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Electroweak precision test

EW theory is predictive.

SM rad |

Input of SM prediction: a, Gg Mz at tree level (+ Qs, ... for rad.)
Test of SM and hypothetical models.
Two experimental data for W-boson mass.
Measurement Ret. Measurement Ret.
( a,(md) 0.1177 £0.0010  [40] | mz [GeV] 91.1875+£0.0021  [41]
Aot (mZ)  0.02766 £ 0.00010 [40] | Tz [GeV]  2.4955 4 0.0023
m; [GeV] 172.69 = 0.30 5] | 0% [mb]  41.4802 4 0.0325
L my [GeV] 125.21 +0.17 5] R) 20.7666 + 0.0247
mw [GeV]  80.377+£0.012  [5] A% 0.0171 4 0.0010
80.4133 £ 0.0080  [40] RY 0.21629 = 0.00066  [42, 43]
Ty [GeV] 2.085 + 0.042 5] RY 0.1721 4 0.0030
B(W — (v) 0.10860 + 0.00090 [44] A% 0.0996 + 0.0016
A, (LEP)  0.1465 £ 0.0033  [42] A% 0.0707 + 0.0035
Ay (SLD)  0.15134+0.0021  [42] A, 0.923 & 0.020
A, 0.670 & 0.027




Recent W-boson mass result at CDF

[PDG’22]
PDG: W-boson mass w/o new CDF ALEPH 80440 0,05
DELPHI | 80.336 = 0.067
Mw = 80.377+0.012 GeV 3 o |
OPAL _.__-_ 80.415 0.052
Recent CDF result tension LEP2 —-— 80.376 = 0.033
Mw =80.4335+0.0094 GeV DO —.— 80.383 = 0.023
o Tevatron -I- 80.387 g_jd(?._(ilg
SM predlctlon tension L +8037X0:0-019
LHCb + 80.354 + 0.032
Mw =80.355210.0055 GeV Lhc o 0366 2 0.017
T T — s
SM VS PDG - <20 (ConSiStent) CDF 2022 & 80.4335+ 0.0094
L R |
80.2 80.4 80.6

m,, [GeV]



Axion-like particle (ALP)

Pseudo NG bosons associated to (approximate) global symmetry
Interactions are invariant under shiftsa = a + ¢

Consider

1 1 a ~ a ~
Larp = 55’Ma8“a — §m3a2 — CWWf—W/j,/W““” — cpp—B,, B"

a

We revisit EWPOs in ALP model both w/ and w/o CDF result.
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ALP contribution to EWPO

Two ALP couplings
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Oblique corrections

New physics contributions via are parametrized
in many models by oblique parameters, S,T and U [Peskin, Takeuchi’92]

S = 167 Re [H Q(M3) - H?F%Z(O)]

12 G
L " Re[132(0) — 14 (0)]  def.
o
Hab k2 _Hab M2

U = 167 Re[I17 ;(0) — I171y(0)] gy (k%) = il kg — Mj‘;/( v)
Contribution to EWPOs
e.g.,WW-boson mass

2 M2 g 2 o2
My = (Myy)sm EW_ 5 _%JFC%/VO‘T | CW4 QSWO‘U
w — Sw S

new physics



Previous analysis [Bauer, Neubert, Thamm’ | /]

ALP is assumed to be than Z boson
o _ 203, S5 MY CWW CBB In m?% 1
- T f2 A2
T =0

1 2¢%, . m?
-+ = 1In ‘g/> — comparable to S
3 STy m?,

4 .2 2 2
B 287y My Ciyw In m )
3l f? A?

New CDF result was analyzed in the same approach:
“... (light) ALP is just marginally acceptable.”  [Yuan, Zu, Feng, Cai, Fan'22]



|. Radiative corrections beyond S, T, U

Radiative corrections to gauge couplings via vacuum polarizations

a(m?) = o {1 ~ Re [H%(mg) _ H}YW(O)] } = a(1 + Aa)
g7 (m7z) = g7(0) {1 — Re [IT7 7 (m7) — M77(0)] } = ¢7(0) (1 + Az)

g*(myy) = g°(0) {1 — Re [Tz (myy) — 7z (0)] } = ¢(0) (1 + Aw)

3
Z-pole observables: 1z — ff)=N¢ C;i/];Z gv.s|* + lgaz°]
s
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1 aS
< 55, (M2) = siy + o a— [C‘Z/VS‘Z/V Aa —aT| + T]
w T Sw

\ pZ:1—|—O§T—|—AZ

c2 M2 aS 2, — g2
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cf. Aw contributes to ['w



ALP contributions

Formulae for ALP much lighter than Z boson [Aiko, ME]

| (WS — _26%[/8‘2/[/77122 CWWCBB n mQZ 1
Consistent 2 f2 A?
w/ prev. < - 25T MY Covur m? 1 23, . miy
alU = In —= + —— In —-

9672 A2 3
2 2
My o my, 4
| AW = ggpzdaww (m Az §>
New contributions are to S and U — affect EWPOs

* Formulae valid for any ALP mass are also provided in the paper.



