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Where are we now?

Summary of the Standard Model

e Particles and SU(3) x SU(2) x U(1) quantum numbers:
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Precision Tests of the Standard Model

Lepton couplings
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Pulls in global fit

Measurement Fit |O™*-0"|/gM**

0 1.2 3
m, [GeV] 91.1875+0.0021 91.1874
I,[GeV]  24952+0.0023  2.4959
Op, [Nb] 4154040037 41478
R 20.767£0.025  20.742
o 0.01714 +0.00095 0.01643
A(P.) 0.1465+0.0032  0.1480
R, 0.21629 + 0.00066 0.21579
R 0.1721+£0.0030  0.1723
AY° 0.0992+0.0016  0.1038
A 0.0707 £0.0035  0.0742
A, 0.923 +0.020 0.935
A, 0.670 +0.027 0.668
A(SLD)  0.1513+0.0021  0.1480
sin“0:r'(Q,) 0.2324+0.0012  0.2314
m, [GeV] 80.410+0.032  80.377
Iy [GeV]  2.123 +0.067 2.092
m, [GeV] 172.7 2.9 173.3
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LHC Measurements

September2020 CMS Preliminary

P 7 TeV CMS measurement (L <5.0 o)

@ 8 TeV CMS measurement (L = 19.6 fb™)

B 13 TeV CMS measurement (L < 137 fb’)

- Theory prediction

4 Z Z CMS 95%CL limits at 7, 8 and 13 TeV
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It Walks and Quacks like a Higgs

e Couplings scale ¥ mass, with scale ~ v
35.9-137 fb' (13 TeV)
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High-precision measurement of the W boson mass with the CDF Il detector
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CDF Measurement of mw

compared with previous measurements

e Stat.uncertainty B P [
—— Total uncertainty
LEP2 80376 £ 33 [ —
DO Il 80375 £ 23 [T —
ATLAS 80370 =19 ———i
LHCb 80354 + 32 | o-
CDF 1l 80434 +9 o=
World Avg. (w/o CDF) 80370 12 —e—
World Avg. (w/ CDF) 80411 +8 -
SM 80361 =7 FoH Indirect w/o my,
SM electroweak fit 80354 +7 -
SM + S,T fit 80378 =24
80100 80200 80300 80400 80500
my [MeV]

Tension: 7-o discrepancy with Standard Model?



CDF Measurement of
the Mass of the W Boson

e e a7 Source Uncertainty (MeV)
- - - - - LEP2/Tevatron Hehtsupersymmely | apton energy scale 3.0
[ = WSEEn | Lepton energy resolution 12
80,45 | Recoil energy scale 12
S { Recoil energy resolution 18 .
ST 1 Leptonefficiency 04 .
S | Lleptonremoval 12
N | Backgrounds 33 ..
- \ I [ — 18 o
py/ptmodel 13
Parton distributions 39
204 o v | QEDradation . 2.7 .
vl bl bt W boson statistics 6.4
R R e R U M — i —

m, [GeV]

Biggest uncertainties: lepton energy, pr model, parton distributions, backgrounds
CDF Collaboration, Science 376 (2022) p170




CDF Measurement of the Mass
of the W Boson

Table 1. Individual fit results and uncertainties for the My,
measurements. The fit ranges are 65 to 90 GeV for the my fit
and 32 to 48 GeV for the p¢ and py fits. The x* of the fit is
computed from the expected statistical uncertainties on the
data points. The bottom row shows the combination of the six
fit results by means of the best linear unbiased estimator (66).

Distribution W boson mass (MeV) x2/dof
M€,V o 80,429.1+10 3510t £8.9gyst  39/48
DT 80,411.4+10. 750t £11.8¢t ~ 83/62
PY€) 80,426.3+ 14.5t £ 1 75yt 69/62
PE) 80,428.2£9.64tat £10.3yst 82/62
PIC) 80,428 9+ 13.Lstat £10.9gyst | 63/62
Combination 80,433.5 £ 6.45tat £ 6.9yt 7.4/5

Small differences for measurements with electrons and muons

CDF Collaboration, Science 376 (2022) p170




Dependence
of W Mass on
mT Fit
Window

e Smaller mass in muon
channel if lower range of
mr in fit
e Smaller mass possible if
number of “one-legged”
Z bosons underestimated

Tomaso Rodrigo

A My, (MeV)

