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The mass of the W boson, a mediator of the weak force between elementary particles, is tightly constrained component of the SM framework. Its mass, one
by the symmetries of the standard model of particle physics. The Higgs boson was the last missing of the most important parameters in particle

component of the model. After observation of the Higgs boson, a measurement of the W boson mass providesa | physics, is presently constrained by SM global i

stringent test of the model. We measure the W boson mass, My, using data corresponding to 8.8 inverse fits to a relative precision of 0.01%, providing a s 0) ﬁﬁ % ﬂ:/ ﬂf 6 ?*‘L?‘ 0) - 0 W Ij‘\
femtobarns of integrated luminosity collected in proton-antiproton collisions at a 1.96 tera—electron strong motivation to testthe SMbymeasuring = [ [ F = o SRS E§ F el e O ENENGSeS e

volt center-of-mass energy with the CDF Il detector at the Fermilab Tevatron collider. A sample of approximately | the /¥ boson mass to the same level of precision.

VYV DEIZBEICEI»oEISH, R

BTV ORI H 2 TR ) 2
LRERoNSFPRLDIEL-E, K7
v S [N TR ER IR D 20V — 703 FR
L, BELZG, HEHGTIIFHHATER
WRHIDEN T0H 5 Z L2 THERRE L

W, BREEY A TV RIS EBRIN

7"—-
)

4 million W boson candidates is used to obtain My = 80.433.5 + 6.4zt = 6.95st = 80,433.5+ 9.4 MeV /c?, All fundamental particle masses, including

the precision of which exceeds that of all previous measurements combined (stat, statistical uncertainty; that of the W boson, are generated in the SM

syst, systematic uncertainty; MeV, mega-electron volts; c, speed of light in a vacuum). This measurement | through interactions with the condensate of

is in significant tension with the standard model expectation. the Higgs field in the vacuum. The formation

of the condensate and the quantum excitation

W boson mass measures higher than expected pp.125,136,&170 of this field, the Higgs boson (2-4), are param-
he observation of the Higgs boson (I-4) | experimentally established symmetries among | etrized but not explained by the SM. A number

at the Large Hadron Collider (LHC) (5,6) | particle properties, which tightly constrain the | of hypotheses have been promulgated to pro-

has validated the last missing piece of the | parameters of the model from experimental | vide a deeper explanation of the Higgs field, its
standard model (SM) (7-9) of elementary | data (Z0). Given the current experimental preci- | potential, and the Higgs boson. These include
particle physics. This model, which incor- | sion and the predictive power of the SM, global | supersymmetry—a spacetime symmetry relat-
porates quantum mechanics, special relativity, | fits of the model to the data render precise esti- | ing fermions and bosons [(Z7) and references
gauge symmetry, and group theory, currently | mates of fundamental parameters, such as the | therein]—and compositeness, in which addi-
describes most particle physics measurements | mass of the 7 boson. As one of the mediators | tional strong confining interactions produce
with high accuracy. It postulates a number of | of the weak nuclear force, this particle isakey | the Higgs boson as a bound state [(12) and
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Outline

+ W-boson mass in SM
+ NP via S and T parameters
- Loop-level NP
- Tree-level NP
+ NP via Fermi constant
M.Endo and SM, arXiv:2204.05965

- Tree-level NP

+ Summary
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+ W-boson mass in SM

5/56



WHY VE=

+ Tree L)L (BFHERL) TOWARY VL ZHRY VOEEIZ3IDD/NT
X—R—g g vTHEZRBHND,

¢ ERTRBEBRIETES My, Gr, af'B g, &, v OEERDSZ ZEATE
o TBRL. gL VLD MyDSMFEEEHETE 3,

- Mz:ZRY VEE » = ! ~ 246 GeV
(\/§GF)1/2
- Gr: 7TIIL=FEH
a:iZQQS%V: 922
- o RREEE R (fine-structure constant) dr 4w Am(g% + ')

6/56



Mz,

GF, a ALEPH —@—

DELPHI —&—

LEP EWWG, hep-ph/0509008

91.1893+0.0031

91.1863%0.0028

91.1894+0.0030

91.1853%0.0029

91.1875%0.0021

common: 0.0017
v*/DoF = 2.2/3

+ Mz & LEP 5% (1989-1995) THIE T N7, L .
et +e = Z = f+f (s~ My) OPAL _@_
LEP o
+ GrEZ a—RNFOHFEMHNSELHTZT S,
2 a(m az(m as(m 9118 ': o119 912
% ?SD%M Flp) |1+ Hip) (wu) + Ha(p) 572 sy STSM)] m,, [GeV]

p=mZ/m,

F(p) = 0.99981295,

1
a(my) P =a '+ —Inp+ O(a) = 135.901

37

Hy(p) = —1.80793, Hs(p) = 6.64,

+ A0 IFBEFDEFTHRIE—XY
MERHB_EHNTE B,

8%

—1

137.035999150(33)
137.035999206(11)
137.035999046(27)
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+ Tree LRXJLTO My @D SM FF1E -

_ o 2 — 1 M‘%V tree
= \/is%vM%/’ Sw —1— M% My = 80938.7 MeV

+ S2ER{E (80379 £ 12 GeV, cor 7o <u—un) & D H 560 MeV < 5 LVAKT LY,
+ IL—TREHLNEE, m2 ¥ log mp2/Mw2 8D T m IEFMED K I LY,

