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STAGE

» We have the Higgs and no clear sign
of new physics
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» Hypothesis: there is a large mass gap
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» To look for footprints of the UV model
we can use EFT
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STAGE

SMEFT is a consistent QFT
SMEFT: model independent analysis (bottom-up approach)

Linear realization of symmetry leads to correlations between anomalous couplings

(D*®)'W,0c*D'®  gives rise to vertices HVV, VVV, VVVV, ....

The truncation of the series is decided by the (th&exp) precision
For the LHC: focus on dimension-six operators (lowest one)

To ensure a systematic coverage of BSM models we need to include all operators



STAGE

Example: let's add an extra scalar singlet

At the matching small, 0, 0yo are generated at tree level [Warsaw basis]

After running to the weak scale there are also 0up, 0%),, 0%,

Onn constrained by EWPO




STAGE

We need to choose a basis of operators : Warsaw, SILH, HISZ, HIGGS

Change of basis via the use of the equations of motion

(0,82 ~ ey (DD, @) + Y ey (O, @) o+ S e (I ) (/1)
(i Y, P’

lead to same S matrix elements




STAGE

Warsaw basis has the minimum number of bosonic operatorsiGrzadkowski et al. arxiv:1008.4884

ABC ~Av BpCu
[P GrGrrG
ABC A Av YBp Clu
) i €l €t €
el KW Ivwew e
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plus 4-fermion operators leading to 59 structures not taking flavor into account



STAGE

4 HISZ basis [Hagiwara-Ishihara-Szalapski-Zeppenfeld PRD48 (1993) 2182] trades 022,% 7 0@%,% by
Ow = (D*®)'W¢,6°D"® , Op = (D"®)'B,,D"® ,
» SILH basis [1303.3876] trades fermonic operators and Ouws . Onw by

1 1
OW - OB . OQB:—§((9’LLB;W)2 9 OQW:_§(DMWZV)2

» The HIGGS aimed at Higgs observables [iHcHxswa-inT-2015-001]

» Translators between bases: Rosetta, JHUGenLexicon, ...
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THE NEED FOR GLOBAL ANALYSES

Taking flavor into account the number of operators might get out control!
Without any flavor symmetry: 1350 (CP-even) and 1149 (CP-odd) = 2499
Assuming U(3), x U(3), x U(3)g x U(3), x U(3)s there are 85

Assuming U3), xU(3), x U(2)g x U(2), x U(2)s there are 270

Lesson 1: we need to introduce a hypothesis on the flavor symmetry

Lesson 2: in any case, we need many datasets

SMEFT has many parameters, so any measurement has blind directions

Large number of Wilson coefficients and correlations between processes call
for a global analysis
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NEED FOR GLOBAL ANALYSES

Many groups are already doing it

 Corbettetal. 1207.1344 1211.4580 1304.1151 1411.5026 1505.05516
e Englert,Freitas,Mullheitner,Plehn,Rauch,Spira,Walz 1403.7191

e Ellis,Sanz,You 1404.3667 1410.7703 1803.03252

e Falkowski et al. 1411.0669 1508.00581 1609.06312

e Englert,Kogler,Schulz,Spannowsky 1511.05170

e Butter, OE,Gonzalez-Fraile,Gonzalez-Garcia,Plehn,Rauch 1604.03105
* Freitas,Lopez-Val,Plehn 1607.08251

e Krauss,Kuttimalai,Plehn 1611.00767

e Almeida etal. 1812.01009

e Biekotter,Corbett,Plehn 1812.07587

e HEPfit 1710.05402 1910.14012

e Bravo etal. 1910.03606

e TopFitter, CKMfitter, and many more

There is a global ongoing TH+EXP effort for precision

Certainly, global analyses will benefit from HL-LHC and future machines



WHAT IS NEEDED

precise knowledge of the SM background: NLO, NNLO, .. (QCD+EW)

there are many higher order tools available: POWHEG, MCFM, MATRIX,
FEWZ, JHUGen, VBFNLO, aMC@NLO...

precise SMEFT predictions: LO UFO for many bases

precise SMEFT predictions: SMEFT@NLO|pegrande et al. 2008.117431 POWHEG, etc

+ distributions, control uncertainties, ...

pp — W=H — (vbb
\/: = 13TeV, I‘I}H| < 2.5




WHAT IS NEEDED

Theoretical uncertainties [de Florian, Lindert, Vryonidou........ LHCHXSWG]
TH: we need to have input parameters under control (measurements assume SM)

Information on the validity of the approximation: unitarity, perturbativity, etc

1 1
AzMégTJr... — a:s<|MSM\2:

1
A2

To the lowest order M = Mgy A MM+ )
there is no guarantee that the cross section is positive at lowest order!
Either new hypothesis to remove the problematic phase space regions

1 2 . . . .
Or adding P‘Mé}?T‘ but neglecting dimension-8 operators departing from
systematic EFT or introducing a model dependence.
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WHAT IS NEEDED

Information on experimental cut flows, efficiencies
Information on backgrounds
Information on results and corresponding correlations (becoming standard)

Information on the likelihood

Desirable to have results at particle level, and distributions (STXS or fiducial distr.)