-20

-20

1 1 1 I 1 1 1 l | 1 | l 1
66 68 70

Start of m fit window (GeV)

| W — uv
B et

1 1 l 1 1 1 l 1 1 1 l 1 1 1
90 92 94 96
End of m_ fit window (GeV)



CDF Collaboration, Science 376 (2022) p170

Accuracy of ~ - ahyon
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Momentum g_uﬁ v+ i+ *
. 4 T
Measurement? :
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Tomaso Rodrigo
e _ M
e Momentum calibration e S 0.1904
. 12 thc?ldf 100'30275J ?g
using Z, J/lP, Y sk 50 ~1.288 +0.026
8 = p1 -0.4484 + 0.1015
e Larger uncertainty at -
\Q, -1.355—-
smaller p4. ? S
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Events / 0.5 GeV

Model for W Boson Production
and Decay

y2ldof = 39 / 48
sz o 79 %
Ps =76 %

40 —

20

T T —t A | N N P .
060 70 80 90
m; (GeV)

Figure reproduced from CDF-II measurement (Science 376, 170).

100

@ Can't measure invariant mass directly
due to neutrino
@ Look at sensitive observables
* My = \/2 (prpr — Pr - PT)

o ph

o pr with (f = —pr — dr)

@ Requires precise theory calculation

e Fit theory templates with varying My,

Isaacson, LPC Physics Forum, Fermilab, 14 April




Model for W Boson Production
and Decay

@ Perturbative series has terms

2
proportional to o log2" (_]\I/if 7; )
7%

e As ng — 0 the series no longer
converges

@ Need to include corrections to all
orders by resumming the series

7007 ——— ResBos2
Tt

<+ CDF2 Data
600 A

500 -
400 -
300 -
200 -

100 A

Isaacson, LPC Physics Forum, Fermilab, 14 April



Status of Perturbative Calculations

@ B Accuracy used by CDF

o B Current accuracy available in ResBos code

o B All terms known to this accuracy

Anomalous Dimension

Order Boundary Condition | 7; (non-cusp) TI'cysp,8 | Fixed Order Matching
LL 1 - 1-loop -
NLL 1 1-loop 2-loop -
NLL' (+ NLO) Qs 1-loop 2-loop Ol
NNLL (4+ NLO) Qg 2-loop 3-loop Qg
NNLL' (+ NNLO) o’ 2-loop 3-loop a’
N°LL (+ NNLO) o’ 3-loop 4-loop o
N°LL’ (+ N°LO) o’ 3-loop 4-loop o’
[ NALL’ (+ N3LO! a3§ 4-loop 5-loop a3§

Isaacson, LPC Physics Forum, Fermilab, 14 April




myy (GeV)

Sensitivity to Parton Distributions

80.46

NLO-QCD, normalized transverse mass distribution NNPDF2.3 —e—
80.45 | NNPDF3.0 i
80 5 L MSTW2008 R e e a 8044 I MSTW2008 Pdeut |
NNPDF2.1 ——%— T MMHT2014
Nominal value — — -
8041 F s —_— 80.43 |
O
% 80.42 + | o
80405 Lo, R ' ........ ke ST SR . l . . E-?/ 8041 i l
- a S
804 | . . . . l . ] 2 80.4 - e I [ ]
- - - - 1 80.39 | [ I ‘{ I
80.395 | *- . 80.38 | ]
TEV LHC7W* LHC7W LHC14W* LHC14W 80.37 | .
80.39 LHC8W+  LHC8W ™~  LHC13W*+ LHC13W~ TEVW™
80.36

Larger uncertainties when p? is used than with m
@O(10) MeV variations possible
Larger at LHC than at Tevatron?
Different for my. ?
Sensitive to flavour-dependence in quark p1



Sensitivity to Modelling

0.06 Fovow
*  POF contrad(MW « 80 385)

1/odo hVIwW

.......................
9%s 70 75 80 8 )

Disclaimers:
@ Results are all preliminary
@ Extraction of My, uncertainty requires detailed fitting of templates
@ Need to appropriately emulate data-driven approach from CDF

Isaacson, LPC Physics Forum, Fermilab, 14 April



1
Prospects for LHC Measurement?

e Higher LHC energy implies more hadronic background per
event

|
‘¢ Higher LHC luminosity generates more pile-up events

i- Special low-pile-up run of HL-LHC?



