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What Is a scale of New physics?

Before the LHC start we knew a scale ~1 TeV from

No lose theorem!
From the unitariry of VV->VV (V: W,Z) amplitudes: ‘Re(a,)| g%

Either light Higgs My < 710 GeV
or

New Physics at Vs < 1.2 TeV
The Higgs boson was found !
We do not have solid arguments for a new scale

We do not know if a new scale (if exists) would be accessible
at the LHC/FCC energies



Many limits already in TeV energy range

Overview of CMS EXO results
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“Only a selection of the available mass limits on new states or phenomena is shown.
‘+Small-radius (large-radius) jets are denated by the letter | (J).



Two possibilities to search for BSM

Collision energy E > production thresholds

=New particles, new resonances av Newri

Z’,W’, m, pr, KK states, squarks, sleptons,
vector like fermions, excited states...

Collision energy E < production thresholds Er Eu

d
dM

SM

|
I "New particle"

Modification of SM decay widths,
production cross sections, kinematical distributions)

Effective field theories — the way to proceed ELE,



The main idea —
Integrating out heavy degrees of freedom

¢ — heavy degrees of freedom , Mo, > A

UV full theory
4

EFT

¢, — light degrees of freedom , Mg, <<A

integrating out = integrating over
Zyy[IL, Iul =T Do 1[Deyl exp [ 1 fd*X [Lyy(oL, o) +I o+ I 04]

v

Zeer[3 1= 2yl , 01 = [ Do ] exp [i[fd*X [Leer(o) +J 0]



L-r(p,) Isapoint like Lagrangian

Obvious for integrating out heavy bosons
(like in integrating out W, Z in Fermi 4-fermion theory)

M= i e~ GF _ ) B

Arzt, C, M. B. Einhorn, and J. WudkaNucl.
tree-generated [TG] operators Phys. B 433, 41-66 (1995)

Less obvious for integrating out heavy fermions

The decoupling theorem
T. Appelquist, J. Carazzone, Phys. Rev. D11, 2856 (1975)

For any 1Pl Feynman graph with external vector mesons only but containing
internal fermions, when all external momenta (i.e. p?) are small relative to M2, then
apart from coupling constant and field strength renormalization the graph will be
suppressed by some power of m relative to a graph with the same number of

external vector mesons but no internal fermions.

Einhorn, Martin, Wudka (2013),
loop-generated [LG] operators Nucl. Phys. B 876, 556-574



SM Effective Field Theory (SMEFT)

d
Cg )(M) O(d)

LsmerT = Lsm + Z Nd1 Vi

i,d>4

c, @ - dimensionless coefficients
O, @ - operators constructed from SM fields preserving
SM gauge invariance, and (optionally) other symmetries

S. Weinberg, Phys. Rev. Lett. 43, 1566 (1979)
W. Buchmuller and D. Wyler, Nucl. Phys. B268, 621 (1986)

There is only one dim-5 operator which violates lepton number
conservation (Weinberg operator). Corresponding Wilson coefficient is
strongly suppressed

( -E&_ﬁ*) (f—:ﬁLm) 4+ h.c. CO) /A <1015 GeV! from neutrino mass differences

At

LL — (L—’L,EL)T H = 'E'-UQH*



Assumptions

- Lorenz and Poincare invariance, point like Lagrangian

- gauge group is the SM gauge group SU(3).x SU(2), x U(1),
and the linear realization of the mechanism of electroweak
symmetry breaking

- the only remaining degrees of freedom are the SM fields

- the scale of New physics A >> vq,,

-various assumptions on flavor structure (MVF, U(3)°...)



Several Issues

Operator basis ?
Squired terms (1/ A%)? ?
NLO corrections ?

Unitarity and validity of computation for
particular observables ?



Operator basis

Operator basis, all operators allowed by the symmetries and then reduced using
equations of motion (field redefinition) , integration by parts identities, and Fierz
transformations

At dimension-6 there are 59 (Warsaw basis) independent CP conserving
operators for one generation of fermions excluding baryon and lepton
number violating operators
( There are about 80 operators in the original Buchmuller-Wyler basis)

B. Grzadkowski, M. Iskrzynski, M. Misiak, and J. Rosiek, JHEP 10 (2010) 085

Number gauge-invariant operators is 84 for 1 generation of fermions,

76 baryon- and lepton-number conserving operators, 59 CP conserving operators
B. Henning, X. Lu, T. Melia, and H. Murayama 1512.03433, JHEP 09, 019 (2019)

2499 dimension-6 operators for three generations
(1350 of which CP-even and 1149 CP-odd)
Global SMEFT fit will have to explore a huge parameter space with
potentially a large number of flat directions.
R. Alonso, E. E. Jenkins, A. V. Manohar, and M. Trott, JHEP 04 (2014) 159

One can split all the operators on symmetry preserve (B and L number, FCNC)
and symmetry violating sectors (much suppressed Wilson coefficients).



