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The history of electroweak theory



Beta decay

JRF A% AL e TS
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Beta ™

particle
@ m, = 939.5656 MeV (electron;'}

@ n, = 038.2723 MeV
@ m= 0.510990 MeV

0.7823 MeV=0Q for n—>p+e

(Z,N) > (Z+1,N—1)+e"

The conservation of Energy and momentum
requires the electron have a single value of energy.



1914, Chadwick
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Beta decay
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—ermi Theory
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V-A theory

Feynman & Gell-man; Sudarshan, Marshak (1958)

GF
H=—1JJ* J,= J¢ + Jh
\/5 K K B, >
leptonic hadronic
t __ _
Tupt I Jﬁ =& Y (1=7°) Ve + Avu (1 —7°) v
= 2 [éL'Yp,VeL + ﬁL’Y,u,Vp,L]
b o Y = Pry = 1_2751/} (vector - axial)

e Gr~1.17 X 10~° GeV~? (Fermi constant)
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The optical theorem

HRESHIPEIC: (S =14 T) o THSHFE P AE-F R 7

(fIT|s) = (2m)*6* (pi — pf)M(i — f)
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M(i— f) = M*(f —i) = é;/dﬂx(?ﬁ)%’i(m —px)M(i — X)M*(f — X)
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The optical theorem
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M(0) = 167 Zaj(Qj + 1)p;(cos ) Legendre Polynomials

4 E
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SAELTH] :

c(AB — AB) =

oo

om 5=0

167 .
e
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V-A theory: Z IEMHEBEIA 0] 8
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V-A theory: Z IEMHEBEIA 0] 8
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Electroweak gauge couplings

sk TR =(2) 0 a=(4)  rroieisit)=ot

L =Ep(GP)Er +er(i)er + Qp(iP)Qr + ur(i)ur + dr(ilp)dr

WA p, =0, - L (W 4 W T) =i 7, (1 s 0,Q) — ie A, Q

V2 cos 6, B
*/i@%‘iﬂ%ﬂﬁ*ﬁﬁ{/ﬁﬁﬁ af = Te{ and vy = Tg (1—4|Qy| sin? Oy ).
zZ (& - _ )
Lcee = Zii/ﬁ {Wﬂ [ay* (1 — v5)d + DM (1 — 35)e] + h-C-} Exe = 2sin Oy cos Oy In Zf fr*vr = ars) |

21



W/Z decay branching ratios

l_, di f
WA Z
- - f
Vl s U.j
GF['VIS; s - GFPVIB
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I‘(H — ) = 3 ( ff) i (lof]* + ag]?)
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Sz T = 3 =]
B AR KA R R BAE AT 5 2
sin?ly = 1— lwl?f , M2, sin? Oy = @ afr = T and vp = T (1 - 4|Qf| sin” 91&’)-
ﬂ*’f% J v \/ﬁGF 3 3 22



R S CIRaY
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Status of Zbb couplings

LD izﬂ(ngEm“bL + grbrY"br)  S.Gori, J. Gu, L. T. Wang, JHEP04(2016)062
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Strong constraint for the
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and large deviation of
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coupling
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The precisely measurements for the SM Higgs production can also test the
electroweak properties of the SM

OO0 N\
g Z g Z g Z b
b t

g \h g N9 _ b

Ry R A

Bin Yan, C.-P. Yuan, PRL 127 (2021) 5, 051801

L =by.(kvgv — Kagays)bZ,

The degeneracy of the anomalous Zbb could be resolved
by the LHC data

The other possible methods:

Bin Yan, C.-P. Yuan, Shu-Run Yuan, PRD 108 (2023) 5, 053001

F. Bishara, Zhuoni Qian, JHEP 10 (2023) 088

Hongxin Dong, Peng Sun, Bin Yan, C.-P. Yuan, PLB 829 (2022) 137076
Hai Tao Li, Bin Yan, C.-P. Yuan, PLB 833 (2022) 137300

Bin Yan, Zhite Yu, C.-P. Yuan, PLB 822 (2021) 136697
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W boson mass measurement

X) Mw\\rmﬂ% ¢
0‘) jﬁcobiam Féﬁl( JseJtm‘?‘ue 3/5 PTB
Fiw e J/
d‘-’r _ d o JML‘) V{J'rwr'.r.‘é/e)
£y deote ™ “ApE
ks = (%E) smp = d;;;: = d'P-,f = ",-(,1'2; ;hj

dino

W 0
(d[’.r= V%“’ma ole:v-g_“’ ""'9 Sinsde = - zw%aolws)

e CEY = 5 (WY

e, o 2 W | ({M?:{B
Vel
E IJ( “)-(pr) =

y

s o, [ty

[
Y\ &
' ch
! . ?W‘fr:f
i
Tfi Wwvﬂd
>
Yirive ‘ W
Pav’f ° fr

32



W boson mass measurement
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W boson mass measurement
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W boson mass measurement