Prospects for LHC Measurement?

e Higher LHC energy implies more hadronic background per

. event

'® Special low-pile-up run of HL-LHC?

o Stop Press!

1

|- Not > Ap, scale, FSR

e Higher LHC luminosity generates more pile-up events

Manca & Rolandi, arXiv:2104.14015

e Study in CMS of potential sensitivity measuring the W
double differential cross section in (p%, y)

o Amy = 11.2,16.1 MeV, i
" combined Amy, = 9 MeV

llll A01e8 T T
je5 o [ CMSworkin prog powheg Mil _PTCMSWO prog 5 powheg MINNLO
3 'CMSwam‘lnprogressl ' T' rediction | % 4 data § data
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Theoretical

Interpretations
of W Mass

taking CDF
measurement
at face value

70 pairs and counting!

3667 DM

3693 Inert H

3797 EWPO

3996 Relation to g-2
4183 Axion, chameleon
4191 EWPO

4202 SUSY

4204 EWPO

4286 SUSY GMSB
4356 SUSY NMSSM
4514 non-standard H
4559 RH neutrinos
4710 SUSY NMSSM

5031 Seesaw triplet
5085 2HDM

5260 SMEFT

5267 Custodial symm
5269 2HDM

5283 S&T

5284 Higgs physics
5285 FlexibleSUSY
5296 S&T, SMEFT
5302 D3-Brane
5303 2HDM

5728 2HDM

5760 Georgi-Machacek
5942 Leptoguark

5962 VL quarks

5965 Single-field

5975 2HDM + singlet
5992 SMEFT

6327 Non-local SM
6485 2HDM

6505 2HDM

6541 RPV MSSM

7022 Lepton portal DM
7144 Triplet H
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7970 GUT, finite group Wilson

8067 Extra U(1)
8266 Seesaw
8390 Zee model
8406 2HDM
8440 Beta decay

8546 Oblique
8568 Seesaw
9001 2HDM

9029 Stueckelberg
9031 Leptoguarks

9376 Triplet

9477 vLQ

9487 Extra U(1)
9585 Extra U(1)
9671 DM fermions

10130 SMEFT

10156 Dark photon
10274 Triplet seesaw
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10338 2HDM

11570 Extra U(1)
11755 2HDM

11871 nu-lepton collider

11945 Scotogenic DM
11991 Atomic PV
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13690 RG running
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- Effective Field Theories (EFTs) -

a long and glorious History

e 1930’s: “Standard Model” of QED had d=4 > <

¢ Fermi’s four-fermion theory of the weak force

e Dimension-6 operators: form =S, P, V, A, T? ><

— Due to exchanges of massive particles?

e \/-A => massive vector bosons = gauge theory >WMV/W<

* Yukawa’s meson theory of the strong N-N force

p[ﬁsf//,/}p
— Due to exchanges of mesons? = pions 2}\
n[g > \\]n

e Chiral dynamics of pions: (0ntdmt)rut clue = QCD



Standard Model Effective Field Theory

a more powerful way to analyze the data

e Assume the Standard Model Lagrangian is correct
i (quantum numbers of particles) but incomplete

I- Look for additional interactions between SM particles
. due to exchanges of heavier particles

- Analyze Higgs data together with electroweak
~ precision data and top data

f- Most efficient way to extract largest amount of
. information from LHC and other experiments

. Model-independent way to look for physics beyond

! th‘e_StarV\da__r_deodeI (B§M) - apd id_ent_i_fy_ it?




JE, Madigan, Mimasu, Sanz & You, arXiv:2012.02779

Summary of Analysis Framework

e Include all leading dimension-6 operators?

2499
[/
LsmerT = Lsm + Z Foi
i=1

* Simplify by assuming flavour SU(3)° or
SU(2)2 X SU(3)3 symmetry for fermions

e Work to linear order in operator coefficients, i.e.

