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High-precision measurement of the W boson mass with the CDF Il detector
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The mass of the W boson, a mediator of the weak force between elementary particles, is tightly constrained
by the symmetries of the standard model of particle physics. The Higgs boson was the last missing
component of the model. After observation of the Higgs boson, a measurement of the W boson mass provides a
stringent test of the model. We measure the W boson mass, My, using data corresponding to 8.8 inverse
femtobarns of integrated luminosity collected in proton-antiproton collisions at a 1.96 tera—electron

volt center-of-mass energy with the CDF Il detector at the Fermilab Tevatron collider. A sample of approximately
4 million W boson candidates is used to obtain My = 80.433.5 + 6.4zt + 6.95yst = 80,433.5+9.4 MeV/c?,
the precision of which exceeds that of all previous measurements combined (stat, statistical uncertainty;
syst, systematic uncertainty; MeV, mega-electron volts; c, speed of light in a vacuum). This measurement
is in significant tension with the standard model expectation.

component of the SM framework. Its mass, one
of the most important parameters in particle
physics, is presently constrained by SM global
fits to a relative precision of 0.01%, providing a
strong motivation to test the SM by measuring
the Wboson mass to the same level of precision.

All fundamental particle masses, including
that of the W boson, are generated in the SM
through interactions with the condensate of
the Higgs field in the vacuum. The formation
of the condensate and the quantum excitation
of this field, the Higgs boson (2-4), are param-
etrized but not explained by the SM. A number
of hypotheses have been promulgated to pro-
vide a deeper explanation of the Higgs field, its
potential, and the Higgs boson. These include
supersymmetry—a spacetime symmetry relat-
ing fermions and bosons [(Z7) and references
therein]—and compositeness, in which addi-
tional strong confining interactions produce
the Higgs boson as a bound state [(12) and

he observation of the Higgs boson (I-4)
at the Large Hadron Collider (LHC) (5, 6)
has validated the last missing piece of the
standard model (SM) (7-9) of elementary
particle physics. This model, which incor-
porates quantum mechanics, special relativity,
gauge symmetry, and group theory, currently
describes most particle physics measurements
with high accuracy. It postulates a number of

experimentally established symmetries among
particle properties, which tightly constrain the
parameters of the model from experimental
data (10). Given the current experimental preci-
sion and the predictive power of the SM, global
fits of the model to the data render precise esti-
mates of fundamental parameters, such as the
mass of the 7/ boson. As one of the mediators
of the weak nuclear force, this particle is a key
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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
¥°/DoF = 2.2/3

- DELPHI —?}—i
+ Mz 3 LEP 328 (1989-1995) THIE X 7z, L
€+-%_({— N7 j?+_j? (\/gfv.ﬂfz) OPAL —é%—é
LEP %oﬁ
+ GrlEZ a—NFDOHFMHSELHTE %,
2 a(m a?(m a3(m 9118 ': 0119 912
% (].;527ru Flp) |1+ Hilp) (7TILL)+H2(10) ETQM) + s 7(T3N)] 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,

+ A IFEFDEFHRIE—XY
MERHB_EHNTE S,

84

—1

137.035999150(33)
137.035999206(11)
137.035999046(27)

~AIE

PDG2022
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2
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Gp = 5 (l—l—Aa—l—Qxamt—l—Axalog H+--->: 5 2(1—|—Ar)
+ Ar l& full 2-loop + leading 3- & 4-loop HIEEX TEHEINTL B,
My /GeV Ar@ | Apleas) | Ap(@ad) | Aplaoim? ATEGOQ Aréﬁ) Ar(Grasmg) | Ap(Gim?) Awramik et al., hep-ph/0311148
100 283.41 | 35.89 7.23 1.27 28.06 | 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 D#EATEH
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INTA—=R— (§iT)

+ m: & my ld LHC 8% (& Tevatron EER) THRICAIEINTL 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

LB, T—HEIC ((NER) =D B %

+ oo CCTHI-oTLS me & Monte Carlo event generator /NS X — 3 —
THH. poleBELIF ~0.5GeVIEEDEWVDDHSEDH LILAL),  Hoang 200412915
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Parametric uncertainty
+ NTA=F—|CLD M DREZFMITB7DIC2DDUFT VA ZE RS

standard scenario conservative scenario de Blas, ....,SM,...,2112.07274
as(M2) 0.1177 4 0.0010 0.1177 4 0.0010

Ao (M2)  0.02766 +0.00010  0.02766 = 0.00010

My [GeV]  91.1875+0.0021  91.1875 =+ 0.0021

m; [GeV] 172.58 + 0.45 172.6 & 1.0 +— B7ET10GeV Z{RE

mpg [GeV] 125.21 +0.12 125.21 + 0.21 +—— PDG OFIET scale factor 255

+ 0mi (& OMz) B Mw ICK S HEREZ L T Omuy DEEIFERTT BT /NT L,

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

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

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

[5le?/a’mm ~ 4 MeV, 7 MeV ]
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Numerical formula
=3 | numerical formula 525N TWVWBAD T, ZEEREBR(IZCHITE My D

