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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



Main directions beyond the Standard Model
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Supersymmetry
(MSSM, NMSSM...)

Extra space-time dimensions
(ADD, RS, UED ...)

Compositeness, new strong dynamics
(latest technicolor variants, Little Higgs...)

Grand unification

Strings and string motivated extensions



Two possibilities to search for BSM

Collision energy E > production thresholds

d

—=New particles, new resonances o Newparice

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

Collision energy E < production threshold§

SM

|
I "New particle

Modification of SM decay widths and Br fractions,
production cross sections, kinematical distributions




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.
}Smalk-radius (large-radius) jets are denoted by the ietter | (J).

Effective field theories — the way to proceed

0 Mass scale [TeV]



The main idea —
Integrating out heavy degrees of freedom

¢y — heavy degrees of freedom , Mo, = A

UV full theory
v

EFT

¢, — light degrees of freedom , M@, << A

integrating out = integrating over
Zyy[IL, Jul = Do ][Doy] exp [i[d*X [Ly (@, @) + I o + I 0y

v

Zerer[3 1= Zuu[3, 01 = [ Do ] exp [i[d*X [Leer(o) + I 0]



L-1(9,) I1sapoint like Lagrangian

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

M= - e~ G F ] B
‘&W L= NG Vol = 75) V.80 (1 — ¥5)ve + hee.

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. p2) 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



Example: Logp =w (1y,DF—myy, D,=0,—ieA,
E, << m, , Lagrangian Euler-Heisenberg
Leg = -1/4 F  F™ +a/m?* (F  F™)2 + b/m* (F Fe F g FP)
loop-generated [LG] operators

Matching: a=- a?/36, b =7 a?/90

Other operators do not appear from loops
(zero matching coefficients)



SM Effective Field Theory (SMEFT)

d
Cg )(M) O(d)

LsmerT = Lsm + Z Nd—1 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*) (ﬁiLLS) + h.c. CO) /A <1015 GeV! from neutrino mass differences

At

LL — (IJL,EL)T H = 'E-.{TQH*



Assumptions
- Lorenz and Poincare invariance, point like Lagrangian

- gauge group is the SM gauge group SU(3).x SU(2), x U(1)y
with the BEH mechanism of electroweak symmetry breaking

- the only remaining degrees of freedom are the SM fields

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

- various assumptions on flavor structure (MVF, U(3)°, U(2)° ...



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= (0,¢)? — ¥4 L ¢*

Equation of motion: 0, "¢ + 1 ¢*=0

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

How many independent operators?



Einhorn, Wudka 1307.0478

Simple example
Model: L= (0,¢)? — ¥4 L ¢*

Equation of motion: 0, "¢ + 1 ¢*=0

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

How many independent operators?
L. (0%0)° -V 0°= (9 -1 ¢°) (P*p +A ¢*) =0

2. 0=04(0 9% 0,0) = ¢ (0,9)* + ¢ " (9° 0,0) =3 9% (0p)° +¢°0°¢ =3 ¢* (09)* - L ¢°

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



‘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: HAD? 5:42H? +h.c.
Qc | fAPCGIGErGSr  Qu | (HTH)?  Qpo (HTH)O(HTH) Qerr | (HTH)(lpe,H)
Qg | FAPeGrGlrarr Qup | (H'D,H)" (H'D,H)  Qurr | (H'H)(gpu, H)
Qw | IIEW WP Es Qarr | (H'H)(gd, H)
Qﬁ/‘ | JIK ﬁ ;y I,{,fy.}p}{,’ ;{ I
4:X2%H? 6:4*XH + h.c. 72 H2D

Que | HIHGAGY  Quy | (lo* e, )l HWI, 1 (H'i'D , H)(1,2#1,)
Qua | HHHGAGY™ Q. | (o™ e, )HB,, (3 (HYDLH) (10T 1,)
Quw | HHHWILWIW Q.o | (G0 TAu,)H G4, O (H'i'D H) (e, e,)
Qv Hu ﬁ;{u wiew Quw | (ot ur)o "H I-’T-"'JV Q (hl’t); (H ’f-;f(ﬁ#_H M apy*ar)
Qup | H'HB,, B" Qus | (G uy)H By, Q%) (H ‘Li(BiH @'y qr)
Quz | HVH BB Quc | (o TAd)H G4, Ot (H'i' D H) (i7" ur)
Quwe | HIe! HWI,B» Qv | (qpo™d,)o! HW], Qrra (H1i'D  H)(dydy)
Quivp | HTATWL B Qup | (Gyo”d, )T B, Qg + hee. | ([T D, (@ d,)