Gr

G na (1—|—Aoz—|—onzm2—|—A><ozlogm%I—l— )
F= ; ..
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(M) = —% . Aa = Aaig(M) + Aaip(ME) + Al (M2)
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+ %.jr*ﬁl__% Ar & Eg< o

2

T m T
Gr = 5 2(1+Aa+@xamt+Axalog H+--->: 5 2(1—|—Ar)
+ Ar l& full 2-loop + leading 3- & 4-loop HIEEX TEHEINTL B,
My /GeV || Ar(@ | Aplacs) Ap(@ad) | Ap(laadmi Argeoir)l Aréﬁ) Ar(Grosmi) | Ap(Gim?) Awramik et al., hep-ph/0311148
100 283.41 | 35.89 7.23 1.27 28.56 | 0.64 —1.27 —0.16
200 307.35| 35.89 7.23 1.27 30.02 | 0.35 —2.11 —0.09 x 10-4
300 323.27 | 35.89 7.23 1.27 31.10 | 0.23 —2.77 —0.03
SMw/MeV -450 -50 -10 -2 40 -1 +2 +0.2
fermionic 2-loop #1E bosonic 2-loop f@#IE Freitas et al., hep-ph/0202131
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- as(Mz2) : QCD DiEATEHK
- Ahad®(Mz2) : QED OFEEEHRAD/N\ R W L
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-mu: EVITRARYVOEE
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+ Gr, a, MfICKBREIFNIVDTERTE 3,
+ Mz (X LEP REETHIE : Mz=91. 1875 = 0.0021 GeV
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INTA—=R— (§iT)

+ mt & my ld LHC 8% (& Tevatron EE&) THRRICAIEINTL B,

Tevatron comb. — 174.30 £ 0.65 LHC 7,8 TeV — 125.09 £ 0.24
ATLAS 7.8 TeV comb. — 172.69 +£0.48
ATLAS ZZ 13 TeV —_— 124.99 + 0.19
CMS 7,8 TeV comb. —_— 172.44 + 0.48
ATLAS 13 TeV £ +jets — | 174.48 £0.78 ATLAS yy 13 TeV 124.93 + 0.40
CMS 13 TeV dilepton 172.33 £ 0.70
i CMS ZZ 13 TeV — 125.26 £ 0.21
CMS 13 TeV £ +jets — 172.25 £0.63
CMS 13 TeV all jets 172.34 +0.73 CMS yy 13 TeV —_— | 12578 £0.26
166 168 170 172 174 123 124 125 126
m; [GeV] my [GeV]
= m; =172.58 +0.45 GeV = mpy = 125.21£0.12 GeV

deBlas, ....,SM,...,2112.07274

+
=U

IH LB, T—HEIC ((hER) =D D %

+ Ffeo CCTHI-oTWL S me & Monte Carlo event generator /NS X — 3 —
THOH. poleBELIF ~0.5GeVIEEDEWVDDHSEDH LILAL),  Hoang 200412915
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Parametric uncertainty
+ NTA=F—|CLD My DREZFMITB7DIC2DDUF VA ZEZ RS

standard scenario conservative scenario deBlas, ....,SM,..., 2112.07274
o@(AI%) 0.1177 £ 0.0010 0.1177 £ 0.0010

Aol® (M2)  0.02766 + 0.00010  0.02766 =+ 0.00010
My [GeV]  91.187540.0021  91.1875 = 0.0021
my [GeV] 172.58 = 0.45 172.6 + 1.0 «—— BHETLOG ZRE
H [GGV] 125.21 £0.12 125.21 £ 0.21 <+—— PDG OFE£T scalefactor #3t8E

+ 0mM¢ (& OMz) B Mw ICK S HWEREZ L T Omuy DEEIFEMRTT BIFE/NT L,

standard scenario | conservative scenario
Prediction| as(M3%) Aafi)d(Mé) Mz my Total my Total

Myw [GeV] 80.3545 +0.0006  =0.0018 +0.0027 |=£0.0027  £0.0042 |x=0.0060  +0.0069

+ Mw @ parametric uncertainty (&£ MeV 12E,

[ OMy" ™" ~ 4 MeV, 7 MeV ]
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1ZEEEBICHITS My

+ /\05 X . g _ @E%%ﬁ@'ﬂ_ﬁ (W/ lateSt CMS mt) de Blas, Pierini, Reina & Silvestrini, 2204.04204
standard scenario conservative scenario Tevatron comb. — | 174.30 £ 0.65
as(M2) 0.1177 4 0.0010 0.1177 4 0.0010 ATLAS 7.8 TeV comb. e 172.69 + 0.48
Aol (M2)  0.02766 + 0.00010  0.02766 =+ 0.00010 CMS78TeV comb.  —mm 172.44 + 0.48
My |GeV] 91.1875 + 0.0021 91.1875 £ 0.0021 ATLAS 13 TeV £ Hets —_— | 174.48 4 0.78
my [(_}e\/'] _ 171.79 = 0.38 171.8 £ 1.0 CMS 13 TeV dilepton 172.33 +0.70
mpyg |GeV 125.21 +0.12 125.21 +0.12 .
= - CMS 13 TeV £ tjets — 172.25 +£0.63
_ CMS 13 TeV all jets — 172.34 +£0.73
+ 385 < |
HECEIFTOVARVELNFIE 5M{/c[£1eo ~ 4 MeV CMS 13 TeV Ztjets 171.77 £ 0.38