2. Z boson decay into ALP

~
Z boson decays into light ALP w/ photon W

m3 mg 3 . .
Loy =1(Z = ay) = %—iggz,y (1 — m%) .

Contribute to total width of Z-boson decay (and had. xsec Ohad via [2)

Stronger than vac. polarization because the decay is at tree level.

Quantity Value Standard Model Pull
My |GeV] 91.1876 £ 0.0021 91.1882 4 0.0020 —0.3
I'; [GeV] 2.4955 £ 0.0023 2.4941 + 0.0009 0.6
Ohad |ND] 41.481 + 0.033 41.482 + 0.008 0.0
R 20.804 £ 0.050 20.736 £ 0.010 1.4
R, 20.784 4+ 0.034 20.736 £ 0.010 1.4
R; 20.764 4 0.045 20.781 4 0.010 —0.4
R, N 21R20 + N NNNARA N 215K + N NNNND N7



EW precision test in ALP model

. SM \ . ALP N — EWPO ——
a, Gr, Mz + — rz, Arg, My, etc

é+ My, ... for rad.)) N J
S .U + Ad. Av. Aw Compared with

experimental data

m ! (global fit analysis)

New contributions affect same observables as S, T, U.

They must be analyzed in the global fit simultaneously.



Impact of new contributions

ALP is much

ighter than Z boson — insensitive to ALP mass.

EWPO global fit results are affected significantly, especially by [ (Z—ay).
. Mw w/ CDF data . Mw w/o CDF data
: P | . : [Aiko, ME] |
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ALP contribution to EWPO

Previous studies have missed three points:
[Bauer, Neubert,Thamm’|7; ...]

3. Experimental constraints: flavor and collider

W-boson mass and goodness of fit

Summary



Flavor constraint

Sensitive to ALP coupling with W boson.

Quark flavor is violated due to CKM by exchanging W-boson.

B meson decays into ALP with K meson:

2

e 1 2 m
F(B+ —>K+CL) ’Agallc)fs’ f K/a< o m?
B

e 3 o * ()
gallcjfs — 4 2 A JawWw Z quv
Sw

qg=u,c,t

[lzaguirre,Lin,Shuve’l 7;
Gavela,Houtz,Quilez,Del Rey,Sumensari’ | 9;
Bauer,Neubert,Renner,Schnubel,Thamm’22]



Flavor constraint ... contd

ALP is subject to tight flavor constraint for m,<~4.8GeV.

(" )

) B—bKa’a—bw ) (i Y
8ayy

BaBar studied prompt and displaced decays <C

Constraint for 0.175 < W
e gaWww

e BoKa a2 p*u- S g

e

LHCDb studied prompt and displaced decays < Y,W f
a--- aYy,a
Constraint for 0.250 < { - 8ayy,aww




EWPT results vs flavor constraint
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Almost entire regions are excluded for m, <4.8 GeV.
— Consider heavier ALP to avoid flavor constraints.



Collider constraints

ALP is lighter than Z boson.

Br(a—=YY)~I _
c v, Z K
Bound from X
ot as,
LEP data ~7

On-shell Z exchange: a-Z-y coupling
> complementary

Off-shell y, Z exchange: a-y-yas well as a-Z-y |

Br(a—YY)~0

Bound from ete-—



Light ALP case

———
m.=5GeV A [Aiko, ME] -
(avoid flavor bound) :
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ALP is consistent with EWPOs with mw(PDG), but not with mw(CDF).

— CDF tension cannot be solved by light ALP. (cf. contrary to Yuan et.al.)



Heavier ALP case

EWPO formulae for any ALP mass are provided in the paper [Aiko, ME].

Z—ay is blocked, but Aqg, Az, Aw as well as U are comparable to S.

Many collider constraints from LHC

a-Y-Y q g
g a*)
(pp, PbPb =) 7y — a'*) — vy LS
a-Z-y q Y

(pp =) q@ = Z° — ay,a — Zy — vy



Heavier ALP case

M=
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ALP can be consistent with EWPOs both for mw(PDG) & mw(CDF)
if ALP is heavy and its coupling to di-photon is suppressed.
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W-boson mass and goodness of fit

Summary



Goodness of fit

Is CDF tension solved in both masses!?
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Global fit analysis

|. Probability distribution from likelihood

—2InL = (y —p)"'V 'y — p)

y: exp., M:th.value, V:cov.

3. Determine 68% and 95% region.

Then, “68%" does not always mean

“all tensions are solved”

but

“fit is better than outside”

Jaww [TeVv~!]
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W-boson mass for Mw(CDF)

mgy=5 GeV
w/o EXxp.

ms =195 GeV
w/o Exp.

mg =195 GeV
w/ EXp.

m; =600 GeV
w/ Exp.