Einhorn, Wudka 1307.0478

Simple example
Model: L= (8,0) — V4 A ¢*

Equation of motion: 0, ot + A ¢*=0

Operators at D=6 : ¢% (3%0)?%; ¢%(0p)?

How many independent operators?



Einhorn, Wudka 1307.0478

Simple example
Model: L= (8,0) — V4 A ¢*

Equation of motion: 0, ot + A ¢*=0

Operators at D=6 : ¢% (3%0)?%; ¢%(0p)?

How many independent operators?
1. (0%0)* -V ¢°= (09— L ¢°) (%o +219>)=0

2. 0=0"(9 92 0,0) = 0? (0,9)* + ¢ " (9? 0,0) =3 9* (09)? + ¢° 0°¢ = 3 9* (09)* - A ¢°

Both operators (d°¢)? and ¢?(d¢)? are equivalent to the operator L¢°



‘Warsaw’ basis
B. Grzadkowski, M. Iskrzynski, M. Misiak, and J. Rosiek, JHEP 10 (2010) 085

15 4-boson operators; 19 2-boson&2-fermion operators

1:X3 2: HS 3: HYD? 5:92H? +h.c.

Qa | fABCGAGBraSr  Qp | (HTH)®  Qpo (HTH)O(HH) Qerr | (HTH)(IperH)

Qn | fABCGIvGEraSr Qup | (H'D,H) (H'D,H) Qun | (H'H)(Gyu,H)
Qw | KWW IPW Qan | (H'H)(gpd-H)
Qﬁ/‘ | JIE ﬁ ;y I,{,fy.}pl,{;’ ;{ m

4:X%*H? 6:¢?XH +h.c. 7:U2H?D

Que | HTHGAG — Quy | (Lot e,)o! HWY, o (H'i'D  H) (1)
Qua | HHHGAGY™ Q. | (L,o"e,)HB,, 3 (' DLH) (1ol 41,)
Quw | HIHWLWI Q| (o TAu,)H G2, Qn. (HiD ) (")
Quyw | HIHWLWIR Q| (Gpoup)ol HW], Q%o (HYiD H) (@7 ar)
Qup | HVH B, B Qus | (o™ ur)H B, Q%) (H1DLH) (g0 " q,)
Qus | HVH BB Quc | (o™ TAd,)H G4, Ot (H'i'D W H) (" ur )
Quwp | Hel HWLB™  Quw | (g0 d,)o’ HW], QHa (H1i'D  H)(dyd,)
Quivp | HiotH WL, B QaB (Gpo*Vd, ) H By, QHua + hee. | i(HYD,H) (" d,)




25 4-fermion operators

8 : (LL)(EL) 8: (RR)(RR) 8:(LL)(RR)
Qu ulr) (157 e) Qee (epvuer)(esyter) Qle (Lyvulr) (st er)
% (qp'}pqr) as7"qt) Quu (tp s ) (wsy ) Quu (Lpyule) (@ e
2 (qu @)@V a)  Qaa | (dpyudy)(dsyidy) Qua Lyl (dsytdy)
QL pYulr) (@57 qt) Qeu (Epyuer) (usyHue) Qqe (Gpyuar)(€srer)
Qz(? (p’hu ) (s olq)  Qea (Epyuer)(dsytdy) Q4 (@pyuar) (s uy)
QW | () ds) QR | (@I ar) @y T uy)
Q) | (apruTAun)(dr"TAdy) Q% | (@pyuar)(dsr?d)
QW | (@ TAa,) (dr T Ady)

8:(LR)(RL) +h.c.

8:(LR)(LR) +h.c.

Qiedq

(Z_ger)(czsqm)

Qo
Qo
Qleo
Q.

(@pur)ejn(qsdr)

(@%T Uy )€k (qETAdy)

(Z'_%e'r')Ejk (@;ut)

(l_f)ofp_ver )€k ((jfcr“"ut)



SMEFT in the TOP sector

28 operators are involved directly to the top sector

Aguilar Saavedra et al.,1802.07237

2-Quark Operators (9)  4-Quark Operators (11)
2-Quark-2-Lepton Operators (8)

iof&g) — giu;}@ (G‘QT‘P): Ol I = (7" @) (T ), l(e_ykl ( uL) \
3331&:2 = aYa
1(i i —h 057 = (@' gj) (@ ),
Opq? = (¢"iD o) (@74 01 (i) = (6" q;) (W), S(Ukz = (Ly*r' 1) (@ @),
3(i RS .
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.. > 1
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. i (z kl) _
io(zj) - (@HD (P)(ﬁi’}’“d')a jkz = (@ T q))(dy, T dy), A G
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i3) _ (e v I\ ST
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- tAB(iGK) _ (- mA A i
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ﬁZZ(AQ O, +110>+ZA205
a b

In addition 5 baryon- and lepton-number-violating operators:

0L = (Eiatsp) @inel) @77, Oail" = (€1a2058)(€%il) €7,

dug
_ P ﬁoS(ang) = I aBy
iorgtqjuk” = (¢%iacq58) (Uhqer) €77, q?q o (@507 €0j8) (@ ky 7 elr) €77,
Odifu (dctaujﬁ)(uck'rel) e,



Squired terms (1/ A?%)?

