; ,«"’;ﬂ;'fa NNU . ‘*_' 3 jf ;@K # PPNP 134 (2024) 104094

wo & NANJING NORMAL UNIVERSITY NC 14 (2023) 659
PRL 129 (2022) 9, 091802

Electroweak Fits and New Physics

New Wine In Old Bottles (ZE#HI¥r4t)

leiwu@njnu.edu.cn
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1. Higgs Era

A %

0509008
6Prepared using LEP EWWG Plots from 1996
— Central Fit
|:] Theory Uncertainty

1%

50 100 150 200 250 300

my [GeV]
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sz

Higgs mass?

6 Prepared using LEP EWWG Plots from 1997

Prepared using LEP EWWG Plots from 2005

I —— Central Fit NX 6'::;
:_ [:I Theory Uncertainty < 5
i B Direct Exclusion
- aff
- 3
2 .
i C 7 Central Fit (c}),=0.02750
L C ',1:] Theory Uncertainty
B 1 I:I Direct Exclusion
I i /7 ===~ Fitwith o’ =0.02749
[ 0 L - l gy .!‘ v. ] "'i‘"l 1 I E Al’ ¢ ‘l. 5 IFiIt ipcll' Ilow ‘Ozl dlat§ 1 1
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1. Higgs Era

3
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nature

years Explore content v  About the journal v  Publish with us v

HIGGS boson e s » s

discovery

Article \ Open Access |
I
A detailedm NAture

Explore content v  About the journal v Publish with us v
by the ATLA{ ® sl ublish with
dlSCOVCry nature > articles > article

The ATLAS Collaboratiot . .
4 Article ‘ Open Access ‘ Published: 04 July 2022

July 4, 2022

CERN
QUANTUM PHYSICS | OPINION Aportl nature

experil

10 Years after the Higgs, | S Ssansejnl = Euisatn e

e |

Physicists Are Optimistic for o > e+
More DiSCOverieS Perspective | Published: 04 July 2022

The Higgs boson turns ten

The Large Hadron Collider recently reopened after upgrades and is ready to explore new Gavin P, Salam, Lian-Tao Wang & Giulia Zanderighi
territory

Nature 607, 41-47 (2022) | Cite this article

29k Accesses | 3 Citations | 349 Altmetric | Metrics
By Marcela Carena on July 5, 2022
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1. Higgs Era

NormaL UM

K -
Ky . ATLAS Run 2
Kt ! Leptons Quarks
I AN :§
o e LD
B Force carriers Higgs boson |
| =, e |
s i
Kﬂ |-‘ ---------- --I-= --------- 1 ;
K 4 —— B8, =8,=0
9 Ea -m- B, free, B,20,k, <1
K e —— SM prediction
Y [ Parameter value not allowed
sz | PI ----- -.ﬁl --------- | b
0.8 1 1.2 14 1.6
68% CL interval
| S ST
BinV. """""""""""""" 'I
o D |
0 0.05 0.1 0.15 0.2
95% CL limit

2023/12/15

M, =125 GeV

1902.00134, Cepeda

Process

o(pb)@14 TeV

ggF (N*LO QCD + NLO EW)

54 72+4.28%(theory)+1.85%(PDF)+2.60%(QS)

—6.46% (theory)—1.85%(PDF)+2.62%(a )

VBF (NNLO QCD)

4 260+.45%(scale)+2.I%(PDF-{—cxs)
) —.34%(scale)—2.1%(PDF+ay)

Wh (NNLO QCD+NLO EW)

1.498 + .51%(scale) £ 1.35%(PDF + )

Zh (NNLO QCD+NLO EW)

981+3.61%(scale)+1.90%(PDF+aS)
¢ —2.94%(scale) —1.90%(PDF+a )

tth (NLO QCD + NLO EW)

) —9.2%(scale)—3.5%(PDF+ay)

CMS 138 o™ (13 TeV)
* Observed | +15D (stat)
== +1 SD (stat ® syst) i +1 8D (syst)
— =2 SDs (stat @ syst)
~ : Stat Syst
Ky - 1.01:010 2007 2007
KW_ .@ i J
KZ_ " 1'00-0.03 -003  -001
K - ookl 0
KT_ -Q* 0.91:007 w008 %0
K| e 12 8 o
K| ——emm— f1et2 02 0
Kg_ -§- 0.93:007 s005 ‘0%
W Lisfl -
Blnv._ | 0.07:005 =002 =004
BUndeLE“‘lll“i““ll“ll“l 0.00+o,os 4005  +0.03
0 05 1 15 2 25 3 35 4
Parameter value

Decay Branching Ratio
h — bb T b i Kol i Gl G
h— D A e e e
h— 7 TV Il o gl e g
h— vy 0BT e i
h— ZZ — 4l(l = e, p,7) 0002745 + 2.18%
h— WW = M vo(l = e, p, 7) 02338 + 2.18%
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. Beyond Higgs

FOR GEOMETRY AND PHYSICS University

~ \ \ L A
(] TR A \ N LN R A \ ®dY, {, I/
/ T : Anhoma
: OPpPICS : WOrkshop on Anomze
o SIMONSCENTER \\\ Stony Brook - ~ Ny '\“u \ ", foN
. /
\ » /

ANOMALIES Light Higgs Boson? ’ Al Baoesis

PAygjcs an
A ﬂgh’_a':l‘:i,iéﬁToilg University
March 8-10, 2023 771 \ s s S

Organized by: Sally Dawson (BNL), Bhupal Dev (WUSTL), Aida El-Khadra
(UIUC), Stefania Gori€UCSC), Amarjit Soni (BNL), George Sterman (YITP/
Stony Brook), Patrick Meade (YITP/Stony Brook)

Participants include: Monica Altarelli, Wolfgang Altmannshofer, Marina Artuso, Tom N e w Re s o n a n ‘ e :
Blum, Thomas Browder, Norman Christ, Gilberto Colangelo, Claudia Cornella, David [ ]

Curtin, Michel Davier, Hooman Davoudiasl, Sally Dawson, Peter Denton, Bhupal Dev,
Angelo Di Canto, Aida El-Khadra, Rouven Essig, Duarte Fontes, Manuel Franco-Sevilla
Julia Gehrlein, Stefania Gori, Shoji Hashimoto, Gudrun Hiller, Toru lijima, Taku Izubuchi,
David Jaffe, Will Jay, Luchang Jin, Christoph Lehner, Zoltan Ligeti, Rusa Mandal, Patrick

,\VMeade, Bill Morse, Tobias Neumann, Paride Paradisi, Aditya Parikh, Mitesh Patel, Chris
Polly, Maxim Pospelov, Yannis Semertzidis, Robert Shrock; Rahul Sinha, Amariit Soni,
George Sterman, Dominik Stoeckinger, Matthew SulliVan, Robert Szafron; Masaaki Tomii,
J Tobias Tsang, Mauro Valli, Anselm Vossen A

B anomalies?

Muon g-2?

wn
=/
)
>
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o
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=
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>
o
—
LUl
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@)
LUl
()
@
@)
L
o
LLI
'_
=
LI
O
wn
=Z
©)
=

Mingshui Chen (IHEP), Yaquan Fang (IHEP t nn[hg Gao(Pekiﬁg Univ.),

X Xiao-Gang He (TDLI &SEA,_SJIU),Shgn Jir anjing Univ.), Qiang Li (Peking Univ.), i
ElEHE Shu Li (TDLT&-SPA; SITU), zirao‘Lu|HgP),~Michz}e‘LR@msey-Muso‘rﬁ(TDLl &'§#A, S‘JT\!I‘), :

Kai Wang (Zhejiang Univ.),-Yusheng-Wu (USTG), KaiYi (Nahjing Nokmal Uhivy), 'y,

k:
=

For more information visit: scgp.stonybrook.edu Leizhang{Nanjing Uniw), Liming Zhang. nggudibq‘o (usTG) ! !
CDF-1l W mass? e e gt
L] ~ Haijun Yang (SPA&.JDLJ, SJTUyCo=Ch S\ ATy

s - P
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2. Beyond Higgs

NormaL UM

“Ligﬁt ﬂ-[iggs boson? ”