25 4-fermion operators

8 (;EL)(EL) 8: (RR)(RR) 8:(LL)(RR)
Qu ule) (L) Qee (epyper) (€7 er) Qe (LpYulr ) (€s7*er)
o (Wr> W) Que | @) @tn)  Qu | (o) (o)
5 (qu @)@ ol q)  Qaa | (dyyude)(deydy) Qua (Lyuly) (A dy)
i pulr) (@7 q)  Qew | (@pruer) (@ ur) Que | (@uar) (@7 er)
) (p'm ") (@ olar) Qe (Epyuer)(dsytdy) &) (@ yur) (s )
Qud | (pyur)(dsr®dy) 0 | (@ T ) (@9 T )
QU | Gy TAun)(dr TAdy) QY | (@) (dey™dy)
QW) | (@ T4, (dA T Ad,)

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

Qeag | (Ber)(dsar;) — QNa | (@ur)en(dhdy)
QP o | (@TAur)eju(@ETAdy)
Q. | Heren(@dhu)
Q;(S;u (Bouer)ejre(@Eor uy)

The basis for dimension 8 operators: C. W. Murphy, JHEP 10, 174 (2020), 2005.00059; H.-L. Li et al., (2020), 2005.00008.

The basis for dimension 12 operators: R. V. Harlander, T. Kempkens, and M. C. Schaaf, Phys. Rev. D 108, 055020 (2023),
2305.06832.



SMEFT in the TOP sector

28 operators of dim 6 are involved directly to the top sector

2-Quark Operators (9)

OL6D) = (1iD) o) (@r"a; ),
O209) = @Tfﬁfbs@)(‘ﬂ‘“'ﬁ%)?
0Ud) = (11D p) (wiyu;),
o), = (pliD,p) (wiyd;),

4-Quark Operators (11)
O™ = (g™ q; ) @k
' ) (@ @),
a7y QJ) Uk'}pul)

03 ejkl
Ol igkl)
08 igkl)

ejkl

qi7y Q_}) dk’}ﬂudl)

”H wiy ug) (ukypw ),
(igkl) _
2 = (Wi ug) (dyyudr),
”H = (T ;) (dyy, T dy),
ijkl)
i().:31.',(.‘]'7(1 qzu‘? ( kd!)
ioq;;:z Q?,T u’j q}\,T dl)

eV T4q;) (ury, T,

= (q
= (q
= (g
= (
(g
”kz = (7" T ) (dry, T d).
= (u
(
(
= (g
(

Aguilar Saavedra et al.,1802.07237

2-Quark-2-Lepton Operators (8)

l(mkl _ ) Qk'}’ qz)
( = ( n“'r L) (@ a),
O(”kz = (Ly"1) (ury"*ur),

OlIM) = (ey"e;) (@™ a),

(”k” = (e"e;) (ury"w),
iozle(;ik” = (Liej) € (Grw),
iofe(;gzkz - ( i Jm}e,j' Qkapvul)

igkl)
iOi!(e‘Ziq = ( 363 (dhqz)

Notations

C, Cy
£:Z<A2i0 +hc)+ZAZOb
b

@

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

FOGIH) = (@ i0up) (@ el) €2,

PO = (¢ineq;8) (Uthyer) €77,

qqu

O = (@102058) (@ 2l) €77,

ﬁogé;jkz) (€iaTe0;8) (@, el) €
O = (@0ujp) (WFkyer) €77,

afy



Squired terms (1/ A?)?

{‘3) (8)
ﬁqMEFT—ﬁb\[-I-Z \30 —|—Z Ad j)—l—...

(6) .(6)

(6
SRI (GXSRI _] (6)(6) g (8xSM) .
. +Z(p o )+z o +z(\4 o +11.c..)+...

