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Standard Model of Elementary Particles + Gravity
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Visualizing a key step in Silk-wi pp ed food wins

cytokine signaling pp.139&163 Bll & Science Prize p.146

[Athron, Fowlie, Lu, Wu, Zhu, 2204.03996]

LEP (e+e-) result = | LEP i | 80376 + 33
LHC (p+p+) result = LHCb 2021 ._..._.. 80354 + 32
ATLAS 2018 .= HE 80370 + 19
(LHCb/ATLAS) DO 1992-1995 (95/pb) TiEl . . | 80478 +83
DO 2002-2009 (4.3/fb) rnl 80376 + 23
CDF 1988-1995 (107/pb) et o 80432 + 79 S
Tevatron (p+p-) result = CDF 2002-2007 (2.2/f)* | e 80387 + 19 HEAVYWElGHT
(DO/CDF) CDF 2002-2007 (2.2/fb) ._._._. 80400 = 19
CDF 2002-2011 (8.8/fb) | = | ran 80434 +9 < New data by CDF
Tevatron ; ; |-|J:-| 80427 +£ 9 |CDF, Science, '22]
Tevatron + LEP e 80424 % 9 7o deviation
PDG 2021* HH 80379 £12  petween data vs SM
Simple combination 101 80411 + 7
SM 1 Bl so3s4+7  Data have been taken
80400 80500 | in 2002-2011

My [MeV] at Tevatron@Fermilab



Numbers

All measured data provide p-value of 0.2% for compatibility = 3o inconsistency which is

iIndependent of SM predictions

¢ The new world average IS [de Bas, Pierini, Reina, Silvestrini, 2204.04204]

Ma;cp — 80413.3 + 8.0 MeV correla.tlc?n of systematic
errors is included

The Standard Model prediction (will be explained later) is

My = 80350.5 & 7.7 MeV

AMpy =62.8+11.1 MeV  This corresponds to 5.6c discrepancy
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Charged kaon mass

2 Indeed, we know that the charged WEIGHTED AVERAGE
493.664+0.011 (Error scaled by 2.5)

kaon mass (K* = su ) data have given

the double peak fitting result

In that case, one has to amplify the

systematic uncertainty by “scale

¢

Values above of weighted average, error,
and scale factor are based upon the data in
this ideogram only. They are not neces-

sarily the same as our "best' values,

obtained from a least-squares constrained fit
utilizing measurements of other (related)

quantities as additional information.
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More conservative numbers

No scale factor M 77 = 80413.3 £ 8.0 MeV 5.60 discrepancy

Multiplying the scale factor S; S(My,) = 2.1 [Falkowski; Wilson]

Ma;{p — 80413 + 15 MeV 3.70 discrepancy

\ 4 Known higher-order QCD corrections (N3LL+NNLO of a,) via RESBOSv2 could shift the

CDF result by up to — 10 MeV [Isaacson, Fu, Yuan, 2205.02788]

4 But, — 10 MeV shift is insufficient to explain the discrepancy

2 The SM prediction is ,
conservative top mass

MEVM — 80350.5 £ 7.7 MeV uncertainty is included
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How to measure Mw

Collider
7
\

high-energy (~TeV) collision

W boson L/ = missing massless momentum

£ (e and i) | Detecter

3 observables x 2 channels (et and u*) = 6 results
1, ptt (lepton transverse momentum)
2, p¥T(missing transverse momentum) » Fit each distribution by varying Mw

3, mT (transverse mass IV
( ) mTZ\/Q(p%p%—p%pT)
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C D F resu It [CDF Collaboration, Science 376 (2022)]

muon electron
10
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Distribution W boson mass (MeV)

Combination 80,433.5 + 6.4, + 6.95yst

3x2 = 6 individual fit results are consistent
with each other

All 6 results deviate from the SM prediction
My = 80350.5 £ 7.7 MeV
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Why not LHC?