166 168 170 172 174
Parametric uncertainty: §ME™ ~ 4 MeV, 7 MeV e [GeV]

+ BERBICHITSFSIE
4

LI

80349.6 + 5.7 MeV (standard scenario) R

My =
Bl
80349.7 £ 7.9 MeV (conservative scenario)

\_ J
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DETRIC

+ My D

JUNTC/IN T A —H —

=5
gg* ‘IJ"-I & IJE
(C(S(Mzz), Aahad(5)(Mz2), Mz, My, m|-|) ITW & Z

ICEE I B MtDYIEEDFHRICHFEDN S,

-WOYEE . Tw, BW —=Lw) ({=ep,T)

- Z DYpiEs .

e —
L= Z" f (g1
QSWCW f (gV’yM

Iy=T(Z— ff) x

ot = L1 Rl /at)], A=

eff_4

+ TNSDOYIBEDEERER

lept
Tz, on, RY, sin®0 %", Ay,

[LEP2/Tevatron/LHC]

AYL (f =1,¢,b) Z-pole observables [LEP/SLD/LHC]

— gaVuYs) f
5 > 127 I.T T T
oV Ry + |94 Ray ok =3p [ Ri=§, Ru=T
2Re(gi/9%)

3
3 AO,f — _AeAf
L+ [Re(gl/g)]? 5 4

left-right asymmetry forward-backward asymmetry

JWT. NI AXA=FZ—ICHIRZMMR S Z & h'FIEE,
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+ EFFEBHEISDHFIBRZMZASE. My DFEMEIFLTDLDICH B,

BITREAIER L

80349.6 £ 5.7 MeV (standard scenario)
My =
80349.7 £ 7.9 MeV (conservative scenario)

>

80349.9 + 5.6 MeV (standard scenario)
80350.5 £ 7.7 MeV (conservative scenario)

il
(L

AT
AU
=i=
:I]]\H+
55
frit
St
®)

indirect
My, — {

+ %ﬁ%titic‘:ht"#‘ﬁ@ Lo BFFHERAEDNSDNTAXA—Z—ADFIRLD
H. MOREER - HiRH 5 DFHIRDOAF ARV,

+ Il FIMEDONT A= =0 B5EICIE. EBRHERAEZ ZOTHE
i EE S
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zzzzzzzzz

COF 7/ VU= [ e

DELPHI - 80.336 + 0.067

+ New CDF-II reSUlt: L3 g 80.270 + 0.055
OPAL g 80.415+ 0.052

My = 80433.5 £ 6.4 gtar = 6.9yt MeV  CDF Science 376, 170 (2022) | | gpo H 80.376 = 0.033

+2/dof = 49/41

CDF - 80.389 + 0.019

* SM %%ﬂEJ: D :E) 80 MeV ‘i t\\l::llt’\ﬂE?b\\j( 3 \/\o é:)“”"”“”""prezozz)_i._ 80.383 = 0.023

(run-l + run-Il)

Mm divect { 80349.9 + 5.6 MeV (standard scenario) 7.6 o | Tevaton - 80.387:0.016

. . ATLAS - 80.370+ 0.019

80350.5 + 7.7 MeV  (conservative scenario) 6.8 o :
LHCb — 80.354 + 0.032

de Blas et al., 2204.04204 ’
LHC - 80.366 + 0.017

2/dof = 0.2/1

+ CDF OfElZfe D EER (ATLAS, DO) DEEXAIKE World Avg .-. 80.377 + 0.012

7_\ % CDF 2022 (run-II) & 80.4335+ 0.0094
Do -

| | | | L E | | |
80.4 80.6

E* ;;\‘:%JLE,—'E{# B/ NI TUNDR ? 80.2
m,, [GeV]

ATLAS: 2011 (7 TeV, 4.6 fb-1)
DO run-Il : 2002-2009 (5.3 fb-1)
CDF run-I': 2002-2011 (8.8 fb-, full dataset) 17 /56




RESBOS DiR%E ?
+ EEREEH D FKR%. RESBOS (RESummation _fﬁ'.?.T..C.’.i

for BOSons) ICA> TWHEWERMBIEICK DR .......................... b |
s |~ S VT RESEIREAN I N, ............. -

L]
lllll
.....