Lsyvert = Lsm + Z

\3 1‘- \14 j

(6) .(6)*

o= SM_|_Z ( v ?(GXSI\I )+Z j EGXG)+Z ( ;{4 §8><SM —I—h.(‘-.)—k...

1. Without an operator basis at dimension eight for the higher-dimensional
contribution, it is not possible to calculate the fulll term of
1/A%, and it should thus be treated as an uncertainty.

2. In some cases, the interference between SM amplitudes and EFT ones could
be suppressed (for instance, for certain helicities) or even vanishingly small (for
instance, in the case of FCNCs). The dominant contribution could then arise at
the quadratic level.

3. Repeat this procedure twice, with and without including the quadratic EFT
contributions. The comparison between those two sets of results can explicitly
establish where quadratic dimension-six EFT contributions are subleading
compared to linear ones.

But the problem is even more involved since the SMEFT contributions come
from production, from decay, and from the width in Breit-Wiegner denominator



SMEFT at NLO

1Tev4

o (o) = o8 + Z YTeV2 o o) or o) + Z Ci(110) C; (10) i (1)

EFT with Dim 6, 8 ... operators formally are not renormalizable. But the renormalization
can be performed consistently in each order in 1/A2. Due the gauge invariance and other
symmetries the counter-terms have the same structure as the original operators.

Because of NLO QCD and EW corrections the operators are mixed.

M. Ghezzi, R. Gomez-Ambrosio, G. Passarino and S. Uccirati, 1505.03706
C. Hartmann and M. Trott, 1507.03568

59x59 anomalous dimension mixing matrix for the Wilson coefficients

E. E. Jenkins, A. V. Manohar and M. Trott, 1308.2627, 1310.4838



Directions of studies

1. Limits on Wilson coefficients of the operators
contributing to certain process/processes

2. Global analysis
(concrete operator may contribute to different processes,
several operator may contribute to the same process)

3. Limits on a concrete set of operators following from a
certain UV model



NLO corrections to h — yy decay in SMEFT

Dedes, Paraskevas, Rosiek, Suxho, Trifyllis, 1805.00302
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NLO corrections to h — bb decay in SMEFT

Cullen, Pecjak, Scott 1904.06358

T(h—bb)=T =7 4+ 10

VIM(H) = A(HTH — v?/2)? (HTH) = éi% = ; (1 + 3?;1%) Qu =(HTH)?
P’»‘%Cé(ﬂ') = ZJ: 7 Cj Ci(p) = ApCi(p) - 2”‘6‘5
[(40) _ Nempm?
8707,

Size of relevant NLO corrections to different terms in LO decay width

o e e

SM  Cywa o Co 'HD
NLO QCD-QED | 182% 17.9% 182% 18.2% 18.2%
NLO large-m; 3.1%  -46% 32%  3.5%  -9.0%

NLO remainder | -22% -1.9% -12% 0.6% -2.0%
NLO correction | 12.9% 11.3% 202% 22.3% 7.1%




SMEFT operators lead to additional vertexes (i=j=3)

_ A wohq, . f ! N f
Lo = —gul 5"t Gy = gt X0 (dy i) £ G w< §< ﬁ<
t (Ej:]_ t g i g t
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[z
Y a;W_
v 8 mou( L R - 5 % L R
&= by (AP AP Wy — f Ao (fIPL+ ATR) thhe “< “<
YOl = qu;p (01o),
B bLr Z/y Tri h brr
tol), = (gD, )(m d;), /@< >@< ﬁ
0 = o) e N
{.O(""J} — (_'U"HJV’TId‘) WI
dW 4 i) P 7y

g

K N<
g9 Z \\ . 7{2.7.
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Ep},tt = —th ’}"ut AJ& - et my (d7 + ?’dAﬁf5) M Z bk ot

Ol(zj) ;ﬁ o) (G q,;), ; o N ,
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O (U} ((‘D ?‘D p) (@t qj)‘ t(3) L ~ .
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Top quark pair (tt) and single top quark in association with a W boson (tW)

g t 2 t
}b—{ K
b % b i
[ t 3 t
. %@
3) D%
C.I,qscm, LOq’an
b w b W
g t g t

Czakon, Mitov 2014 (NNLO)

off . = 83212 (scales) & 35 (PDF + as) pb

Kidonakis, 1506.04072 (NNLO)

Ow = (Tt gW!

