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Global fits of precision measurements

" The symmetry structure of the Standard Model defines specific relations
among couplings and masses.

" The renormalizability of the theory assures that tree-level relations are
modified by finite calculable corrections.

" Precision measurements of masses and couplings via multiple observables:
= Test the consistency of the theory at the quantum level
" Indirectly probe new physics via virtual effects

A comprehensive program of precision physics (EW, top, Higgs, flavor, ...) can be

a very powerful tool to explore physics beyond the Standard Model



EW Global fit: general framework

= Set of input parameters (a or My, scheme):
" M GFI a
= Floating: My, M5, My, m,, a..(M,), Ac,q"
" Compute EW Precision Observables (EWPQ), including all known higher-order SM
corrections:
= 7Z-pole observables (LEP/SLD): I';, sin?0, A,, Arg, ... See talk by Ayres Freitas
= W observables (LEP II, Tevatron, LHC): My, I'y
" m,, M, sin?0O (Tevatron/LHC)

" Perform best fit to EW precision data through different fitting procedures and
compare with experimental measurements.

= Parametrize new physics effects on EWPO (tree-level) and constrain deviations in
terms of chosen parameters:

= Obliqgue parameters : S, T, U f\
= Effective interactions: SMEFT

.. focus of this talk




Framework we used
Open-source tool home developers samples  documentation

Statistical framework based on a Bayesian MCMC - O R I I O )
Direct Constraints on High Energy Physics Models.

analysis as implemented in
BAT (Bayesian Analysis Toolkit)
Caldwell et al., arXiv:0808.2552

Supports SM (fully implemented) and BSM models, in Wit O s b N o AN o 0

Higgs couplings and analyze data are included in HEPL1t HEPZ 1t includes both quark and Model can be studied by adding

particular the dim-6 SMEFT T T .
http://hepfit.romal.infn.it

Used for several global fit and future collider projections

J. De Blas et al., 1910.14012

New release will include EW, Higgs, top, and flavor

observables in the SM and the SMEFT with Other existing frameworks for SMEFT global fits:
d SM prediCtionS at NLO or hlgher SMEFiT, Celada et al. 2105.00006, 2302.06660, 2404.12809

O SMEFT at tree level (dim-6 operators only) Fitmaker, Ellis et al. 2012.02779

. . . . Allwicher et al, 2311.00020
d RGE running of the SMEFT Wilson coefficients Cirigliano et al, 2311.00021

[ Linear and quadratic effects from dim-6 operators Bartocci et al. 2311.04963



http://hepfit.roma1.infn.it/

EW global fit of the SM - excerpt

%' I FB%‘Trlljt 95?;/: prtol\t;ability comtours
For My, we combine: J. de Blas et al. 2112.07274, & : EEH P Iout My and
D A” LEP 2 measurementS' 2204. 04204, plUS updates E | D:[l E:l(perlimental measurements
 Previous Tevatron average 200 -
(1 ATLAS and LHCb measurements i 2
O CDF measurement [M,,=(80.4335+0.0094) GeV] “standard” [ //
O ATLAS measurement [M,,=(80.360+0.016) GeV] (6.1  pull)

150 — :

M,, = 80.409 + 0.008 GeV (standard, with CDF) N § I B
M,, = 80.360+ 0.012 GeV (standard, without CDF) 803 804 805
For m, we combine: R
O 2016 Tevatron combination S, L[] Fit without M, and m
 ATLAS Run 1 and Run2 results £ - [T Fun i

D:[l Experimental measurements

 CMS Run 1 and Run 2 results
d Recent CMS |+j measurement [m,=(171.7740.38) GeV]

200 —

“conservative

=172.61 0. dard
m, = 172.61 +£0.58 GeV (standard) (3.0 & pull)

Due to tension between LEP, Tevatron, and LHC measurements consider 150 —

1 | 1 L 1 1 |

also a conservative error of 6M,,=18 MeV and dm,=1 GeV (a la PDG) = o B B
Mw [GeV]