EIIHERICFTRETE %,

mr

Awramik et al., hep-ph/0311148

My = My —cdH — ¢y dH? + cgdH* + ¢4(dh — 1) — ¢5 da + ¢ dt — ¢7 dt?
— Cg dH dt + Cg dhdt — C10 dOKS + C11 dZ,

My
dH =1
. (100 Gev> ’

My

7 — _
d 91.1875 GeV

My, = 80.3779 GeV,
cs = 0.000954 GeV,

ce = 0.5252 GeV,
cg = 0.000111 GeV,

1,

My \°
dh =
(100 GeV) ’

A«

da = — 1,
0.05907

c1 = 0.05263 GeV,
cy, = —0.000054 GeV,

c; = 0.0700 GeV,

cio = 0.0774 GeV,

1t 2
dt = ( ) _1,
174.3 GeV

OzS(Mz)
0.119

dag = —1,

co = 0.010239 GeV,
cs = 1.077 GeV,
cg = 0.004102 GeV,
c11 = 115.0 GeV,

Aa = Aageps + A%(li)d
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1ZEEEBICHITS My

o — =Rvi de Blas, Pierini, Reina & Silvestrini, 2204.04204

+ NI AX—Z—DHEFHDE (w/ latest CMS my)
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. = 172.69 % 0.48
Aol (M2)  0.02766 +0.00010  0.02766 = 0.00010 CMS 7.8 TeV comb.  — 172.44 % 0.48
M :GeV: 91.1875 4+ 0.0021 91.1875 4+ 0.0021 ATLAS 13 TeV £ +ets —_— | 17448+ 078
mpg |GeV 125.21 +0.12 125.21 +-0.12 CMS 13 TeV £4iets e 7295 4 063
CMS 13 TeV all jets — 172.34 +£0.73

=0 .
+ El:&% ) < CMS 13 TeV F+jets = 171.77 + 0.38
HETEITVWHRVERME | M ~ 4 MeV J 0

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

+ BERBICEITSFSE
4

LI

80349.6 + 5.7 MeV (standard scenario) R

My =
80349.7 £ 7.9 MeV (conservative scenario)

\_ J
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DETRIC

+ My D

JUNTC/IN T X —H —

=2
gg* ‘IJ"-I & IJE
(ag(MZZ), Aahad(5)(Mz2), Mz, My, m|-|) ITW & Z

ICE8 9 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

o 1
sin Heﬂ]?t =7 {1 — Re(gé/gg)}, Ar =

+ TNSDOYIBEEDEERER

lept
Lz, on, RY, sin®0. %", Ay,

[LEP2/Tevatron/LHC]

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

— gaVuYs) f
) > 127 .T T T
oV Ry + |94 Ray oh=3p [ Ri=§, R=T
2Re(g/9%)

3
3 Ao,f — _AeAf
L+ [Re(gl/g)]? 0 4

left-right asymmetry forward-backward asymmetry

JWT NI AXA=FZ—ICHIRZMZ S Z & h'FIEE,
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+ EFFEBHEISDHIBRZIMZASE. My DFEMBEIFLTDLDICH 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 EFFHERAEDNSDNTAXA—Z—ADFIRLD
H. MOREER - HiRH 5 DFHIRDO A LRV,

+ 2l FIMEONT A== B5EICIE. EBRERAEZ ZOTHE
i EE S
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B2 DB

EW precision fit (papers)

+ M. Ciuchini, E. Franco, S.M., L. Silvestrini, JHEP08 (2013) 106 EvJ XKV >V OERCEZAE \
o o , _ o Ew I RRY VDER « BRIE
+ J. de Blas, M. Ciuchini, E. Franco, S.M., M. Pierini, L. Reina, L. Silvestrini, JHEP 1612 (2016) 135 TSRS ER O RS

+ J.de Blas, M. Ciuchini, E. Franco, A. Goncalves, S.M., M. Pierini, L. Reina, L. Silvestrini, arXiv:2112.07274, accepted in PRD

EW precision fit (proceedings) Ny TFOA—=O YT RRY Y OBEDEERE

nFFHl:I-l_%@ﬁE_}E
+ M. Ciuchini, E. Franco, S.M., L. Silvestrini, EPJ Web Conf. 60 (2013) 08004

+ J. de Blas, M. Ciuchini, E. Franco, D. Ghosh, S.M., M. Pierini, L. Reina, L. Silvestrini, PoS EPS-HEP2015 (2015) 187

+ J.deBlas, M. Ciuchini, E. Franco, D. Ghosh, S.M., M. Pierini, L. Reina, L. Silvestrini, Nucl. Part. Phys. Proc. 273-275 (2016) 834
+ M. Ciuchini, E. Franco, S.M., M. Pierini, L. Reina, L. Silvestrini, Nucl. Part. Phys. Proc. 273-275 (2016) 2219

+ J.de Blas, M. Ciuchini, E. Franco, D. Ghosh, S.M., M. Pierini, L. Reina, L. Silvestrini, PoS LeptonPhoton2015 (2016) 013