LEP combination
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Top quark physics
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Top quark: 172 GeV
Higgs boson: 125 GeV
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Top quark
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Top quark Properties
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Top quark Production at hadron colliders

t

q t

Fvam) = 2, / dz; dz; fi(zi, p?) - fi(zj, p?) - 697" (p, mf, as(p?), 4°)
Y \(J=49.0:9 . I J
Cross section hd hd hd
Sum over all parton PDF Partonic cross
type and momenta section
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Top quark Production at hadron colliders
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Top quark Production at hadron colliders
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Charged Lepton: Spin Analyzer

(a) left-handed top tL
It

—/; \
b —
- ® \N\ \NNNNNNNN-
— B —
7+
7+ pL(kft—hand)
N A
< b
<\ NNNNNVNVVNVNVN @ »
+ —
M[Long

t boost direction

(b) right-handed top t R

l—l—

% ¢
=

S AVAVAVAVAVAVAVAVAVAVAVY
——

A\ J

7+
Lv(kjt—hand)

A

" %
:i;> ::f;\NAﬂWJVMNﬂAr

Wi

Long

t boost direction

Charged Lepton tends to follow the direction of Top-quark spin.
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Helicity fractions
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Top quark anomalous couplings
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Linear polarization of W boson

Zhite Yu, C.-P. Yuan, PRL 129 (2022) 11,11

@ . Etot
dp 2
Boosted limit: & = ¢(A\;) = 0.145(\; — 1)

[Assuming SM tbW coupling]

[1+£cos2¢| Infrared safe

Azimuthal correlation
s Boosted top polarization

» Measuring longitudinal polarization of boosted top
» New top tagger against QCD jets

‘ A new tool to probe the NP effects,
e.g. the CP violation in top quark decay
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Lepton energy

Charged Lepton tends to follow the direction of Top-quark spin.

1y = 2F,/E, E. L. Berger. Q. H. Cao, J. H. Yu, H. Zhang, PRL 109 (2012) 152004
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Top quark Neutral current & NP

30
F. Rich iv:1403.2893
ichard, arxiv:1403 dLt/Lt % A Wulzeret al

Lt: left handed Ztt coupling 20 T

Rt: right handed Ztt coupling 10 A Grojean et al

Djouadi et al dRt/Rt %
A | : —0 | | | |
-90 -70 -50 -30 -10 10 30 50 70

b wulzer et al ‘-10 -+ ‘HDSDtani et al
A -20 A Carena et al Vg = T
Gherghetta et al I.— R
-30 Pomaroletal , — it 22
2
-40

Distinguishing the vector and axial vector components

of Ztt coupling=> different NP models




Top quark Neutral current

aw -
L = t(Ut — at%)thZ“
ZCW
E.L. Berger, Q.-H. Cao and I. Low, PRD80,074020(2009) 1
R. Rontsch and M. Schulze, JHEP07,091(2014) rUtSM = 0.35, an S
0. Bessidskaia Bylund et al, JHEP05,052(2016) 2
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How to distinguish the top quark couplings

A, B and C: extra dimensional models 0.10F | | L
D, E and F: the composite models . : 5
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Top quark Yukawa coupling

« Theoretically, it connects to various new physics directly

F. Bezrukov, M. Shaposhnikov, J.Exp.Theor.Phys. 120 (2015) 335 my=125.7 GeV
H t L o R —
1. Vacuum stability =777 ‘O‘ """ o 093534159 - |
! < 006fF % -
2. Hierarchy problem (Naturalness problem) 00s ‘*\‘*::;:._.;___‘_. i
O i —
3. Nature of electroweak symmetry breaking 002

u, GeV

4. Deviation from SM prediction can lead to many new physics models

@ Weak interacting? Strongly interacting? x,‘)é
SUSY Little Higgs Composite

« Experimentally, it can be measured in many processes at colliders
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Top Yukawa coupling at LHC

Oobs.

— ~ 2
U Corp, Vel
* Indirect probe: gluon fusion e Htt associated production
g 06666601 g
- H
g 9999990, g
e Htj associated production e Multi-top production
q q’ q q’ t
9 =
§W H % H j’::z[< t
ST v oft-shell
b " t b < t
@ g ;
@ (6) Q-H. Cao, S-L. Chen, Y. Liu, 17°

Q-H. Cao, S-L. Chen, Y. Liu, R. Zhang, Y. Zhang, 19’



Indirect and direct measurements at
13 TeV LHC

Oobs. |2

U= ~ |ye

Oexp.