------------------------

RESBOS

+ CDF % RESBOS v1 (NNLL+NLO) > T WL\ 3
A, RESBOS v2 (N3LL+NNLO) AT W\ 3,

Mass Shift [MeV]
Observable | RESB0s2 | +Detector Effect+FSR

+ V2 DRXMEDEFS (+fIOMIE) IC& D Mw A IS
pr(v) |4.5 £ 2.1 3.0+ 34 £ 2.2

0)“_5 bQEEij(T ]-O M eV *E -I:I-/J \ _k < 7’8‘ % jﬁ |\$ 75\ TABLE II. Summary of the shift in Mw due to higher or-

der corrections. For reference, the CDF result was 80,433

~ \ ~ = > + 9 MeV [2] and the SM predicted value is 80,359.1 + 5.2

& % O % d) 7}7-7_ - 70 7b 60 ‘L" 7’8\ 5 O MeV [1]. The second column shows the shift in the mass ne-
glecting detector effects and final state radiation (FSR), while

Isaacson, Fu and Yuan, 2205.02788 the third column includes an estimate for detector effects and

FSR in the mass shift. The first uncertainty is the statistical
# = -7 7 |) % EH E d uncertainty induced in the mass extraction due to the number
* R ES BOS 0) AN/ 7— j- —C ‘j: J / E T of RESBOsS events generated for the pseudoexperiments and
the mass templates. The second uncertainty is the detector
% 7"\ b \ effect uncertainty calculated by using 100 different smearings
_ ‘Lo

of the data to extract the W mass. Additional details on the
smearing can be found in Appendix C. 18 / 56



Global fit

XIS B REREZ FRLT

RER1E J4v bER Ty bLIEKER

Measurement Posterior Indirect/Prediction ~ Pull
a,(My) 0.1177 £0.0010 | 0.11762 + 0.00095 | 0.11685 + 0.00278 0.3
Ac® (M) 0.02766 =+ 0.00010 | 0.027535 + 0.000096 | 0.026174 + 0.000334 4.3
My [GeV] 91.1875 + 0.0021 | 91.1911 + 0.0020 91.2314+0.0069  —6.1
my [GeV] 171.79 4 0.38 172.36 + 0.37 181.45 + 1.49 —6.3
mp [GeV] 125.21 4 0.12 125.20 4 0.12 93.36 + 4.9 4.3
My [GeV] 80.4133 £ 0.0080 | 80.3706 + 0.0045 80.3499 =+ 0.0056 6.5
Ty [GeV] 2.085 + 0.042 2.08903 £ 0.00053 | 2.08902 £ 0.00052  —0.1
sin? 0P (Qbad) | 0.2324 4£0.0012 | 0.231471 4 0.000055 | 0.231469 +0.000056 0.8
PPol = A, 0.1465 + 0.0033 | 0.14742 + 0.00044 | 0.14744 +0.00044 —0.3
Ty [GeV] 24955 + 0.0023 | 2.49455 + 0.00065 | 2.49437 +0.00068 0.5
0¥ [nb] 41.480 + 0.033 41.4892 + 0.0077 41.4914+0.0080  —0.3
RY 20.767 + 0.025 20.7487 + 0.0080 20.7451 + 0.0087 0.8
A%E 0.0171 4+ 0.0010 | 0.016300 + 0.000095 | 0.016291 + 0.000096 0.8
A, (SLD) 0.1513 £ 0.0021 | 0.14742 + 0.00044 | 0.14745 + 0.00045 1.8
RY 0.21629 = 0.00066 | 0.215892 «+ 0.000100 | 0.215886 + 0.000102 0.6
RY 0.1721 + 0.0030 | 0.172198 + 0.000054 | 0.172197 + 0.000054 —0.1
A%l 0.0996 + 0.0016 | 0.10335 + 0.00030 | 0.10337 +0.00032  —2.3
A%e 0.0707 £ 0.0035 | 0.07385 + 0.00023 | 0.07387 +0.00023  —0.9
Ay 0.923 +0.020 | 0.934770 + 0.000039 | 0.934772 + 0.000040 —0.6
A. 0.670 + 0.027 0.66796 £ 0.00021 | 0.66797 +0.00021 0.1
A, 0.895 + 0.091 | 0.935678 % 0.000039 | 0.935677 + 0.000040 —0.4
BRuv ez, 0.10860 = 0.00090 | 0.108388 + 0.000022 | 0.108388 + 0.000022 0.2
sin? 9'°P* (HC) | 0.23143 4 0.00025 | 0.231471 = 0.000055 | 0.231474 + 0.000056 —0.2
Rue 0.1660 £ 0.0090 | 0.172220 + 0.000031 | 0.172220 + 0.000032 —0.7

de Blas, Pierini, Reina & Silvestrini,
2204.04204

Mw DEERfEIL CDF & fthdF1T,

E

M = 80413.3 + 8.0 MeV

5 LY me X 72IEE L My,

NG WY Adthad® (M22)

Mw @ “Indirect” (= SM ¥518) & £

EREDZEIT 6.50

Mw @ “Posterior” (= 7 1 v MMER)
¥ RERMEDEIZ 4.70,

Mw AN Tl A & AP |2 20 8

it

D7 /I)—HH B,
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Adhad®) & (g-2),
+ (g-2), DEER{EE SMIEFREDEICIE 4.2 0 DA—HD D S,

+ BMW Z')L—" 12 & % hadronic vacuum polarization @ lattice QCD Of&R %
SMERICAVWNIEA—BUIEE S N %,

+ CDF My + BRBEAED T 1 v 15 Adnad® ZRDB L. (g-2)y DX LA
AEL BB HHDERES D,

300 : . .
Athron et al., 2204.03996
290 |
BMWe
B0F T~ e 117
I e R e 2512
%270 S U 1504 %
Vdg @\
<| o
260 648
250 | S a Sﬂ@z\ \ - N
Q = < B . Mw (PDG2021) H* 5 Ahad® Z 7R7E
Ay O
240 ' ' :
80.30 30.35 80.40 80.45 80.50 - .
My [GeV] #% © Mw (CDF2022) H*5 Adhad®) ZR7E
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WRDFEH