+ J. de Blas, M. Ciuchini, E. Franco, S.M., M. Pierini, L. Reina, L. Silvestrini, PoS ICHEP2016 (2017) 690

+ J. de Blas, M. Ciuchini, E. Franco, S.M., M. Pierini, L. Reina, L. Silvestrini, PoS EPS-HEP2017 (2017) 467

CDF 7/ —

+ M.Endo, S.M., arXiv:2204.05965 CDF 77/ <) — & #4718
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Tevatron &

WARY > DOFER (1983) Zimmermann, 1801.03170
H00R0 [ m Hadron Colliders
1980 (1985 1990 1995 2000 2005 2010 2015 2020 2025 . |+ Electron-Proton Colliders
% 10000 | ®Lepton Colliders pr"p,.'
% 2 i .Heaw lon Colliders "".. ’
I v g i =@ TeYa}[op,-"i ,‘Lﬁt,:lead-lead
Spps (pP) | ; s ’
CERN PP PP s | AN
= 100 - =" 1R & 51 LEPN
. LEP (e*e’) . 8 | B QPETRA B rpistan
é 10 | o‘gms ':C:ES:
= x | SPEAR®.-T
- Tevatron (p p) g i /,‘;\oone
€ 11 “g@veer2
S | PRIN-STAN
Tevatron 514 — @ XKE 7 x )L X EiLnEREHFFA s 1 ‘
o e ' R ‘ 1960 1970 1980 1990 2000 2010 2020
"ol Year

[%F - &kF5mF AR&ERE RS

2 DM3EER: CDF & DO

Run(1992-1996): 1.8 TeV, ~0.1 fb-1/exp.

Run 11 (2001-2011) : 1.96 TeV, ~10 fb-1/exp.
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CDF

+ SEA4BD CDF 2K D My BIE

My, = 80433.5 £ 6.4 4ot £ 6.9yt MeV  CDE Science 376, 170 (2022)

+ SMFEMELDDH 80 MeV [(FLH

’l:\'ﬂEb\\j( 3— LYo

{ 80349.9 + 5.6 MeV (standard scenario)
Mlndlrect _

+ CDF OISt D EER (ATLAS, DO) D1E

AR

B LHRRENENHESINTWVS ?

+ CDFIC& 2 Mz DRIEEIXRDS
HY78 U,

7/ V) —
B0

7w ITTr—Fk:

zzzzzzzzz

(run-1+ run-Il, pre2022)

7 6 5 (run-1+ run-Il)

E

ALEPH : m— 80.440 = 0.051
DELPHI — 80.336 = 0.067
L3 o i 80.270 = 0.055
OPAL — 80.415+ 0.052
LEP2 — 80.376 = 0.033

' +2/dof = 49/41
CDF - 80.389 + 0.019

DO —:.— 80.383 = 0.023

Tevatron - 80.387 = 0.016

+2/dof = 4.2/6

80350.5 + 7.7 MeV  (conservative scenario) 6.8 o | arias

—i—
de Blas et al., 2204.04204 LHCb + 80.354 + 0.032
=i+

N R

80.370+ 0.019

LHC 80.366+ 0.017
2/dof = 0.2/1
World Avg - 80.377 + 0.012
CDF 2022 (run-ll) & 80.4335+ 0.0094
I | I I I | I I |
80.2 80.4 80.6
m,, [GeV]

ATLAS: 2011 (7 TeV, 4.6 fb-1)
DO run-Il: 2002-2009 (5.3 fb-1)

CDF run-I1:2002-2011 (8.8 fb-1, full dataset)
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CDF EE&

+ CDF @Tevatron Tld. BFE&REFZEHEHIEZTHE T,
Drell-Yan BF2IC & D WARY > HEERT D,

*+ WO A—0 - RO A—VICERIET 3G RIIRBE
EWAHEHL#HLWOT., LT wOREEZE S,

+ e, LDEFE - TRILF—ZHIE, N
Za—hrJ/IBERATEIHZVDT _
MRED I+ —0 - RIA—0D B =
[BERDNE, L}

W R F IR s

BHEAO)X—5— (e,V) et

AOQUX—%—(N\FOY)

Collider Detector at Fermilab (CDF) | mgmismse con) N ooy mapiaise




CDF £5x (i &)

+ Transverse mass mr & transverse momentum pr D3 ld My DIEICHK B,

My, My ZEET B, Es0000 | P
S f e 1
— Yy - - o
R RN O S My 81 Gev
— 92 (‘ 7] ¢ | | Y ’ — 7 £, Y ) 20000 * } ﬁ#'fr' H{/ Monte Carlo template
20000 = ,—FF HL¥|
C W
4 oo My, =80 GeV Ny Kotwal, talk@KEK
mT — 2(‘ || T’ —pr_zZZ) °5o““5151“lelo'“1615““73'”'715'lllahllllsgllllgbl?mo

Transverse Mass (GeV)

+ RESBOS + PHOTOS ZAHWT. E%4 5 My DfEICD LT signal samples ZE3,
ZLTMyDIEZR T 1w FTRDB, “templete fitting” PHOTOS