0306033 1811.08459, Sirunyan CMS PAS HIG-21-001
2 ] 6CMS 19.7 o™ (8 TeV) +35.9 fb™ (13 TeV) ,CMS Preliminary 138 (13 Tev)
A L LEP : , ; - , (% . _I T T | L | L | L | L I LI I_ 3 10 T T T T ™ T T T E
&) . 4'jets — - H—=vy — Observed ] o — Observed ]
- _.\/\ ’ 4 : 1>\‘ ke 3 B Expected = 10 - ? """" Expected 3
I : T 12~ == Expected = 20 _] = - 68% expected 1
I o N ] el [ ] 95% expected 3
! = 13 GeV, 2.6 |
0 e &l x96GeV,30 | 5 pev, £.50
20 ~, 08F - 2
\o/ 98 GeV. 2. 3o g 1
2 Ag 0.6 _ 3
10 - —— Observed > ] é
F-om=ommo Expected for signal plus background - 0.4 ] = 102k
-------- Expected for background 1\ ) -1
3o L © 3
i o 02 > 107
10-3”‘:””\‘HHH\HHsH‘mes‘H X l | [ I I ] o - Low-mass High-mass
80 85 90 95 100 105 110 115 120 I 1 1 1 | 1111 1111 111 1 1111 111 1 _4 L . ) ) ) L .
2 © 80 & 90 9 100 1°5G \}10 10770 100 200 300 1000 2000
mg(GeV/c") my, (GeV) m, (GeV)
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2. Beyond Higgs

NormaL UM

“A new resonance? ”

CMS-PAS-HIG-21-011

138 fb (13 TeV)

CMS Preliminary

| [ | T | T I T
% 0'4 S —> my =300 GeV (x10™) pp—>X—>HY—>yy bb (Spm 0)
—~40'3 m, = 350 GeV (x10') Expected limit + 2 std. deviatio
Ig1 012 - o B BT DS B Expected limit = 1 std.deviation
2 o' A T = DB . Expected 95% upper limit
b T 1010 s> ™ =450 GeV (x10") —e—— Observed 95% upper limit
g ~ 90 GeV . 10° — > ™ = 500 GeV (x10 :
m, =550 GeV (x10")
— gE s ~3 80
H/Y .~ b 19 I - v 0% 02 1Y)
X '0 .IIITITG?I EE I NI N E S EEEEENEEEEEEEEEEEEEN,
_______________ ," : 1 06 w—)mx = 650 GeV (x10) :
~650 GeV s\ 'Y 'llvl_'lols ] n N5 lmiioﬂﬁd/hiOS)llllllllll'
H B m 10* i ~ s> M = 750 GeV (x10°%)
< 10° e — > 7 = 600 GeV (x10°)
g 102 &—————-——m =850 GeV (x10%)
Y T 10 ‘ ’_)mx =900 GeV (x10?)
& 1 ‘ ’mx =950 GeV (x10")
e 0.
10 - s — > ~ 1000 G (<10)
2
10 | | | | | | | | | | | | | | | | | | |
200 400 600 800 1000
m, [GeV]
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2. Beyond Higgs
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“A new resonance? ”

LFV SM (H;,5) or SM-like Exotic X2ep (110 GeV<m,<160 GeV)
CMS-PAS-HIG-22-002

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-22-002/index.html

— CMSPreliminary 38107 (13 TeV) ,CMS Preliminary 138 15 (13 TeV)
_Q - - (6] E llllllllllll I L I L l TIT1 7T l T II llllllllllll E
== 8  es%cLlimits 3 s F 3
= o ] Q [ B ]
() 7 —e— observed = B L S
= pected + 1c E = 3
> e ain — . 26 ]
C e expected + 2c . S Y s
Lo : 0 E
=3 u ] = ]
[5) E = S ]
S E T d = S S
= = g X— epn E
é B —— Global p-value 1
d 10_4E_ ----- Local p-value % -:=|
2 g i 1
o ; [ ]
S | | L L I P T Y P P D P PO P T
0 115 120 125 130 135 140 145 150 155 160 107167915 120 125 130 135 140 145 150 155 160
my [GeV] m, [GeV]
« Observed & expected 95% CL UL on * Excess observed for m,,~146 GeV with global
o (pp=>X>en) (2.8 o) and local (3.80) significances

* Notvisible in ATLAS m,, spectrum (PLB 801 (2019)
135148), more data needed to conclude!

S. Gascon-\SA]l(/)wNvtkin Rencontres de Moriond EW 2023, La m IT Mar 232023

13
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2. Beyond Higgs

“Muon 3-2.7 ”

C 5.00 >

+—e—
Significance will likely decrease Fermilab 1+2+3
with an updated SM prediction (2023)
< 5.10 >
L 4 +—eo—
10th of August, 2023 SM: e+e- HVP World Average
T.I. White Paper (2023)
(2020)
https://muon-g-2.fnal.gov/ S . =
New results in tension
with White Paper (2020) SM: Lattice HVP
BMW Collab.
(2020)
s
SM: e+e- HVP

using only CMD-3
data below 1 GeV

17.5 18.0 18.5 19.0 19.5 20.0 20.5 21.0
a,*10° - 1165900
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2. Beyond Higgs

3
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«“ Overweigﬁt W mass ?” sahluscy Questions:

/G > Higher order v/

That New W PDF v

Science, 2022, CDF-II Fermil ab Wi dth \/
m%/DF = 80.4335 £+ 0.0094 GeV fheesu&ion / Generator

<l

Boson Detector
myyt = 80.357 £ 0.006 GeV Mass New Physics

May 6, 2022 A key parameter in the EW fits

[27] arXiv:2205.02788 [pdf, other]

ResBos2 and the CDF W Mass Measurement
Joshua Isaacson, Yao Fu, C.-P. Yuan
Comments: 11 pages, 13 figures

Subjects: High Energy Physics - Phenomenology (hep-ph); High Energy Physics - Experiment (hep-ex)

The recent CDF W mass measurement of 80,433 + 9 MeV is the most precise direct measurement. However, this result deviates from the Standard Model predicted mass of 80,359.1 £ 5.2 MeV by 76. The CDF experiment used an

older version of the ResBos code that was only accurate at NNLL+NLO, while the state-of-the-art ResBos2 code is able to make predictions at N’ LL+NNLO accuracy. We determine that the data-driven techniques used by CDF capture
most of the higher order corrections, and using higher order corrections would result in a decrease in the value reported by CDF by at most 10 MeV.

2023/12/15 Seminar @ USTC 9



3. W mass

NormaL UM

Weak theory

1961 : Glashow, IVB Z boson

1964 : Salam and Ward, EW and W boson mass
1967 . Weinberg, EW and W/Z boson masses

FIOpertIes oI 1V BS Decome DETIer speciiied witnin
the theoretical frame of the unified weak and electro
magnetic theory and of the Weinberg—Salam model
[2]. The mass of the IVB is precisely predicted [3]:

M“H - (82 t 2 4) GeV/C

1979 Nobel Prize

2023/12/15

Volume 122B, number 1 PHYSICS LETTERS 24 February 1983

EXPERIMENTAL OBSERVATION OF ISOLATED LARGE TRANSVERSE ENERGY ELECTRONS
WITH ASSOCIATED MISSING ENERGY AT /s = 540 GeV

UA1 Collaboration, CERN, Geneva, Switzerland

1983, UA1+2 Collab :
The result of a fit on electron angle and energy and

@ neutrino transverse energy with allowance for system:
© / atic errors, i
\ mbo.so ‘.”s»/
\ n e X - < my = (Sljg) GCV/Cz , >
//' ‘ “ in excellent agreement with the expectation of the
@ Weinberg—Salam model [2].
W boson turns 40

Forty years ago today, physicists at CERN announced to the world that they had
discovered the electrically charged carrier of the weak force, one of nature’s four
fundamental forces

25 JANUARY, 2023 | ByAna Lopes

Seminar @ USTC 10



3. W mass

LEP CIEEET 80376 + 33 4 m, Pure weak Corr. )
LHCb 2021 —e = N 80354 + 32 > 4 aeg
ATLAS 2018 .,_.._. 80370 + 19 M‘%V _ M% 1 1 . Uge’ (1 e Ar)
DO 1992-1995 (95/pb) : f f . . 80478 + 83 2 4 \/§G uM %
DO 2002-2009 (4.3/fb) ;_._. 80376 + 23 \_ +terative calculation )
CDF 1988-1995 (107/pb)  ——a 80432 + 79
CDF 2002-2007 (2.2/tb)* ,_._. 13.5 MeV sys. shift 80387 & 19
CDF 2002-2007 (2.2/fb) ._..... 80400 + 19 1-loop [1980],
CDF 20022011 (8.8/fb) | | 80434+ 9
Tevatron L 80427 + 9 2-loop level [1987-2002, QCD, EW],
foratron + LEP 1h S leading 3- and 4-loop corrections [1994-2005],
PDG 2021* ! 4= ! ' (world average) 80379 + 12
Simple combination m 80411 + 7 unknown higher-order corrections [2003, 2021 updated],
SM m 80354 + 7
804(])\(2[W [Meis/(]moo SMy® ~ 4 MeV
2204.03996, Athron, Fowlie, Lu, Wu, Wu, Zhu 0311148, Awramik, Czakon, Freitas, Weiglein

2023/12/15 Seminar @ USTC 11



2. EW Fits and NP Hints

2204.03996, Athron, Fowlie, Lu, Wu, Wu, Zhu N

Shots to prevent cancer show Visualizi g key step ‘ Silk-wrapped food wins
early promise p.126 cytokine signaling pp.139&163 Bl & Science Prize p.146

ONee: Three important questions:

Internal Consistency of the SM ?