L The CDF result at Tevatron (p+p-; Left) is better than the LHC data (p+p+; Right)

LHC (7-13 TeV); x ~0.01 for W
Tevatron (1TeV); x ~0.1 for W

1 L
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A new physics interpretation of the W-boson mass anomaly with B anomaly [Gao, Harland-Lang, Rojo 2018] @/ 6
Teppei Kitahara (Nagoya Univ.), IBS and KMI Joint Workshop 2022, August 3, 2022, online



Standard Model Prediction of Mw

In the SM, the W-boson mass is not input value, but rather non-trivial prediction
. 2 1 2..2 tree SM
tree-level relation M, = Eg V My, = 80938.7 MeV «
0.5 GeV heavier than the CDF )

1, the SM Higgs vev v is determined by Gr, which is equivalent to the muon lifetime

19277
YV = (2\/§GF)_1/2 1, e I(mw m,u) X Gl:z

m>

2, the gauge coupling g is determined by Mz and agm

, M2=—211+_[1
£ ’ V2GpM;

12
1+2
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Standard Model Prediction of Mw

, , M Arap
¢  Loop corrections have been encoded: My, =—41 1+ /1
2 \/2G M3

¢ Full one and two-loops, and the leading three and four-loops were included

[Awramik, Czakon, Freitas, Weiglein, 0311148v3 (2021)]
¢ Fitting of EW precision observables are also encoded [de Blas, et al, 2112.07274]

MM = 80350.5 + 7.7 MeV

The theoretical uncertainty is dominated by the input parameter uncertainty of top

quark mass Am, = 1.0 GeV(conservative)

2 The subdominant uncertainty comes from the missing higher-order corrections

A new physics interpretation of the W-boson mass anomaly with B anomaly @/ 0
Teppei Kitahara (Nagoya Univ.), IBS and KMI Joint Workshop 2022, August 3, 2022, online



E|eCtrOWGak preCiSiOn ﬁtt'ﬂgs |[de Blas, Pierini, Reina, Silvestrini,

Measurement l

Global fit

Posterior

Fitting without the data

| Indirect/Prediction Pull

3

as(Mz) 0.1177 = 0.0010 | 0.11762 & 0.00095 | 0.11685 + 0.00278 0.3
0.11576,0.11946] | [0.11145,0.12233]
Aal® (Mz)  0.02766 + 0.00010 [0.027535 + 0.000096|0.026174 + 0.000334 4.3
[0.027349, 0.027726] | [0.025522, 0.026826]
Mz [GeV] 91.1875 +0.0021 | 91.1911+0.0020 | 91.2314 +0.0069 —6.1
(91.1872,91.1950] | [91.2178, 91.2447]
m. [GeV] 171.79 + 0.38 172.36 + 0.37 181.45+1.49  —6.3
171.64,173.09) [178.53, 184.42]
my [GeV] 125.21 + 0.12 125.20 + 0.12 93.36 + 4.99 4.3
124.97,125.44 82.92, 102.89)]
My [GeV] 80.4133 £ 0.0080 | 80.3706 + 0.004]5_| 80.3499 + 0.0056 6.5
r[sto.sﬁn, 80.3794] | [80.3391,80.3610]
Tw [GeV] 2.085 £ 0.042 | 2.08903 & 0.00053 | 2.08902 + 0.00052 —0.1
| | [2.08800,2.09006] | [2.08799,2.09005]
sinZ 0P (QEad) | 0.2324 £+ 0.0012 [0.231471 + 0.000055|0.231469 + 0.000056 0.8
[0.231362, 0.231580] | [0.231361, 0.231578]

Y

1

T

2204.04204]

Several
predictions
deviate from
the data

Global fit
does not
work for Mw
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Mw anomaly vs muon g-2 anomaly (athron, Fowlie, Lu, wu, Zhu,

Muon g-2 anomaly /‘{{i\

| | | |

Exp data
BNL g-2
. E -
FNAL g-2
& +  (2021)
Average
theory (SM)
White Paper
®
* ‘ 4.20 =
HVP by BMW
hew Mw -~ >
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a, x 10" = 11659000

Lo
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The 4.20 muon g-2 anomaly 240

could be worsened to 5.1c slido

M?2 >
5
A(Xﬁla)d(M%) — 47_‘_2Za73/

CDF 2022

80.40
MW [GGV]

80.45

2204.03996)]

Assuming the
overall rescaling

of Ope—had
the HVP

contribution to
the muon g-2
reduces, and
tension is
amplified
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New physics?