+ CDFO My DFILVMERZ MR TEBREOF Tz dE. SMOFEELD
:E) _Q%i‘:j(a&\/\o de Blas et al., 2204.04204

80413.3 £ 8 MeV (standard scenario)
M;P =

80413 415 MeV (conservative scenario) <—— PDG ®F3ET scale factor % 55

T

80349.9 + 5.6 MeV (standard scenario) 6.5 o

Mindirect _
v { 80350.5 + 7.7 MeV  (conservative scenario) 3.7 o

+ CDF L HDEERDERDEV IR T I HVEDH B,

+ CCTIECDF D EEEDEZEVWDRRAICDOWTIEFZ AT IS, ZEREIZ X
BDEMBICE>TWARY VHEL B >TWVWSAEEEZZE X 3,

21 /56



IR 2

+ CDFMyw 7./~ 1)—0D&R

Al ?

+ 4BICCDF DX ERINIR. FYETOD

W3 (#130K),

+ 4AH 5 W%, 6

3 AR &

12 1 0 X&)

e

=5
>0

+ CDF IO EERDE W2 FETEHEA S %X I3

HCTWWaL, CDF B2

YHEZ Zh DI - TRl FTERRAL TW 3,

- AP Z—HRIF (singlet. doublet. triplet. ----

- JIxILZ A RV PMIVRAIF . FH2 0K

- SUSY (MSSM. RPV. --

L 7c1d CDF D EER D

A

B R B RXANRILT

100

80
60

EBES

40
20

0
4H 5H 6H TH 8H

7 5K

). SMEFT : 81 0K
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Outline

+ NP via S and T parameters

- Loop-level NP
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CDF 77/ ) — e

+ Z< DEEX T oblique corrections B’ K IREIAEZ Z 5N TL B,

+ Oblique corrections & l&. ¥—TRY > DEZE{RME (vacuum polarization)
ANDFIED Z & TH D, Peskin-Takeuchi /N T X—%2— (S, T,U) TERINB,

RRE -

- FTPRD AT —ILIFEFRT—ILEDBHTTEL

- BUVHFHRIFIESM T = RY IS T 5D SM
TJTILSAIADEEIZFFTL .
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Oblique corrections
+ SMT—=IRY VDEZEREBADFINEDTFS -

H,uu 2\ /u/H 2 W v WllLvW?faBu AF
TR o (@7) = ¢" xy (¢°) + (¢%q” term) / /

X, Y e {W,Z ~}, {1,3,0}, {1,3,Q}
+ g2/M2<<1 (M I3F¥IBR T —)L) TERT %,

(U(L)o TR DL M30(0)=0 & Mog(0)=0)
I1;1(¢%) = 11 (0) + ¢* 1T, (0) + - - -, I133(q*) = II33(0) + ¢*II55(0) + - - -
Msq(q°) = Mo (0) +--+,  Tggl(d”) = q*p(0) + - -

+ 3DlF Mz, Gr&al(org, g &v) ICHEDIAFNS, EZEDD I3 DRI TKRT,

aS = 4e’[I155(0) — 115, (0)] = —4€*115,(0)

dxy (¢?)

q?=0

o2 Peskin-Takeuchi /N5 X —& —
oT= 200 1T11(0) — TI53(0)] oblique /$5 X —4& —
all = 4e2 [H,ll(o) _ Hég (O)} Peskin & Takeuchi (90,92)
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Oblique corrections Dl
+ Bl LT BAHRIA—TZE XD, %<3> s, by

g Nely oy mi] o Ne
6| T H mi, 6w Am = my — my K My, My
N.Gr N.Gpg 2m2m? m?
2 _ 2 2 t/ oy t/ 2
~ c (Am) f(mt/7 mb’) = My + my — m%, — mg, In m—%l Z (mt/ — mb/)

T = My, My ) R
8\/§7T204f( s M) 61/2 7120

2 — 3mZmy, +m?, m%,] 2N, (Am)?

7 N, 5my — 22m%mi, +5my,  mb — 3mimi — 1
- — —_— n ~
67 3(m2 —m3,)? (m2 —mZ,)3 mz, 157 m?

+ UIET & EERT M2/ me2 7217 suppress T TLVB,
+ e ICBEEDHD . TEUDNETRWMEZ DD,

My’ b’ My’ b’
W1 W1 W5 W3 — s
W\@VVV\ — W@\m HA T 7ILEFMEDIEN
Mp’, t My’ b’
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Oblique corrections & CDF 77/ ¥) —

+ ERRTATOWIEED S, T, U KM

2 2
2, — 55U
SMyy, 6Tw o< —S +2¢5, T + G — Siw)

2
23W

6Tz oc —10(3 — 8s3;,)S + (63 — 12655, — 40s5;,) T
de Blas et al., 2204.04204

opn, R}, sin? 0%, Ap, A%l oc S — 42,53, T = [
S
+ CDF 7/ U —IET>0 (h R b F 1 7L TFE R R eommetres
BEMIE) £ 7% LT\, B
+ spin-0. spin-1/2. spin-1. LTI #— T3 /AR ;
BRIREHAEZEZ SNTVS, |
+ D7/ ) —EREYERC ZFRKICERAR & ? T