* Indirect probe: gluon fusion

g 66666606

g 99999999

A

u(gg = h) = 1.07 £ 0.09

ATLAS-CONF-2018-031

u(gg = h) = 1.23 £ 0.13

[CMS-PAS-HIG-17-031

* Htt associated production
g

g

u(gg - tth) = 1.32%57¢

1806.00425

u(gg — tth) = 1.26155;

1804.02610




Indirect and direct measurements at
13 TeV LHC

Oobs. 2
K= ~ |yl
Uexp.
* Htj associated production * Multi-top production
q q’ g q' t
g ]
w t
B wo ]_{<
W off-shell
b t b PR ¢ iy
& g B
(a) (b) t

Evidence by ATLAS: 2007.14858
CMS: 1811.09696

Q-H. Cao, S-L. Chen, Y. Liu, 17’

the data favor a positive value of the
P Q-H. Cao, S-L. Chen, Y. Liu, R. Zhang, Y. Zhang, 19’

top quark Yukawa coupling



Top quark Properties

Fundamental Parameter of the SM:

The top quark plays a critical role in the SM of particle physics. Its properties, such as
mass, charge, and spin, are fundamental parameters that influence predictions and
calculations within the SM

Electroweak Symmetry Breaking:

The top quark's mass is close to the electroweak scale. It could have a significant role in
electroweak symmetry breaking

Higgs Boson Interactions:

The top quark interacts strongly with the Higgs boson, affecting Higgs production and
decay rates. Accurate measurements of top quark properties are essential to refine our
understanding of the Higgs boson and its properties

Testing Quantum Chromodynamics (QCD):

As the heaviest quark, the top quark decays before it hadronizes, providing a unique
opportunity to study QCD in a relatively clean environment. This helps in testing and

refining QCD predictions
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Top quark Properties

* Probing for New Physics:
Precise measurements can reveal deviations from SM predictions, hinting
at new physics beyond the SM, such as supersymmetry, extra
dimensions, or other exotic phenomena

e Calibrating Detectors and Analyses:

Top quark events are used to calibrate particle detectors and analysis
techniques, ensuring the accuracy and reliability of measurements

* Enhancing Collider Physics:
Understanding top quark production and decay processes enhances the

overall physics program at the LHC, enabling more precise searches for
rare processes and new phenomena.
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The Era of the Higgs Physics
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The Era of the Higgs Physics

2013 NOBEL PRIZE IN PHYSICS

Francois Englert
Peter W. Higgs

il \
/78 \
Ve
bt 4 /)

8 October 2013

The Royal Swedish Academy of Sciences
has decided to award the Nobel Prize in
" Physics for 2013 to

Frangois Englert and Peter Higgs ©

“for the theoretical discovery of a
mechanism __that _ contributes to our
understanding of the origin of mass ofj
Lsubatomic particles, and which recently was
confirmed through the discovery of the
predicted fundamental particle, by the
ATLAS and CMS experiments at CERN’s Large
Hadron Collider”

49 ) Understanding of origin of mass of subatomic particles

Snowmass 2021, 2209.07510

Origin of EWSB?

Thermal History of
Universe to Hidden Sectors?

Higgs Portal

Stability of Universe

Fundamental CPV and
or Composite? Baryogenesis

Is it unique?

Origin of masses?

Origin of Flavor?



Brout-Englert-Higgs Mechanism

" Spontaneous broken symmetry: the Lagrangian is invariant under
the symmetry, but the ground state of the theory 1s not

» Goldstone’s theorem:
Spontaneous breaking of
continuous global symmetries
implies the existence of
massless particles

Englert, Higgs
2013 Nobel Prize

Englert Peter Higgs



Example: Linear sigma model

ShrEd: U(1) global symmetry o(z) = e*p(x)

A
L = (0:9")(0u0) + m°¢0" — 26°¢"

wien: V(o) = —m?|o|” + 3lof° ) = /20

Rebn B I AT B S 5L

B 1 ) 2TTL2 1 | ﬁi%lj\
L= 5(@&0) + ( \ + \/5‘7(5”)) Goldstone

4 1 1
— (% +mlo? + 5\/ch73 + 1_6)\04)



Brout-Englert-Higgs Mechanism

An Abelian Example: B3+ Ehr &1 D, = 9, + ieA,

L= ~3Fu) + D0 = V©) | V(6) = —p2go+ 20" )

() ML
Ba) > €2 DG(x),  Ay(z) > Au(e) - ~B,0()
RERRE 1
M2)1/2

1 . — A —
< o) = ¢o + E(ﬁbl(ﬂf) +iga(2)) (D) =do = (T

|Dﬂ¢|2 - %(anﬁbl)z + %(8&,‘?32)2 + \/ieqbo - A 0% o

Goldstone boson to disappear from the spectrum and the gauge boson to become
massive



Brout-Englert-Higgs Mechanism

FRUER L S TR £ = |Duo|” + it o — Aol 9)?
D¢ = (0, —igAlr® —is9'B,)d

FHL 55 KL V0 3 €0 1 ol T .

