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 BSM interpretations
 mW @ CEPC

W boson mass measures higher than expected .23

Zhen Liu W mass & Future CEPC Meeting 2022 05/25/2022



Outline

* CDF Measurement
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CDF Measurement
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Distribution W boson mass (MeV) x2/dof
m@,y) o 80,429.1£10 3stat £8.5gyst  39/48
pr(e). o 8041144107 + 1180t 83/62
PY®) 80,426.3 + 14.560a £ 11 7yt | 69/62
My 80,446.1£9 2t £ 7 3yt 50/48
Py 80,428 21960t 1103yt 82/62
PY() o 80,4289 13 Lt £10.9gyr 63/62
Combination 80,433.5 * 6.4gtat + 6.95yst 7.4/5

o Mr=1/2(php — % - F¥)
° pf E
o pr with (pr = —pr — tr)

CDF II extracted the W mass with
high precision energy
measurements, via templates fits of
various distributions, with fixed I,
(a SM single parameter fit).
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Tension with other experiments also LHCb: 80,354 + 32 MeV

7 o tension with SM (discuss later) SM

» ~3 o tension with other experiments bo | 80478 * 83 ¢
CDF | 80432 + 79 o
DELPHI 80336 + 67 ®
L3 80270 + 55 ®
OPAL 80415 £ 52 ®
ALEPH 80440 + 51 ®
DO I 80376 + 23 ——
ATLAS 80370 =+ 19 —Q—
CDF 1l 80433 + 9 s 2
ce b b b b e
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Tension with other experiments also LHCb: 80,354 + 32 MeV

* (If we roughly combine, non-officially, SM
3 o tension with SM) DO | 80478 + 83 =
[ ] ~ *
80,410 £ 15 MeV CDFl 80432 + 79 o
« Larger error bars as a result of
. . +
incompatible measurements. DELPHI 80336 + 67 ¢
463.67720.013 (Ertor scaled by 2.4 L3 80270 + 55 9
2nd scale {actor e based Upon fhe data in OPAL 80415 + 52 ®
this ideogram only. They are not neces-
e . Aty ecreiraiai i
utilizing measurements of other (related) ALEPH 80440 + 51 o
quantities as additional information.
) DO Il 80376 + 23 —0—
%
A.....iiiiiiéiﬂs"v B ONTR 106 ATLAS 80370 + 19 o
- LUM 81 CNTR
------ BARKOV 79 EMUL 01
| BAGKENSTO..7a  ONTR_ ot CDF II 80433 + 9 s
(Confidence Leve|=0?§64(:)2) | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
| | ' | 79900 80000 80100 80200 80300 80400 80500

493.55 493.6 493.65 493.7 493.75 493.8 493.85
m s (MeV) W boson mass (MeV/c?)
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Outline

* Theory Assessment
* Tension with SM
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Tension with SM

m X

Mg\ _
(1) = 3G, @+ an
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looOp corrections

v,
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SM is over-constrained (hence
predictive).
We are testing it from all angles!

Precision directly probes new physics.

Parameter Fit Result
G, [Gev™7]  1.1663787 x10°
a(0)™? 137.035999139

Aal” (M3)  0.027627 + 0.000096

Mz [GeV]  91.1883 + 0.0021
My [GeV] 125.21 4 0.12
my [GeV] 172.75 & 0.44
My [GeV]  80.3591 + 0.0052

Sven Heinemeyer — ID T-WG3-Phys Open Meeting on My,, 12.05.2022
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Outline

e Shifts and Uncertainties
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Theory uncertainties
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Rescaling W pT using Z pT

@ Ratio is stable to higher order
corrections at small pr

@ Scale uncertainty only using correlated
prediction

@ Need to investigate the CDF
estimated uncertainty from this ratio

Issacson, Fu, Yuan, 2205.02788
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https://arxiv.org/abs/2205.02788
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Best Fit: My, = 80, 386 MeV