Distribution W boson mass (MeV) x2/dof ARSELERLELERIEEEEEEIR 3 e, U
mev) 804291410 3y +8.5q  39/48 PDF *eeee .
pre) . 804114+10.7¢y 118y 83/62 B AVAVAVAV (I
PY(C) 80,426.3+14.5¢tat £11. 76yt 69/62

M, V) 80,4461+ 9. 2¢at £ 7 3¢yt 50748 : S vV
Pr) 80,428.2+ 9.6t £10.3gst - 82/62 : ;

Py 80480+ 131y 100y 63/62 RESBOS
Combination 80,433.5 + 6.4gtat + 6.9yt 7.4/5 T .
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A7y TTr—r3INE?
T— A= (fRaT) DB R 1o,
+ [BF®D PDF (parton distribution function) MERZEHE o 7.

+ BRTE CORRBHRICE D RFERED B 2 7o

New CDF Result (8.8 fb™)

: 1
Previous CDF Result (2.2 1b7) Combined Fit Systematic Uncertainties
Combined Fit Systematic Uncertainties

Kotwal, talk@Fermilab

Source Uncertainty (MeV)
- - - x ep energy scale 3. «
Source Uncertainty (MeV) Lepton energy scale 3.0
: . — Lepton energy resolution 1.2
Lepton Energy Scale i « ; .
. ; ; Recoil energy scale 1.2
Lepton Energy Resolution 2 : ,
Reotil Baavee Goil l Recoil energy resolution 1.8
ecoll Energy scale : 7o
Recoil Ell(‘l'g_\‘ Resolution 1 Lepton efficiency 0-4
i efficiency 0 Lepton removal 1.2
Lepton Removal 9 Backgrounds 3.3
Z '
Backerounds 3 PT model 1.8

pr(W) model 5 « pr /p% model 1.3 «
Parton Distributions 1) 4— Parton distributions 3.9 4—

QED radiation 4 QED radiation 2.7
W boson statistics |2 W boson statistics 6.4 «
I .( 1 il] ] () rI‘()ta_l 91

25 /59



RESBOS D:igE ?

+ EERERDFERKRE. RESBOS (RESummation
for BOSons) ICA> TWHRWERMEIEICKL D%
e lc DOWTHERED SN

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

+ V2 DEREBEDHFS (+MOMIE) ICK D My
DIEHAERAT 10 MeVIEZEE/NE < 250 gEED
&%o % 7/JJ_|:I\ ~7G7b\\~60 ‘g_jcléo

Isaacson, Fu and Yuan, 2205.02788

+ RESBOS OFRERITTIEX T/ X —%FHEHT
AN A

R PHOTOS

----------
** Yo

>
llllllllllllll

llllllll

RESBOS

.
---------

Mass Shift [MeV]
Observable | RESB0s2 | +Detector Effect+FSR
mr 1.5 + 0.5 02+18+£1.0
pr(£) 3.1 £ 2.1 4.3 £ 2.7+ 1.3
pr(v) 4.5 + 2.1 3.0£34+22

TABLE II. Summary of the shift in My 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 4+ 5.2
MeV [1]. The second column shows the shift in the mass ne-
glecting detector effects and final state radiation (FSR), while
the third column includes an estimate for detector effects and
FSR in the mass shift. The first uncertainty is the statistical
uncertainty induced in the mass extraction due to the number
of RESBOsS events generated for the pseudoexperiments and
the mass templates. The second uncertainty is the detector
effect uncertainty calculated by using 100 different smearings
of the data to extract the W mass. Additional details on the
smearing can be found in Appendix C.
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LHC EER

+ ATLAS OFfEaRIE SM EEFE, RMBREDAKTI L

MR = 80370 + Tatar & 1lexp syst £ 14mod syst MeV

+ CMS IIFEERZ KRB L TULZRLY,

(PDF O3E%E)

+ Tevatron 28 LD H LHC EED D My BIE T EHE L L,

- BFFOIXILF—DEWVDT. PDF D

small x BEIEH%0 < -

- BBF - BFIATA4— DT, BFE
ROA—2IOHWOERICEE T 3,

- Pileup 71 R> +AYNRILD B,

1D

ATL PHYS PUB- 2018 026

- ATLAS Slmulatlon Prellmlnary
- ls=14TeV, <u>=2 Il stat. ® PDF 200 pb°

—my, from my & pl, Il <4 7] stat. ® PDF 1 fb"

- I PoF

o N O~ OO
T T T J T T T T T T [T T T[T

CT10 CT14 MMHT2014 HL-LHC LHeC
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A

St

DETF - 15

=
=,

- ILC: OMw~ 2.5 MeV

- CEPC: doMw~ 1 MeV

- FCC'ee° SMW"’ iO.SstatiO.?)syst |V|eV

>

W= qq Gen. Mass Difference

Full simulation study with ]
background overlay

-

L Vs=500 GeV

W'W

L rtries por GeVY bin

y ity (= e, 7)Y [}

b

' Before pileup
. mitigation (black)