O(1/A?%)

e Use Gf, Mz, a as input parameters
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Dimension-6 SMEFT Operators

. X3 H% and H*D? V2 H3
e |Includin g 2- and 4- (0c | FP°GIGPPGTr] || O, (HTH)® O.r (H'H)(lper H)
] O | T70GrGrGem | Oy (HH)OWHH)) || | O (H'H)(gyu, H)
fe rmion o pe rators [ O IKwivwlewke) I 0,, | (H'D*H)" (H'D,H) || | Oun (H'H)(q,d, H)

Oﬁ'- é.IJI& W‘{VI/V,;]’)W;(“
X2H? VX H V2HZD

e Different colours for (o ma o) AR

. O H'H GG @ (HszI H)(1,7 "1,
different data (O HYH W, W O, (Hsz H) (@ er)
O HYH W], Wi o0 (an H)(3,7"qr)

sectors (0. HH B, B" oL (HTzD& H) @ v*ar)

OHI} HTH EltuBl‘U

e Grey cells violate (Ouwe | _HHWLE™

OH‘T'B HfT[H WJVB’“’

SU(3)> symmetry LD
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\O.. | (H'iD, H)(dn"d,)/
Otrua i(HfD#H) (ﬂp'yydr)

(LL)(RR)

Of,:,) (@pYu9r)(@s7" 1) 0.. (ﬂ;p'Ypur)(zzsA/”ut) O.. ‘ 1 :
e Important when of | Gruridgrrs) || O | Gydddgra) | o | (i Vo
0. ol ((m qr 0.. G r) (s g 0,. g
: : o0,y (Pegr"l:) ("7 q O.. 2 Yuer)(ds o) -
including top ! o | (g 0 | (g T A
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JE, Madigan, Mimasu, Sanz & You,

arXiv:2012.02779




* Operators included in Global Fit

® 20 operators in flavour-universal SU(3)5 fit
r i 3 3 1

EWPO: | Ouws, Oup, Ou, O;n) : 023 , One, 051(),, Oﬁf(),, OHa OHu,]

Bosonic: | Opn, Ona, Onw , Oug, Ow . OG]:

Yukawa: [ O, . Our , Oprr s Oy H].

.

Indicating which

sectors constrain

* 34 operators in top-specific SU(2)2 X SU(3)3 fit which operators

r

EWPO: Opwg, Oup, Ou, OS’,) , 022 , OHe (91(321, (92,)1, Omnd, OHu
Bosonic:  Ogno, Ogg, Ouw, Ous, Ow, Og,

Yukawa: Org, Oun, Op, Otw ,

Top 2F: O, O%), One, O, Oy, Oi5

3,1 3,8 1,8
Top 4F:  Op., 050 s 05 s Obu» Oda» Oig» Oy s O (2.12)

JE, Madigan, Mimasu, Sanz & You, arXiv:2012.02779



w Operators included in Global Fit

® 20 operators in flavour-universal SU(3)5 fit
EWPO: (Onws, Onp. Ou. 0% D04, O, 0%, 0%) . Oa, Ona )

Bosonic: | Opgr, ,
Yukawa: r OTHa O[I.H 9 ObHa OI,H}

-

Indicating which

sectors constrain

®* 34 operators in top-specific SU(2) which operators

r

EWPO: Opwg, Oup, Ou, OES’,) , 022 , OHe OSZI, (92,)1, Omnd, OHu
Bosonic:  Ogno, Ogg, Ouw, Ous, Ow, Og,

Yukawa: Org, Oun, Op, Otw ,

Top 2F: O, O%), One, O, Oy, Oi5

3,1 3,8 1,8
Top 4F:  Op., 050 s 05 s Obu» Oda» Oig» Oy s O (2.12)

JE, Madigan, Mimasu, Sanz & You, arXiv:2012.02779



Global SMEFT Fit
to Top, Higgs, Diboson, Electroweak Data

e Global fit to dimension-6 operators using precision
electroweak data, W+W- at LEP, top, Higgs and diboson
data from LHC Runs 1, 2

f Diboson —\ top EW ﬂ
e Search for BSM 1 Cw |y
e Constraints on BSM E o o o CD\ Cu
o At tree level Cin é’ o || cu
Cre fe THe TRw R C3
e At loop level . ST Sy
Co Co Cy; Cy3 Chu Co
Cr Co Ci C. C
tt

nH

JE, Madigan, Mimasu, Sanz & You, arXiv:2012.02779 Higgs —/




Global SMEFT Fit
to Top, Higgs, Diboson, Electroweak Data

e Global fit to dimension-6 operators using precision
electroweak data, W+W- g op, Higgs and diboson
data from LHC Runs 1, 2 Bl