New Physics Scale ?

I/ I/

HE\AVYWEIGHT Possible New Physics Models ?

W boson mass measures higher than expected pp.

2023/12/15 Seminar @ USTC 12



2. EW Fits and NP Hints

NormaL UM

Internal Consistency of the SM :

PDG 2021 CDF 2022
Parameter  |Input Value|x2, (dof) = 18.74(16) X2, (dof) = 62.58(16) _ [ 0 I A2 ]
Fit Result Pull|Fit w/o Input Pull {Fit Result Pull|Fit w/o Input Pull MW MW + CtAt + ctAt + ¢z AZ + CaAa + Cas Aas MeV
muy [GEV] 80.379(12) [80.361(6)  —1.47 |80.357(6) ~1.86 |- i =
80.4335(94) |- |- ~ 180.380(5) ~5.71 |80.357(6) -8.17
0311148, Awramik, Czakon, Freitas, Weiglein
wen
TikalSel] T T T T T T T T T
my [GeV]” 9 (zrzz- 222  wmmPDG 2021 kb MO = 80359.5 ¢ = 520.5 | =BT 7
as(mg) mp, ‘ FZA CDF 2022 -901 %% . t ) Ct D
FW [GGV] my b 1033
FZ [G&'V] mz b 1(1)1411
my [GeV] Aoy .
i ) : ¢z =115000.  cq=—-503. co =—T7L6
Ar = =t
0 B ) 1332
FB A[]Jb +2.39
A d O, i
A, FB 5 +0.94
0, 0.87
Ag (SLD) ArB E 074
A((LEP) A = 1888
Ry = l positively with m; and M,
R A ] 4
RO Ry = =
f' Rf? 198
o} [nb] " | My, correlates
sin® 0/ (Qr i) . % =
sin® 0% (Teva) i zeza) .
e [GeV] =0 i 4 0% {4 4 | negatively with a(M;) and a,(M;)
my [GeV] -8 —6 —4 -2 0 2 4 6 8

(Oﬁt = Omeasure)/a'
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2. EW Fits and NP Hints

Internal Consistency of the SM :

BMWe

107

2512 Muon g-2 and W mass
------------------------------- 3647

648°g pull the physics in opposite directions

Y
W2

CDF 2022

PDG 2021

2) 1 1 1
%%.30 80.35 80.40 80.45 80.50
MW [GGV

[E—)
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2. EW Fits and NP Hints

Obliqgue Parameters: M2
q ( T e Wy

ol = wa(O)/MEV—sz(O)/M%
ol = 45}, [Myy(0) = ¢ Ty (0) — 2swewlly, (0) — s3I, (0)]

PRD 46 (1992) 381-409, Peskin and Takeuchi

raaOpn 2Ot oS = 4sily [z2(0) - (chy — )/ (swew) - Ty, (0) T, (0)]
Z vvavw z W fvaM W

1): 'L'he el U, . . . .
v (1): 'L'he electroweak gauge group must be SUL(2) X Uy(l), with no new electroweal > Exception-1: NP is comparatlvely |Ight.

rauge bosons apart from the photon, the W* and the Z.

v (2): The couplings of the new physics to light fermions are suppressed compared to it » Exception-2: NP is comparatively large, but the low-
ouplings to the gauge bosons. energy measurements become sufficiently accurate.

v (3); The intrinsic scale. M. of the new phvsics is large in comparison with M., and M,

9306267, Maksymyk, Burgess, London

2023/12/15 Seminar @ USTC 15



2. EW Fits and NP Hints

S, Tand U:
- 2204.03796, Lu, Wu, Wu, Zhu
U—0 PDG 2021 CDF 2022 T 1 T T 1
Result Correlation Result Correlation 0.4 FixedU =0 -
14dof [x2. =15.48| S T [N =1782 .S T S
g 0.05+0.08(1.00 0.92] 0.15+0.08/1.00 0.93 0.3 g i
T 0.09 +0.07 1.00| 0.27 4+ 0.06 1.00
favor positive 02k 1
&~
PDG 2021 CDF 2022
13dof| Result Correlation Result Correlation GlF ]
n=1542| 8§ T U |x3,=1544| S T U
S 0.06 £0.10{1.00 0.90 —0.57| 0.06 +0.10{1.00 0.90 —0.59 0.0 g
T 0.11 +£0.12 1.00 —0.82| 0.11+0.12 1.00 —0.85
U —0.02 £0.09 1.00| 0.14£0.09 1.00 —0.1 ! ! ! ! !
due to W width in fits —U U Ogl 0.2 e
2023/12/15 Seminar @ USTC 16



2. EW Fits and NP Hints

New Physics scale:

H'D,H|'/A>  H'W"B,,H/A’

! !

T parameter S parameter

pert. couplings

O(0.1) 1 > N~ 10TeV

2023/12/15 Seminar @ USTC

(H'W* H) (H'W,, H) /A*

!

U parameter

pert. couplings

O(0.1) | > A~ 0.1TeV

17



2. EW Fits and NP Hints

How to make T larger: ol = p

NP @ tree-level
[0 = 4] w2
- Zz[ Z( i T ) ( z) ] * (higher Higgs representations: Triplet etc)

’ 25 (I3)2?
p= My
ciy Mz 9
=1 NP @ loop-level
3g? m; —m; 11, M .
(tree level) - p=1+ 6472 May - 1927t2g log M_§ .+ +( new particles: 2HDM etc)

2023/12/15 Seminar @ USTC 18



2. EW Fits and NP Hints

How to make S and U larger:

PRD 49 (1994) 1409-1416, Lavoura and Li .8, multiplet scalars high isospin, light states

2T ,:"f 2T T 27 /

2 R U 5 5
- b, o
: S i E £
° I R R o i o
H o1 S H H
s / 5 H
< - a
i S )
1
1
. 1
- -1 ! -
1 1
1
1
')
1
1
1
1
1
2 - - | ; 4 -2 e i ; | ; =3 LR P75 5 Fyan !
) 100 200 300 400 500 o 100 200 300 400 500 Py 800 $00 800
nz(GeV) n2(GeV) Bise
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3 ° I n e rt 2 H D IVI 2204.03693, Fan, Tang, Sming, Wu

i2HDM:

Discrete Z, symmetry (H, > H; and H, &> -H,)

Gt HT
Hl:(%(whﬂ'(;o))’ HZ:(%(S-I—'L'A))

s
Vo= @lH2 4+ Hl* + Bl Haf 4 Dol Mol + Mgl Hu P Hal? + Ml HIHo + 5 {(HIL"’z)2 + h-C-}
PRD 18 (1978) 2574, Deshpande, Ma

2023/12/15 Seminar @ USTC 20



3. Inert 2HDM

Oblique Parameter B OB T O
S el

“Spectrum”

A/H*/-

~ . : 5 (mi —mi)(mi — m3) \ /
= 32% / 2n) k (k2 — m?2)2(k? — m?})(k? — m3)

2023/12/15 Seminar @ USTC 21




3. Inert 2HDM

Relic Density of DM

e annihilation through Higgs into fermions

S
SM

»"<
/ -

S 7

depends on gpmp coupling; dominant channel for Mpy < My, /2

e annihilation into gauge bosons (also into virtual states)

S
> N Y SN v > N v . v
> ) ey y
P ” v S 7 S 7
S - S - v and

crucial for heavy masses; non-negligible for My /2 < Mpm < Mw

S .
\\ Z* \\ W:i:* X
A ,/ f/ H+ ,/ f/

very important when particles have similar masses

e coannihilation

2023/12/15 Seminar @ USTC 22



3. Inert 2HDM

Direct Detection

Higgs invisible decay

2023/12/15

DM-scattering on nucleus through the Higgs exchange

opM-N & gparn/ (Mu, + My)?