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

r e Z cﬁd)(u) Ol Wilson coeffic_ients are the coupling constants
SME M y Ad—4 7 of quantum field theory — SMEFT
; (running coupling constants)

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

Because of NLO (NNLO) 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



SMEFT operators lead to additional vertexes (i=)=3)
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ol = (gorldy) W],

Lo = —%tv (thPL+X Pr—25%,Q)t Z M<

_9 5

p M-<
2w Mz o zdﬂs) .- fr< [ﬂ< |
Lo = —eQit vyt A, — et— (d7 +idyys)t A o

my
Ol(zj) ’gﬁ 0 )\4; q g
o (¢ D w2 @ q;), POl = (g0 rluy) oW1,
0337 = ("D L)@ ™' a%), o iy 5 ‘
éﬁ Yup T (g0 uj) H‘DBPW' f | |
0



Top quark pair (tt) and single top quark in association with a W boson (tW)

g t [ 4 t
}h—{ K
b w b i
[ t 3 t
b t
~3) C
(3)
CN!C"’V cw’ W
b w b w
g t g t

Czakon, Mitov 2014 (NNLO)

off . = 832720 (scales) & 35 (PDF + as) pb

Kidonakis, 1506.04072 (NNLO)

Ow = (G T't) W

oy = 71.7 £ 1.8 (scales) & 3.4 (PDF + as) pb CMS
§ obs. bestf
. ) . B s obs.
Durieux, Maltoni, Zhang, 1412.7166; Franzosi, Zhang, 1503.08841; |
Zhang, 1601.06163; CMS 1903.11144 F Fhebs
— 95% obs. (theory sys)
Channel Contribution Cg ngv? CG |
o0 319pb — C,x10
_ K(l) _ _ L
. D70 1023pb  — Cow I
- - s
D710 —  67pb C,ox10
W KM — 132 c ol
o210 —  02pb 162pb  4.6pb e DL e
K® — 1.31 - — _

O = (¢*T'Dypg) (@' T'q),

v s

O = (qU;tUAnt)q)Gyw
Oc = fuc GGG,

u(c)G - (q‘ﬂw}la t)(PG,uw

CMS 1903.11144

(3)
Lett = \f A2 gu
Lett = *2(5{‘;\] obo™ Prtd, W}, + h.c,,

by PLW;, + h.c,

C + vy a a
Lo = \/;\z”(w’ A"t) Gh, +he,

C ¢ el <
L = A—‘; firGy GG,

Lett = \/uz( 9%y (T (c) ™A™ Gy, + hec,

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 fb" (13 TeV)

\\\ll\\‘ll\ \II:\\I‘\\\'\\\'I\\

4 6
C./N? [TeV‘z]



NLO, NNLO QCD corrections to top-quark pair production
in the SMEFT

N.Kidonakis, A.Tonero 2309.16758

. . -
The chromomagnetic dipole operator g At_g‘ 95@L0 T tRGG™ + h.c.

2

LO diagrams o(cic) = Po+ g B+ g B2
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3 t 2 t
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[ i R t
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ttZ in SMEFT

Contributions in [fb]

Bylund, Maltoni, Tsinikos, Vryonidou, Zhang, 1601.08193

13TeV Ore oL O Ouw
oo 286.775% 3? 78.3755 é@ 51. 6+§2 i ~0.20(3) 55705,
o MOSEE 6 e L7
K-factor 1.08 1.16 1.11 8.5
(2) =+49.7% ‘ 39.7% 39.7% 44.3%
Ut,LO 258.! +30 4% ZR(I)tQGQ% 2'9(1)——'—26.7% 20. Q+28 3%
oo 2457070 38R 393 ek 24.2¥57°%
(1) +0.3% +1.9% 77 HLT% oA\ +89.5% (2)
olo/osmro  0376T03% 01037100 006771 —0.00026(4) T3 o =05y + Z W Z (A/lTeV)4 o)
o ro/osmunro  0.353F13% 01037072 0.0654711% —0.0020(2)F229%
olo/ollo 0002730 0.036(1)TVTE 0.056(2)705%  —104(16)YT,
(2) (1) % 19( A\ +5-6% ~ 7.6% ) 29.0%
o, nro/%into O (8?+?238‘7 0.042(4) 155 0.067(6) 5o —14(1) 507% CMS, 1907.11270
CMS
T T ‘ ‘ T T T T ‘
=, Gy /A
Contributing operator combinations :8&22232-1@24‘;83 R
(not restricted from other searches) AN S ;
TopFitter (95% GL) — Cy IA?
. 33 33 k----4 Indirect (68% CL)
Ciz = Re (— sin 9WC1(15) + cos HWCL(JW)) sM
C . IA?
[1] - (33) (33) — "
¢z =Im (— sinby C gz’ +cosowCow ) | . .
q3 F— 3 2
Cot = Copp = C( ) —  ColA
_ 1(33) 3(33) T
C — C Q - C _ C r ! T 1
PQ ¢ ¢q ¢q 20 =T 0 10