O = (¢*T'Dyug) (@' 7'q),

v’

O = (@ A")§Gi,
Oc = fu GGGyl

u(c)G - (quv)la t)(PG,uw

CMS 1903.11144

(3)

an
C
Lett = —2 j{‘;\] obo™ Prtd, W}, + h.c.,

Lt = by PLEW;, + h.c,

Ce -
Lett = —=o-0 (I A"t) Gl + hic,,

V2A?
Cﬁ av b <
Leff - ﬁfﬂlﬂL‘Gii GI/Pprr

Lot = \/”EMG o (T (T) o™ AT) G

+ h.c,

v

For the first time, both tt and tW production are used
simultaneously in a model independent search for effective
couplings in SMEFT approach (constraints presented,
obtained by considering one operator at a time)

359" (13 TeV)

\\\‘I\\‘\I\ \\I:\\\‘\\\‘\\\‘\\\

H
— I 95% obs. (theory sys) H |
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Zhang, 1601.06163; CMS 1903.11144 [ esoces
Channel Contribution Cg (57? CG B
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_ K(l) _ — L
t o270 1023pb  — Cow |
K@ — — Ci,‘?
o710 —  67pb C,ox10
W KM — 1.32 c w10l
B0 —  02pb 162pb  4.6pb o™
K® — 131 - - -

4 6 8
C./N? [TeV?



Anomalous Wtb couplings

Operators contributing to tWb interactions

Boos, Dubinin, Sachwitz, Schreiber 0001048;
Aguilar-Saavedra 0811.3842

057 = L [0' (D~ Dut)o] (@ e'aws).  OF) = (61 Dub) (Grbr).

0%y = (qu3o™ ' t'br)p W, 0%y = (G30™ T'1R) W,

Kane, Ladinski, Yaun

Ho, W
v 8 oL R N AN Y R
e= by (FFPL+ fPR) W, VoL (FFPL+ fRPR) t+hc.

2

3,343)% 2 % 12 x V2
where fry = V,;b+C€(bqr +3) A JrRv = %Cﬁ) e Jir= V2G5 A Jrr = ‘/ZCSSV#

CM: f, = Vitb, foy =0, f,7=0, for=0

Natural size |1-f V|, fg¥ ~ v?/A? Natural size fT, fgT ~ v?/4°



S Anomalous Wtb couplings

i 5.0 fo! (7 Tev) + 19.7 fo* (8 TeV) 5.0 fo* (7 Tew) + 19.7 fb™ (8 Tev)
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CMS 415" (13 TeV)
T = ] ATLAS limits (2403.02126 13 TeV 140 fb?)
O ;
R Cio [-0.87, 1.42]
o RC, v [-0.9, 1.4]
c) 0.95,2.0
r . HQ [_ s STy & ]
10—
7153 :

I_8 _6 _4I\\_2LII0\\I2\I\4I116I\I8\
cow/N[Tev?



ttZ in SMEFT

Bylund, Maltoni, Tsinikos, Vryonidou, Zhang, 1601.08193
Contributions in [fb]

13TeV O oL Oyt O
(1) Q 38.2% a+40.4% . 1+40.1% I 88.0%
7. Lo 286'7i25.5% 78"3i26.0% 51‘6i25.4% 70‘20(3)i230.0%
oo 310.51570% 906770, 57.51 30 0 —1.7(2)1357%
K-factor 1.08 1.16 1.11 8.5
(2) =+49.7% I 39.7% 39.7% ¢ 44.3%
U1,,LO 258")1—30.4% 28(1}t269% 2'9(1)1—26.7% 20'91—28.3%
2 YAA = 2% P . 2% ‘ 8% ¢ 2%
Uz(,rafLo 244")t§.§% 3'8(3)J—rﬁi% 3.9(3 tiig% 2421—?32%
C; e,
(1) omt0.3% o t1.9% o 1.T% . 189.5% _ i (1 (2)
o ojosao 03761030 0103T19%  0.06777ITE —0.00026(4) 75057 o =05y + Z: AATVES T ; AITeV)i%
o ro/osmunro  0.353%13% 0103074 0.0654711%  —0.0020(2)F220% -
olo/oe 000258 0.036(1)T0 0.056(2)T05%  —104(16)T8EE,
(2) (1) ~o+3.3% ) 5.6% ~ 7.6% 29.0%
Oinro/Tinro  OTSTIN G, 0.042(4) 1550 0.067(6) TiC —14(1) 755 5% CMS, 1907.11270
CMS
T T ‘ ‘ T T T T T ‘
=, Cy/A?
Contributing operator combinations e T, ggg; S —
(not restricted from other searches) et ooty .
TopFitter (95% GL) — Cy IN?
. 33 33 k----4 Indirect (68% CL)
iz = Re (— sin 9WC1EB) + cos HWCL(JW)) sM
C . /A?
I _ . (33) (33) "
Ciy = Im sin QWCuB + cos QWCuW —
33 —_ - a2
Cot = C(Pt = Céu) —1  Ca/A
1(33) 3(33) T
C [ 1 | | L