Diboson ﬁ top EW j

e At loop level

e Search for BSM contributions C.. .
e Constraints on BSM o CQ\ g
o At tree level Co| || oo omor ) Cy | | Cus
g:"’ \\\———EWPO _J CQJ
C

Q
.

b Ce Cgy Co Co. Cou
- C. C:, C& C°
\__ tt |

JE, Madigan, Mimasu, Sanz & You, arXiv:2012.02779 Higgs —




Data included in Global Fit

EW precision observables FTreh a ] — Looc | T r ,
un 2 Higgs | - S

Precision electroweak measurem = _ gg | Tevatron & Run 1 top ] Tobs [ Ref. I
I's 0_;; l R(t, 4';‘}3 A,(SLD). A ATLAS combination ¢| Tevatron combination of differential tt forward-backward asymmetry, ‘ 1 ‘ (7] ‘

7o Opad.» 1075 2 s 4

T ;| including ratios of bra| Arp(m.s).
Combination of CDF and DO W Signal strengths|coars A'l‘l,.‘-\| Run 2 top — [ Rof
LHC run 1 W boson mass meas — | = CMS 7 differential distributions in the dil hannel : 26
CMS LHC combinatic| 31 A o tt differential distributions in the dilepton channel. 6 [36.
Diboson LEP & LHC Production: ggF, VB| gta— | oz add
WE V- angular distribation m Decay: 7. ZZ. W CMS 1 (“(E’IS tt differential distributions in the +jets channel. 10 [37]
F W - total cross secti s | CMS stage 1.0 STXS | dm.; | -dmu _
‘_‘ W= tot ftl Cross 56 (_t 1on meas 13 parameter fit | 7 pt cMS ;| ATLAS measurement of differential tt charge asymmetry, Ac(mqg). 5 [38]
final states for 8 energies (;Mps o 1 0 STxg dilept<| ATLAS ttW & tfZ cross section measurements. o5 |oiiz 2 [39]
W* W™ total cross section meas Stage % ATLA| CMS ttW & ttZ cross section measurements. o, |owiz 11 [40]
q9qq final states for 7 energies | CMS stage 1.1 STXS | dilept|" NS 477 differential distributions. 14 [41]
W+ W~ total cross section mea:| CMS differential cross A:l I(—\ }1;,—”: | 755
) . . s Ac(im | %P2z
& qqqq final states for 8 energies| tion in the WW* — £ cMS | CMS measurement of differential cross sections and charge ratios for ¢- 55 42
do do &

ATLAS W+ W~ differential cr( dn,; I dpT, gde| channel single-top quark production.
pr > 120 GeV overflow bin ATLAS H — Z~ signif ATLA .1,'.13"'_, | Re(plis)
ATLAS W+ W~ fiducial differey] ATLAS H — pu"p™ si % CMS measurement of t-channel single-top and anti-top cross sections. l [43]
df;. For f oy, O, UH.{&RQ.
'l’:’x - - : ‘ (',?I;ISL CMS measurement of the t-channel single-top and anti-top cross sections. 111 [44]
ATLAS W+ Z fiducial differential cross section in the £7

1 f()- fL U[la'[lﬂp+g|ll)1.

ao -
dp? ATLA| CMS t-channel single-top differential distributions. 14 [45]
CMS W#* Z normalised fiducial differential cross section | CMS 1 #’q; | d|;,':_ 7

4 ATLA 55— - .
channel, 1 4% dor ATLAS tW cross section measurement.
a dp’, dp?
ATLAS Zjj fiducial differential cross section in the £ £~ (‘PI(IS : CMS tZ cross section measurement. A o - -
CMS 1 CMS tW cross section measurement.

LHC Run 1 Higgs .1:7 ATLAS tZ cross section measurement.

B N v ¥ 1 . o . . -'Atv (‘St’ - .*'7 38 Se 1 rasurs - -
ATLAS and CMS LHC Run 1 combination of Higgs siga| CMS1 MBS tZ(Z 3 £7L7) croes section measuremen ued
Production: ggF, VBF, ZH, WH & ttH LA LA RUE
Decav: - 7/ WHW=—. 7+r= & bb ATLAS s-channel single-top cross section measurement.

ecay: vy, L4, . o CMS tW cross section measurement. e

— T : . = dl c
ATLAS inclusive Zv signal strength measurement ATLAS (W cross section measurement in the single leptc