tttt in SMEFT

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

o i NLO cross section thtf = 9.2 fb
Oy = tR’}/th)(tR,}/;itR);
OLo = Q" QL) (GL%QL) , CMS, 1906.02805
_ 1 (1
SM 2
O(lzt ( L,)/F QL) (tR'thR) ’ a’[f’(f — O-,[LP& —l— p chak ) —|_ Z C C,:\ ( )
— , k <k
Ogt - (QL'Y“TAQL) (tR'T;z TAtR) (1) 2)
Ty Uik (fb TeV?)
Operator ™ | Ol Oba O O}
) O}, 0.39 | 559 036 —039 0.3
. ] . t Odg 0.47 549 —045 0.13
b t O 0.03 1.9  —0.08
¢ . 0%, 0.28 0.45
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4 tops in SM 221203259

Vs (TeV) e () T () o M () Kniw/
13 11.00(2)*252% b 11.46(2) 7213 fb 12.73(2) "%, b 1.16
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1|38fb"(13 Tev)
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E.B., L.Dudko 2107.07629;

4t0 p S a.n d 3t0 p S A.Aleshko, E.B., V.Bunicheyv, L.Dudko 2309.12514

Oi; = (Tr*tr)ERVutR),
Ogo = (RLY*QL)(Qr.QL),
Og: = (QLY*QL)ErVutr),
08, = (QLY*T4QL) ErVuT*tR),
Oe = (Qu1*T*Qr)(QrvT Q1)

Partial wave unitarity bounds |a,| = C/A?'k; - M < %

SN 1 i o 1 - e
Unitarity limitation for q Unitarity limitation for 0m Unitarity limitation for 0;‘ Unitarity limitation for 0; Unitarity limitation for 0;

o o

% % S LHC(13 TeV)

2 i | LHC(13 Tev) 2 _

~2 o~ 7 o ~ | LHC(13 TeV)
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o LHC(13 TeV) < LHC(13 TeV) *’bU LHC(27 TeV)

LHC(27 TeV) LHC(27 TeV)

LHC(27 TeV)
%\ LHC(27 TeV) LHC(100 TeV)

LHC(100 TeV) LHC(100 TeV)

LHC(100 TeV) %, LHC(100 TeV)
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Inv.Mass,,, TeV Inv.Mass,,, TeV

25 3 35 4 45
Inv.Mass,,, TeV

5
Inv.Mass,,, TeV

05 . 15 2, 25 3 _ 35,4 45 5
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%t C%Q