C_ = C = C — ’ | I !
$Q PQ ¢q ¢q 20 10 0 10



tttt in SMEFT

Alwall et al.,1405.0301
Relevant set of 4 top operators

o i NLO cross section Jtttt = 9.2 fb
O = tR'Tth)(tR'Y;atR) ,
Olo = (Q1"Q)) (GL%QL) , CMS, 1906.02805
_ ~ 1 (1
1 _ __SM ) (2)
OQt = (QL’}/F‘QL) (tR'Y,H tR) ’ a’[f’(f = U{f,& + p chak —|_ Z C C}:\
— _ k 1<k
Ogt = (QL'YHTAQL) (tR'Y;; TAtR) (1) 2)
o Tik (fbTeV?)
Operator (b TV Ol OéQ O%)t Ogt
. ol 0.39 [ 559 036 —039 0.3
o . ¢ Obq 0.47 549 —045 0.13
£ g Ok, 0.03 1.9  —0.08
¢ . Of, 0.28 0.45
g g
l t ‘ 95% CL intervals for Wilson coefficients
g [
Operator Expected C;/ A2 (TeV™2)  Observed (TeV2)
’ : Ol [—2.0, 1.8] [—2.1,2.0]
‘ t Obo [—2.0, 1.8] [—2.2,2.0]
g , oL, [—3.3,3.2] [—3.5, 3.5]

Oy [—7.3,6.1] [—7.9, 6.6]



4 tops in SM 2212.03259

V3 (TeV) oNEO (fb) oNLO+NLL () gNLO+NLLY (g,) K/
13 11.00(2) 155 2% b 11.46(2)T313% b 12.73(2) 1'%, b 1.16
13.6 13.14(2) 125 1% b 13.81(2)*207% fb 15.16(2)*2%%, fb 1.15
V3 (TeV) U?{;O(QCD+EW) (fb) oft_;_o(QCDJrEWHNLL (fb) Uf{:{o(QCDJrEWHNLL’ (fb) K/
13 11.64(2)123.2% b 12.10(2) 71557 fb 13.37(2)13°%, b 115
13.6 13.80(2)T22°5% b 14.47(2)355% fb 15.82(2) 1% b 115
- 1|38 fb! (13 Tev)
s | CMS } Data  Background
% g} Preliminary Wittt . Totalunc.
| -
i

“aty CMS PAS TOP-22-013

o(pp — tttt) = 17.9 731 (stat) f%ﬁl (syst) fb

Data / Pred.

) h " og 5 ~55¢

5.5 (4.9) o observed (expected)

[Te] UL AR L LN LR RS LR L A
g ATLAS Preliminary # Data Wit

= is =13 TeV, 140 fo”' []fiw Wiz

.g SR WtiH [[]1QmisID
g Post-Fit WMat. Conv. [HIHF e

i

WLowm,. WHF
W Others [t

“Uncertainty  --- Pre-Fit

il +6.6
O = 22.5 166 ATLAS 2303.15061
_dw";”“““ ; -~ 6-1 6
£ hE ; )
S %i 02 03 04 05 06 07 équ(;ior; 4 top discovery

6.1 (4.3) 0 observed (expected)



4t0 p S an d Bto p S E.B., L.Dudko 2107.07(_329;

A.Aleshko, E.B., V.Bunichey, L.Dudko 2309.12514
Oz = (ErY"tr)ErVutR),
Ogg = (QL*QL)(QLV.QL),
Og: = (QLY*QL)ErVutr),
08, = (QLY*T4QL) ErV.T*tR),
0%¢ = (QLY*T4QL)(QLY.T*QL),

Partial wave unitarity bounds |a,| = Ci/A%°K; - Mtt <%

SR 1 1 - TR I
Unitarity limitation for q Unitarity limitation for 0 Unitarity limitation for 01 Unitarity limitation for 0“ Unitarity limitation for 0;0
o o
% % S LHC(13 TeV)
= Ll ﬁ i
2 o - | LHc(3 Tew)
=< < Y /
= < 3
o LHC(13 TeV) < LHC(13 TeV) ﬂbU LHC(27 TeV)

LHC(27 TeV) LHC(27 TeV)

A\, LHC(27 TeV)
LHC(100 TeV)
LHC(100 TeV) LHC(100 TeV)

%, LHC(100 Tev)