1 02 2 2 2 4 2N\2 2
AL = 5?[ 9°(A,)° +97(40)% + (g4, + d'Bu)*]. (20.62)

There are three massive vector bosons, which we will notate as follows:

1 .
Wj: = E (A}L F zAi) with mass
(20.63)

1 \/
Z0 = W(g}li —¢'B,)  with mass @ 9° + D

The fourth vector field, orthogonal to ZB, remains massless:

1
A, = .:,—,,:,(QIAi +¢B,) with mass (20.64)
g +g-




Higgs production at the LHC

M(H)= 125 GeV -

> Gluon Fusion

@ @
|
|
e
|
1.
o
M
Rl

6(pp — H+X) [pb]
T
|

D+ NLO EW)

LHC HIGGS XS WG 2016

Loop suppressed, but large top quark Yukawa
coupling, large gluon PDF enhancement

» VBF production

Forward & backward jet=> helps to identify Higgs event
Direct probe of HVV couplings 107

» VH associated production Wz

— ~

/
-
<
N
|
|

7 10 11 12 13 _14 1
Leptons from V decay help with event identification © s 9 10 3\!E[TeV]5

Direct probe of HVV couplings

9 oooooe—— b

» ttH production L

9 oo —— 6P

Challenging final state; direct probe of ttH coupling



Higgs decays

Decay channel  Branching ratio Rel. uncertainty

(o)

» Bottom quark (58%) H — 997 x 10—3 9.1%
B quark form short-lived B hadrons, can be identified g 7z 262 x 1072 +1.5%
by displaced tracks; large QCD background I W 914 x 10-1 L15%

+ - —2
> Vector bosons (Z: 3%, W: 21%) H—rhr 6.27 x10 +1.6%
H — bb 5.82 x 107! 2
One of the V has to be off-shell; small event rates - co 989 x 10-2 ig-gig
when including decays to leptons, but clean detector » .
signature H — Z~ 1.53 x 10 +5.8%
H — ptu~ 2.18 x 10~ +1.7%

» Gluons (8.2%)

Huge QCD backgrounds at LHC

» Photons (Zy,yy 0.2%)

Small BR, but clear detector signature; destructive interferences

"-'/Z “1/7 W ¥ /‘Z
H--- T H --- w H -—--
8 gl Y



I H iggs Discovery From Matthias Kerner ﬂ(IT

Karlsruhe Institute of Technology

July 4, 2012: ATLAS and CMS announce the observation of a new particle,
compatible with the SM Higgs with my = 125 GeV

— resonance in the  my, and m spectrum
(H — ZZ* — 4l) (H — yy)
CMS \s= 7TeV L 51fb \s=8TeV,L= 53fb'

Y
o
o
o

E L 4 T L4 A s " L4 L 4 R4 T T T L4 1]

120 130

\s=8TeV:|Ldt=5.81b" m,, (GeV)

C T I T T T T ] T Y T T ] 14 T T i ™Y 1= =1

g’ - @ Data ATLAS 1 %) ] '
_ [l Background 22" - - o

g25~ [l Backgroun Ho 77541 : o

£ [l Background Zsjets, i : ~1500

L%) 20L [ ] Signal (m =125 GeV) i ; A
" %% Syst.Unc. ] e
L : @
“\s=7TeV:|Ldt=4.8fb" i >

15 J = ) i

g
B 2
10- g
[ 2
L o ¢ Data
o < 500 S8 Fit
E ? [+ }
of n 82 20 d
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I H iggS Discovery From Matthias Kerner ﬂ(IT

Karlsruhe Institute of Technology

July 4, 2012: ATLAS and CMS announce the observation of a new particle,
compatible with the SM Higgs with my = 125 GeV

= >
>
- > (P

— many happy faces ...

e -

» Spin, Parity?
» Couplings to other SM particles?
...and a year later: » Higgs potential?