Beyond EW fits: adding Higgs, top, DY, di-boson, flavor

Constraining new physics through the spectrum of LHC measurements and beyond

_ See talk by Matthew Klein -
* Higgs boson observables
. S!gnal- s-trengths. . o; X Br;
 Simplified Template Cross Sections (STXS) Ui = o o
) (07 X B1j)sm =~ Preliminary results in this talk

Top quark observables
« pp - tt, ttZ, ttW, tty,tZq, tyq, tW, ...

Drell-Yan, Di-boson measurements
« pp o W,Z > fif; B
s pp>WIZWW,ZZ,Zy

Flavor observables —  Still being tested
« AF=2: AMBy, D° — D°, &
* Leptonic decays: B; ¢ — utu=",B->1v,D > tv,K- uv, m- pv
« Semi-leptonic decays: B » DMy, K - nvi, B - Kvv, B,K — nlv
* Radiative B decays (B = X; 4¥)




Beyond EW fits — Higgs, top, flavor observables

Connecting far apart scales naturally lends itself to the EFT framework

SMEFT
(V)

LEFT
{HHWZ)

AUV

(t,H,W,Z)

A, (B)

A (D)

A (K)

Heavy physics decouples and leaves
effective contact interactions of dim >4

l RGE

SMEFT
i,d SMEFT
[’SMEFT — [’SM + Z : i.d
AZ )
id
l RGE
LEFT
E : i,d LEFT
LLEFT — EQCD+QED+ 02 id
i,d

Operators mix through RGE and what we really want to
know is the SMEFT structure at the high scale



Beyond EW fits — Higgs, top, flavor observables

Connecting far apart scales naturally lends itself to the EFT framework othmakeret 211310757

A MATCH2FIT, 2309.04523
uv (Ayy) (from matching to UV theory)

Will be constrained l
: Based on 1-loop SMEFT
SMEFT il Evolved to CSMFFT (AL,

i anomalous dimension

SMEFT
Cida

(YY) using RGEsolver++

Jenkins, Manohar, and Trott,
Di Noi and Silvestrini, 2210.06838 1308.2627, 1310.4838,1312.2014

AEW

All fit observables are calculated in terms of C{?CIZWEFT(AEW)

(t,HW,2) ﬂ
LEFT
(15, H,\Al,Z) Match to LEFT operatorsto | jenkins, Manohar, Stoffer,
calculate flavor observables | 1709.04486,1711.05270
v Ab (B)
Ac (D) Notice that the NLO evolution requires tree level
initial conditions at Ayyand matrix elements at Agy,

A (K)



The SMEFT framework for this study

4 Ci
Lsyerr = 5(3124 + Z FQ%’ +

“Warsaw” basis

v

__________________________________________________________________________

L) =— Loa gam

g

Higgs field and Mh

~

Grzadkowski, Iskrzynski,
Misiak, Rosiek, 1008.4884

Yukawa couplings )'\ VFf, HFF

1
+ (D) (D*) + mPplp — EA(M)?
+i (UL, + € pPey + ¢ LPq), + d rPdy)
- (ﬁLFee'}%@ + (?LFUU’RQE + QT,LPdde(p) + h.c. i

gauge fields
and masses,

HVV, VVV %/

with covariant derivative:

Dy = 0y +igsGyTA +igwW/T! +igB,Y

__________________________________________________________________________

» Dim-6 operators only, including linear and quadratic effects
» Obeying SM symmetries, CP even

» Assuming U(2)> flavor symmetry (3" generation singled out)
» One Higgs doublet of SU(2),, SSB linearly realized.