After pileup
mitigation and
event selection
\ (green)

a
100 80

1/N dN/dx,,,.,, (arbitrary units)

100

©
o

80

70

60

50

40

30

20

10

w

FA R —5

R R 5%

2203.07622

1811.10545

FCC

2ERTIE My DIFE

il

CDRVol.1 (2019)

LI N —

WW — I v v (I=e,u)

L L L L

Vs=250 GeV

Whizard 2.71 (ISR + BS) (-80, 30)
M,, = 79.419 GeV
M,, = 80.419 GeV
M,, = 81.419 GeV

M|

Shape comparison only

oo b b by

)i10| T T T T { T T T T { T T T T { T T T T I T T T ] a 80 x103‘ T T T ‘

E  WW, with at least one W — I* v (I=e,u) =250 GeV 3 T C

E = g -

= , : 3 > 70

;ﬂ‘m\ ] & C

- o = = o

- E 2 60—

- — & C

- = s C

;— ? § 50;

- Whizard 2.71 (ISR + BS) (-80, 30) = ) 40 E

= M, = 79.419 GeV E =

C 3 30—

o — M,, =80.419 GeV = C

= M,, = 81.419 GeV E 20

= Shape comparison only = 10 -

e R U S B . — S N s
0.7 0.75 0.8 0.85 0.9 70 80

x
)
k-]
=3
)
E]

90 100 110 120

PseudoMass (+) (GeV)

o
A

o(WW) (pb)

12

10

FCCee W-pair threshold
m,,=80.385 GeV T,=2.085 GeV
m,,=79.385-81.835 GeV, I,=2.085 GeV /.//
m,,=80.385 GeV, T,=1.085-3.085 GeV,/// F
S

v'd




71y MEER

XIS B REREZ FRLT

e Al 74y MER Ty bLEER

Measurement Posterior Indirect /Prediction  Pull
as(My) 0.1177£0.0010 | 0.1176240.00095 | 0.11685 + 0.00278 0.3
Ac® (M) 0.02766 + 0.00010 | 0.027535 + 0.000096 | 0.026174 & 0.000334 4.3
Mz [GeV] 91.1875 4 0.0021 | 91.1911 + 0.0020 91.2314 £ 0.0069  —6.1
my [GeV] 171.79 + 0.38 172.36 4 0.37 181.45 4 1.49 —6.3
mpy [GeV] 125.21 +0.12 125.20 4 0.12 93.36 4 4.99 4.3
My [GeV] 80.4133 +0.0080 | 80.3706 £ 0.0045 80.3499 + 0.0056 6.5
Tw [GeV] 2.085 £ 0.042 2.08903 + 0.00053 | 2.08902 & 0.00052  —0.1
sin 0P (Qhad) | 0.2324 +0.0012 | 0.231471 4 0.000055 | 0.231469 & 0.000056 0.8
prot = 4, 0.1465+0.0033 | 0.1474240.00044 | 0.14744 +0.00044  —0.3
Tz [GeV] 2.4955 £0.0023 | 2.49455 £ 0.00065 | 2.49437 +0.00068 0.5
of) [nb] 41.480 + 0.033 41.4892 + 0.0077 41.4914 +0.0080  —0.3
R) 20.767 + 0.025 20.7487 4 0.0080 20.7451 4 0.0087 0.8
A% 0.0171 4 0.0010 | 0.016300 & 0.000095 | 0.016291 + 0.000096 0.8
Ay (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 4+ 0.000102 0.6
R 0.1721 £ 0.0030 | 0.172198 & 0.000054 | 0.172197 £ 0.000054 —0.1
A% 0.0996 & 0.0016 | 0.10335 4 0.00030 | 0.10337 £0.00032  —2.3
AV 0.0707 £0.0035 | 0.0738540.00023 | 0.07387 +0.00023  —0.9
Ay 0.923 +£0.020 | 0.934770 + 0.000039 | 0.934772 4 0.000040 —0.6
A, 0.670 + 0.027 0.66796 + 0.00021 | 0.66797 4 0.00021 0.1
As 0.895+0.091 | 0.935678 + 0.000039 | 0.935677 & 0.000040 —0.4
BRw 05, 0.10860 + 0.00090 | 0.108388 + 0.000022 | 0.108388 4 0.000022 0.2
sin 9P (HC) | 0.23143 +0.00025 | 0.231471 4 0.000055 | 0.231474 4 0.000056 —0.2
Ruc 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,

M = 80413.3 + 8.0 MeV

EEL\ Mt if:‘iixtb\ MH o

NG WY Adthad® (M22)

Mw @ “Indirect” (= SM ¥51@) &£ £
ERMEDZEISL 6.50 6

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

it

Mw AN Tl Al & AP |2 20 8
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AChaqd(d) & (g-2)u
+ (g-2), DERERME YL SM EHRMBEDRICIZ 4.2 0 DF—HNH 3,

+ BMW Z')L—"IC2 & % hadronic vacuum polarization @ lattice QCD OfER %
SMEEICAHWVWNIEA—BUIFEE S NS,