Nobel Prize awarded to Francois Englert & Peter Higgs
(*1932) (1929-2024)

SM Higgs boson?
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Higgs spin and CP properties

» Spin ¥ and 1 (due to H — yy: Landau-Yang
theorem) excluded
» Only real contender: spin 0 & 2

O Spin0: i) =g —era* i) = depupo

2 _x _x VvV
miy, ey, ey, T ag f

+(1)

(225

1

f* (2);'-1.r/

CP-odd interaction

CP-even g
Zq

CP-odd

o

N
SZZ

Ez, X &z,

40F
30F
20f

10

-10F
-20F
-30F

ATLAS

—e— Observed
------- Expected
B 0'SM+1c
B 0'SM+2c
[ 10'SM+3c
[ REERT
S 2o
[ 1J°+3¢

o

H—ZZ* - 4]
ls=7TeV,45f'
is=8TeV,20.3 fb'

H— WW* = evuv
/s =8TeV,20.3 fb'

H— vy
s=7TeV, 451"
/s =8TeV,20.3 b’

*tlc

JP D JP=0 J 2

J 2 JP=2t JP=zt J 2

kg0
u<3OUGev p<125GeV  p <300 GeV

O Spin 2 : 8* distributions is different for spin 2 and spin 0, d’ mim2(0” )
SLIGHE SnERE B, JP = 0*

e.g. Bolognesi, Gao, Gritsan, Melnikov, Schulze, 2012



Higgs coupling measurements



The Framework for the Higgs physics

1. The k framework for the couplings:

BSM physics is expected to affect the production modes and decay channels by a SM
like interactions

2. The Standard Model Effective Field Theory
i Linear realized EFT

L

Mp 4 Strings, d=4 operators:
GUT describe what we see

*'1{&:1.-1‘-- LR

Asm4 # — d>4 operators:

. L suppressed by 1 /Ag,*
SM: SU(3)x SU(2)xU(1)
Matter+G Hi ; )
EW atterriaugerHiees d=2 operator: A%, H?

why ma<Asy ? W. Buchuller, D. wyler 1986 B. Grzadkowski et al, 2010

Higgs is a fundamental particle
Weak interacting

Citations per year Citations per year

W. Buchuller, D. wyler 1986
B. Grzadkowski et al, 2010 200
L. Lehman, A. Marin, 2015

150 » 250 °

B. Henning et al, 2015 200
H-L. Li et al, 2020 100

Murphy, 2020 .
C6 08 o 100
[:Z FOG—FFOg-}- 50
0 0

1986 1996 2006 2016 2024 2010 2014 2018 2022 2024

3. Higgs Effective Field Theory

Callan, Coleman, Wess, Zumino, 1969
The electroweak chiral Lagrangian+light Higgs, A.C. Longhitano, 1980,....
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The measurements @ LHC

Nature 607 (2022)7917,52-59 Nature 607 (2022)7917,60-68
102 CMS 138 fb™' (13 TeV)
o E E
2 3 ® Observed || +1SD (stat)
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Higgs couplings @LHC

Nature 607 (2022)7917,52-59

;_H ATLAS Run 2

||I1lrr|||11Irr|||11IrI|||1|Irr| L

K-! } l | - Laplons

i ' - vellva v || v
Kpl -fm— ™ | e d

Force carriers
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i —e—B_=8, =0
rg — -1 i !
-&- B, free B, 20 &, =1
rf ——— 5M prediction
= = Parameter value not allowed
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68% CL interval
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H R

Nature 607 (2022)7917,60-68
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= 11 SD (stat @ syst) |:’ 1 SD (syst)
— 12 SDs (stat @ syst)
— : Stat Syst
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Kg —§— 0.92:008 +005 +0.06
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Higgs CP violation

Origin of EWSB?

Thermal History of Higgs Portal
Universe b to Hidden Sectors?

Naturalness jl Stability of Universe

Fundamental 4 e CPV and
or Composite? Baryogenesis

Sakharov Criteria (1967)
Is it unique? ' Origin of masses? > B violation
Origin of Flavor? » C & CP violations
» Departure from the equilibrium

» A purely CP-odd Higgs has been excluded
» A CP-mixture Higgs boson is still possible
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» CP-odd interactions with gauge bosons (loop induced operators)

Higgs CP violation

Operator Structure Coupling

Warsaw Basis

Ogy  @'OW) wr! Cyiw

Opwp @'t ‘DW;I;VBW CHWB

Ows O' OB, B"Y Cup
Higgs Basis

Orys  hZuZ" &

thﬁ hzw,fi‘“v E‘HZ),

Onai hA,uV‘i#V Cyy

> CP-odd interactions with fermions

Gunion, He, PRL. 76, 4468 (1996)

Boudjema, Godbole, Guadagnolo, Mohan, PRD 92, 015019 (2015)
Mileo, Kiers, Szynkman, Crane, Gegner, JHEP 07, 056 (2016)
Gritsan, Rntsch, Schulze, Xiao, PRD 94, 055023 (2016)

S. Amor Dos Santos et al, PRD 96, 013004 (2017)

Kobakhidze, Liu, Wu, Yue, PRD 95 (2017) 1, 015016

Gouveia et al, 1801.04954
Gonalves, Kong, Kim, JHEP 06, 079 (2018)
Ren, Wu, Yang, 1901.05627
ATLAS, PRL 125 (2020) 6,061802
CMS, PRL 125 (2020) 6,061801