Higgs invisible decays for Mpr < Mp, /2

02 2 4M2
F(h — HlHl) = ————-—31)2‘;\:[]\};% 1 — M2

Seminar @ USTC 23



3. Inert 2HDM

LHC signatures: ’cf ff
/)\ 3%‘ % »®
2 HTA W
2 leptons+missing E; s ~ s o
\ S N S
\ ~ N\
mono-jet q s~ 4 5~
multi-jet+missing E; N

~ |

2023/12/15 Seminar @ USTC 24



3. Inert 2HDM

zZpP N—— 2>

T[T =
:E T :
NNU

10°

myg+ (GeV)

—_
S
DO

2023/12/15

95% C.L. region

T parameter

PDG (2020)
S — WW*

Higgs resonance

S A co-annihilation -

102

10

mg (GGV)

ma (GGV)

Seminar @ USTC

10°r

95% C.L. region

.
3
3
- |
3 |
3
3
b
3
&
o " 4
3

SA Coannihilation

*  PDG (2020)
e SS-WW*
*  Higgs resonance

S A co-annihilation -

102

mg

103

(GeV)
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3. Inert 2HDM

NORmMAL UN

Direct Detection LHC Indirect Detection
=4y o e 9.0 '\\"I"". A1 B B B L B L LR R BN
A . \ ] X . !
. 95% C.L. region | 88 \ ] _ 95% C.L. region .
. ] \ : e
/ . i e "
g o el ] 8.6 /! o =
PR B O // : F -_--:_:_:_:_7:_-
8.4 4 - dig 125 EEENIEE
N ] E ot
& 8.2 - < |
5 : T |
< 8.0 ' = | PDG (2020)
- &0 SA co-annihilation
7.8 - 2-2Tr S8 = W 1
76 h [ *  Higgs resonance |
' ] i — A Albert et al. (2016) T
74 ) === HL-LHC (500 ') i --= WW* (AMS-025)
| === HLLHC (750 ™) ] - -~ WW* (GCE) -
7% MEETE R EE _2 PRI S T U ST N U N T N U NN NN U SR A R
) 60 65 70 75 80 0 95 60 65 70 75 80
mg (GeV mg (GeV

It is very predictive, and can be tested soon!
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4. Summary

Thank you!

Welcome to NNU > Theory (18+2)

Heavy Flavor: BiIRZE. K. KIgk. IRER
Hadron Physics : SEARMe. A/ZE, |IE. AFA. B
New Physics : T &5. Peter Arthon, =kik. FE(ZE. Ariel Arza
+ Andrew Fowlie, #L%%
QCD Physics ©:  EH. BEH®R. X7, 32N
r—JOIN US
> Experiment (4) ENILATS
BESIII = §H#5. SKEUXR
CMS : S Fl. k&K, GaryBaur
Belle Il : Z)8l. i’ (N WA 1] mzw
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1. Higgs Era

Higgs Era: Precision Measurements and New Physics

2023/12/15

. BSM
Exotic Higgs Mass

Decays ; i Higgs Width particle
Higgs signal &y searches
Self % strengths i _ Electric
coupling N Y o, T, “ i | Dipole
measurements < P . e T % N 4 : { Moments

5

Multi-Higgs ;
resonances i i

¥ Differential
Cross Sections

Origin of Flavor?
Baryogenesis

Higgs Portal ' ¥ Ly i Origin of EWSB?
to Hidden Sectors? '
Thermal History of

z Stability of Universe
Universe Naturalness

2209.07510, Dawson et al.
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Questions:
Higher order v/

PDF

Width
Generator
Detector
New Physics

2023/12/15

v
v

B1l. W mass status and future

May 6, 2022

[27] arXiv:2205.02788 [pdf, other]

ResBos2 and the CDF W Mass Measurement
Joshua Isaacson, Yao Fu, C.-P. Yuan
Comments: 11 pages, 13 figures

Subjects: High Energy Physics - Phenomenology (hep-ph); High Energy Physics - Experiment (hep-ex)

The recent CDF W mass measurement of 80,433 + 9 MeV is the most precise direct measurement. However, this result deviates from the Standard Model predicted mass of 80,359.1 % 5.2 MeV by 7a. The CDF experiment used an

older version of the ResBos code that was only accurate at NNLL+NLO, while the state-of-the-art ResBos2 code is able to make predictions at N*LL+NNLO accuracy. We determine that the data-driven techniques used by CDF capture
most of the higher order corrections, and using higher order corrections would result in a decrease in the value reported by CDF by at most 10 MeV.

HL-LHC: 5 MeV CEPC: 1 MeV
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2204.03996, Athron, Fowlie, Lu, Wu, Wu, Zhu

LEP CAEEE 80376 + 33
LHCb 2021 |—¢—| 80354 + 32
ATLAS 2018 H_. , 80370 £ 19
DO 1992-1995 (95/pb) : f f . 80478 + 83
DO 2002-2009 (4.3/fb) ._._4 80376 + 23
CDF 19881995 (107/pb) & ' . 80432 £ 79
CDF 2002-2007 (2.2/fb)* E I—l—lé E 13.5 MeV sys. shift 80387 £+ 19
CDF 20022007 (22/fb) | e | 80400 + 19
CDF 2002-2011 (8.8/fb) e 80434 + 9
Tevatron ' |-.q 80427 +9
Tevatron + LEP - 80424 + 9
PDG 2021* | =+ i [] (world average) 80379+ 12
Simple combination E + i 80411+ 7
SM ..m 80354 & 7

80400 80500
MW [MGV]

2023/12/15

What is experimentally measured?

* LEP: e*e" -> W* W- in the continuum and at threshold (small
amount of data);

* Tevatron/LHC: transverse mass distribution

( m, Pure weak Corr. )
-
Mz —azd 4 /i i (1 + A7)
W Z] 2 4 2G,M32
\ * iterative calculation )

a is extracted from low-energy experiments,

Gg is extracted from the muon lifetime,

m> is measured from e*e~ annihilation near the Z mass,
is

' theo
1-loop [1980], IMy*° =~ 4 MeV
2-loop level [1987-2002, QCD, EW],

leading 3- and 4-loop corrections [1994-2005],
unknown higher-order corrections [2003, 2021 updated],
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< Ar = Ao — cot? Oy Ap + Ar™ >

-

scale dependence of a

Aa(M3z) = I1,,(0) — Hw(Mé)

2

lept ( 7 12 a M2 D 3
AP (My) = )Y log——— +0 M2 +0(a?) + 0(a®) ~ 0.0315

Eze,uT?’ﬂ- E 3
had 2\ __ O‘M% > ’ Rw(sl)
Aa™(M3z) = — 3 Re (»/leQ ds (s’ — M2)

o(ete” — v* — had.)
oeter —va — g

Recls) = Ao (M2Z) = 0.02761 £ 0.00036

2023/12/15 Seminar @ USTC

New Physics

(1) parity violation effects in
electron scattering;

(2) atomic parity violation (weak
charge), Lamb shift

(3) electron and muon magnetic
moments

32



< Ar = Aa—cot? fwAp + A

Strength of the ratio of NC to CC at 1

zero—momentum transfer in DIS 7= 1—Ap
New Physics
2
My B . Iww(0) IIzz(0)
P=— Y (=1, Custorial symmetry) Ap = G = >
Cwilz My, M7, (1) non-degenerate SU(2) doublet :
; 5 > > 2HDM, SUSY, vector-like fermion...
p=1+ 64772 M&v - 192n2g log AT; oo al = p (2) heavy Z' bosons
3) Other higher representations
p = ZZ [Ii(li e 1) _ (If)z] Uiz (other Higgs representations) - i p
- 3N2::2
22 (L7)%;
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EWPO Uncertainties | Current | HL-LHC
Amw (MeV) 12 / 9.47 5
Amz (MeV) 2.1
AFZ (MeV) 2.3