+ CDF My + BRBEEAED T 1 v M5 Adnad® ZRDB L. (g-2)y DX LA

~ /
AKILLLBB3FRDOERZ1T S, Paul & Valli, 2204.05267
300 T T T 10001 :
Ath ., 2204.03996
” ron et al., 500,
BMWe = 600

2512 400
2001

da, x 1

048

OQ(—)25 0.026 0.027 0.028 0.029\ 0.030

= 8 ;
250 S = 172 \ . s Aozfla)d(M Z)
2 g < F © Mw (PDG2021) H'5 Alhad® & IRTE
Ay @)
240 1 1 1 _
50.30 80.3 80.40 80.4 80.50 - S = * a A=A
S, e N M (CDF2022) 15 Adnadl® % 3R T#0 OFIZT My 5T 5581

BL\—C Aahad(s) %7’( b I\h\Bi%&bTCo 30 / 59



35X NOF- o)

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

80413.3 + 8 MeV (standard scenario)
Mg =

80413 =+ 15 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 HDEERDERDEVZIRET I HVEDH B,

+ CCTIECDF D EEEDEZEVDRRAICDOWTIEFZ AT IS, ZEBREIZ X
BHYIBICE D TWARY OHAELCHH>TUVWBEEEEZIEKRT B,
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= £ ONY g)

+ CDF 7./ <) —HYR
- Oblique #H1E
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CDF 7/ %) — . #H{piE

+ CDF 7/ RV —DERURE. eNZ#HIETHAL KD &9 55w arXiv
[ZRIL (~100 &) HTW3,

+ TNHEDZ < DEFEX T My IC oblique BIEN K REAZZ 5N TWVWS,

+ Oblique fHIEC I&. —2RY > D EZE{RM (vacuum polarization) N DL
D THOH. Peskin-Takeuchi /N X—%2— (5, T,U) TRITNS,

(oblique=FHD. EED)

R7E :

CHMIED R —ILIREB T —ILED BB,
- BUVHRIFIESM T = RY IS T 2D SM

TTILSAIADESIZFFL,
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Oblique #H1E

+ SMT—=IRY VOEERBADFVIIBOFTS

jyh % 2 UV 2 U WfL?WéLaBM AF
- Il (7)) = " lxyv (¢7) + (¢"q” term) / /
X7Y E {W7 Z?W}? {1737 0}7 {]‘737 Q}

+ g2/M2<<1 (M |3FTPIER T — L) TRRET %,

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

+ 3DIF Mz, Gr&alorg, g &v) ICHEDIAFNS., ZDD I3 DRI TKT,

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

o2 Peskin-Takeuchi /N5 X —& —
oT= 2200 1T11(0) — TI53(0))] oblique /$5 X —4& —
all = 4e2 [H’H(Q) _ Hég (O)} Peskin & Takeuchi (90,92)
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Oblique ##H1E D Hl

+ Pl LT B4R I 3 —T%ZE R 5o q4<ZL> th, by

g Nely oy mi] o Ne
6|0 @ H mi, 6w Am = my — my K My, My
N.Gr N.Grg 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
8v/2m2¢ f(me my) 61/ 272
N, [ 5my — 22mZm3, +5my,  mb — 3mmi, — 3mimyg + mb, | m%,] 2N, (Am)?
- 2 2 SR >

61 3(m2 —m3,)? (m7 —mj, )3 mi, 15m  m3,

U —

+ UIET & EERT M2/ me2 7217 suppress T TLYB,
+ D ICBEENDHDE. TEUDRETHRWMEZ DD,

’\/\/\/\<:>\/V\/\/ ’\/\/\/\@\/\/\/\ HAMTF a0 7ILSAFEDIEN
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AR T 1 7ILAFRME
+ SMOEY I AU Z—IFg — 0 DMPET SU(2). x SU(2)r RIFBIXTFREZ B D,
@:(ﬁﬂ):(¢o* <b+) b UL, dUL, U, eSU®), UneSU2)
_1ﬁ— (ﬁO y L R L L R R
+ YT AGHELEIAFHEZ DD EICK D, SU(2)c diagonal ICEEN 3,

@=2(y 1) SU@LxSU@A- SU@G
+ SUQ)cFMEICED. WE W3 IZRICEEZZEIS T %, E’ My, = cjy M7
2 2
D, H|* = ' (au - ig%wg) H| =|0,H|" + %(Wf Wi WHHH 4
(W1, Wa, W 12 SU(Q2)c D 3 B8 ) 2

+ SM TIE. SUQ2)c MFREIL ULy HEER &l IBEERICE DIRNT WL S,
+ TEUWRBRET 2 T7ILSUQR)c RFMEDIRNZR T /INTA—F—TH S
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Oblique filE& CDF 7./ <) —
+ ERRBEATOMIZED S, T, U Kzl

2 .2
§Myy, 0Ty o —S + 264, T + W —*w)U
287y

6Tz oc —10(3 — 8s7;/)S + (63 — 126575, — 40s5;,) T

de Blas et al., 2204.04204

o, R?c, sin 0, Ay, A%’é x S —dci sy T —

0.5 L_Jall
- [l Mw

- asymmetries |

/

+ CDF 7/ <) =13 T>0 (A X b1 ZILXIFRE Z i
SFMR) =R L TUL B,

+ spin-0 (1 &g, 2§18, 3 &IH), spin-1/2, spin-1, L
TR A—DVRERRABIREENEZEZ 5N TWVB,

+ D7/ Y —PEEYE T % R ICERRAREE ?