ATLAS tW cross section measurement in the dilepton channel. 1 [35]
adiga 3 2 & Yo 0 0 O




Dimension-6
Constraints with
Flavour-Universal
SU(3)> Symmetry

¢ Individual operator
coefficients

e Marginalised over all
other operator
coefficients

JE, Madigan, Mimasu, Sanz & You,

arXiv:2012.02779
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Dimension-6
Constraints with
Top-Specific
SU(2)2 x SU(3)3

¢ Individual operator
coefficients

e Marginalised over all
other operator
coefficients

JE, Madigan, Mimasu, Sanz & You,

arXiv:2012.02779
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Correlation Analysis

e EWPO and boson
sectors correlated

e Also within top
sector

e \Weaker
correlations
between sectors

JE, Madigan, Mimasu, Sanz & You,

arXiv:2012.02779




Single-Field Extensions of the Standard Model

SU(2) | U(1) || Name | Spin | SU(3) | SU(2) | U(1)
1 0 Ay 5 1 2 —3
1 1 As 5 1 2 —3
Spin zero i 5 D 5 1 3 0
3 0 % 5 1 3 -1
3 1 U 5 3 1 2
1 0 D 5 3 1 —3
1 1 Q1 3 3 2 .
3 0 Qs : 3 2 —3
1 3 1 Q7 : 3 2 I
5 1 1 0 Ty 2 3 3 —3
E s 1 1 -1 Ty 5 3 3 2
T 5 3 1 g TB | 3 3 2 .

JE, Madigan, Mimasu, Sanz & You, arXiv:2012.02779




Contributions to SMEFT Coefficients

Model CupD Cu | C%, Ch CHe Cuo | Cra | Cig | CoH
Spin zero e -1
P S1 1
5 3 =
= 18 3
= — <
5 . —
E —4 —4 5
A, : i
As —3 %
1 T
B, i 1% -% |-%
Spin zero S —2 3 Yr Yt Yo
_l _l __ T __ Yt __Yb
4 8 8 8 8
Spin zero —Yr | —Yt | Y
1 Yr Yt Yo
{Q17 Q7} Yt
Model Cuc Co | Chy | (CH)ss | (Chg)ss | Cru | CHa | Cer | Com
U —1 1 1 1 Ut
S S :
b
D —7 | —1 —3 —1 i 5
Qs —1 w
Q7 % %
1, T1-&[ I | -% 4| @
T _5 3 —5 3 o Yo
2 M2 8 16 1?4’2 }\32 ]8\4'2 4
s(0.02
T — o 57 | 35 F Yt ot
JE, Madigan, Mimasu, Sanz & You, arXiv:2012.02779




Constraints on Single-Field BSM Scenarios

No significant
pulls away
from SM

Any single-
field
extension of
SM must have
mass scale >
800 GeV if
coupling=1

Mass limits (TeV) if coupling = 1

Coupling limit if mass = 1 TeV

N - 13 [ s <saxw02] 160
[ i, |* <8.4x10°%] 1.6 0
- =YTe [ <11x10%TV?) | 60
- st <26x1072  1.10
T
w3 < 1.5(TeV?) |
As - Aa,l* < 28 x10-2 ]
Qs
R ] IAgf < 4.5 x 1072
T> 1 | Anl? < 0.11
E - Agl® <21 x 107
U - | Av) <7.0x 1072
| Zscos 8 < 0.86
Q1Q77 acto Maail* <079 |
07 1 g, I < 0.14
D 1 Ao ~ Apl* <36 x10*
; | O geg, < 0.4
g3, * < 7.7 x 107*
T1 ] i -
3 { Ag,? <27 x1072]
A - [ Aa,l? < 1.7 x 1077
2 4 10

JE, Madigan, Mimasu, Sanz & You, arXiv:2012.02779




From quantum loop corrections:

T 24 (4m)2 2 h? 5m2l’
T =] T =20
1.0 . an{? v 1.0 - an[s" -
0.8 0.8
06 08
S >
D @
= =,
& 04 g 04
02 0.2
0.0 0.0

SMEFT Constraints
on Light Stops

-4 -3 -2 -1 0 1 2 3 4
X:/mf

Cne =1y (47)2

T 144 (47)2

Caw = =

g5 hi [ 1 ea0”, 1X?]

12 p2 7 2m?

2 bl
2m£

17g'2 h? [(1

9> K [( _10269'2)_2Xt2]
16 (47)2 6 h?