T Asin?0f (x10%) [ i3 | 210
OR,, (x103) 1.6
SRy (x10%) 3.1

Seminar @ USTC
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Quantity current | ILC250 | ILC-GigaZ FCC-ee CEPC CLIC380
Aa(mz)~t (x10%) | 17.8* 17.8* 3.8 (1.2) 17.8*
Amyy (MeV) 12* | 0.5 (2.4) 0.25 (0.3) 0.35 (0.3)
Amyz (MeV) 2:0% |07 (02) 0.2 0.004 (0.1) 0.005 (0.1) il
Amg (MeV) 170* 14 2.5 (2) 5.9 78
ATy (MeV) 42* 2 1.2 (0.3) 1.8 (0.9)
ATz (MeV) 2.3* | 1.5 (0.2) 0.12 0.004 (0.025) | 0.005 (0.025) 2.3"

- AA.(x10°) | 190* | 14 (45) | 15(8) | 0.7(2) | 15(@2) | 60(15) |
AA, (x10°) 1500* | 82 (4.5) 3 (8) 2:3 (2:2) 3.0 (1.8) 390 (14)
AA, (x10°) 400* | 86 (4.5) 3 (8) 0.5 (20) 1.2 (20) 550 (14)
AA, (x109) 2000* | 53 (35) 9 (50) 2.4 (21) 3 (21) 360 (92)
AA, (x10°) 2700* | 140 (25) | 20 (37) 20 (15) 6 (30) 190 (67)

. A () | 3™ | | | 0.035 (4) | 0.05 (2) | 3|
SR, (x10%) 2.4* 0.5 (1.0) | 0.2 (0.5) 0.004 (0.3) 0.003 (0.2) | 2.5 (1.0)
6R, (x103) 1.6* | 0.5 (1.0) | 0.2(0.2) | 0.003 (0.05) | 0.003 (0.1) | 2.5 (1.0)
SR, (x10%) 2.2* 0.6 (1.0) | 0.2 (0.4) 0.003 (0.1) 0.003 (0.1) | 3.3 (5.0)
SRy (x10%) 3.1* | 0.4 (1.0) | 0.04 (0.7) | 0.0014 (< 0.3) | 0.005 (0.2) | 1.5 (1.0)

SR.(x103) 17* | 0.6 (5.0) | 0.2 (3.0) 0.015 (1.5) 0.02 (1) 2.4 (5.0)

Seminar @ USTC
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2023/12/15

B2. EW fit

9306267, Maksymyk, Burgess, London

g 2.4950 — 0.0092S + 0.0267 + 0.019V — 0.020X
00,4 = 41.484 + 0.014S — 0.00987 + 0.031.X
R, = 20.743 — 0.062S + 0.0427 — 0.14X
A%y = 0.01626 — 0.0061S + 0.00427" — 0.013X
A, = 0.1472 — 0.028S + 0.0197 — 0.061.X
A, = 0.6680 — 0.012S + 0.00847 — 0.027X
A, = 0.93463 — 0.0023S + 0.00167 — 0.0050X
¢g = 0.0738 —0.015S + 0.0107" — 0.033X
A%, = 0.1032 — 0.020S + 0.0147 — 0.043X
R. = 0.17226 — 0.00021S + 0.000157" — 0.00046 X
R, = 0.21578 + 0.00013S — 0.0000917" + 0.00030X
sg.. = 0.23150 + 0.00355 — 0.00247" + 0.0078X
mw = 80.364 — 0.28S + 0.437 +0.35U
Tw 2.091 — 0.015S + 0.0237" +0.018U + 0.016W

* U only contributes to W mass and width

Seminar @ USTC
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EW Global Fitting

* SM is well-known to explain our nature extremely well
* Global Fitting is a way to quantitatively show above statement

* In the fitting
* Varying the independent input parameters of a model
* Calculating observables
 Comparing with measurements



EW Global Fitting

* Input Parameters for SM

e Fixed:

Gr = 1.1663787x107°

m,, mg, ms(MSbar)

* Free in Fitting
* Mp, My, My, TTlC, ﬁlb

e Ax
* All other parameters/observable
in terms of above parameters.

. MW _ V8ra(1-Ar)

* Etc.

2023/12/15

(5)

had® %s

M%

1+

1 —

GrMz

Table I. The input parameters and the best points in the global EW fit. The Fermi constant Gr = 1.1663787(6) x 10~

5 [GeV™?

and fine-structure constant o = 1/137.035999074(44) [36] are fixed in our calculation. Correlations among (mz,T'z,0%, Ry, Ag)

and among (A%, A%, A, Ay, R2, RY) are also taken into account [4]. The value of “Pull” is defined as (Ogs — Omeasure) /Tmeasure,
where o measure i the error of each input observable.

PDG 2021 CDF 2022
Parameter  |Input Value|y2. (dof) = 18.74(16) X2, (dof) = 62.58(16) Refs
Fit Result Pull|Fit w/o Input Pull|Fit Result Pull|Fit w/o Input Pull

80.379(12) [80.361(6)  —1.47 [80.357(6) ~1.86 |- - [36]
my [GeV]

80.4335(94) |- |- - 180.380(5)  —5.71 [80.357(6) -817| 9]
Ao 0.02761(11) [0.02756(11)  —0.44 [0.02716(38)  —4.06 [0.02747(10)  —1.11 [0.02609(36)  —13.64 |[37-39]
my, [GeV] | 125.2517) [125.25(17)  —0.02 |92(3y ~193.96 |125.24(17) 005 |44(y —479.17 | [36]
my [GeV]> | [172.76(58) |173.02(56) 0.45 |176.2(20) 5.83 |173.97(55) 2.07 |184.1(16) 19.39 | [36]
as(my) 0.1179(9)  |0.1180(9) 0.14 |0.1193(9) 153 |0.1177(9)  —0.23 |0.1155(29) —2.68 | [36]
Ty [GeV]  |2.085(42) |2.0905(5) 0.13 |2.0905(5) 0.13 |2.0918(5) 0.16 |2.0918(5) 0.16 | [36]
Tz [GeV]  [24952(23) |2.4942(6)  —0.45 |2.4940(7) —0.51 [2.4946(6)  —0.28 |2.4945(7) ~032| [4]
91.1875(21) [91.1882(21)  0.34 |91.2037(90) 772 |91.1907(20)  1.54 [91.2386(79) 2436 |  [4]
A%E 0.0992(16) [0.1031(3) 2.44 (0.1033(3) 2.54 (0.1035(3) 2.70 |0.1037(3) 280 | [4]
Al 0.0707(35) |0.0737(3) 0.85 |0.0737(3) 0.85 [0.07401(25)  0.95 |0.07402(25) 0.95 |  [4]
A% 0.0171(10) [0.01623(10)  —0.87 [0.01622(10)  —0.88 [0.01636(10)  —0.74 [0.01635(10)  —0.75 |  [4]
Ay 0.923(20)  [0.93462(4) 0.58 [0.93462(4) 0.58 [0.93464(4) 0.58 |0.93464(4) 0.58 | [4]
A, 0.670(27) [0.6679(2)  —0.08 |0.6679(2) ~0.08 [0.6682(2)  —0.07 |0.6682(2) -0.07| [4
A(SLD)  [0.1513(21) |0.1471(5)  —2.00 |0.1469(5) ~2.10 [0.1477(5)  —1.72 |0.1475(5) ~181 | [4]
A(LEP)  |0.1465(33) |0.1471(5) 0.18 |0.1469(5) 0.12 |0.1477(5) 0.37 |0.1475(5) 032 [4]
R 0.21620(66) [0.21583(10)  —0.69 [0.21582(10)  —0.71 [0.21580(10)  —0.74 |0.21579(10)  —0.76 |  [4]
R 0.1721(30) |0.17222(6) 0.04 |0.17222(6) 0.04 |0.17223(6) 0.04 |0.17223(6) 0.04 | [4]
RY 20.767(25) (20.735(8)  —1.28 |20.732(8) ~1.40 [20.733(8)  —1.34 |20.730(8) —148 | [4]
o9 [nb] 41.540(37) |41.491(8)  —1.34 |41.489(8) ~1.39 [41.490(8)  —1.34 |41.488(8) -139 | [4]
sin? 0%, (Qrp) [0.2324(12) |0.23151(6)  —0.74 |0.23151(6) —0.74 [0.23144(6)  —0.81 |0.23143(6) —081 | [4]
sin? 6 (Teva)|0.23148(33) |0.23151(6) 0.10 |0.23151(6) 0.10 [0.23144(6)  —0.13 |0.23144(6) ~0.13 | [40]
me [GeV] | [127(2)  [1.27(2) 0.00 |- - |1.27(2) 0.00 |- - 36
m, [GeV] | |418)  |4a18() 0.00 |- - 4185 0.00 |- - 136l
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EW Observables