4t,nocut, 1D [1.1,1.1] [2221] [2.020] [5.7,46] [5.0438] 13 TeV, 4t 1.2, 1.2] 24, 23] [2222] [68 50 [6.0,5.7]
4t,cut, 1D [12,1.2]  [2423] [2222] [685.0] [-6.0,57] 13 TeV, 3t [4.3,42] 29,32  [3.1.32 [69, 73] [64,7.7
3t,nocut, 1D 3737 [2529] [2627 [53,56 [5161] 13 TeV, 3+4t | [-1.2, 1.2] 22,22 2.1,21]  [5.8,48 [-5.2,5.4
3t,cut, 1D 4342 [2932 [-3132 [6973 [64,7.7 14 TeV, 4t 1.1, 1.0] 21,20 19,19 [5.8,42] [-5.2,49
3+dtnocut,1D | [1.1,1.0]  [2.0,2.0] [-1.8,1.8] [4742] [4.245 14 TeV, 3t [2.5,25]  [-1.6,2.0]  [1.8, 1.9] [-3.9,44] [3.7,5.1]
3+4t,cut, 1D [12,1.2] [2222 [2121] [5848 [5254 14 TeV, 3+4t | [-1.1, 1.0] -1.5, 1.7 -1.5,1.6]  [3.8,3.6] [-3.5,43
4t,nocut,5D [095090] [1.817 [161.6] [4836] [4240 27 TeV, 4t 0.90, 0.83] [-1.7, 1.6 16,1.6] 49,306 [44,42
4t,cut,5D 1.0,1.0]  [-2.0,1.9] [-1.8,1.9] [-5.7.4.1] [4.64.4 27 TeV, 3t [2.0,2.0]  [-1.3,1.5]  [14,16] [-3.3,3.9 [2.7, 4.1]
3t,nocut,bD 3130]  [2024] [-2122] [4346] [425.1 27 TeV, 344t | [-0.88,0.83]  [-1.2,1.3 -1.3,1.3]  [3.2,32] [-26,35
3t,cut,5D [-3.5,34] [2327 [2527 [566.1] [5.16.5 100 TeV, 4t 0.68, 0.66] [-1.3, 1.3 12,1.2] [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]  [1.0,1.1]  [2.1,26] [1.8,2.7]
3+4t,cut,5D [1.0,1.0]  [-1.818 [1.7.1.7 [483.8 [-4.1,43] 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

(concrete operator may contribute to different processes,
several operator may contribute to the same process)

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

- top EW
(/— DI(?':,SOH — j

Constraints from - SN
- electroweak precision observables (EWPO) (Z-pole) o || e it g] c
- lepton scattering (WW) o ((EE ™ | )
- Higgs, top, flavour, dijet, Drell-Yan, Diboson G @ ci o;éﬂcgucgﬂ

- measurements from parity violation experiments (PEV) -

Bartocci, Biekoetter, Hurth 2311.04963
Flavour

Lepton ¢,
scattering

0 Dijets




Towards global fits in SMEFT [« &&=

TopFitter

Buckley, Englert, Ferrando, Miller,
Moore, Russell, White, 1512.03360

SMEFIT

Hartland, Maltoni, Nocera, Rojo,
Slade, Vryonidou, Zhang, 1901.05965

Sfitter
Biekoetter, Corbett, Plehn,1812.07587
Global fits to the SMEFT
from the Higgs sector.
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The top-quark sector in the global SMEFT fit

10°

10?

10t

10°

Ranges 95% (TeV~2)
o
S

Towards global fits in SMEFT

F. Cornet-Gémez, Marcos Miralles Lopez,

Maria Moreno Llacer, Marcel Vos 2205.02140
Blasa, Duc, Grojean et. al
Contribution to Snowmass 2021, 2206.08326v5

2-quark operators

of the t- and b- EW dipole operators
he Z

030 = (@r'r” Q) (qn*i(BL IP) Ouw = (@t’a“vt) (Sw" WJV)
030 =(Q7Q) (w*i w)
Opi(s) = (E(B)7" t(b)) (91D

Chromo-magnetic dipole op. t-quark yukawa

O = (acnvf) (e9*Buv)

Oy = (1) (e9" 9'0)

O = (éa*‘“ TA t) (mp‘ G‘fv)

4-quark operators

Couplings of light quarks with t- and b-quarks
052)(1) Osg)(l) ogf"“) O‘(;“)(ll Og}(” OS&B)(M) OSqB)(l)