Q.-H. Cao, K.-P. Xie, H. Zhang , R. Zhang,CPC45 (2021)2,023117

Zhite Yu and C.-P. Yuan, 2211.00845

ATLAS,2304.09612
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g —&— Observed: Stat+Sys
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SMEFT CP-odd couplings
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Higgs CP violation

Z = yshf(cos ay + iyssin ap)f

¢ = arccos ‘ (n, Xn,) - (n, Xny)

< 0.15 .
o - 4
5 - (a) — CP-even .
-§ T oa=7/4 |
2 01 —oa=n/3 | ]
2 b — CP-odd ]
N :
£ 0.05F —— -
s [ ao-osmmnT
Z -
i | 1 L L | | | |
% 0.5 1 15

Q.-H. Cao, K.-P. Xie, H. Zhang , R. Zhang,CPC45 (2021)2,023117
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New polarization observables

d Linear polarization vs. helicity/circular polarization

helicity pol. 'rrrré'rrr 1) M ei(/\l_)\Q)gbd}\’l,Az
1
inear pol. ﬂmﬁrm JJ>——7§[1+>——>], ) = [r+>+| >] .

) |77 xe P o 2(1 £ cos29)

Sl

Interference of helicity A, and A, causes azimuthal distributions

cos(A1 = Ag)9, sin(A; — A2)9
I I E> Useful probes of new physics
CP even CP odd

C.-P. Yuan’s talk @ MBI 2023
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New polarization observables

Linear polarization of gluon

1 _ 1 1+8 &—ib
Y p)\)\:—2(1—|—€ O-)A)‘,_Q(§1+i§2 1_§3>
5

CP violation

N

Yu, Mohan, Yuan, 2211.00845

z || p,
g” élab X 2

Tl gx2z

v

(¢ - ¢0)

‘ CP phase = rotation of anisotropy axis §1(a) cos2¢ + §o(a) sin 2¢

C.-P. Yuan’s talk @ MBI 2023
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Higgs Yukawa couplings

Origin of EWSB?

Thermal History of
Universe

Naturalness

Fundamental
or Composite?

Is it unique?

Origin of Flavor?

Higgs Portal
to Hidden Sectors?

Stability of Universe

CPV and
Baryogenesis

Origin of masses?

All fundamental particles get their mass

from Higgs boson vev

or\(ﬂ@
—

Mg
v

107

K,

1072

107

107

1.2

Kg O {Ky

—_

0.8

F T TTIT

ATLAS Preliminary

Vs=13TeV, 24.5- 139 fo " z.-»
m,, = 125.09 GeV i
SM Higgs boson W
T

mg{my) used for quarks

-
o
IIII| | IIIIIII| | HIIIII| | IJHHIl | IIHH”‘

|1||||_|||||

T
I—é—’—! |

L
——s

| |

1 10 10°
Particle mass [GeV]

How about light quarks?
Does Higgs mechanism still work?
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Light quark Yukawa couplings@LHC

A. Rare decay: }, — J/Uy (¢, py,wy)

G. T. Bodwin, F. Petriello, S. Stoynev, M. Velasco, PRD88 (2013) 5, 053003
A. L. Kagan, G. Perez, F. Petriello, Y. Soreq, S. Stoynev, PRL114 (2015) 10,101802
M
SM < 220

e.g. 14TeVHL-LHC ¥, /yp < 0.39  ve/y:

. Brivio, F. Goertz, G. Isidori, PRL115 (2015)21,211801

e.g. 14TeVHL-LHC  y./ySM < 2.5

C. Higgs data global analysis:

G. Perez, Y. Soregq, E. Stamou, K. Tobioka, PRD92(2015)3, 033016, PRD93(2016)1,013001

Y. Zhou, PRD93(2016) 1,013019
SM
e.g. 14TeVHL-LHC ¥/ vy < 6.2

D. Higgs pT analysis:

Y. Soreq, H.X. Zhu, J. Zupan, JHEP 12(2016)045
F. Bishara, U. Haisch, P. F. Monni, E. Re, PRL 118(2017)12,121801

feal

t

G. Bonner, H. E. Logan, 1608.04376
---H

yu,d/yb <04~0.5

Soft gluon radiation

0.100

0.010

50

- - - - - - .
h h

B. Higgs+charm production

—— l_%(]l —

100
prlGeV]