99 hi [(1 1 ¢y59° éX?]

-2 -1 0 1 2 3 4
Xg/mg

31 eig® 37
102 h? ' 85m2l”

(Almost) model-independent lower limit on stop squark mass

JE, Madigan, Mimasu, Sanz & You, arXiv:2012.02779




Direct Search Constraints on Light Stops

e Patchwork of
many model-
dependent
searches

e |Indirect
constraint
excludes low-
mass region
(almost) model-
independently

— 900
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Model-Independent BSM Survey

° G en eral ¢ E 2 parameters 103 3 parameters
combinations of & i | e
© E m Only tt ops.
Operators 0 101 E " No tt ops.
g : ™ Rest N
o Top-less sector fits
SM very well o .,
0 0 1 2 3 4 5 6 0
e Top sector does not _— :
: parameters i 5 parameters

10% 4

fit so well

10° 4

107 §

e QOverall, pulls not
excessive

e No hint of BSM

102 4

# Combinations

-

o
-

ul

10! -

10° -

109 -

3
Pull

3
JE, Madigan, Mimasu, Sanz & You, Pull

arXiv:2012.02779



SMEFT Operators that can
Contribute to W Mass

® Relevant SMEFT operators
Onws = HiT'HW}, B, Oyp=(H'D'H) (H'D,H)

— — AN —
Ou = (Gvule) (Eyits), O = (HYDLH) (Gr'y4,)

® Contributions to W mass

cos 0,

5m%,v _ sin26,, v2 [ cosb, sin 0,
sin 6,

_ 3) _
m%V ~ cos20,, 472 Chp + (4CHl 20”) + 4CHWB)

® Contributions to S and T oblique parameters

2 2
v 9192 v 9192
—C ==——-5 , —Cgp=
A2VHWB = e A2 VHD

2 (g3 + 92)




SMEFT Fits to S and T Parameters

0.2r

SM prediction
SMEFT fit without mw |
SMEFT fit to 2020

SMEFT fit including

CDF mW o1l

Little effect on S, pulls o s s chmy] o

T away from SM —0.2p "MW T sheAmwuedEe
—-0.1 0.0 0.1

S

Bagnaschi, JE, Madigan, Mimasu, Sanz & You, arXiv:2204.05260



SMEFT Fit with the Mass of the W Boson

SU(3)>: EWPO + Diboson + Higgs

0.05

2
0.04] ‘ 95%CL individual; C; (13\‘52")
0.03"
4 ' . | ‘ ‘ ‘ By
0.00 |T+ ‘I H B 4 0
-0.011 \
—0.02
—-0.03] | :
o : W 2020 fit, No My,  BE 2022 fit, CDF My, update ||
Hw ENEO EWPO M 2020 fit
-0.05 S S S 5z ox & 5g ag S .
S N © © © [§ 0 S S
o o [
— — —
w021 T e e T
3 1o
& 10
<[9 100
107!

Chws
Chp

Non-zero coefficients for any of four operators can fit W mass

Bagnaschi, JE, Madigan, Mimasu, Sanz & You, arXiv:2204.05260



SMEFT Fits with the Mass of the W Boson

Chwas 80385 +5 - Hed m— SM

Chp 80408 + 7 e my world avg.

Cy 80386 =5 O+ 1O —— SMEFT no my,

Chir 80390 6 aalllg —— SMEFT 2022

Chws,CHp 80409 = 7 —e—+0+

Crws,C 80389 + 6 o HH

Chws,Clyj 80392 +6 —

Chp,Cy 80412 +8 o

Chp,Chyj 80410+ 8 | o—teH

Ci,CY 80390 + 6 o o

Chwa,Chp,Cyy 80412 +8 o

Crws,Crp.C5) 80410+ 8 | ot

CHWB,C//,Cﬁ) 80392 +6 o~  Hed

Crp.Ci,.Cy/ 80412 + 8 o

Crws.Crp,Ci,.C\j) 80412 +8 e

20-parameter fit 80412 +8 =2 —

|||||| | T S W TR TN S TN RN SN TN NN SN S T T S S T THN S R THN S T T S S T T S R T T S S T

80200 80300 80400 80500

myy [M eV]