35.9fb™' (13 TeV)
[1912.06090] No correlation Best guess dk  BestFit

- - - - Expected, 68% CL
- - - - Expected, 95% CL
SM - - - - Expected, 99% CL

-..——— Observed, 95% CL
Linear
Quadratic
Linear + Ogft
SM
Linear
Quadratic

Cqq 1single t + decay Linear + Ogfr
-400 -300 -200 -100 0 100 200 300 40(():

-0.25 -0.20 -0.15 -0.10 : : -0.25 -0.20 -0.15 -0.10 -0.05 .00 0.05



ANATOMY

EWPD Z pole: SM corrections are well under control

In the Warsaw basis, there are 10 LO parameters and 32 in QCD+EW NLO

[Dawson-Giardino 1909.02000; Hartmann-Shepherd-Trott 1611.09879]
1 3 1 3
Ow , Ouws , Oup , One , Ogu, Ona , Ol(q)@ , OE’—])Q O, O%)

However, there are 2 blind/flat (LO) directions: more datasets or hypothesis
[Han-Skiba hep-ph/0412166]

EWPD Z pole + LEP 2: adding W and fermion pair productions [serthier et al. 1606.06693)

20 operators contribute: 9 additional 4-fermion operators and 1 TGC (Ozw)

The WW production lifts the blind direction




ANATOMY

DIBOSON PRODUCTION: dimension-6 TGC contribute to vww—, zw+w-
Ow , Oaws , Oup , Osw , Obe , Onu, OHa OE)Q : Oﬁ)Q : 022 : 02‘?2
Neutral TGCs are generated by dimension-8 operators

Different combinations of couplings

SM contribution known to NNLO QCD+NLO EW (important at high pr)

SMEFT NLO are known but do not solve the problem dd?g < 0 [Baglio et al.1708.03332]
T

TGC also contribute to VBF jjZ/W production [hep-ph/0405269)

Experimental results help performing the global fit




ANATOMY

DIBOSON PRODUCTION: dimension-6 TGC contribute to vww—, zw+w-

35.9 b (13 TeV) CMS L =35.9 fb', (s=13 TeV

Best Fit
- - — - Expected, 68% CL
- - - - Expected, 95% CL

- - - - Expected, 99% CL
Observed, 95% CL
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ANATOMY

Higgs production: SMEFT modifies all production and decay modes

Ow, Oaws, Oup, One, Ony , Ona OS)Q : OS)Q : 022 : ng
OH? OH 9 OHG? OHW? OHB? 07-]—[, ObH) OtHy

SM predictions: ggH (NNLO+NNLL QCD; 2-loops EW; mixed) ; VBF (full NLO EW+QCD; NNLO QCD) ;
VH(NNLO QCD; NLO EW); ttH (NLO QCD); decays (N3LO QCD)

SMEFT corrections available to NLO QCD

Tail of distributions enhance SMEFT effects

Hard gluon emission allows to separate different SMEFT effects [vryonidou, Lindert this conf.]
[Buschmann 1410.5806]

do { (kg + kT)° for p7 < m?

4mi\2 ¢ 2 2
R p%t B



ANATOMY

Off-shell Higgs production helps to separate different SMEFT effects

Experimental fits to some SMEFT parameters help to calibrate global fits

CMS Preliminary  35.9-137 1™ (13 TeV)

100 200 300 400 500 600 700 800 900 1000
m, [GeV]




ANATOMY

TT and T productions: 22 operators {14 four-fermion operators, 4 dipoles, 4 Vif}
contribute assuming v (2), x U(2), x U(2).

Run I, ATLAS+CMS, 68% and 95% C.L.  [1910.03606]

SM contribution known to NNLO QCD and |
NLO EW [1701.04105] Global fit 5,/

SMEFT contribution known to NLO

[SMEFT@NLO]

There are a large number of available
measurements TT, TV, TTZ, TTW

It is easy to compare measurements with

parton level predictions
[Similar analyses by TopFitter 1901.03164]



ANATOMY

Jet production allows the study of four-fermion and dipole operators
Drell-Yan receives contributions from four-fermion and dipole operators
HH production is a direct probe of the triple Higgs couplings (Oy)

Low energy + flavor + ......