* /Zresonance parameters: * W-boson parameters

* Mz, 17 * My, Ty
*o(e’e” = Z - hadron) . Higgs parameter
* Partial Z cross section * my,
* R}, RO, Ry * Misc
* Neutral current couplings * Mg, My, M,
* sin ejff * o, QA (Aa,(li)d)
* Ap Ac, Ap

04 ,0c A0b
* App, AFp, Afpp



2023/12/15

EW Global Fitting in GFitter

( Input XML file ]
0 A0, .
A, Apg, - l : \L
oF I
Y 3
< / Gfitter Core \
B(l)
% é:] Minimizer
- Base Model | | x? Builder _ _ 1/0
s MC Simulation
l SN0 ~J
\ \

{  SM
[ Model J{zHDM

[ Total )(2 J

Y
[ Results: ROOT/HTML/LaTeX ]

Seminar @ USITC
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EW Global Fitting Individual Result

[ J mW
* There is huge deviation between
* CDF measurement and SM prediction

5 1 1 1 ] ]
e | d 2o
3 — PDG 2021 Full
N — CDF 2022 Full
<>]< 4 PDG 2021 World Average
r- CDF 2022 Measurement
2r F  w/o Input (SM Prediction) |
1 —————————————————————————————————————— B R - 1_0-
\/ \/ 1 1

8% 34 80.36 80.38  80. 40 80.42  80.44  80.46
mW GGV

2023/12/15 Seminar @ USTC



EW Global Fitting Individual Result

* Higgs Mass

 Dominated by Current Measurement
* CDF Measurement prefer much lighter Higgs

5 1 1 1 1 1
T | -

— PDG 2021 Full
3 —— CDF 2022 Full

<>]< F-  Mesurement
F- PDG 2021 w/o Input
21 CDF 2022 w/o Input
1 ,,,,,,,,,, - 1-0
=
O [ [ [ [ [
40 60 80 100 120 140

2023/12/15 SAI@E/YSTC
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EW Global Fitting Individual Result

. (5)
Aay g

* |salso important for g-2 interpretation
* CDF prefer lower value which will enlarge the g-2 deviation

OF

PDG 2021 Full

CDF 2022 Full
Mesurement

PDG 2021 w/o Input
CDF 2022 w/o Input

2023/12/15

1 1 1

260 265 270
Seminar @ U%g)c 4
Aay ;%10

-0
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EW Global Fitting Individual Result

*m,, mg
 Fitting w/ CDF measurement prefer larger value

5 T T T T 5) T T T T T T
4 270’ 4 )7(7

— PDG 2021 Full — PDG 2021 Full
3T —— CDF 2022 Full 3T —— CDF 2022 Full

5 F=  Mesurement <>|< F=  Mesurement
k- PDG 2021 w/o Input - PDG 2021 w/o Input
2r 4 CDF 2022 w/o Input | 2r 4 CDF 2022 w/o Input |
1 u‘ l t 4 b ! l-o 1 b || { b 1 l-o
0 1 W/ 1 1 1 0 \/\/ 1 1 1 1 1
91.18 91.20 91.22 91.24 1725 175.0 1775 180.0 182.5 185.0
my [GeV] my [GeV]

2023/12/15 Seminar @ USTC
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2. EW Precision Fits and NP Hints

~ 0.5 MeV precision wrt exact formulae

My = [M{(,)V + e\ + céAf +czA7 + e\, + casAas] MeV,

Wlth the dEﬁnitionS A 0311148, Awramik, Czakon, Freitas, Weiglein
(5) (ar2 2
me  \2 My Aoy’ (M7) a,(M?7)
A z( ) ~1,  Ay= _1, Ag=Phed\ Pzl g A = %M g
F=\173 GeV # = 91.1876 GeV 0.0276 = 70.119

and the numerical values,

M‘(;)V =80359.5 ¢;=5205 ¢ =-67.7 cz=115000. Co = —903. Chr, = LD

positively with m, and M,
M,, correlates

negatively with a(M,) and a (M)

2023/12/15 Seminar @ USTC 45
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Oblique Parameters

* New CDF measurement worse the SM global fitting
* New Physics can be parameterized through
* its correction to the self-energy of gauge bosons

as [5HZZ(M§) — §T1,,(0)

48%06121) = M§ SwCw
0lyww (0)  011,2(0)
-
aU _ [y (M3) = 0lww(0)] _ 5 [0Mzz(M3) — 6114(0)
4s2 M2 . M?2

2
— 53,0117 . (0) — 28,c 011, (0).

2
5 M2 asS coyaT al
= 1- + +
iy = (i [ 20 —s2) ' ck—sh 453

Seminar @ USTC

} _ (ew = 50) 5T, (0) — 811", (0),
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Fitting with S/

* Fitting with S/T/U

* Need larger U

/U

PDG 2021 CDF 2022
13 dof Result Correlation Result Correlation
., - bols 7 U e Il s [
S 0.06 & 0.10/1.00 0.90 —0.57| 0.06 £ 0.10/1.00 0.90 —0.59
T 0.11 +0.12 1.00 —0.82| 0.1140.12 1.00 —0.85
U —0.02 4+ 0.09 1.00| 0.1440.09 1.00
e FixU=0
 SandT are significantly deviated from O
g PDG 2021 CDF 2022
= Result Correlation Result Correlation
[ddoflhe 148 © . 2 el 6
) 0.0 =0.08{1.00 0.92] 0.154+0.08{1.00 0.93
I 0.09 + 0.07 seminfr @O  0.27 £ 0.06 1.00 47




200 T T T T 200

N Full
| B w/o my Input -

1% S w/o my Input 1%

190 _- w/o my and m, Input . 190

185 185
> 3
.ﬁ. 180 F .§.180
S

175 F 175

m, Measurement m, Measurement
170 F 2 170 F 2 -
§ “light higgs” g
165 | E 1 165F f -
‘::, PDG 2021 ‘;, CDF 2022
160 & 1 1 1 1 J 160 & 1 1 1 1 J
G 50 100 150 200 250 o 50 100 150 200 250
my, [GeV] my, [GeV]

2023/12/15 Seminar @ USTC



Fitting with S/T/U

04 04
T 0.2 ! : -02 S

0.0 : H 00

04 04

0z . o2

0.4

0.3

0.2

0.1

0.0

Most BSM has U = 0
* Large correction to
S/T is needed

Fixed U =0

—0.1 L
2023/12/15 Seminar @9 ustc  —0.1

0.0
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B3. EW Fit and Muon g-2

Muon g-2.
Relationship:

300 T T T

290

280

An;\?ad x 10 -

PDG 2021
CDF 2022
9

240 1 1 1
%0.30 80.35 80.40 80.45 80.
M W [GCV]

2023/12/15

had(ew) = Aahad(e e”) x

107

& &
—

da, x 10"

(

g
oo

PDG 2021

|

S~
o
Q

U —

Experiment
Average

"+

@
@
'

i

M (EW fis)

S:M (EW fitg)

SM (EW fits)

Indirect

____-__-___6,-
: 2
Z

N
o
Q

14

16 18 2
a,x10° - 1165900

Seminar @ USTC

22

12

Nature 593 (2021) 7857, 51-55
CDF 2022 .
. :E 1 :
Gy
—— 1 —0—
SM EW ﬁlss 4 Experiment
| oo " : Average
. ——
i E:—o—: 280
: ::SM(EWﬁts):
Ll e )
R S P
! SM (EW fits) i 4 !
ndirect 470 | t 1
—
1‘4 16 18 26 22
a,x10° - 1165900

2204.03996, Athron, Fowlie, Lu, Wu, Wu, Zhu
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Definition of R value

EW fit

oc%(ete”>hadrons) _ o

0
had
g%(ete~>»utu-) o

R

Determination of running coupling constgit of QED theory

=522, 209 = O

Aa(M2) = — XD pe [,

ds R(s)
4M% s(s—M2)—ie

Anomalous magnetic moment of muon g, — 2

— asM = aQED + aweak + ahad
am (o'} K(s)
A =(5) Limgds™ RO
Aa, = afLXp MM 4.20 — new physics

2023/12/15

Seminar @ USTC

Source Contribution(x10%) From Dong Li u’s
Ax (M3) 314.979 + 0.002 .
N Slides @LP2021
Aoy q (M7) 27610+ 1.0
Aotiop (M%) —0.7180 + 0.0054
Source Contribution(x 101)
3ED 116 584 718.931(104)
e 153.6(1.0)
a2 [lLo] 6931(40)
afi24[NLO] -98.3(7)
af*4[NNLO] 12.4(1)
had,l—l
a, 92(18)
az™ 116 591 810(43)
G 116 592 061(41)
Aa, 251(59)
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The time-like and space-like master formulae for Aoapand a