200



Light quark Yukawa couplings@ e e™

L i
! 2id; < BT

] - 7
Z’I:,dj’ﬁ,<R ET

quark

gluon

0.0 - = -
000 005 0.0 0I5 020 025 030 000 005 010 015 020 025 030

T r

H. N. Li, Z. Li and C.-P. Yuan, PRL 107 (2011)152001; Y.T. Chien, I. Vitev, JHEP 12(2014)061
J. Isaacson, H.N. Li, Z. Li and C.-P. Yuan, PLB 771 (2017)619-623; G. X. Li, Z. Li, Y.D. Liu, Y. Wang, X. R. Zhao, PRD 98 (2018)7,076010
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= B S i g axis )
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= 107"} ° e Brf !
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10~ e 280 (‘E‘V Ct : i e+e—, 250 GeV and 5 ab™!
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1073 F Thrust J -
% 1.4F =7 ren. scale ~ mat. scale 1 My B
T 12 R
= 1.2¢ 1 L. Tl 1
g 1 i lpi - 7] T :
§ O e T =max | &=&— —
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J. Gao, JHEP 01 (2018) 038 80



Event shapes

One class of event shapes:

Examples:

fe(n) =1

Jet broadening

C-Parameter

Angularities

a=-—1

fc(n) =

3

cosh(n)

fr(n) = e nl(1—a)

G. Bell, A. Hornig, C. Lee, J. Talbert, JHEP01(2019)147

30

o(X) = é AT

e X

Catani, Turnock, Webber, 92

Berger, Kucs, Sterman, 03

Ellis, Ross, Terrano, 81

The proportions of two jet-like and

a=-0.25

three-or-more jet like events

a=05

0.00 005 0.10

0.15

020

0.20

025

000 0.05 0.10 0.15 0.20 025 030 0.35
Ta

Brandt, Peyrou, Sosnowski, Wroblewski,64; Farhi, 77

(relatively new)
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Higgs Yukawa couplings

J. Gao, Y. Gong, W.-L. Ju and L. L. Yang, JHEP 03 (2019) 030 Angularity distributions are very different

J. Zhu, J. Gao, D. Kang, T. Maji, 2311.07282 .
Bin Yan, C. Lee, JHEP 03 (2024) 123 for quark and gluon final state

Analysis Region

II]IIIIIIIII]II]II]IlIlIIlII'IIlIIl
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C : _ ] 0.30f -
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=P : ] ]
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— B ! | 1 s
I | : ] = —
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= Ur | ] 0.10} ==
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Sensitive to non-perturbative assumptions
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Higgs couplings @LHC

Nature 607 (2022)7917,52-59 Nature 607 (2022)7917,60-68
e e CMS 13816 (13 TeV)
Kz o« Eoe ® Observed [ ]+1 sD (stat)
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Higgs width measurements

Direct constraints: reconstructed mass line-shape
The intrinsic mass resolution: 1-2 GeV, Higgs width (SM): 4.1 MeV

— a T T T T T T T T
- %) I ‘\ I f f :> \\\IIIIII‘\\IIIII\‘\\I\‘\\\I'III\\\IIIII\
g A JLdt= 45" Vs=7 Tev ATLAS - -
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r T o|— 9 g 1 N 30 — 4 - Background ZZ* ]
r ] ===+ Background 1 — [ Vs=7Tev: JLdI =45 |
0.025— ] — signal - r jets, {f ]
- 4 ol— g — }2 L o8Tev J‘Ld 03! - Background Z+jets, tt 4
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[ 0:_ - GC) 25 — 7////% Systematic uncertainty -]
0.02— — - 1 > L il
80— 3 L r -
0015 - sof— -
- 40:— —_
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- 0 l et N ! ] E
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= 2FH
L i q 0
yurur I T TN T 0 I T S N 0 S O s £ 2 =
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v SE- =
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» the modelling of resolution uncertainties

» the modelling of the interference between the signal and the background
which can be sizeable for large widths

» CMS: 330 MeV



Higgs width measurements

Indirect constraints from off-shell couplings

I
T
| *
= S
o @
2
A Y
-

gg—H-VV 2 2 0_99—>H*—>VV( 9)
_ Y on-shell __ “g,on-shell "V,on-shell ) (%) = off-shell _ K2 (5) - K2 (5
Hon-shell = gg—H—-VV - F FSM Hoff-shell{S) = gg—H*—-VV . — "g,off-shell \* V,off-shell\*
on-shell, SM 1/l T oft-shell, SM 5

Assuming the couplings are same for the on-shell and off-shell regions

(ATLAS) Iy =4.5753 [4.173% (exp)] MeV,

4 1107 3
1.7 3.5



Higgs potential

Landau-Ginzburg Higgs Pseudo-Goldstone Higgs

o

V(¢) = —m*¢lo + A (¢79)

= asin?(¢/f) + bsin*(¢/f)

Coleman Weinberg Higgs Tadpole-induced Higgs

.