If new W-boson mass measurement is correct,
It implies the first evidence of
violation of the electroweak symmetry breaking

0.05% violation of

https://cds.cern.ch/
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New physics

Already, there are O(100) papers on arXiv after new Mw data was announced
¢ Categorized into only three types: [Endo, Mishima, 2204.05965]

. . o _ T 1 I puv
¢ Dimension-six operator  @uwp = (H'm" H)W,., B After the electroweak symmetry

breaking, these two operators
produce additional W/Z boson

¢ Dimension-six operator QHD:(HTD“H)*(HTD“H) Mass

¢ The so-called “oblique S parameter”

¢ The so-called “oblique T parameter”, the most popular scenarios and less constraint

¢ Change the muon lifetime

19273 : L e L L
7, = I(m,, m,) X GEZ This relation is modified by new physics; interesting idea
m>
U
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Oblique corrections

The oblique corrections are defined by the following Lagrangian

P =

55:-1H ( 2)W3MW3—1H (pPHB*B, — Mysp(p)WHB — My (p?) WHW
> ENEN S nT 5 BB\P I w3B\P I w+w-\P U

remain; S, T and U parameters [Peskin, Takeuchi, ‘90, ‘92]

S = 167ILs 5(0)
4 NP NP
[HW3W3 (O) — HW+W— (O)]

T = —
U = 167 [TIy5 s (0) — Hipk - (0)]

2 2
ST Ciy2 Mz

U is dim-8 operator

S

AEM
1

AEM

CH WB

szHD

Using U(1)em symmetry and using the input values M, G, apy,, three free parameters

dim-6 SMEFT language

SSwCw
.

Quwp = (HTTIH)WJVBW

Qup = (H'D,H)" (H'D"H)
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New physics scale

&  Oblique S parameter Quws = (H'T' H)W,.,B*  [Fan, Li, Liu, Lyu, 2204.04805]
1/A2 ~ (5—10 TeV)2 (tree) but other contributions are required
¢ Oblique T parameter Qup = (H'D,H)*(H'D*H) [strumia, 2204.04191]

4 1/N\? ~ (6 TeV)2 (tree) = ~ 1TeV (loop suppressed) o4} FixedU =0

4 Change the muon lifetime [Endo, Mishima, 2204.05965] b
0.2F
1/A\2 = (5—8 TeV)2 (tree) =
0.1pF
Positive S & T favored
0.0F
[Lu, Wu, Wu, Zhu, 2204.03796]
B —0.1 0.0 0.1 0.2 0.3
S
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Custodial symmetry breaking (~oblique T)

In the extended scalar models, a mass difference between the heavy SU(2) scalar multiplet

produces a custodial symmetry breaking, leading to the higher W mass

Type-ll 2HDM
[Ahn, Kang, Ramos, 2204.06485]

1400 — 1400

1200

1000

Ma [GeV]

800

v 1 PDG 95% CL

| — CDF 95% CL 1 CDF 95% CL
400 - 1 600 | | L

800 1000 1200 1400 800 1000 1200 1400
MH:E [GeV] MH:t [GeV]

1 PDG 95% CL

triplet vev

Higgs triplet model

|[Kanemura, Yagyu, 2204.07511]
m, -+ [GCV]

332 367 412
IHE IR IRagE IS ' Al ] L
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Supersymmetry

In the supersymmetric model, several loops contribute to Mw. In particular, stop-bottom

loop gives the leading contribution [Heinemeyer, Hollik, Weiglein, Zeune, 1311.1663]

80.60
: LHC (2013, Run 1) stop = Scalar supersymmetric partner of top quark
80.55 bounds are encoded sbottom = Scalar supersymmetric partner of bottom
<8050
Q
& I
g80.45:—
B N B ex
E R, \:'. MWP — 80413 1 15 Mev
80.40 BT < 1 T
ol et L e————— The lightest stop mass should be around 1TeV

200 400 600 800 1000 1200 1400 1600 1800 2000
m. (GeV)