-0.5




FNIRIRE D

2HDM type-I (oz =3 — 7T/2) «— alignment limit

0T CDF My 10

250

mag — Mg+ [GGV]

—250}

—500}

750 —500 —250 0 250
myg — mp+ [GeV]

myg ~ma ~ Mg+ |CDF 7./ <) —%EHBATZTL\,

) J
.
.

“....
.‘
L
N
\N\N\N\L MAVAVAVAV,
[ ]
. | ]
L 3 L 4

* *

e H A CHT

Bahl, Braathen & Weiglein, 2204.05269

e vacuum stability [58] and boundedness-from-
below [59] of the Higgs potential,

e NLO perturbative unitarity [60, 61],

e compatibility of the SM-like scalar with the
experimentally discovered Higgs boson using
HiggsSignals [62, 63],

e limits from direct searches for BSM scalars using
HiggsBounds [64-68],

e b physics [69].3

We perform a random scan of the 2HDM parameter
space. While we fix mp = 125.09 GeV and a = 8 — 7/2,
we scan over values of my and m4 in the range between
30 and 1500 GeV, m g+ between 150 and 1500 GeV, tan
between 0.8 and 50, and m?2, between 0 and 4-10% GeV=.

Mg ma M+

DR ST 1 TZILRIRE > ma =mps | _[GeV] [GeV] [GeV]

(twisted) B X b7« ZILWHYE - M = Mg+

853.813 928.352 809.047 1.206 444.166 x 10°
351.962 751.498 762.911 1.255 55.451 x 10°

tan (5 M? My [GeV]  Myw [GeV] sin?0P TI'yz
— [GeV?]  (non-SM@1L) (non-SM@2L) —  [GeV]
80.4001 80.4337  0.23113 2.4981
80.3990 80.4339  0.23109 2.4979

M? = mi,/(sin § cos B) 38 /59
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+ CDF 7./ <) —HYR

- Oblique fFIEAN D FYIE

DA SRS AR

=+ A (SM EFT)

R FIC K BEER

M.Endo and SM, arXiv:2204.05965
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+ Oblique fHIED K E < TS

- FEOR T —ILHEFRAT—ILEDBHTIEL,

(SMEFT)

YIEERRBICIR5 9. KD —RERISFIEZZ X %o
+ FERE T NIESR (SMEFT) ZFH W5,

- SM DB TEMR SN/ SU3)cx SUR)Lx U(L)y 7 —oXI & Z B DB 3hiE R

- FVREOFSIIERITTERF

Lsmerr = Lsu + Y CiO;

- BRTTEEFDFEIF (Myeak/Mnp) DET

HE 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, Wi23, B, H)

SU(3)CX U(l)em (U, da Sa C, b) ga V)
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RTT 6 BEF
+ ﬂﬁ’?ﬁ?ﬁ: 6 DEEF (NUAVEEREFETZHD) X591 (+he.+ 7L —
72 Z_T;:E)d)) {?{j: d A, Grzadkowski, Iskrzynski, Misiak & Rosiek, 1008.4884 “Warsaw basis”

S99 B RAEDYIEEICIT 10 EDEREF (D 8 EDIRES) D51 <,
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Wl
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O | e Wawbews oy (Cyut) (37" q) Ocu (Evue) (" w) O | (@vu0)(@r"e)

X2¢? VX $242D OF | (Byuo )@y o) | Oea | (Eve)(dytd) || O | (Gyua)(ay u)
O | (@1O)GAGH || Ouy | (Toe)ooWs, | O | (o1, d) Iy 0) Oui | (mpu)(dyd) || O | (@uT4) (" T4u)
0,5 | (@0)GAcw | O | (Eowe)pB,, || 0D | (81iD2 )(Eoy#0) O | @y T4u)(dy'TAd) || O | (@v.9)(dy"d)
Opw | (o) wawem || O | @ T40)3GA, || Op | (81D, 6)(Ere) O | (@ T"a)(dy*T1d)
O | WloyWwa,we || Ouw | (Go"u)o o Ws, | O (¢TLDHM ¢)(@"q) (LR)(RL) and (LR)(LR)
Oss | (610) BB || Oup | (qo"uw)d B, || O | (41iDg2 ¢)(qoy"q) Oredy (@ e)(dg?)
Oy (¢7¢) By, B Ouac | (g TAd)p G, Ogu (QSTHZL ¢)(uy"u) O((Ii)qd (Fu)ejn(7d)
Oswp | (¢To%)We,BH || Ogw | (God)ooWe, || Opa | (6TiD,, ¢)(dy"d) OF) | (@TAu)e (@ TAd)
Ouwp | (¢To%e) Wi, B"™ || Oagp (go""d)¢ By Ogua | i(¢"Dyuo)(uy*d) o5 (B e)e ()