115225335445

05 1 15 2 25 3 35 4 45 25 3 35 4 45 05 ‘1. 16 2 25 3 35 4 45 &

4 45 s
Inv.Mass,,, TeV

Inv.Mass,,, TeV Inv.Mass,,, TeV Inv.Mass,,, TeV Inv.Mass,, TeV
13 TeV, 138 fb-" Expected 1D limits with unitary cuts

model | cl, C};,Q Cét C%t C%Q Energy, model | cl C}?Q Cét C’gt C%Q

4t,nocut, 1D [L1,1.1] [2221] [2.020] [5.746 [5.048] 13 TeV, 4t (1.2, 1.2]  [24,23] [22 22] [638, 50/ [6.0,5.7
4t,cut,1D [1.2,12] [24,23] [-2222] [685.0 [6.0,5.7] 13 TeV, 3t 4.3,42] 29,32  [31.32 [-69, 73] [64,7.7
3t.nocut, 1D 3737 [2529] [2627 [5356 [5.16.1] 13 TeV, 3+4t | [-1.2, 1.2] 2.2, 2.2 2.1,21]  [5.8, 4.8 [52 54
3t,cut,1D 4.34.2]  [2.93.2] [-3.1.3.2] [6.97.3] [-64.7.7 14 TeV, 4t 1.1, 1.0] 21,20 1.9, 1.9] [5.8 42] [52, 49
3+4tnocut,1D | [-1.1,1.0] [2.0,2.0] [-1.81.8] [4.7,42] [4.245 14 TeV, 3t 25,25  [-1.6,20]  [-1.8, 1.9 [-3.9,44] [-3.7, 5.1]
3+4t,cut,1D [12,1.2] [2222 [2121] [5848 [5254 14 TeV, 344t | [-1.1, 1.0] 1.5, 1.7 -1.5,1.6]  [-3.8,3.6] [3.5, 4.3
4t.nocut,5D [0.95,0.90] [1.817 [-1.6,1.6] [483.6] [4.24.0 27 TeV, 4t [0.90, 0.83] [-1.7,16 1.6, 1.6] [-4.0, 3.6] [-4.4, 4.2
4t,cut,5D 1.0,1.0]  [2.0,1.9] [-1.8,1.9] [5.74.1] [4.6.4.4 27 TeV, 3t [2.0,2.0]  [-1.3,1.5]  [-14,1.6] [-3.3,3.9] [-2.7,4.1]
3t.nocut,bD 3.13.0] [2.024] [2122] [4346] [4251 27 TeV, 3+4t | [-0.88,0.83]  [-1.2, 1.3 1.3, 1.3]  [-3.2,3.2] [-2.6, 3.5
3t.cut,5D [-3.5,34] [2327 [2527 [566.1] [5165 100 TeV, 4t [0.68, 0.66] [-1.3, 1.3 1.2,1.2] [-3.8,30] [3.7.36
3+4t.nocut,5D | [[0.95,0.90] [-1.6,1.6] [-1.5,1.5] [-4.0,3.3] [-3.5.3.7 100 TeV, 3t [1.3,14]  [-0.89,1.0]  [-10,1.1] [21,26] [18, 27
3+4t,cut,5D [1.0,1.0]  [1.818 [1.7.1.7 [4838 [-4.1,4.3] 100 TeV, 3+4t | [-0.67, 0.64] [-0.85, 0.94] [-0.93,0.94] [-2.1,23] [-1.8, 2.5]

Similar results for 4tops Degrande et.al 2402.06528



Towards global fits in SMEFT

Bounds on SMEFT Wilson coefficients at leading order and next-to-leading order

Constraints from (oo )
- . 113%
- electroweak precision observables (EWPO) (Z-pole) (ol oo o T ) o
- lepton scattering (WW) | e i
- Higgs, top, flavour, dijet, Drell-Yan, Diboson o ——awro— | )
- measurements from parity violation experiments (PEV) o \ @ “ ij;;;‘éucgjﬂ
K\C,,,, i S/

Higgs

Bartocci, Biekoetter, Hurth 2311.04963

Lepton ¢,
scattering




Towards global fits in SMEFT

TopFitter Top pair, single-top production, ttZ/y from

Buckley, Englert, Ferrando, Miller, the LHC run | and Il and Tevatron

Moore, Russell, White, 1512.03360

] vidual —s—
Ce %, marginalized —e—
Cits —
i —_——
for el
cl 2
é —
Ciliv —
& t L~
(-‘\E‘.‘!I') o
Cih
Cou
[o:0]
1 03 0

Global fits to the SMEFT from the top sector.

SMEFIT analysis of LHC top quark data

SMEFIT

. - E = ST o
Hartland, Maltoni, Nocera, Rojo, 3 5

Slade, Vryonidou, Zhang, 1901.05965

95% Confidence Level Bo

\\\\\\\

Sfitter
Biekoetter, Corbett, Plehn,1812.07587

Global fits to the SMEFT
from the Higgs sector.