1. Time-like : Using foreTe~ — hadrons data calculations

am K(s
aIIJVR o ( M) /dS ( )Rhad(s) Rhad(s) —
Sthr

s
so(e" e~ — hadrons)
TN

where sgny = m2,

2 (0, @]
5) 2y M3 Rhad(8)
et G S—WP/dSs(M% _§)
Sthr

1. Space-like : Using for lattice QCD calculations

e ( ) /ds f(s)1(—s) [1(s) = 4x? [I‘I(s) — I"I(O)]

Doyoy(Mg) = ZA(=ME)+= (AI(MZ)-1I(~M2))

HVP
U
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A summary for a

BMWc'20 t
Mainz'19
FHM19
ETM'19 }
RBC'18 |
BMWc'17 | :

DHMZ'19 t
KNT'19 |

CHHKS'19

R-ratio —— |

HVP
U

lattice —&— |
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form data-driven and lattice QCD calculations
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The problem to compare Aap.4aform data-driven and lattice QCD

1. The Aanaqa is calculated at the scale MZ for five quark flavors from data-
driven method with| adl),., = 276.1(1.1)x 10| (w7 pHVZ

2. However, we don’t have enough informaiton for Aan.a from lattice QCD

side.
o IatticeKiZl;rl?%z;?oan? —B— | For examp|e,
- i | using the whole energy range project
X 40} &= 1 H
NN B B B e B | [proj(ee)]:
0 . . T ; . —
L 20 - . . a, '¥(BMWec) = 707.5(5.5) x 107"
%% e . [Crivellin:2020zul] |
el e proj() -+ | = Acpaa(BMWe) = 276.1(1.1) x 104 x 1975 — 281 .8(1.5) x 10~
051 - $~ < proj(1.94 GeV) - ¥- | '
< -k L s.
ﬂgg | | , Nature 593 (2021) 7857, 51-55
. 0...1 1...10 10...100 100...1000 1000...M§

[GeV?]



The 3rd way to extract Aanad Global Electrowek Fits

P.Athron, A.Fowlie, C.T.Lu., LWu, Y.C.Wu, B.Zhu GFitter
My Indirect PDG 2021 CDF 2022
Aothad BMWc¢ ete~ Indirect | BMWec ete Indirect BMWec ete~ Indirect
i My [GeV] - - - 80.379(12) 80.379(12) 80.379(12)[80.4335(94) 80.4335(94) 80.4335(94)
Acnaq x 10%(281.8(1.5)276.1(1.1) -  |281.8(1.5) 276.1(1.1) . 281.8(1.5) 276.1(1.1) .
x2/dof |18.32/15 16.01/15 15.89/14 | 23.41/16 18.74/16 17.59/15 | 74.51/16 62.58/16  47.19/15
My [GeV] | 80.348(6) 80.357(6) 80.359(9) | 80.355(6) 80.361(6) 80.367(7) | 80.375(5) 80.380(5) 80.396(7)
Adhaq x 10%[280.9(1.4) 275.9(1.1) 274.4(4.4)| 280.3(1.4) 275.6(1.1) 271.7(3.8)| 278.6(1.4) 274.7(1.0) 260.9(3.6)
itted| da,, x 10M - - 294(166) | 146(68)  264(59) 364(145) | 188(68) 289(57) 648(137)
Tension - - 1.80 2.10 4.50 2.50 2.80 o.10 4.70
SMy [MeV]| 86(11)  77(11)  75(13) | 79(11)  73(11)  67(12) | 59(11) 54(11) 38(12)
Tension 7.80 7.00 0.80 7.20 6.60 9.60 5.40 4.90 3.20
Then, how to transform the information between Aan.q and aEVP ?

Here we consider the whole energy range projection.
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Using Global EW Fits to extract Aay,g Low energy projection

P.Athron, A.Fowlie, C.T.Lu., LWu, Y.C.Wu, B.Zhu GFitter
My Indirect PDG 2021 CDF 2022
Acpag BMWec ete” Indirect | BMWec ete” Indirect BMWec ete™ Indirect
mput| 2w [GeV] i i = [80.379(12) 80.379(12) 80.379(12)|80.4335(94) 80.4335(94) 80.4335(94)
Aal® (M2) x 104|277.4(1.2) |276.1(1.1) - |277.4(1.2) 276.1(L.1) - 277.4(1.2) 276.1(1.1) -
X2/d0f 16.28/15 16.01/15 15.89/14 | 19.51/16 18.74/16 17.59/15 | 65.07/16 62.58/16 47.19/15
My [GeV] | 80.355(6) 80.357(6) 80.359(9) | 80.360(6) 80.361(6) 80.367(7) | 80.379(5) 80.380(5) 80.396(7)
Acmag x 104 [277.1(1.2) 275.9(1.1) 274.4(4.4)| 276.8(1.1) 275.6(1.1) 271.7(3.8) | 275.6(1.1) 274.7(1.0) 260.9(3.6)
Fitted|  oa, x 10'! E - 438(396) | 173(54) 306(54) 748(339) | 306(54)  416(54)  1997(320)
Tension - - 1.1 3.20 5.70 2.20 5.70 770 6.20
3Mw [MeV] | 79(11) 7r(1l) 75(13) | 74(11)  73(11)  67(12) | 65(11) @ 54(11)  38(12)
Tension 7.20 7.00 5.80 6.70 6.60 5.60 5.00 4.90 3.20
For the case of low energy projection, Aay,q is shrunk, but V" is

enlarged after the transformation compared with the whole energy
range projection.
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HVP

Three various projections between Aap,q and a,

1. According to Crivellin:2020zul, there are three different hypotheses for the projection between

Aapag and aEVP :
(1) Low energy for the sum of exclusive channels : My S Vs < 1.937GeV,
(2) Energy below the perturbative contributions : My, < /8 <11.199 GeV or
3) The whole energy range : My, < V8 < 00,

(Hypothesis : The part above the upper energy threshold is the same as data driven one and the uniform scaling is
applied.)

1. Open questions : (1) Which projection should be preferred ?
(The low energy projection agrees better with BMWc restuls.)

(2) Can we go beyond the uniform scaling (energy independent) hypothesis ?



The impact to muon g-2 from the global EW fits

P.Athron, A.Fowlie, C.T.Lu., LWu, Y.C.Wu, B.Zhu

PDG 2021
i (| 1
i ' 450 E
—— L ——
M (EW fitd) | | Experiment
: ote” ! ! Average
I :.—.—"
| S (EW it
LB E
| R e—
0 S 1o
I i E 250 E
st y
12 14 16 18 20

a,x10° - 1165900

22

CDF 2022 Indirect
< ' ) :
1 ] 5-1b 4‘\20
—— : —o0— —— B o=
M (EW fit}) Experiment SM(e'e") 1 Experiment
| e*e” 1 Average Average
" |
—a— 280 ——
SV EW fis): SN B
:: BMWc E :
150
4.705 1.60
¢ S <:>
12 14 6 18 2 2 12 % % 18 20 2

a,x10° - 1165900

The EW fits from indirect and BMWoc inputs go into opposite
direction compared with the one fromm e+e- input.