X3 906 and S04D2 1/)2903
fACaivairGgSr |l 0, (pTp)3 (pTo) (e,
el EWhvwlew ke || O g ($")0(p'p) (ete) (@ Pur)
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Oup (qPU“VdT)SOBW (‘PT’LDM‘P)( UpyHd, )
(LL)(LL) (RR)(RR) (LL)(RR)
(p'Yu r)( ) Oece (ep'Vuer)(és')’Het) (lp7u r)(esyter)
(qP'Yun)( s7"qr) Ouu (@ip”Yuur)(Q_fS'Yﬂut) (lp%t ) (s uy)
(Qp7u7 Qr)(QSfYHT Qt) Oudd (dp’)/udr)(ds'yudt <lp7/i )( s’)“udt)
(LpYule) (@™ 1) Ocu (Epyuer) (@' u (@pyuar)(Esy™er)
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4-fermion interactions: tt, ttH,




Direct and indirect SMEFT effects

Example: Higgs sector

A A~ ~ ~ *
Ly = (Dup) (D) +m* (07 0) =5 (¢10)* +Co (01 0)*+Con (¢ 0)D(0 ) +Con (@' Dyip) " (9 D)
L J L ] [ | J
' VEV identified from the minimization of V() | o = (_2h><_ EXpanSié)nhofSU(Z)Sga'af d‘;UbI:;*t
— (5 o
) - SmZCQP 63m4C’?0 |:> v — aroun ’Eu(re]i\t/aEV agu I-él)ggs ie
v= T\t et e Y 83t

h=Zyh= (1+£(O¢D—4O¢D) —g—;(éwD—4é¢D)2+~--)h

____________________________________________________________________________________________________________________________________________________________________________________________________________

—————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

Shift on the physical mass of the Higgs field identified from the normalization of its mass-term:
% . A A 1
— 5(40@5 — Cch) (30 2090[]/\ + QC‘PDA) + ...

____________________________________________________________________________________________________________________________________________________________________________________________________________

ME = Xo? — & (30 —2C,0\ + = C*QDDA)

______________________________________________________________________________________________________________________________________________________________________________________________________________



SMEFT predictions

________________________________________________

________________________________________________

_________________________________________________

Fields and parameters O(1/A%)  O(1/A%)  O(1/A%)

_________________________________________________

' Interactions | v «/\/\< s
teracions _ sl
Probability amplitudes W\<>~/\N W\<//\N + W\ /\N 4 W»<>/\N +--

_________________________________________________

(9(1/A° (9(1/A2 1/A4

________________________________________________

N
1

Physical observables | Osyerr = Osy + AOW + AO®) +

1
e e e e e e e e e e e e e e e ? ! d



SMEFT predictions

A given observable will be written as

OSMEFT — OSM + AO(I) -+ AO(Q) + ...

SM: including SM ) (
higher-order corrections SMEFT: tree level

Observables have been calculated either analytically and via parametrizations reported
in the literature (e.g. EW observables) or obtained using various tools
(MG5_aMC@NLO with

Feynart+Feyncalc for loop-induced Higgs decays, ...)

Including direct and indirect SMEFT effects from
dim-6 operators up to O(1/A”4), by A. Goncalves




Preliminary results
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Preliminary results

O'iXBT)'

(0 X B1i)sm

Hij

Breakdown of Higgs-boson observables — consistent picture from signal strength measurements

5
o EW + pyrras
4 + EW + pcps
EW + STXSirras
o EW + purras + pioys
3k EW + pcyms + STXSsrras
2 -

o m | “] EBowom o [ s om0 B m ; T m R O 15




Conclusions

= Global fits stress-test the SM and provide a very strong indirect constraint on new
physics.

= Effects of new physics can then be constrained using the broad spectrum of precision
measurement available from EW, Higgs, top, flavor physics and more.

" The SMEFT (—LEFT) framework can be used to connect unknown physics at the UV
scale (> 1 TeV) to the EW scale and below within a systematic framework that allows
some model independence.

= \With increasing precision in both theory and experiments, constraints could start to
show intriguing patterns and guide future explorations.