S, T, U and dim-6 operators
+ Opwp 13 S /ST X—48— (aS=—4114(0) ) IZFN <

Opw i = (6 5 6) W2, B

4 sy ey v2
? 2h B2 E} = C
_ v (1 + 22 —Q)Wg,,BW [ a WB]
U

2 v

2

+ O IETINTA—=F — (aT = 55— [ (0) - 15(0)] ) ICFN < o

2
Swﬂ%vﬂf

Ogp = (9" D"¢)* (¢ D,u9)
(2 244 4h 6h%  4h® b
:U_<1+ )(ﬁ“h)(é‘uh)qtgg ZMZM(1+—+—+—+—)

4 v v2 16c¢3;, v V2 v3 v

2

c} M2z = (MM)? (1+ C¢D> [T— %ngj NR ST 1 7ILRFREDI N

+ U/NTX—=H— (aU =4e2[111,(0) - 5 (0)] ) | IFRTT 8 DEEBFHEN< 6
("
T1170 g° T11/70 ng
(6'Wio'0) (6" Whots) mp (U <, T)
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S, T and Higgs decays

+ST+0- Higgs decays X< o Di Luzio, Grober & Paradisi, 2204.05284
S .«
S-parameter h — vy, Zv poy 72 1 +0.23 (103) S = 48‘2/‘/ 5
Onwni

ballpark of LHC (~10% level)

// \\ : S«
® @ ® ® nz~ ~ 1+ 0.084 (103>
T-parameter h—s ZZ)WHW— too small = HL-LHC (O(10%) level)
& ® @ R
NS O | T
C P . RZZ 1 -0.0034 .
AVAVAVAVAVAVAVAV . Hww 0-84 <107
2 ® T too small T—aT

+ S=103[F HoywwZ+20% 359, T+ 0I(2&Kd H>ZZ/WW DF 1L/ L,
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Singlet scalar
XLV SMsinglet RA 5 — [E mixing Zz:@ L TAMw>0(T>0) ZH 9,

4}

2 0 > $5 2 S5°
V= my® S+m¢7+m87

h=¢"cosa— Ssina

20 exclusion region

/
40 : | ' | ' | ' mi ! e ! I
m,, = 125.7 GeV = i * _
I ! m_=125.7 GeV
20 lo N
Exp.
; ; O et et e ey -~
0 B i |
= 2,
- 20Ho 200 GeV SM-
EB EB _____________________________ —
3 < 20
40 400 GeV
600 GeV
-60F r\ 800 GeV -
1000 GeV
_40 26, ! : | : ! : | ) | : !
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1

Lopez-Val & Robens, 1406.1043

LE

=

Sakurai, Takahashi & Yin, 2204.04770

T

D ommr mm o Em o mm o  mm  mm o d omm [ Em o omm oy omm o o mm o wm  owm

Brs—>inv =0
1

100 120

‘ 5 .
my [GeV]

P/LHC OFIRRIC K D AMy (32 MeV
E 75D T. CDF My Z&RBE T 4L\,
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2 H D M Bahl, Braathen & Weiglein, 2204.05269

+ Type-I 2HDM in alignment limit h,H, A, H*
2HDM type-l (a = 8 — 7/2) ’\/\/\/\; [VV.V VI S
500; CDFMwls

= 250] ARETA TIVHIE > ma =mp= | T=0
O, j (twisted) B R kT« ZILXIFRME — My = my= B
= ok
S |
L i vacuum stability, perturbative unitarity,
s _250). SM & BSMHiggs decays, B physics

ool 30 < mu 4 < 1500 GeV, 150 < my+ < 1500 GeV

750 500 —250 0 250 0.8 <tanB <50, 0<mi, <4 x 10° GeV?

my — mpg+ [GeV]
+ CDF My Z5iBARIEEZR /N T X — X —12IEH B B

4 My ™~ Ma ™~ My+ Lj: CDF MW %Eﬁﬁﬂf‘a‘@b\o 31/56



80.60
M SS M 80.555—
+ Heinemeyer et al., 1311.1663 (and 2207.14809) 3
1,2 tHX®D squark & gluino & >1.2 TeV = 80-45;— cOFle
sbottom BE=>1TeV 00 40] s
s /mgl <25 b /mgl <20 80-35_'260"2166"6(')6'é(')d'1'0'08“1'%06'1'4'06'1"6106'1'8106'2000
= O = m'{[ e ]
=) CDF My ZHEATE /{5 X— 2 —b 55, M
(RSHBEBEEFHITBEICAIERB) e
+ Yang & Zhang, 2204.04202 o §
my, > 0.95 TeV, my > 1 TeV, ] §

ms > 1.5 TeV, meg > 2 TeV,
My — Mo < 30 GeV (to avoid multilepton searches @LHC)

B physics, DM relic density, DM direct detection
=) CDF My & 20 level & TIZIAT<

80738 80!40 80.42 80?44 80!46
MEVSY (GeV) 32 /56



Outline

- Tree-level NP
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Triplet Higgs
+ EWSB Z#& C 9IINAY%R Higgs 38D VEV A5 TINS X —Z—ADZFEHE 3,