Theory uncertainties

Issacson, Fu, Yuan, 2205.02788
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Best Fit: My = 80,388 MeV

Mass Shift [MeV]

Observable | REsB0s2

+Detector Effect+FSR

mr 1.5+ 0.5
pr(£) 3.1+ 21
pr(v) 45+ 2.1

02+ 18+ 1.0
43+27+13
3.0£ 34 £22

W mass & Future CEPC Meeting 2022

05/25/2022

Best Fit: My = 80,389 MeV
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https://arxiv.org/abs/2205.02788

PDF Uncertainties

Gao, Liu, Xie, 2205.03942

normalized mr distribution

PDF var. vs. Mw var.

CDF Run Il at NLO
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Significance!
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mean value of my
CDF Run Il {My) at NLO

1.00010F {
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fé?é?gff;fffff & 88 fﬁﬂ?fﬁ &
ESEFsse Q,g“ §¥ 3
w
estimate shift and PDF unc. of W mass
d My in MeV [sta. NNPDF3.1 CT18 MMHT2014|NNPDF4.0 MSHT2020
(Mr)(LO) | - 0fgs -1.070y7, -33%0; | +7.8%%) 31757
x? fit (LO) |8.0 UE:E 1U§§ -3.315;{:1 +3.0:_:§;§ -3.0;“1;%
{MT)(NLO) - []_59 —4.2_1'33 —5.0_5:3 +6.g_5:2 —7.6_5:?
x* fit (NLO)[8.0 0%y, 43T, -51%% | +7174%5  -7.8%4%
CDF |92 073} 3 E 3 3
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https://arxiv.org/abs/2205.03942

PDF Uncertainties (continued)

Parton distributions need representative sampling

Aurore Courtoy,! * Joey Huston,?' T Pavel Nadolsky,?' * Keping Xie,*' ¥ Mengshi Yan,” 9 and C.-P. Yuan?:
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* BSM interpretations
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SMEFT interpretations

2

X
Specifications/models d.o.f. :
pre CDF-II|mgmbine | my 2" 1
SM (3) 31 62 76
S-T (3)+2 28 30 33
EW fit

S-T-6G (3)+3 28 28 28

Universal EW (3)+8 17 17 17

Z' /W' (AS =0.1)> |(3)+1P| 29 (28) | 38 (33) | 34 (31)
BSM Models| VLQ Top I (AS =0.1) |(3)+2°| 29 (29) | 34 (32) | 38 (34)
VLQ Top II (AS =0.1)| (3)+2| 28 (53) |33 (31) | 37 (33)

Top Squark (3)424 28 31 34

Gu, ZL, Ma, Shu, 2204.05296

Zhen Liu W mass & Future CEPC Meeting 2022 05/25/2022


https://arxiv.org/abs/2204.05296

Tension with SM

M2
W |
MW(l‘—Mg)‘

Zhen Liu
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2

AT _loop = A« — ETWAp + Arrem(Mpy)
A%
T
Nor: (14 A7) ~ log %—? ~ m3 log(Mp /M)
1}
0 ~ 6% ~3.3% ~ 1%
loop corrections t.b
v v v

I

CEPC Meeting 2022

20211)
~ o ~
S:QS, T:O{T

Sven Heinemeyer — ID T-WG3-Phys Open Meeting on My,, 12.05.2022

05/25/2022 19



X
Specifications/models d.o.f. T obr Il
SMEFT results pre CDF-ljm My
045 SM (3) 31 62 76
i S-T (3)+2 28 30 33
CDF EW fit
0.3- New S-T-6G r (3)+3 28 28 28
0.2~ 02- i
— 01- T 01- .
old old
0.0~ 0.0~ .
-0.1- -0.1- ]
I 90%CL, marginalized over S
—O.ZT Lol Ly o —— o —— T _0-2_ T S T S O T S S T S E S SO S N H RS R N SR
-02 -01 00 041 02 03 -02 -01 00 01 02 03
S 6GFX 100
Zhen Liu W mass & Future CEPC Meeting 2022 05/25/2022 21