PARTIAL RESULTS FROM RUN 2 19

) 20 parameter globa| ana|ysis using the HlSZ [Alves, Almeida, OE, Gonzalez-Garcia, 1812.01009 reloaded

Ow , Ounws ; Oup ; O#e , Oru, Ona , 0222 7 OSZQ O
OH) OH 7OHG7 OHW7 OHB) 037 OW) O,qu OTH) ObH) OtH7 O;LH

» 20 parameter global analysis using the HISZ

» Datasets: * EWPD

* WW and WZ productions (Run 1 + partial Run 2)

* Higgs (Run 1 + 2 inclusive)



PARTIAL RESULTS FROM RUN 2

Operators modifying the coupling of electroweak gauge bosons to fermions

Run 142 GLOBAL (20 OP,arXiv:1812.01009)
Run 1+2 GLOBAL (20 OP,0CT 2020) EWPD (8 OP)

—0.5 0.5

9,0/ N (Tev)'2

f(1)¢u/ A’ (Tev)-z f(1)¢d/ N’ (Te\/)-z f(1)¢ud/ A’ (TeV>'2

In the quadratic approximation: small improvement in the agreement with SM



PARTIAL RESULTS FROM RUN 2

Bosonic and Yukawa operators

Run 1+2 GLOBAL (20 OP, arXiv:1812.01009)  —— EWPD (8 OP)
Run 1+2 GLOBAL (20 OP,0CT 2020)
~ 10 [ I By R
= 8- 1 F 1 F -
O — — —
. -
27 _ - _ - _
0 | N A C
50 —10 0 -5 0 5
B/ A’ (Te\/)-z w/ A’ (Te\/)-z fwww/ N’ (Te\/)-z
N /IOf \ \ T T 17 T ] L M T \ 1 1 ]
X s \Owsl/ = \\Ouwl -
;
ar S -
2; _ L _
ot \
-10 20
BB//\ (Te\/)-z
~_ 10¢ |
= 8- E
= 4 F 4 F =
4F
2 34 F 34 F -
oW |

\ _20 \ \ O \
feo/ N (TeV)™

0
fur/ N (TeV)

0

50

100

for /N (TeV)™

Run 1+2 GLOBAL w/o tH (20 OP,arXiv:1812.01009)

Run 1+2 GLOBAL w/o tH (20 OP, OCT 2020)
- === Run 1+2 GLOBAL w tH (20 OP, OCT 2020)

| ‘ I1 [ ‘ | | ‘ W\ [ ‘ | ‘ R | ‘ 1
_ _ _ 60
i \\j 1 L 17 0
| [ I L1 ‘ | |1 | [ [ L1 | >c3 ’
—50 0 50 -50 0 50 % ol
fo /N (TeV)™ fo/N° (TeV)™ 3
‘ 1 B B ‘ | | | ‘ BN ‘ 1 ‘ I I
i 1L | —60
i | U [ L1 | | _I L1 | | [ | I_
~50 0 50 -100 =50 0 50 100

f,/A? (TeV)™

f/A (TeV)™

Good agreement with the SM and some degeneracies remain

0

=5 0 57 €0 65 70
fo,/\*(TeV)



PARTIAL RESULTS FROM RUN 2

Run 142 GLOBAL (20 OP) OCT—-2020
Run 1+2 GLOBAL (20 OP) OCT—2020 Linear Expansion

Quadoratic versus linear approximation: m E “ﬁ

20

Small changes in the Higgs couplings
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PARTIAL RESULTS FROM RUN 2

Higgs dataset has large weight in TGC constraints 1304.1151;

lo HIGGS+DIBOS+EWPD Lin
20 HIGGS+DIBOS+EWPD Lin
lo HIGGS+EWPD Lin
20 HIGGS+EWPD Lin
lo DIBOS+EWPD Lin
20 DIBOS+EWPD Lin

—50) 0 50
fB//\Q(TGV)_Q




PARTIAL RESULTS FROM RUN 2

The 95% C.L. marginalized constraints




FUTURE

LHC is entering an era of precision measurements with Run 3 and HL-LHC
There is ongoing effort to guarantee it is success

This demands a large effort form the experimental and theoretical communities

B HL+HELHC HL+ILCs, HL+CLIC3g HL+FCCogep40
HL+|LC500 HL+CL|C1500 HL+FCCee365 .

SMEFTND fit . HL+|LC‘|000 . HL+CL|C3ooo - HL+FCCee/eh/hh

2 10'4

Rz Giww Oily, OF%, OPge O Ohcc OFe O O 6%z Ok, Az [1905.03764]
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FINAL REMARKS




ANATOMY

28

2
v 1 S
dg7 = —C :
2
v 1
— 22 o (QSWCWCHWB
Cw — Sw
2
UV~ CW
0K = @
AZ 510 HBW
SMivv
N/Z = T Oy

1 |
4CHD + ng 2@%)

1 1
| 4CHD + CSZ 2@@)