>, 02 [T+ 1) - V7]
2 szf Yz'Q

p=14+al =

+ SMdoubletidp=1Z25%%,

+ SMdoublet ¢ +triplet A DiZE. B0 DT = H D triplet (& Y=0 & Y=1,

4%

+Y=0: aT=—"£ >0 = vp=5~6GeV
Yo

C’U2

L=cHAH+ -+ = m% ~mpgs ~ —

4UA

c~myg — myg~ 3 TeV tooheavytobediscovered at LHC
c < myg — lighter mg Fileviez Perez, Patel & Plascencia, 2204.07144
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Triplet Higgs

22 _ Kanemura & Yagyu, 2204.07511;
+ Y=1: ol =~ 2A <0 — one-loop DHESHNE, Heeck, 2204.10274; Bahl et al.,
vqb 2207.04059; and others
++ A+
@, W S
AVAV.VERR VAV.VL &
LANAVAVAVAN VAVAVAVARRLS S
A=, AV
m, [GeV]

600 308 332 367 412 464 520
! T | Ty T

L= s AATG+ -

° v . Am? = m3is — Miys = My — My = _%027 m2 = miy
g 6 | ---- ' YA my, = mass of lightest triplet-like Higgs boson = 300 GeV
S Kanemura & Yagyu, 2204.07511
Al e N — .......... CDF Mw + EWPO @ 6
5 o . . F §5Z—|— GeV EEGDEE%#/\E
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Z’
Strumia, 2204.04191; and others

+ B’ =(1,1),

+ SM Higgs doublet ¢ A' B’ & couple §3% EIRE . £=—igh B,¢'D"¢+he.

+ Z 7 ®dmassmixing s . M= <

+ Mz H' mixing D&FEEZ =T,

+ T>0HD tree-level THD : T=aT= > 0
2, M2 M2,

+ CDF My Z=&iBHT] e Z2 I multi TeV OB E% H D,

MZ/

T ~ 1073 —
9B/

~ &8 TeV
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+ A, O1. B(=Z’). Wi. L& Tree-level TT>07Z 19,

Tree-level NP

Di Luzio, Grober & Paradisi, 2204.05284

Field | Spin | SUB)o | SU2); | U(l)y | sign(T) | S
A 0 1 3 0 + X
Ay 0 1 3 1 — X
0, 0 1 4 1/2 + X
O5 0 1 4 3/2 — X
B 1 1 1 0 + X
B 1 1 1 1 — X
W 1 1 3 0 — X
W1 1 1 3 1 -+ X
L 1 1 2 1/2 +/— v

scalar triplet (Y=0)

scalar quadruplet (Y=1/2)

Z’

vector triplet (Y=1)
vector doublet (Y=1/2)

+ CDF 7/ XV —hbr-EchdE=1FE multiTeV ~ 10 TeV — too heavy!

+ LIESF0DBE

HI DT, Hoyy ICKEI KK AIBEED B B0
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Outline

+ NP via Fermi constant

M.Endo and SM, arXiv:2204.05965
- Tree-level NP
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1R B RIEE

(SMEFT)

+ THRSSTHDHYIEREIIRS . D —NEFHVIEZZE X S,
+ ZERE T NIESR (SMEFT) ZFH W5,

- FEOR T —ILHEFRAT—ILEDBHTIEL,

- SM DB TEM SN/, SU3)cx SUR)Lx U(L)y 7 —oXI % Z B DB 3hiER

- FVREOFSIIERITTERF

Lsmerr = Lsu + Y CiO;

- BRTTEEFDHFEIF (Myeak/Mnp) DET

HEI I N3,
BlZIE. OiHmRIT6 — C~

DRIMICA Do

Mnp

IVlweak
1/ Myp?

E
4

FTHPIRIREY (SM KIF + FTHIF)

SMEFT (u,d, s, c, b, t, g, W13, B, H)

SU(3)CX U(l)em (U, da Sa C, b) ga V)
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RTC 6 HBEF
+ ﬂﬁ’?ﬁ?ﬁ: 6 DEEF (INUAVEEREFETZHD) X591 (+he.+ TL—
72 Z_T;:E)d)) {?{j: d A, Grzadkowski, Iskrzynski, Misiak & Rosiek, 1008.4884 “Warsaw basis”

S99 B RAEDYIEEICIT 10 EDEREF (D 8 EDIRAES) D51 <,

*
mil
Wl

X3 % and ¢*D? P23 (LL)(LL) (RR)(RR) (LL)(RR)
Oc | fAPCGGIrGor || Oy (¢T9)® Ocy (¢T9)(Leg) Ou (£y,L) (£y*L) Oce (Evue)(@rte) Ore (Lyul)(ente)
Of | FAPCGIGErGor || Oyn (6To)T(¢"9) Ou (¢76)(quo) 0% (@7.9)(@7"q) Ouu (@) @y u) Ot (£y,,0) (wyHu)
Ow | e®*WeWhewer || Opp | (7D ¢) (6T Dyg) || Oug (¢T0)(qdo) O | (@oa) @ o) || Oua (dvy,d)(dy*d) Ot (v, L) (dy*d)
O | e Wawhews oy (Cyut) (37" q) Ocu (Evue) (" w) O | (@vu0)(@r"e)