8-parameter “Global” SMEFT results

19 bound from 8—parameter SMEFT fit

old
new CDF
CwB CwB
Cr Cr
CHe CHe
CHgq CHq
C'Hq C'Hq
CHu CHu
CHd -0.0418:813 CHd
C|1|221 C|1|221
_002  -001 000 001 002
Zhen Liu W mass & Future CEPC Meeting 2022

» Assuming flavor universality,
SILH-like basis (O and Oy,
are eliminated)

» Still prefers the same shift, but
the 70 is diluted... (Strong
correlations among cys, c7,

Cche and cj;2t

» Large deviation in cyy from the
good-old LEP AZ; anomaly...

05/25/2022
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1o bounds (in %) correlation matrix
old new CDF |cwg cT CHe CHq Cy, CHu CHd ;221
cwp|—0.59 +0.30|—0.59£0.30] 1 0.96 (0.97) 0.96 -0.091 -0.25 -0.16 0.11 0.91
cr |—0.234+£0.14|—-0.104+0.14 1 0.93 -0.07 -0.20 -0.16 0.15 0.78 (0.80)
cge |—0.25 2 0.13|—0.25 = 0.13 1 -0.12 -0.29 -0.14 0.05 0.85
CHq |—0.07 £ 0.27(—0.07 = 0.27 1 -0.30 0.60 0.38 -0.13
C}{q —0.34 £0.27|—0.34 £ 0.27 I -0.69 0.58 -0.33
Crw | 0.67 £0.92 | 0.68 22 0.92 1 -0.07 -0.11
cga | —4.1+£15 | —4.14+1.5 1 -0.02
;2211 —0.56 + 0.33|—0.84 + 0.33 1
Zhen Liu W mass & Future ~ CEPC Meeting 2022 05/25/2022 25




Tree-level new bosons

4°

tang
N

Zhen Liu

CDF mW
preferred
Old mW
preferred
2 3 4
mz [TeV]

W mass & Future CEPC Meeting 2022

SUR), XSUR)g xU)y
- SU2), X U(D)y

Z’, W’ generates T at tree-level.

One needs to avoid direct resonance
searches by engineering partially mixed
leptons to suppress leptonic searches.

05/25/2022
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Top squarks (degenerate)

Xt/mz

Zhen Liu W mass & Future

Preferred by CDF
Preferred by old mW
top1 less than 400 GeV (current bound; more later)
Tachyonic Stop
t,b £,b
1% vov o/ ‘4
fv'w‘ ?\w
\ /
\ /
hf 1 92025 2 Xt2 1 g%zg
= 1+ = S A
T Ganm2 [( T2 om2 T2 )T
hi  X{ h  X{
w = 50 9y CB= 9. 29
6407 mz m: 6407 mz ms
h? 1 g%cag 4 X2
- 1 _ v
BT T 384 2m? [( TR ) sm2
05/25/2022
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1 X}
10 m;f

|
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1 value

terms in C over rr

Degenerate Top Squark not working...

cr: Xf/m‘ng term

10} cr: X%/még term

7 Cw: X?/m%g:; term

513 CR: X?/ma3 term
CWRB:- X%/m(%gg term |
21 |
1t |

0.2 0.4 0.6 0.8 1.0
I'I'(: m%g/m%?,)
Zhen Liu W mass & Future CEPC Meeting 2022

h 16%co5\”
ep = t S (1+ 19 022ﬂ
6472m?2 2 h

2 2 4
; 2ms 2 hi 10 m;
hi X7 h; X7
‘w = 5.2 o) CB= 229
6407 ms mz 6407 ms mz
h? 1 g%cop 4 X?
— 1t (14 = _ 1t
VB = T 3Ranm? [( TR ) Eme
m2
Use non-degenerate soft- v Us
masses to enhance the loops més

_ N
- 2,12
167 mQ3

1 1g%5\* X} 1g°cap 1 —5rr — 2rr? 3rr?