a,x10° - 1185900
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Channel |Energy range (GeVv)|ah=d.-LOVFP » 101°| Aa{>) (M2) x 10*| Our results
Chiral perturbation theory (ChPT) threshold contributions
70~ m, < /s < 0.600 0.12 + 0.01 0.00 £+ 0.00 0.01 4+ 0.00
wtax— 2m. < /s < 0.305 0.87 = 0.02 0.01 4+ 0.00 0.01 4+ 0.00
wta— a0 3m, < /s < 0.660 0.01 = 0.00 0.00 = 0.00 0.01 + 0.00
77y m, < /s < 0.660 0.00 += 0.00 0.00 £+ 0.00 0.00 =+ 0.00
Data based channels (/s < 1.937 GeV)
w0~ 0.600 < /s < 1.350 4.46 += 0.10 0.36 = 0.01 0.43 4+ 0.01
Y (R 0.305 < /s < 1.937 502.97 = 1.97 34.26 == 0.12 26.60 = 0.10
wta— a0 0.660 < /s < 1.937 47.79 4+ 0.89 4.77 = 0.08 6.51 =+ 0.12
amta—wta— 0.613 < /s < 1.937 14.87 4+ 0.20 4.02 4+ 0.05 1.85 4+ 0.02
ata—a%=° 0.850 < /s < 1.937 19.39 + 0.78 5.00 + 0.20 3.57 +0.14
(2rnt2x= 7)o » 1.013 < /5 < 1.937 0.99 + 0.09 0.33 = 0.03 0.22 + 0.02
3a+3nx— 1.313 < /5 < 1.937 0.23 += 0.01 0.09 £+ 0.01 0.07 4= 0.00
@Crt2x—278%)n, 1.822 < /8 < 1:03T 1.35 +0.17 0.51 + 0.06 0.41 4+ 0.05
KYK~ 0.988 < /s < 1.937 23.03 + 0.22 3.37 = 0.03 5.05 = 0.05
K3K? 1.004 < /5 < 1.937 13.04 + 0.19 1.77 + 0.03 2.91 + 0.04
KK 1.260 < /s < 1.937 2.71 +0.12 0.89 4+ 0.04 0.78 = 0.03
KK2 1.350 < /s < 1.937 1.93 += 0.08 0.75 £+ 0.03 0.60 =+ 0.02
7y 0.660 < /5 < 1.760 0.70 = 0.02 0.09 + 0.00 0.09 + 0.02
nata— 1.091 < /s < 1.937 1.29 4+ 0.06 0.39 = 0.02 0.32 4+ 0.01
(7)o o 1.333 < /5 < 1.937 0.60 + 0.15 0.21 + 0.05 0.18 + 0.05
n2xt2x— 1.338 < /s < 1.937 0.08 = 0.01 0.03 £+ 0.00 0.02 4+ 0.00
1.333 < /5 < 1.937 0.31 = 0.03 0.10 £+ 0.01 0.09 £+ 0.01
w(— 7Oy)x° 0.920 < /s < 1.937 0.88 &+ 0.02 0.19 + 0.00 0.18 &+ 0.00
no 1.569 < /s < 1.937 0.42 + 0.03 0.15 4+ 0.01 0.15 4+ 0.01
¢ — unaccounted 0.988 < /5 < 1.029 0.04 = 0.04 0.01 = 0.01 0.01 + 0.01
nwn© 1.550 < /s < 1.937 0.35 &= 0.09 0.14 = 0.04 0.13 4+ 0.03
m(— npp)K K, o x| 1.569 < /3 < 1.937 0.01 =+ 0.02 0.00 =+ 0.01 0.00 =+ 0.01
PP 1.890 < /s < 1.937 0.03 = 0.00 0.01 + 0.00 0.01 4+ 0.00
nn 1.912 < /s < 1.937 0.03 = 0.01 0.01 += 0.00 0.01 + 0.00
Estimated contributions (/s < 1.937 GeV)
(w7~ 37%)no n 1.013 < /s < 1.937 0.50 = 0.04 0.16 = 0.01 0.11 4+ 0.01
(wHram 47 no 5 1.313 < /5 < 1.937 0.21 +0.21 0.08 4+ 0.08 0.06 + 0.06
K K3 1.569 < /5 < 1.937 0.03 = 0.02 0.02 = 0.01 0.01 4+ 0.01
w(— npp)2mr 1.285 < /5 < 1.937 0.10 + 0.02 0.03 + 0.01 0.03 + 0.01
w(— npp)3«w 1.322 < /5 < 1.937 0.17 &= 0.03 0.06 = 0.01 0.05 = 0.01
w(— npp) KK 1.569 < /s < 1.937 0.00 = 0.00 0.00 = 0.00 0.00 =+ 0.00
npatax—27° 1.338 < /s < 1.937 0.08 = 0.04 0.03 4+ 0.02 0.02 4+ 0.01
Other contributions (/s > 1.937 GeV)
Inclusive channel 1.937 < /s < 11.199 43.67 = 0.67 82.82 + 1.05 69.94 + 1.07
J/ - 6.26 = 0.19 7.07 = 0.22 10.03 = 0.30
¥ - 1.58 4+ 0.04 2.51 =+ 0.06 2.53 =+ 0.06
YT(1S — 45) - 0.09 = 0.00 1.06 = 0.02 0.14 4+ 0.00
pPQCD 11.199 < /5 < oo 2.07 4+ 0.00 124.79 4+ 0.10 127.25 + 0.00
Total My < \/; = oo 693.26 + 2.46 276.11 +=1.11 260.39 + 1.14 ]
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B4. 2HDM

2HDM (alignment):

0207010, Gunion and Haber w:_

(I)i: ’UZ—I—hZ—I—Z’OZ ) 7::1727
V2

making a global SU(2) transformation in the scalar space spanned by the two doublets, it is always
possible to work in the so-called Higgs basis,

H, — Hil_ . ’Ul(I)l + ’UQ(I)Q H, — H;— . —’Uzq)l + ’Ul(I)Q
1 — = - 9 2= Hg - i

I

V'3 124(H} i)+ {1 75(H{ Ho)? + Zo(H] Hy)(H] Hp) + h.c.}
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2HDM (alignment):

M2, — Zv? Zgv* H _[¢-a —Sp-a V2 Re H) —v
1\ Zo? m? + Zsv? h S6-a  Cha v2Re HY
Z1v? = mis%_a + m%{c%_a :
h is SM-like if |cs_a| < 1 Z6v? = (M2 — )85 —aChcn

2 2 .2 2 2 2
50" = MpSg_o + MpCa_o, — My .

Alignment limit: Higgs base = Mass base
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2HDM (alignment):

6, (my,my) + 0 (my,my) — 8, (my, m2)

1
0. (my, 04 (my,m; . .
= 32rsin Oy i, [0+(msymi) + 6. (my ma) — f(ml ma)] e / d'k 12 (mi — mi)(mi — m3)
@my © (R - m} )2 (k? — m3)(k* — m3)

400 s(5-2)=0, mp-=1TeV 4005 s (B-a)=0, my=1TeV

PDG 2021 CDF 2022
200 200

ot - Negative T
> >
& &
S 0 1
£ £
3| < y 1

-200 -200f Negative S ~ Negative T

, S ~ loglmafmys) |
-400t_ 5 -4001.~ ;
-400 -200 0 200 400 -400  -200 0 200 400
AmH[GeV] AmH[GeV] 2022.03796, Lu, Wu, Wu, Zhu
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2HDM (alignment):

“Spectrum”

A

H-

2023/12/15

q > > q
+
|94 -
___).____
I
h/H/A:
___.).__I}i_
W:l:
» > 7
q q

Seminar @ USTC

10! -

10P

Cross sections [fb]

1072 ¢

10—3 .

1071

VE=14Tev —— H*YH*jj |
——=- HHjj |

200
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2HDM

80.46
80.44

80.42

(GeV)

=
£ 80.40
80.38

80.36

2023/12/15

(inert):

PDG (2020)
SS — WW*

S A co-annihilation

Higgs resonance
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[ 95% C.L. 3 : «  PDG (2020) : . PDG (2020) :
of _' | .« SSWW ’ o« SSawwr |
i ) +  Higgs resonance »  Higgs resonance
A ] 102 + SA co-annihilation 102+ +  SA co-annihilation 4
1F §: : - [ [ ]
' PDG (2020) i =~ S 5
ol e SSaww 1 & | o | -
: +  SA co-annihilation o I *;] . -
- Higgs resonance ] i i
= . . @ E
-2 -: [ ) - [ ) 1
] L 95% C.L. region L 95% C.L. region
_%0 20 () —— li(l)z PR (| ——" .i(l):’ P
mg (GeV) mg (GeV) mg (GeV)

(a) (b)
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0.04 0.04 v T T T T T
95% C.L. region 1
0.02 0.02F -
0.00 0.00F
P »
—0.02 —0.02F
PDG (2020)
—0.04 —0.04+ s SS>WWr B
95% C.L. region . S..i co-annihilation 1
. Higgs resonance J
o N [ EEETSEEEC T [, SN [T (TR S | o ~L8 2 a2 a0 2 2 220 s sl ezl aaalaaaal
0.06 515 0.30 0.45 0.60 0.75 006558650 0.7 100 125 150 1./
ms/my- ma/mpy-
(a) (b)
T T 0.30~ T T T T T T
95% C.L. region 95% C.L. region
[

—0.05 . . e da s s -
005515 0.30 0.15 0.60 0.75 0.50  0.75 100 125  1.50
mg/mys m/mp-
() (d)
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