X292 e $262D O | (o) (@#o%q) || O (Eyue)(dyrd) || O | (@) (ar )
O | (B1O)GAGH || Oy | (Tore)ooWs, | O | (oD d) Ty 0) Oui | (puu)(dyd) || O | (@uT4) (" T4u)
0,5 | (0)GAcw | Op | (Eowe)pB,, || 0D | (81iD2 )(Eoy#0) O | @y TAu)(dy TAd) || O | (avuq)(dy d)
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Oswp | (¢Ta%)We,BH || Ogw | (God)ooWe, || Opa | (6TiD,, ¢)(dy"d) O®) | (@TAu)e (@ TAd)
Ouiwp | (¢To%e) Wi, B"™ || Oagp (go""d)¢ B Ogua | i(¢"Dyuo)(uy*d) o5 (B e)e ()

O | P oue)esn(a” o u)

40 / 56



SMEFT ICHITHRWARY VEE

+ My IFRDEEFHISDFESZX=IT 5,
O¢WB — (¢T0a¢) W,LCLLVBW } 4SWCWU2 Vv?
* S = Cowp. T=-L0C
Ogp = (¢TD*¢) (41 D,¢) E’ o W E 20 PP
(Oee)ijit = (Livuly) (L")
(055 = (CbTZDZ?b)( iVol;)
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SMEFT 71 v bk

Bagnaschi et al., 2204.05260

Cows 80385 + 5 e m—SM ( Opws = (670 0) W}, B
Cop 80408 + 7  HeH my, world avg. Opp = ((bTDH(b)* ((bTDM(b)
Co. 80386 + 5 e —— SMEFT no my 5 (T N (Fumitip
Coe i 80390 + 6 ot — SMEET 2022 (Oee)ijur = (Livuly) (Cey'*lr)
Cown, Csp + | : o _ .
! .¢. L .qb ....... 80409 | 7 ...... . L .-I ............... k(oq(bgﬁ))w — (¢TZDM¢) (gi’Y’uO' gj
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+ Cows, Cl & Co® lE My ZEL TBH. 7/ —ZFTEICIFEBAT I 4L,

+ FpE

2 DX =)L ¢ Awp~19(pWB), 11(dD), 10(ll), 14(dLB) TeV for Ci=1
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et e+
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+ L TDE%Z SMEFTRED 7 1 v MMCHWS,

= 99f5 % AE

Measurement Measurement
o (M32) 0.1177+£0.0010 | Mz [GeV] 91.1876 & 0.0021
Aot (M2Z)  0.02766 £ 0.00010 | Tz [GeV]  2.4955 + 0.0023
m; [GeV] 171.79 £ 0.38 o9 [nb]  41.4807 £ 0.0325
my, [GeV] 125.21 £0.12 RY 20.8038 4= 0.0497
My [GeV]  80.4133 4 0.0080 R) 20.7842 £ 0.0335
'y [GeV] 2.085 + 0.042 RY 20.7644 £ 0.0448
B(W — ev)  0.107140.0016 A)e 0.0145 + 0.0025
BW — pv)  0.1063 & 0.0015 AH 0.0169 + 0.0013
B(W — 7v)  0.1138 £ 0.002 ANl 0.0188 £ 0.0017
R(T/p) 0.992 4 0.013 R} 0.21629 + 0.00066
A. (SLD) 0.1516 & 0.0021 RY 0.1721 £ 0.0030
A, (SLD) 0.142 + 0.015 A%D 0.0996 + 0.0016
A, (SLD) 0.136 & 0.015 A)S 0.0707 + 0.0035
A, (LEP)  0.1498 £ 0.0049 Ay 0.923 + 0.020
A. (LEP)  0.1439 4 0.0043 A, 0.670 & 0.027

JL—N1\— (e,u,T) EEE %=

iR 9 Hma

:|

ATLAS

MAZE R B,

R(t/p) =

= JeRAN WY roy7)

B(W — Tv)

B(W — uv)

ATLAS, 2007.14040
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+ J0O—NIL7 1w MMER (for Mg=1TeV) :
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(Y=, )12 _1 [*
0.14 < M= < 0.17 TeV

+ R JLKIF W=(1,3)0

M=, ~6—7TeV for }(y51)12|wl
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0.13 < [(Ag)1]| < 0.20 Mp ~5—T7TeV for |(Ag)i1|~1
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Summary
+ WRY VEEIFEERBEICE VWV TH MeV DFBFETHEINTWLWS,
+ CDF 7/ < U —IE T>0 OB TEHEAR 8E,
One-loop NP: A~0O(100 GeV)
- T>0%2H L. ERFICHOFEIR (LHC etc.) =T 215 & FEEER]BE,
Tree-level NP : A~ multi TeV
- Triplet scalarwithY=0% Z' B TT>0HDHE 3,
- LHC B TEEREKEIT DICITETE %,
- Coupling BN IF MUK, TeV KD HEBVLATEEM® H B,

+ JIIERCETDI35EDHZE. TeVAT—ILOE=EZbHD=1 E, W
BmHIX7 /) —%ZFHE (FBF) §25 DN TT B,
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