1
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[cf. Angelescu, Becirevi¢, Faroughy, Jaffredo, Sumensari, 2103.12504;
I—e pth Lia rk Cata IOgue Athron, Balazs , Jacob , Kotlarski, Stockinger , Stockinger-Kim, 2104.03691]

Leptoquarks that do not lead to proton decay and can contribute precision measurements

[LQ* requires additional symmetry that forbids the proton decay, see 1603.04993]

( ) v v/

in
S1LQ ™ O 5 1,1/3 Loop With S3

U: LQ 1 (3.1, 2/3) v/ v X X

R2LQ 0 (3,2, 7/6[1/6)) v Loop v Small

V2 LQ (*) 1 (3, 2, 5/6) Small Flectron Small J

S3LQ ™) 0 (3,3, 1/3) X v X With Sy

Us LQ 1 (3.3, 2/3) X v/ X ?
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roposed new physics scenario

[A. Crivellin, M. Kirk, TK, F. Mescia, 2204.05962]}

PSI-PR-22-09, ZU-TH-12/22, KEK-TH-2411
Correlating t — ¢Z to the W Mass and B Physics with Vector-Like Quarks

Andreas Crivellin,? * Matthew Kirk,> ' Teppei Kitahara,* 561 and Federico Mescia® ®

Physzk Instztut Universitat Zirich, Winterthurerstrasse 190, 8057 Zirich, Switzerland
Paul Scherrer Institut, 5232 Villigen PSI, Switzerland
Departament de Fisica Quantica © Astrofisica (FQA),
Instztut de Ciéncies del Cosmos (ICCUB), Universitat de Barcelona (UB), Spain

* Institute for Advanced Research, Nagoya University, Nagoya 464-8601, Japan
Kobayashz-Maskawa Institute for the Origin of Particles and the Universe, Nagoya University, Nagoya 464—-8602, Japan
Theory Center, IPNS, High Energy Accelerator Research Organization (KEK), Tsukuba 305-0801, Japan

The rare flavour changing top quark decay t — c¢Z is experimentally very interesting due to the huge
number of top quarks produced at the LHC. Furthermore, in the Standard Model the corresponding
rate is suppressed, such that any observation of this process in the foreseeable future would prove
the presence of new physics. However, there are few (viable) models which can generate a sizable
branching ratio for ¢ — ¢Z — in fact vector-like quarks seem to be the only realistic option. In this
Letter, we investigate all three representations (under the Standard Model gauge group) of vector-like
quarks (U, Q; and Q) that can generate a sizable branching ratio for ¢ — ¢Z without violating
other bounds. Nonetheless, these vector-like quarks still give rise to loop-effects in B physics and

alactrauaroalr nracricaian nhcarvmhlac axarhiceh e calriilatae Byvry mmaterhinag +ha madal Aan +he Q4andard NMadal



¢ Motivation of vector-like quark models: (vector-like means non-chiral and Left = Right)

\ 4

¢

¢

1, simple renormalizable extension of the SM

Vector-like quarks models 1/3

2, connection to the quark flavor physics (unique model predictions)

3, connection to the B anomaly (different long-standing anomaly)

L 4 Lagrangian L = ZF (Zm — MF) F, where F' = {Ua D7 Qla QE’)? Q77 T17 TQ}

u d q HIU D Q1 @s Q7 11 T
SUB)c|3 3 3 1|3 3 3 3 3 3 3
suU2)pi11 1 2 2|1 1 2 2 2 3 3
Ul)y |¥3 —=Y3 Y Y2|%s =3 Y6 —%6 /6 —V3 %/3

Tree Uu D @1 @ Q T 1Ty
Z-uy-u) v X X X X v ooV
Z-up-up X x v X v X X
Z-di-d, x Vv X x x v V
Z-dp-d, x x v v X X X
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Vector-like quarks models 2/3