Back-up slides



EW Observables:

e Analytic parametrization of Zand W observables:

GFMg 9 9 (4) C;
Izp= Ny 24\/%4 [(gv.)? + (94,4)°] Lsyprr =Ly + Z in +
1
'haa 0 Lyw
Rg - r Rq,r/ FZad
o _ 120 DDhaa Osyerr = Oy +A0W + A0@ + .

(2er)? Ar.p =g AeAs
Tl 2
9.5 gv.s = gvlf + + Mgy +
1 (2)
sin*Oepri = (1 - %) ga5 = gay + + ARGt

--------------------------------------------------------------- \: VV\<+ VV\<+ vvx( +--
@ Mw  Uw—ypg) BrWrig; 5

_______________________________________________________________

1 A A,uv 1 T I, v 1 v
— GG — WL W 2, B

1
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wZ 2D
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EW Observables:

* Preliminary Global Fit of EW observables at quadratic order in the d=6 SMEFT:

1 O(1/N*): degeneracy is (analytically) lifted

|
Observable | Cop | Cowp | C8) | Cpo | € | Cpe | € 1 €8 | Cpu | Coa | Cun | Cow | Cua o ,
- ” ‘ ‘ = ’ | = ‘ ‘ | ‘ - ‘ O(1/A%): Constrain 8 independent relations
I
SR VI BV VN BV R ‘| (oo lats avs )
Pq;{)ol i C(pL - oL + igﬁ}Q @D + = CﬁpWB i
sin Bez,ffl i 1 a2 —~ i
: Lo _ e law ¢ :
A L EB) =B L~ G+ s |
0 v v v | v v v v v L TeQ T Ve Ty el B
¢ Caw A Le i
Ab i C(,OL — CK,OL + 4C(pD i
A, v | v | v | Vv v v A LA A Lo
R - Coq = Cog — 130%0 |
. S i
AS v v vl vi|iv|iv]v|v|v v |V - Cpe=Clo+ 5Cep ;
Ab v v | v v | v i|v]|v |V v I v | v [, 1.
R? i Ccpu = Cape - gCgoD i
Ugad s mmmmcms oo oo :
My v v v | v
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cHL1hat

cHL3hat

cHehat

cHQ1lhat

cHQ3hat

cHuhat

cHdhat

cLLhat

Fit parameters

EW Observables:

* Preliminary Global Fit of EW observables at quadratic order in the d=6 SMEFT:

O(1/N?)

Analytically Numerically
<8 v v/
>8 X X

Flot detrdoutions
foll conelations

0O(1/A?) original-representation

0O(1/A%) hat-representation

cHL1 mSWC cHL1hat 1
CHL3 y 10WC cHL3hat Hr
cHe — m11WC cHehat |
cHQ1 cHQ1hat H
cHQ3 4 cHQ3hat e |
cHu _ \:_ wn Wb 'Rallf cHuhat l 3
cHd A NN '_‘ cHdhat R\
clL '_ cLLhat It
cHWB cHWB —_
cHD : cHD B
cHW+cHB cHw+cHB 1

9 8 -7 6 5 432101 2 3 45 6 7 8 9

Fit parameters

Analytically Numerically
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>8 v x

Fit parameters

<8
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Analytically Numerically
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Change of input-scheme:

-

,,,,,

______

* Write “barred” initial parameters

in terms of “barred” final

para meters:
_ 4 —1/2
2\/§7r64
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ffff
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erte final input parameters
(“tilded”) in terms of their
“barred” and shifts:

a=a(l+dy)
M3 = 03 (1+ 643 )
Gr=Gr(1+dg,)

~~~~~~~

- -

e ————————

_____

————————————————————————————————————————

______

Obtain 6’5 from the
derived physical
parameters and express
|n terms of input- scheme

_______________________________________________

_____

_____

Compute approprlately
up to quadratic order
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