =SU(2)r x U(1)y doublet
» Canonical dimension counting (~ 1/A™)

c© (6) 1
LsmerT = Lom + Z 22 9 +0(43)
(2
> HEFT:
» H = EW singlet
» Chiral dimension counting d, (= loop counting)

(0.@) 1 L
‘C’HEFT = £(dX=2) + Z Z (W) CgL)OgL)
L=1 1

V.M.M.CAIRO

hitps://arxiv.org/pdf/2304.01968.pdf

CHD

($16)0(6'6) + T2 (41 D) (6 D) + T (810)°

 (Getsiennc) -

C’U - va a
+A§"( oM TeGY,$tp +h.c.).

A‘CVVa,rsaw =

¢T¢Ga GHV-a

h h2 2
ALHEFT = —Myt (Ct; + ¢ 0—2) tt— Chhh2_h3

o h i ”
+ 8—; (nghg + Cyghh U—z) GG
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o

EFT FOR HH

hitps://arxiv.org/pdf/2304.01968.pdf

Such a

translation is given in 'l'able 2.1. However, it has to be used

with great care, as the different EFT descriptions rely on different assump-
tions and therefore are not necessarily translatable into each other. As a
consequence, an anomalous coupling configuration which is perfectly valid
in HEFT can lie outside the validity range of SMEFT upon such a naive

translation. Examples are given in Chapter 3.
HEFT SILH Warsaw
c 1—3ey+c | 1—2% 2 Cx + 3% Chu
hhh 5CH 6 AZ m? H Az Y Hkin
= _ 2 2
Ct 1_07}1_0” 1+%CH,kin_%ﬁCuH
= g 2 2
Ct — -1z —2\/:%’% Cur + %z CHkin
Cagh 1287%¢, v 8 Cha
— 2
Cgghh 6471'269 % i—: Cuc
Table 2.1: Leading order translation between different operator basis
choices.

V.M.M.CAIRO

Eq. (2.8) | Ref. [22] | Ref. [64]
Chhh K c3
ct Kt ct
Ctt C2 ctt/2
Cggh %Cg 8¢y
Cgghh — 3% 4cgg

Table 3.1: Translation between different conventions for the definition of the

anomalous couplings.
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HIGGS PAIRS IN SMEFT

1
Lsverr = Lsm+ — (6)0(6)

7/

Wilson Coefficient Operator
cx (H'H)’
Cho (H'H)o(H'H)
C (H'H)(QH?)
CHG H'HG,, G
G Qo' THGY,

V.M.M.CAIRO
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g
HIGGS PAIRS IN SMEFT -0

1 (6) (6) ATLAS HH - 4b
Lsverr = Lsm "‘ ) O,
Wilson Coefficient Operator
cn (H'H)’
Chn (H'H)o(H'H)
CtH (H 'H )(Q_FI ) Table 10: The extracted upper and lower limits on the SMEFT parameters to which the analysis is sensitive. For
CHG H'H Gﬁva;V each parameter, the constraints are provided assuming the other parameters are fixed to 0. The VBF HH process is

( Oo* vpA ) I:IGﬁV ignored for this result.

Parameter Expected Constraint Observed Constraint
Lower Upper Lower Upper

Cn =20 11 —22 11
e ~0.056 0049  -0.067 0.060
Cho 9.3 13.9 8.9 14.5
Cnt ~10.0 6.4 ~10.7 6.2
o ~0.97 0.94 ~1.12 1.15
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H IGGS PAI RS I N H E FT HDBS-2019-29, ATL-PHYS-PUB-2022-019/

« ATLAS HH - yybb and HH — bbtt combined, results available also from HH — 4b
» In HEFT, anomalous single-Higgs-boson and HH couplings defined separately

Standard Model

Ctth Chhh .*

H £ 0990099999

A

Beyond Standard Model

E III\IIII\IIII\IIII\IIII\IIII\IIII\IIII\I
= ATLAS Preliminary e Observed limit (95% CL)
T 10°% Vs=13TeV, 139 fb~! o  Expected limit (95% CL) —
w [ HH-bbt*T™ +bbyy Expected limit +10 ]
s [ Expected limit +20
(L] [ )
102 o ° ]
s
s
* :
1 I Ll I I I I 1 I Il I 1 I Il I
SM 1 2 3 4 5 6 7
Benchmark model
V.M.M.CAIRO

Sk g H 8 H
Cggh  Chhh ,/’ nghh//
T |
________ H N s
{ g H g H
Benchmark model Chhh Ctth Cggh Cgghh Ctthh
SM 1 1 0 0 0
BM 1 394 094 1/2 1/3 -1/3
BM 2 6.84 0.61 00 -1/3 1/3
BM 3 2.21 1.05 1/2 1/2 -1/3
BM 4 279 0.61 -1/2 1/6 1/3
BM 5 395 117 1/6 -1/2 -1/3
BM 6 5.68 083 -1/2 1/3 1/3
BM 7 ~0.10 094 1/6 -1/6 1

g H

M. Capozi and G. Heinrich,
Exploring anomalous couplings in
Higgs boson pair production through
shape analysis, JHEP 03 (2020) 091,
arXiv: 1908.08923 [hep-ph].
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H I GGS PAI RS I N H E FT 2301.03212, ATL-PHYS-PUB-2022-019, JHEP 03 (2021) 257