SUDSETS OT Tour operators Can 1nt v mass

Bagnaschi, JE, Madigan, Mimasu, Sanz & You, arXiv:2204.05260
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HI
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SMEFT Fit with
the Mass of the
W Boson

Pairs of four SMEFT
operators can fit W mass

0.000¢

Bagnaschi, JE, Madigan, Mimasu,

CHp
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0.00
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C// Sanz & You, arXiv:2204.05260



Single-Field Models that can
Contribute to W Mass

Model || Spin || SU(3) | SU(2) | U(1) || Parameters
S1 0 1 1 1 (Mg, ks)
)) 5 1 3 0 (Ms,)\s)
2 5 1 3 1| (Mg, \s,)
N % 1 1 0 (Mpy,AN)
E 5 1 1 -1 (ME, AE)
B 1 1 1 0 (Mg, §8
B 1 1 1 1 (MBp,, B, )
= 0 1 3 0 (Mz,k=)
Wi 1 1 3 1 (M, ,Qﬁ,l)
W 1 1 3 0 (Mw 9%,

Bagnaschi, JE, Madigan, Mimasu, Sanz & You, arXiv:2204.05260



Single-Field Models that can
Contribute to W Mass

Model m C}j} Che | Cuo | Cra | Cia | Cpy

S 1

= 6 | 16 vi

N 1| 1

E S .

B 1 —3 | =5 | -5 | -%
—2 —Yr | =Yt | —Y

= —2 5l ov | v | ow

Wi | -] % [-%]-%

W 3 | =y | e | —w

4
1
2
Operators
contributing to my

Bagnaschi, JE, Madigan, Mimasu, Sanz & You, arXiv:2204.05260



Single-Field Models that can
Contribute to W Mass
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Single-Field Models that can
Contribute to W Mass
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Models Fitting the Mass of the W Boson

Spins Mass limits (in TeV)
V Wi e
S =i tes
V B- B
F N —
FE o —
3 4 5 6 7 8 9 10

68 and 95% CL ranges of masses assuming unit couplings

Bagnaschi, JE, Madigan, Mimasu, Sanz & You, arXiv:2204.05260



Models Fitting the Mass of the W Boson

Spins

mT << »m

Model || Pull || Best-fit mass 1-o0 mass 2-0 mass 1-o coupling?
(TeV) range (TeV) | range (TeV) range
Wi 6.4 3.0 2.8, 3.6 2.6, 3.8 [0.09, 0.13]
B 6.4 8.6 8.0, 9.4 2.7, 3.2 0.011, 0.017
= 6.4 2.9 2.8, 3.1 2.7, 3.2 0.011, 0.017
N 5.1 4.4 4.1, 5.0 3.8, 5.8 0.040, 0.060
E 3.5 5.8 5.1, 6.8 4.6, 8.5 0.022, 0.039

Best-fit, 68 and 95% CL ranges of masses 68% CL ranges of
assuming unit couplings

couplings for 1 TeV

Bagnaschi, JE, Madigan, Mimasu, Sanz & You, arXiv:2204.05260



Searching for Models Fitting the
Mass of the W Boson

W: Isotriplet vector boson, mass ~ 3 TeV x coupling, electroweak production,

accessible at LHC?

B: Singlet vector boson, mass ~ 8 TeV x coupling, phenomenology depends
on fermion couplings, too heavy for LHC?

= Isotriplet scalar boson, mass ~ 3 TeV x coupling, detectable in LHC

searches for heavy Higgs bosons?

N: Isosinglet neutral fermion, mass ~ 4 TeV x coupling, similar to (right-

handed) singlet neutrino

E: Isosinglet charged fermion, mass ~ 6 TeV x coupling, similar to (right-

handed) singlet electron

Bagnaschi, JE, Madigan, Mimasu, Sanz & You, arXiv:2204.05260



W Mass in Supersymmetry?

eSurvey of possible
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Quo Vadis my?

The jury is still out concerning the experimental measurement
® Tension with SM, previous measurements
“Extraordinary claims require extraordinary evidence”
Nevertheless, much theoretical speculation (70 papers!)
4 SMEFT operators can increase my
Prospects for the LHC?
3 SMEFT operators generated by single field extensions of the SM at tree level
® \/ector bosons W or B, scalar boson =, fermions N, E

Could also be important loop effects (supersymmetry?)

Bagnaschi, JE, Madigan, Mimasu, Sanz & You, arXiv:2204.05260