Ellisa, Murphyc, Sanzd, Youe,
2 95%CL =
[ng\\:r 2] I I I | [I.\rj:\"!i — 0.03
10 — Ru | 1 103 ot
5 05 0.0/ 1 )
5 1 ‘ ] ‘l-n.s " ]“ lHH}}iHHHH{H ) {{ l
| : —0.01 -
o 03 . ’ LHC Run 2 onl e
* pre-] un 2 only
-15 @“"’ _oxl + All data 003
ssspsssgmmaEasiria ey oo SS
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SMEFIT analysis of LHC top quark data

1803.03252

Individual

” kg “ o | :

+ pre-LHC Run 2 only

All dat;
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Global SMEFT Fit to Higgs,
Diboson and Electroweak Data




Towards global fits in SMEFT

- i i Blasa, Duc, Grojean et. al
The tOp quark sector in the gIObaI SMEFT flt Contribution to Snowmass 2021, 2206.08326v5

Process Observable NG e Experiment SM Ref.
pp — tt do/dmg (15+3 bins) | 13 TeV 140 fb~? CMS [133] [134]
pp — tt dAc/dmg (442 bins) | 13 TeV 140 fb~! ATLAS [133] [135]
pp — ttH + tHq 4 13 TeV 140 fb~! ATLAS [136] [137]
pp = ttZ do /dp# (7 bins) 13 TeV 140 fb! ATLAS [138] [139]
pp — tiy do /dpy. (11 bins) 13 TeV 140 fb—! ATLAS [140,141] | [142]
pp — tZq I 13TeV | 774 fb7! CMS [143] [144] 10?
N EEE LHC Run 2 + Tevatron + LEP ~ HEE +HL-LHC S2
pp — tyq o 13 TeV 36 fb! CMS [145] [145] &
pp — W 4 13 TeV 36 fb! CMS [136,146] | [147]
pp — tb (s-ch) a 8 TeV 20 fb~! LHC [148,149] | [150] mflt
pp — tW o 8STeV | 20! LHC (151 | [150]
PP — tq (t-ch) o 8TeV | 20! LHC [148,149] | [150] 10!
t— Wb Fy, Fi. 8 TeV 20 fb~! LHC [152] [153]
pp — tb (s-ch) o 1.96 TeV | 9.7 fb~! Tevatron [154] [155] — | I
e~et - b Ry, A%.n ~91 GeV | 202.1 pb-! | LEP/SLD — 54] >
[
T 100 = I
i
£
X
[Tl
(=2 -
BB HL-LHC BB HL-LHC + CEPC HL-LHC + FCCee BB HL-LHC + ILC =5 HL-LHC + CLIC B
IFIT
- 1071
10! n
HEPJiis
& 10° I 102
1 —
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E | o Operator Coefficients
2
]
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L1007 -
n
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i1 a single-parameter fit - solid bars;
I the global or marginalised bounds —
| full bars (shaded region in each bar)
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Towards global fits in SMEFT

Flavor symmetry assumption for dim 6 operators:
U(3)° = U@), x U3), * U(3), x U(3), x U(3), 2499 operators — 47 operators
41 (CPeven) + 6 (CP odd)

Comparison of limits at LO and NLLO Bartocci, Biekoetter, Hurth 2311.04963
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From UV theory to SMEFT

Number of SMEFT operators is huge.
EFT Lagrangian from the concrete UV model contains much less operators

Example: Logp =y (iy,DF—my)y, D,=d,-ieA,
E, << m, , Lagrangian Euler-Heisenberg
Loy = -1/4 F, JF* + a/m* (F ,F*)? + b/im* (F F* F ,FP)

Matching: a= - a2/36, b =7 a2/90 Other operators do not appear

Off-shell matching — effective actions of light degrees of freedom are the same
(mostly used in practice)

Cyvle] = Csverrlo]

On-shell matching — S-matrix elements (amplitudes) are the same

<@inl Syv [Poue™ = <@in| SsmeeT [Pout™



Z ' Dawson, Forslund, Schnubel 2404.01375

T 1 1 ! / g ! ! !
Generic Z' model Ly = =37, 2" + 5My 22" = 5B " + (gua)* 2,2¥ | H H| - Z,7"
j#' = (’LQH) (HT(E}MH) + Z (gz_j fL'Y‘u'fL + gz_;l fR’\/‘ufR)
f
: : 1 |
After Integrating out Z 0L =— = (T +e€jn)’

202,

! T |
. 2ME, (1762)[ (jVJVEJV)] +M§, ( 2! + 1 )(HTH) (j,quE],u)Q

ju = % (HDR) + X, Vi

Matching with SMEFT operators of dim 6
Culijkl] 1

_ IL IL Crrlijkl]
A2 - _2M%, (gz] + eg’YE(Sij)(gkl + 69’Y15k1)7 ffA2 — _2M§’ (gU + Eg Yféu)(gkl —+— Eg Yfékl)a
CcVlijkl 1 Cyp[ijkl] 1
lq 1£2-] ] _ _ M2 (g1] + €g }/l(szj)(gkl + €q Y 5kl) A2 - M%, (g%‘7 + €q Yféﬁ])(g.’cl + €q Yf’ékl)
ZI
Wy -
Cig lijkl 1 cWlijkl] 1
= [2j ] = 2 (gm U €9 Y 51])(gkl i €g Y 5kl)- A2 - MQ, (g’Lj + €g Y 513)(9“ + €qg Ydé’-kl)
A 2M Z
Cisligkl] 1 = g lif) 1 I
. 2 - __2(91% T fglyléz‘j)(gle +€9'Y1ow), A2 o2 (291 +eg )(9 + €4'Y16:5),
A MZ, 2
(1) -
Cylijkl] 1 Celij] _
QfA2 - M2 (glj + €g 7 5U)(g,cl + €g Yf(SkI) A2 = QM%. (29H + €g )(Q + €g Yaﬁj)
Z/
Corlij] 1 L
C.o 1 9 ef U (2gm + eg’)(gf- + €eg'Y}1635).
e g, ot ed) Ao, : /
C’¢D 1

= (291 + €g')” ;
A2 2, + More operators of dim 8



In some concrete cases the operators start from D=8.