-1+ 2—— 1+ < — 1

4 ( e )" m3 T2 SL—rmP A —rryt 08T
3

3rr T
= mm))}

3rr? 4 3 log(rr)
2(1—rr)d &

cr

X} (1 + 1077 + 12

1 — A

ms, 41 —rr)

R} X? (1 — 8rr — 17772

= 1672m2 2 A

167 M5, MG, 12(1 —rr)

h? X? (—23 —8rr + Trr?

12(1 — rr)*

w

—4 —12rr 4 3rr? + rr?
6(1 —rr)s

cg = 2,2 2 10g(rr)>
167 mQ3 m(:23
h? 1 1 g%cap X2 (5+33rr —3rr? +rr3
CWB 1+ -

- 16m2m3 | 24 2 h? m 24(1 — 1)t
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Top squarks (non-degenerate)

Zhen Liu W mass & Future CEPC Meeting 2022

mo, (TeV)

-4 | —2 I N 2 4

Xﬂ‘m%
05/25/2022 20



Top squarks

A few more directions could
help further enhance or
constrain:

* rr (soft mass ratios)
» right-handed sbottom mass
e tanf

 Addition of slepton
contributions (also
accommodates muon g-2)*

mg, (TeV)

mg, (TeV)

*Agashe, M, ZL, Sundrum, 2203.01796
Heinemeyer et al, 2203.15710

Zhen Liu W mass & Future CEPC Meetir


https://arxiv.org/abs/2203.01796
https://arxiv.org/abs/2203.15710

Coannihilation and LLP Mono-jet + (soft) displaced tracks

An, Hu, ZI,, Yang, 2107.11405 _ t{, production, - b f f 5{? /t—>c ‘,E? /T—> Wb i? /Tt 5{? May 2018
> 800 I_l LI | L | L | LI | LI I L | LI | LI | Pl | |_|
8 _ ATLAS Preliminary 1s=13 TeV, 36.1 fb” N
= - BTt i WhE oL [1709.04183] i
EN-700— =Tt Towb Asbir? L [1711.11520] -
= T Bt T Wi T b 2L [1708.03247) .
- - EMToc /Tobify Monojet [1711.03301] -
600— — T—cd, coL [1805.01649) —
- . . - ‘ [1506.08616] N
Can we do monojet+(soft) displaced tracks? Almisatosacl
, =
- Wouldn’t one be swamped by the soft SM :
------- backgrounds? E
001 __—====- We tried out Open Data -
0.5 1.0 - A .
200 B vy / ::;.\\__
kyxd % / ' i ,"'I‘:
100 k o
ke __ e - ) \ I';' :
by . .I"-_\—
ks 0 II |.;v I 1111 | I | | | I 1111 I | | | 1111 | 1 11 | T
oo " B 200 300 400 500 600 700 800 900 1000

& A
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https://arxiv.org/abs/2107.11405

400 GeV Stop alive

CMS opendata 11.6 fb™!, sing;=0.3
T T T T T T T T T T T ! T

CMS 11 full

simulation sample
-\,7_7)/ Yy —— Vv
-~ Track and Vertex RN
. Efficiencies

— =

Pythia Level
Signal MC

< Selection§> q

An, Hu, ZL, Yang, 2107.11405

Signal Yields

40 - ,/ 7
/,,
Prompt CMS 8 TeV
35+ .
,/
,/
-
30/ - |
T DM over— ,,’
e abundant ,/
4

% 5. ]
=7

CMS Open Data 8 TeV

20

15 - Excluded by DT 8 TeV i
10 Excluded by HSCP 8 TeV 2
250 300 350 400
my (GeV)

See also for other open data physics studies,
A. Larkoski, S. Marzani, J. Thaler, A. Tripathee, and W. Xue 1704.05066,

A. Tripathee, W. Xue, A. Larkoski, S. Marzani, and J. Thaler 1704.05842,

M. Andrews, J. Alison, S. An, P. Bryant, B. Burkle,S.

Gleyzer, M. Narain, M. Paulini, B. Poczos, and E. Usai 19002.08276,

P. T. Komiske, R. Mastandrea, E. M. Metodiev,P. Naik, and J. Thaler 1908.08542,
C. Cesarotti, Y. Soreq, M. J. Strassler, J. Thaler, and W. Xue 1902.04222.