¢ Interaction term
L =£<Z + ﬁfVLQ + ﬁeLQVLQ :
WY : (T Y{}(L-de +he. SM Yukawa (quark-quark SM Higgs)
—Lovnq =& UH'q; + &’ DH' q; + £/ Q1 Hu,
T €f1Q1Hdz- T €?5Q5£’di T §,;Q7Q7HU¢
n %gz,TlHTT .Tyq, + %ng—’“zﬁ‘rT .Tog; +h.c., V0LQg-VLg-SM Higgs is unimportant

VL g-quark-SM Higgs

° —— t =
® W boson mass correction H=--__ &3 93 Yt ___--H We found only
2 2
. B NN YU usp ~AnAnn e AM? X (53) (yt) U’ Ql and,Q7
* oblique T W w! w M\Z/Lq can explain the
P e e P W mass anomaly
H-- &3 B Y¢ T-H
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Vector-like quarks models 3/3

We calculated three vector-like quark models (U, Q1 and Q7)

2 One-loop matching between UV model and SMEFT (all relevant terms including top and B
physics), one-loop RGE between UV to EW, and one-loop matching between SMEFT and

the weak hamiltonian

¢ Both oblique S and T are produced

U Ux* * *
91928 &i _ 91926, "€, i 9192@'@751@7

Cawp = — ,
TR ean’ME 967°Ma. 96w MY
36 &6 36 (VY)g . (1 |
et e eryugt L eleleet se oty
87T2M%1 8m° NS 87T2M227 87 @
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A result: U vector-like quark model

MU= 2 'TeV

1.4
. 1.2
EWPO (with CDF My)
tree-level top FCNC:
o i diction in VL g model
- EWPO (WlthOU.t CDF MW) - unique preaiction Iin d mode
°- 5
263 Br(t — cZ) x 10
0.6 B
— - AM, B.—B. mixin
\\\53 q 63’,,~H H\\\\£3 q y?’,,H 04_ S S S g
T 71 11 | ¥ H P P H P
VLQY A VLQ VLQY Aq — e _
&3 &3 &3 Yt 3 H 3 7 H ?
0.0 ’ I T T
—0.00 —0.25 O.OOU 0.25 0.00 h — sy has been checked,
&s but it is irrelevant
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Lepton flavor universality observables R(K) and R(K*)

~
R(K®)) =

BR(B - KOu*u™)

BR(B - K®ete)

~

SM VS.

SM predictions:

NP, e.g., Z' boson

R(K)~ R(K*) ~1

r | T T ! T |
i é i BaBal'
0.1 < ¢g><8.12 GeV*/c*
, N , Belle

: 1.0 < g% < 6.0 GeV¥c*

; 1.1 < ¢?<6.0GeV/c?
L I N

0.5 1 1.5

Ry

~ 3.10 below the SM

~ ——Belle 2019 : Belle 2019
- LHCb2017 ............................. .................................... P'f'é'l'i'm'iﬁéf'y .................
:._. ............. + BaBar2012 ........................... .-—-- ...........................
:_ ............. — ..SM..JHEP..Q.1....093.(2.0.18) .............................................. ..............................................

I | |

0 5 10 15 20

~ 2.50 below the SM
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B — K*u'u

[LHCb, 2003.04831]

! LHCb Run 1 + 2016 -
|| SM from DHMV :
0.5F i -
05 _+_
0.5 <! 3 -
- 5 RS = —+—+
—1-— e T T —

0 5 10 ls
2[GeV*/c*
250,290 -

¢

Angular distribution of A, — A,u+,u_ [K¢] is also deviated at 2.6 o [LHCb, 1808.00264]

_|_

s 1~ (not ratio) anomalies

B, — ¢u

[LHCb, 1506.08777]

oFE " + ' 1
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Now, no anomaly [CMS, ICHEP2022]
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Final result: U vector-like quark model
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Conclusion

L New W mass measurement from CDF is inconsistent at 3o level with the other colliders

Conservatively, the tension could become 3o level between average of data vs. SM

Future electron colliders (ILC/CEPC/FCC-ee) are required to crosscheck [(O(1) MeV precision]

Many new physics models have been proposed; can be categorized into only three types

2HDM, HTM, Supersymmetry work well

TeV scale vector-like quark can explain the Mw as well as B anomaly (our work), predicting

unique signal in top FCNC decays
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