Extra dimensional gravity is an example.
E.B., Bunichev, Volobuev, Smolaykov PRD 79 (2009)

1 o TJ (n) YR 2
Leff:/\JSﬂ-if*A*JSng /\25923\“( d z :( 182 ))
| n#£0 Hn
i i : SLs
Models with gravity in the bulk  Jsav — T = 2525 — Y Lsu
After integrating out heavy KK gravitational modes
C . |
L( — TF“/A 7 Tp(_T
C T/ LV, PO
VT oy
Apv.po = Nuplve + NMuollvp — 9 0 ) M Mpo Bl L
1 mwzé_ e U+ KK grav sum
Ty, = I (U7,0,9 + ¥7,0,¥ — 9,07,¥ — 9,¥7,¥) — :
102—
v (%‘I"Ypap\p - %aﬂ‘I”Y'ﬂ‘I’ - mq;‘I/lI)') 1;_
TZ, = ~ZypZong” +m%Z,Z Ly g TZg ol
py T upLvay +mZMV+77,m/ 4chrZ QZZP =Y
T = =W Woog™ = W Wong™ +miy (W, + WIW,) +

Dilepton invariant mass at LHC 14TeV

Lot o 2 =P
1l (ngaW — W ) (L= 100 fbl) at C/M*= 3+10° TeV-

P 1 0 m% 2
Tj, = 0,80,% — 1, ( 50'29,® — L O



The scalar leptoquarks S; and S,

81 ~ (3, ]_) and 53 ~ (‘33 3) Gherardia, Marzoccab, Venturini 2003.12525

Lol
L=

Lrq = [DpSif* +[DuSs* — MP|S)[* — My|Ss*+
+ (NF)iadiele + (A intifen) S1+ (Wh)iaGiea £,55 + he+

Tree level matching conditions after Integrating out leptoquarks

1L\ 1L, 2 3L+ \3L,.2 1Lx\1L, 2 3L%\3L,,2
" Jopij 4AM? 4Mz 7 UM apis 4M? 4M2
1R\1Lx*,,2 1R\1Lx*,,2 1R*x\1R,,2
[Cu) } _ AEAaY [C@) ] _ Mt e A
lequ] g oM lequ ] \8ij M2 7 eesi 2M?

In the universal Yukawa these five Wilson coefficients only depend on two ratios:
M/M; and A;/M,

95% CL limits on the (7,1)T and (3,3).. leptoquark model

Blasa, Duc, Grojean et. al
Contribution to Snowmass 2021, 2206.08326

Global 4-fermion fit: = @@
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Concluding remarks

In the absence (so far) of any manifestation of BSM physics at the LHC, the
Standard Model Effective Field Theory (SMEFT) is the consistent theoretical
framework to go beyond the SM in model independent way allowing to
perform systematically experimental data analyses.

SMEFT is based on the linear realization of the mechanism of electroweak
symmetry breaking. We did not consider HEFT based on anon-linear
realization of the mechanism of electroweak symmetry breaking being not
favored (but not excluded) by current data.

SMEFT allows to compute consistently higher order perturbative
corrections. Several NLO computations in SMEFT have been done. NLO
corrections not only significantly reduce the scale uncertainties, but also
allow more accurate obtain the shapes of differential distributions.

Without SMEFT it is challenging to compare limits predicted in various
theoretical studies and/or obtained at various experiments.

Concrete BSM extensions lead to certain operators with possibly predicted
ratios between their strengths based on a matching procedure.

Lot of studies are in progress and remain to be done
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Subsidiary bosons for BSM evaluations

New Physics (NP) contributions to the SM vertex
_ pSM NP; NP
[, =T34+ )7 T + .

Example: anomalous Wtb vertex

Lweb = %Efjﬁ(f#PﬁrfE‘PRjt W, + 556;: (ffPL+EF PRIt W, + h.c.
W bhoson SM %f{}"}f‘u(l — s)
W boson subsidiary 1 ﬁfﬂ*ﬁ“(l + 5)
W boson subsidiary 2 mf%n“”qi,(l + 75)
W boson subsidiary 3 Emiﬁfgﬂp“qu(l — 75)

Boos, Bunichev, Dudko, Perfilov
Int. J. Mod. Phys. A 32, 1750008 (2016)