Zhen Liu W mass & Future CEPC Meeting 2022 05/25/2022 32


https://arxiv.org/abs/1704.05066
https://arxiv.org/abs/1704.05842
https://arxiv.org/abs/1902.08276
https://arxiv.org/abs/1908.08542
https://arxiv.org/abs/1902.04222
https://arxiv.org/abs/2107.11405

Prediction for My :
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—
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LR L N R R R RN R RE LER AR RN LARRRRE RN LR

T T T T
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X+ coann. (W)

+
o ¢* coann. (H)

0.0 0.5

1.0 1.5
Ap}ISSI\I

x10~%

Effects of stops:

= larger My, without (2/5 < my /my < 5/2)
? J

80.60
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Outline
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CEPC precision (Stat. Unc.)

W mass
Precision
10 bound from 8—parameter SMEFT fit
R oo
- e new COF| |
cr - cr
CHe e CHe
CHq F—— CHq
C'Hg —e C'Hg
CHu s CHu
Cha FBRLIR818 Cha
CI‘}221 —e— CI‘}221
~002  -001 000 001 002

Zhen Liu

Observable  current precision
e

Amgz 2.1 MeV [37-41]

Al'z 2.3 MeV [37-41

Amwy 9 MeV [42-46]

Alw 49 MeV [46-49]

Achad

6N,

W mass & Fut =—m—m—————=

0.76 GeV [50]

4.9 x 1073 [37, 51-55]

0.015 [37, 53]

4.3 x 1073 [37, 51-55]

0.02 [37, 56]
0.027 [37, 56]
37 pb [37-41]

0.003 [37, 57-61]
0.017 [37, 57, 62-65]

0.0012 [37-41]
0.002 [37-41]
0.017 [37-41]
0.0025 [37, 66]

0.1 MeV (0.005 MeV)
0.025 MeV (0.005 MeV)
0.5 MeV (0.35 MeV)
2.0 MeV (1.8 MeV)

O(10) MeV?
1.5 x 1075

CEPC runs main systematic

Z threshold Ebeam

Z threshold Epeam
WW threshold Epeam
WWTE‘:Bshold Epeam

tt thre;l?ﬂlT:l

(1.5 x 107%)  Z pole (Z — 17)

Stat. Unc.

04F ] )
I | to-point Unc.
' 03- new CDF 1 lecay model
i ‘ 12D effects
02- ) -
i 1 0D effects
— 01 | amiosity
- old : .
i -)n splitting
0-07 B - -
I n splitting
-0.1+ and t channel
Ebeam
-02-. .. .. ..
-02 -01 0O Ebeam
energy scale \

 ————




Relative Error

(in)Direct Probes of Loop Particles

’ Precision of Higgs coupling measurement (kappa0 fit) 10°
m HL-LHC $S1/582

1 s CEPC 240 GeV @ 20/ab / + 360 GeV @ 1/ab R
107 { £ 10

= ] O

&

e
o7 2 10

o

=

=

1073 3
1

Kp
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K¢| K¢ Kg Kw
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-a- FCC
—es— CEPC
-+ - CEPC-Upgrade
—+— ILC

-+ - ILC-Upgrade
—4— CLIC

-4 - CLIC-Upgrade

______

S

/s [GeV]

New CEPC Snowmass paper: 2205.08553
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https://arxiv.org/abs/2205.08553

£z

m- [GeV]

Probing Stop via loop (Z-pole, Higgs precision)
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https://arxiv.org/pdf/1412.3107.pdf
https://arxiv.org/abs/1508.07010

Summary and Outlook

* CDF Measurement

* Theory Assessment
* Tension with SM
» Shifts and Uncertainties
 BSM interpretations

mW @ CEPC

There are many nice and interesting work by our colleagues
(sorry for not covering them here for sake of time).
We are excited to explore further!