[Aiko, ME]

|Gayy =0, A= 4nf,

80.34

| I |
80.36

| I |
80.38

80.40

80.42

80.44

black: w/o My,
red: w/ My,

bar: 68%

my [GeV]

(black) indirect prediction

Mw determined by global fit w/o including My, in likelihood

(red) theoretical value for which My is included in likelihood



W-boson mass for Mw(CDF)

— W T T T T T T
o PDC [Aiko, ME]
ma - 5 GeV | Py I ° |
w/o Exp. | ' |
mg= 195 GeV : PY l : ® |
w/o Exp.
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w/ Exp. black: w/o Mw
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w/ Exp. o (Gayy = 0, A=4nf, bar: 68%
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W-boson mass for Mw(CDF)

— 9 T T T 1 T T
M PDG [Aiko, ME]
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Prob. distribution for indirect prediction (black) _ Y.
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W-boson mass for Mw(CDF)

— T T T T T T T[T T T T T
M PDG [Aiko, ME]
ms; =5 GeV L et o
w/o Exp. | ' |
mgy = 195 GeV I o— | | PY |
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w/ EXp. black: w/o M,
m., = 600 GeV - o : | . | red: w/ My
w/ Exp. Gayy =0, A= 4nf, bar: 68%
80.34 80.36 80.38 80.40 80.42 80.44
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Collider bounds are greatly relaxed when
ALP is heavy enough and g(ayy) = 0.
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The fit quality is good & My tension is solved.




ALP mass dependence of EWPO global fit
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|
o
=
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collider

—— Flavor 7

—— LEP
—— LHC

CDF tension\

is solved

!
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Global fit is |

improved
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1071
m; [GeV]

101 " 102

T

ALP coupling to di-photon is suppressed, i.e., g(ayy) = 0.

Probability distributions are normalized for each ALP mass.

ALP improves global fit well if m,>160 (500)GeV for Mw(PDG) [Mw(CDF)].



Summary

We revisited ALP contributions to EWPO.

We pointed out three missing effects in the previous works:
|. Corrections beyond S, T, U via vac. polarizations are sizable.
2. Z boson decaying into ALP affects EVWPOs significantly.
3. Flavor and collider constraints are considered appropriately.

It was shown that the EWPO global fit can be improved much against SM
if ALP is heavy and its coupling to di-photon, g(ayy), is suppressed.

The tension between SM and CDF values of W-boson mass can be solved
if ALP is heavier than 500GeV with g(ayy)=0.






Tevatron collider at Fermilab

[PDG 2022]

Proton-anti-proton collision at Vs=1.96TeV [acen —=— 504402005
cf. LHC: pp collision at Vs = 13TeV [CERN] |* "

L3 | 80.270+ 0.055

Two detectors: CDF and DO oPAL = 041520052

. . . LEP2 —I—E 80.376 + 0.033

Data taking finished in 2011 | I it =41
CDF —-— 80.389+ 0.019

New result from CDF w/. [L=8.8fb-! (full) 00 +

80.387 + 0.016

R S— 1001 = 4266
ATLAS —i- 80.370+ 0.019
LHCb —-— 80.354 + 0.032
LHC - 80.366 = 0.017
SR S dor =020
World Avg - 80.377 + 0.012
CDF 2022 & 80.4335=+ 0.0094
, L i |
Inconsistent w/. other results — syst. 80.2 80.4 80.6
m,, [GeV]

cf. DO result w/. [L=5.3fb-!



Prospect

Challenging to achieve OMw~10MeV at LHC due to large PDF
uncertainty, many pile-up events, ...

Summary

o More extractions of m;; are necessary for understanding the tension between recent
measurements and probing new physics in the EW sector,

o LHCDb has already published a proof-of-principle measurement, with Amy, =
32 MeV. Full-Run-2 measurement targets Am;, = 20 MeV,

o Amy, (stat) will reduce to = 14 MeV; experimental systematics will largely reduce
with the larger control samples,

o Strategies are taking shape to reduce our key systematic uncertainties related to
theoretical inputs,

o Further input from the theory community is always welcome!

o Run 3 is underway, and we can look forward to even more precise measurements in
the future!

LHCb Implications 2022 Ross Hunter, University of Warwick 18




Standard Model prediction

-

\

My = 80.35952 -

- 0.0055 GeV

data

s (M) 0.1177 £ 0.0010
[7.20 smaller than CDF] Ac® (M) | 0.02766 + 0.00010
My [GeV] | 91.1876 + 0.0021
o , me [GeV] 172.69 + 0.30
Uncertalnty is dominated b)’ Mz my [GeV] 19595 4+ 0.17
. [PDG 2022]
Issue on definition of measured m.
— Inflate uncertainty as Om¢= 1.0GeV
[ Mw = 80.3552 £+ 0.0079 GeV [640'] j
as(Mz) Aozfl?d(MZ) Mz my my  higher | Total

SMy [GeV] | 0.0007 0.0018

0.0026 0.0018 0.0001

0.0060

0.0055
0.0079




Experimental data

B—Ka, a—YY: BaBar, prompt + displaced decay
Constraint for 0.175 <m, <4.78 GeV
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Experimental data

B—Ka,a—=yH: LHCb, prompt + displaced decay
Constraint for 0.250 <m, <4.70 GeV
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Collider constraints for Br(a—YY)=I
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