In HEFT, anomalous single-Higgs couplings # HH couplings (¢, un # Cggu, Ctenn # Ceen )

Beyond Standard Model

Standard Model
.
‘tth H g
g H 80000000000 > @-------- H .
Ctth  Chhh ,* Cggh  Chhh ,*
—————— o A -0
H . N H Y
ot o . Ctth Cg N
g H gonueut— «—6-------- H .
H g
T II{HI_)\ 4Ibl T T T T T T T T T
ATLAS ®  Observed | tio
O Expected +20
Vs=13TeV, 126 fb”" #  Theory Prediction
Obs. (Exp.)
SMf-  # 170 (230)
BM1 290 (200) —
BM2 360 (250)
BM3 110 (74)
BM4 130 (130) —
BM5 110 (95) —
BM6 190 (180) —
BM7 88 (71)
| | 1 | | L1 1 I |
108
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(*) In black the CMS WCs convention, in colors the ATLAS one

OggF, HH [fb]

H g H
Cgghh
ng\\\\\ C2 \\\\
(*) H & H
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g
HIGGS PAIRS IN HEFT .. ..

« CMS full Run 2 search for HH —> WWWW,WWtrt, and Tttt
« Require mulfi-leptons (e, u, T44) IN the final state

Cqgqgh ' Coghh “H & H
CMS 1381 (13Tev)  © Y H & 99

L L T
=@- Observed - 68% expected
HH — Multilepton| === Median expected 95% expected

f

2SS
n<125(62.8exp) |

37
u < 59.3 (41.2 exp)

4¢
1 <56.7 (76.8 exp) |

37 + 1 Th
K < 45.7 (63.2 exp)

2Lﬂ+2Th

1w < 50.3 (62.0 exp)
17+31,,

K < 50.9 (48.5 exp) |
4Th

1 < 50.0 (78.8 exp)

Combined
u<21.3 (19.4 exp)

PR T SRS SN ST SO S AT SO R N
0 50 100 150 200 250
95% CL upper limit on p = o(pp— HH) / O

V.M.M.CAIRO 111
(*) In black the CMS WCs convention, in colors the ATLAS one
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HIGGS PAIRS IN HEFT .c.i0

o CMS full Run 2 search for HH —> WWWW,WW=zt, and tTTT

« Require 2, 3, or 4 leptons (e, u, Traq)
« Observed (expected) upper limit on cross section at 95% confidence level (CL) is 21.3 (19.4) x SM

35CMS __ HH - Mulilepton 133" (13 TeV) g CMS __ HH - Muliilepton __ 138 " (13 TeV)
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o CMS full Run 2 search for HH —> WWWW,WW=zt, and tTTT

Require 2, 3, or 4 leptons (e, u, Thqq)
Observed (expected) upper limit on cross section at 95% confidence level (CL) is 21.3 (19.4) x SM
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Benchmark K\ Kt C Cg C2g
JHEP04 BM1 75 10 —-1.0 00 0.0
JHEP04 BM2 1.0 10 05 —-08 06
JHEP04 BM3 10 10 -15 00 -08
JHEPO4BM4 | —35 15 -3.0 0.0 0.0
JHEP04 BM5 1.0 10 00 08 —1.0
JHEP04 BM6 24 10 00 02 —02
JHEP04 BM7 50 1.0 00 02 —02
JHEPO4BMS | 150 10 00 —-10 1.0
JHEP0O4BMS8a | 1.0 1.0 05 4/15 0.0
JHEP04 BM9 1.0 10 1.0 -06 06
JHEP04BM10 | 100 15 —-1.0 0.0 0.0
JHEPO4BM11 | 24 10 0.0 1.0 -1.0
JHEPO4BM12 | 150 1.0 1.0 0.0 0.0
JHEPO3BM1 | 394 094 —-1/3 075 -1
JHEPO3BM2 | 6.84 0.61 1/3 0 1
JHEPO3BM3 | 221 1.05 -1/3 075 —15
JHEPO3BM4 | 279 061 1/3 —075 —05
JHEPO3BM5 | 395 117 —-1/3 025 15
JHEPO3BM6 | 568 083 1/3 —075 -1
JHEPO3BM7 | —0.10 094 1 025 05
SM 1.0 10 00 0.0 0.0 13
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« CMS full Run 2 search for HH —> WWWW,WW<zt, and Tttt &"?H giﬁ‘&’ g:j:]>-

- Require multi-leptons (e, u, Theq) in the final state

.o CMS HH — Multilepton 138 fb' (13 TeV)
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CMS full Run 2 search for HH —> WWWW ,WW=zt, and tTTT
« Require 2, 3, or 4 leptons (e, u, Traq)
« Observed (expected) upper limit on cross section at 95% confidence level (CL) is 21.3 (19.4) x SM
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JHEPO4 Observed (expected)

benchmark limit [fb]
BM1 469 (354)
BM2 205 (159) JHEPO3 Observed (expected)
BM3 563 (447) benchmark limit [fb]
BM4 677 (600) BM1 888 (650)
BM5 439 (263) BM2 828 (632)
BM6 739 (584) BM3 538 (293)
BM7 1090 (1156) BM4 559 (436)
BMS8 495 (336) BM5 556 (313)
BM9 541 (298) BM6 660 (518)
BM10 988 (855) BM7 525 (280)
BM11 795 (572)
BM12 897 (898)
BM8a 608 (353)
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