Zhen Liu W mass & Future CEPC Meeting 2022 05/25/2022 38



W mass Updated Prospects Tables

Precision 1: Polarized threshold scan

AMy [MeV] LEP2 | ILC | ILC | ILC Q® Changes wrt SI’IOWIT]BSS 2013

NG [(j(]‘V] 161 161 | 161 | 161

%ﬁ ﬁﬂ “'({fo 1(%} 4;:? %l e Update with current ILC run plan
e 20 [ 2L integrated luminosities

1“1: :1)53 :1:21 @ Halve beam energy uncertainty (10

systematics 70 3.0 | 1.6 p p m _> 5 p p m )

experimental total | 210 39 | 1.9 | 3.0
beam energy 13 04 | 0.4 | 04

ooy EEVARTARY! @ Include guessed theory uncertainty
tota . 3.
in threshold total

Table 10: Current and preliminary anticipated uncertainties in the measurement of My at
ete™ colliders close to WW threshold.

2: qqlyy _
3: Hadronic mass

AMy [MeV] LEP2 | ILC | ILC | ILC

Vs [GeV] 172-209 | 250 | 350 | 500 AMy [MeV] ILC | ILC | ILC | ILC

L [ﬂ)_l] 3.0 2000 | 200 | 4000 Vs [GeV] 250 | 350 | 500 | 1000

P(e™) (%] 0 80 80 80 L [fh_ll 2000 | 200 | 4000 | 2000

P(et) [%) 0 30 | 30 | 30 P(e™) [%)] 8 | 80 | 80 | 80

beam energy 9 0.4 | 055 | 08 Pet) [%] 30 30 | 30 30

luminosity spectrum N/A 1.0 1.4 2.0 jet energy scale 3.0 3.0 3.0 3.0

hadronization 13 1.3 1.3 1.3 hadronization 1.5 1.5 | 1.5 1.5

radiative corrections 8 1.2 1.5 1.8 pileup 05 |07 ] 10 2.0

detector effects 10 1.0 1.0 1.0 total systematics | 3.4 3.4 3.5 3.9

other systematics 3 0.3 0.3 0.3 statistical 0.75 | 2.0 0.5 0.5

total systematics 21 2.3 2.7 3.3 total 3.5 1.0 3.5 3.9

statistical 30 0.75 | 2.8 0.9

total 36 9.4 3.9 34 Table 8: Preliminary estimated experimental uncertainties in the measurement of My at
eTe™ colliders from direct reconstruction of the hadronic mass in single-W and WW events

Table 6: Current and preliminary estimated experimental uncertainties in the measurement where one W decays hadronically. Does not include WW with ¢glrv, where ¢ = e, .

of My, at ete™ colliders from kinematic reconstruction in the ¢gfvy channel with ¢ = e, p.

Zhen Liu W mass & Graham W. Wilson (University of Kansas) KEK-PH/mys; Mini-Workshop May 10, 2022 40 /41



"DIAGNOSTIC POWER: CASE OF
TOP SQUARK

Blue: cross section alone
Red: with asymmetries

Asymmetries could cover the
region where stop contribution to
rates being zero, shining lights
on the “blind spot”.

Sensitivity is low because of all
effects are loop-induced and
operators are of similar strength.
BSM models inducing different
tensorial structure of interactions
will be best application (for future
work).

600 800 1000
M,(GeV)

Asymmetry breaks the flat direction of inclusive rate measurement,
and provides novel information about the underlying operator
Zhen Li structures.
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