2-quark 2-lepton operators

Couplings of light leptons with t- and b-quarks

E HL-LHC W HL-LHC+ILC
B HL-LHC+CEPC B HL-LHC+CLIC
B HL-LHC+FCCee B HLLHC+FCCeetuC 3 TeV

¢

S L SR v Y G VL v

o

ge

Operator Coefficients

Process Observable NG |z Experiment
pp — tt do/dmg (1543 bins) | 13 TeV 140 fb T CMS
pp — tt dAc/dmyz (442 bins) 13 TeV 140 b1 ATLAS
pp — ttZ do/dp% (8 bins) 13 TeV 140 fb! ATLAS
pp — tty do/dpY (11 bins) 13 TeV 140 fb! ATLAS
pp — ttH do/dp¥ (6 bins) 13 TeV 140 fb ! ATLAS
pp — tZq o 13TeV | 7741 CcMS
pp— tyq o 13 TeV 36 fb 1 CMS
pp — ttW I 13 TeV 36 fb! CMS
pp — tb (s-ch) 4 8 TeV 20 fb! LHC
pp — tW I § TeV 20 fbt LHC
pp — tq (t-ch) ] 8 TeV 20 fb ! LHC
t— Wh Fo, FL § TeV 20 fb ! LHC
pp — th (s-ch) c 1.96 TeV | 9.7 fb! Tevatron
e"et — bb Ry, A% o ~ 91 GeV | 202.1 pb~! | LEP/SLD
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a single-parameter fit - solid bars;
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Towards global fits in SMEFT

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

Comparison Of Iimlts at LO and NLO 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 (y,D*-my)y, D, =0, —ieA,
E, << m, , Lagrangian Euler-Heisenberg loop-generated [LG] operators
Lo = -1/4 F, F* + a/m* (F  F*)? + bim* (F  F* F ,FPr)

Matching: a= - ¢2/36, b =7 a2/90 Other operators do not appear from loops
(zero matching coefficients)

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

Lyvle]l =Tsyeerlol]

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

<(Pin| SUV |(pout> = <(pin| SSMEFT |(Pout>



Z ' Dawson, Forslund, Schnubel 2404.01375

. . 1 , 1 € 5
Generic Z' model Loy = =327 + My 22" = 5B 2" + (gu2)” 2,27 | H'H| = Z,.7"

J* = (ign) (H ol ) +) (gff’fi’r”fi + g{jﬂf}ﬂ“ﬁé)
!

After Integrating out Z' oL = (T + €4)’

- 2ME,

1 ) 1 g% .
o (1 =€) [0, (T + )] + e (g,%m + = ) (H'H) (T, + €j,)°

ju = % (HDE) + g%, Vs s
Matching with SMEFT operators of dim 6

C”ngl] = —@(fo +€9'Y1055) (g3 + €9'Yidw), % = —ﬁ;(gff +€9'Y105) (gl + €d'Y101),
M = = Ml% (giF + €g'Yi6:3) () + €9'Yybr), % == M}% (9" + eg'Y763) (91" + eg'Yidua),
M =—5 Ai[% (9 + €9'Ya0i)(9l) + €9'Yybra). W = - M}; (g5 + €g'Yudis) (gi" + €9'Yadu)-
A — ol + Vi) ol + /¥y, S g (o + ]+ Vi),
% = - ]\/}% (95 + €g'Ye0i3) (9" + €9'Y0ua). C%ilij] B _2];1'%, (295 + eq') g}y + e9'¥idy),

% _ @ (2 +¢d/)?. Oﬁgﬂ = o (29 + ¢g')(g])" + €g'Ys0,5).
Cyp

1 2
=D (29 +eg) :
A2 2M3, + More operators of dim 8



The scalar leptoquarks S; and S,

81 ~ (_‘_3)? ]_) and 53 ~ (3, 3) Gherardia, Marzoccab, Venturini 2003.12525

Lol
Lol

Lrq = [DuSif° +[D,uSs* — MP|S)[* — M;|Ss[*+
+ (NF)iadiele + (M) iatifen) S1 + (W)iaGieo' 4,55 + hue+

Tree level matching conditions after Integrating out leptoquarks

] - MLtALLy2  333Ls\3Ly2 W] - RN TR ey s
] apij 4M? 4Mz2 7 UM apis 4M? 4M2
\LR \1Lxy)2 A\LR )\ 1L#g,2 A\LR# \1R,2 c = C/A?
[C(l) } _ g8 [0(3) ] _ _BTha [Coul i = i "yB
e ] opis aMp 7 LT o 8Mp o PTeR 2M?

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

95% CL limits on the (3,1): 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 allows to compute consistently higher order perturbative
corrections. Several NLO (NNLO) computations in SMEFT have been
done. NLO (NNLO) 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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