O | P oue)esn(a o u)
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+ Ogws IE S /ST X—H&— (as = -1215(0) ) 1231 < o

Opw i = (6 5 6) W2, B

A sy e v?
2 o2h  h? E’ = CowB
:_U_<1+_+—2)W3u3“” [ a ’ j
(Y

2 v

2

+ O I ETINTA—=F — (aT = 55— [ (0) - 115(0)] ) ICFN < o

2
Swﬂ%vﬂf

Oyp = (¢'D*¢)*(¢' D, o)

v? 2h  h? g*v* 4h  6h* 4h3 h*
_ v 2h p p
4 (1+ v vz)(a M) (Ouh) + 160WZ z (1+ v " v? i V3 +v4>
02
E’ MZ = (MZM)? (1 + = Cqu) T = _%Cng AR ST 1 7ILIMEDIRN

+ U/NTX—=H— (aU =4e?[111,(0) — 5 (0)] ) | IFRTT 8 DEEBFHEN< 6
4
T1170a g° T1170 I/O_b
(6'Wio'0) (6" W'ots) mp (U < S, T)
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+ Mw & {Mz, Gg, a} D EER]

[ &

2

A sy cyy U2 v
S = C , I'=——0C
5 dW B 9o = ¢D

| } P 71V SER G EALT My IR<

B (=SM+NP) ZBVTEHEINZ DT, EN5ICH

§HYIEDHFESD Mw ICA>TK %o
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B 1
V202

1 —

1
2
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)
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SMEFT 71 v bk

Bagnaschi et al., 2204.05260

Cows 80385 =+ 5 e m—SM ( Opws = (oTo )W}, B
Cop 80408 + 7 e my, world avg. Opp = ((bTDH(b)* ((bTDM(b)
Cor. 80386 + 5 e —— SMEFT no my 5 (T N (Fomitiy
Coe i 80390 + 6 ot — SMEET 2022 (Oee)ijur = (Livuly) (Cey'*4r)
Cown, Csp + | : o _ .
! .¢. L .(b ....... 80409 | 7 ...... . L .-I ............... k(oq(bgﬁ))w — (QbTZDMQb) (g,b-’Y'LLO' 63
80200 80300 80400 80500
My [MeV] s 5y rie

~

y

- K Mw OEBREZFRWVWT 70w b LTIHER

+ CDF 7/ XU =& Cop (=T) ICK > TERBARIHE,

+ Cows, Cl & Co® lE My ZELL TBD. 7/ —ZFTEICIFEBAT T 4L,

+ FTpE

DX =)L ¢ Awp~19(pWB), 11(dD), 10(ll), 14(dLB) TeV for Ci=1
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+ Oblique IEDNEWEARE. (DR T« 7ILXFE =2 H DOFIER &)

+ FHRED Co® & CUNDHEEICED T I IER G HEEZRITD T B,

(140a,), dap =02 [(C5 + (C5))2z = (Cer)zn |

o X

+ CDF 7/ XV —IF 0Gr ICK 2T (T2 TIFEHWLWH) FiBAS N B,

+ EFFHEREANEDYIEEZ AL T SMEFT DRI T 5FIRZ2EL, €DHBR
Z PR BEFTRLF D EF N ZHS HMMC T B,
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B9 EAEDYIEENDMHIE

+ O8GE X My ICHFE5 7 %,

JTILIEHH:. Gr=

1
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WRYVEE My = M2 1- s [wmmmwez) j

I Cw — Sw
+ OGr & Co® IFWIRY VERRICHFE T %o
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= 99f5 % AE

+ UM DEZ SMEFT REID 7 1 v MMZTAWS,
Measurement Measurement
as(M3Z) 0.1177 £0.0010 | My [GeV] 91.1876 £ 0.0021
Aot (MZ)  0.02766 4 0.00010 | Tz [GeV]  2.4955 + 0.0023
my [GeV] 171.79 £ 0.38 o9 [nb]  41.4807 & 0.0325
my, [GeV] 125.21 £0.12 RY 20.8038 + 0.0497
My [GeV]  80.4133 & 0.0080 RS 20.7842 + 0.0335
Tw [GeV] 2.085 £ 0.042 R 20.7644 + 0.0448
B(W —ev)  0.1071 £0.0016 Ale 0.0145 + 0.0025
B(W — pv)  0.1063 4 0.0015 A 0.0169 + 0.0013
BW — rv)  0.1138 4+ 0.002 AT 0.0188 + 0.0017
(T//L) 0.992 + 0.013 R} 0.21629 £ 0.00066
A. (SLD) 0.1516 & 0.0021 RY 0.1721 £ 0.0030
Au (SLD) 0.142 4+ 0.015 ALD 0.0996 + 0.0016
A, (SLD) 0.136 £ 0.015 A)C 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 — 1v)

B(W — uv)

ATLAS, 2007.14040
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