V(g) = A¢'p) + e(6'9) log ¢T¢ +m2¢T

Agrawal, Saha, Xu, Yu, Yuan, PRD 101 (2020) 075023

This costs too much
energy! | think I'll
hang out down there.

oo

/" O\ energy

“vacuum expectation value”

. . 26



Higgs pair production

E. W. N.Glover et al (1988) ) t H
U. Baur et al (2002) t H / -7
A.Papaefstathuou et al (2013) 7
J. Baglio et al (2013) ! N ! !
Q. Li et al (2015) ..... t AN -

g ) g ! H

M. J. Dolan et al (2014,2015)

q _ q q _ q q _ q
l/r , H ‘/r I/r
,/ —_ e _H - #H
- - - - @ S~
V SO H V H 1% S ~f
~
GI qf GF GF qf GF

M. Moretti et al (2005), Q. H. Cao et al (2017) 87



Higgs pair production

)
Vs[TeV] [GéVgLi’HH[fb]l onnyjlfb]  olyimlfb] ofiinlfb]

8 | 816 0.49 0.21 0.14
14 33.89 | 2.01 0.57 0.42
100 1417.83 } 79.55 8.00 8.27

T T T T T 3
HH production at 14 TeV LHC at (N)LO in QCD 1
-~ \MH=125 GeV, MSTW2008 (N)LO pdf (68%cl) |

J. Baglio, A. Djouadi et al.
JHEP 1304(2013)51

> GGF and VBF 8T 11 [X [H]
> VHHEUR T 1E X [H]

[ R 1 [ B B 1
MadGraph5 aMC@NLO
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Higgs pair production

Low-energy theorem: Dawson and Haber (1989) _ AHHH
ASM
g g o HHH
/ l -
{ H R4 —
Vi
f - { t !
H  H
I AY
.\ - -"\-
* I -
8 g H

nikLmn 7 2
a, LV, Ya Yt h 8 1 AUV
2471' —G G Z - 0g m?

n=1 / \ n=2

a, v a a,uv a hz
T] 12??3* GG = 24702 GG,

89



G(N)LO [fb]

Higgs pair production

T T T | T ]
BHprodugtion at 14 TeV LHC at (N)LO in QCD 3
=125 GeV, MSTW2008 (N)LO pdf (68%:cl) |

MadGraphS5 aMC@NLO
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Higgs pair production

2 2
Y myy 6mH17+ 1 N
| v2 s —m? t—ma u—m
H W w

Near the Threshold:

my,
12

s =4mf,t =u = 0For VBF MHY = (n—3)g"v+...

My

2

(n+ 1gh+...

s =4m3,t = u = (my + my)? For VHH MH*Y =
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Near the Threshold:

VBF Higgs pair:
2mi,

2

MK =

VHH Higgs pair:
My

= -
2

Higgs pair production

(n—3)g"v+...

(n+ 1g"+...

| | T T T 3
HH production at 14 TeV LHC at (N)LO in QCD 1
M,=125 GeV, MSTW2008 (N)LO pdf (68%cl) |

4
o
-

[\
w
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:> VBF i FRBUR S HIX A, VHH I U IE IS X ]

93

11 1niil 1 [ N A 1
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Higgs potential

To determine the Higgs potential shape is challenge!
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Higgs potential

To determine the Higgs potential shape is challenge!
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Higgs potential@ LHC

Current experimental searches mainly focus The low di-Higgs invariant mass region is
on the high di-Higgs invariant mass region more sensitive to the Higgs shape
9 H 9 t g
A Y _eh
g . g ..99999 —t‘ -h-‘(\‘ h
10°
‘6‘"‘-'_°|10 b 5=-1 0 —_ 4_ """" IR BRI L R
; i (a) 14 TeV LHC, pp— hh %‘ 107 :li; E 8 C 16 contour
| (0] =5 0 S 3.5F | N 2 o contour
£ 7] F| % sm
o Simulation - D 3L = SMEFT. c/aT=1Tev?
, , g_— pg;gh;g{ = | v MCHICTH, ¢=0.1
— Fit function 210° A< i<y . pp5lL| + CWhgs
5 ;z PDF4LHC15_nnlo_30 ‘e [ |__e Tadpole-induced ]
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Q.-H. Cao, Bin Yan, D.-M. Zhang, H. L. B. Chen, H. T. Li, H.S. Shao, J. :
’ ' ’ ! ’ ’ K. Chai, J.-H. Yu, H. Zhang, PRD
Zhang, PLB 752 (2016) 285-290 Wang, PLB 803 (2020) 135292, 8

107(2023) 5,055031
JHEP 03 (2020) 072
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Testing the EWSB @ LHC

\ energy stored
in Higgs field

N

symmetric
my =my = myz = 0

Higgs boson

broken symmetry
m~y = 0

q extra W,Z polarization value of Higgs field

Precisely determine the Higgs gauge couplings are also important for testing the EWSB

g

—u, Kz
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Higgs couplings and EWSB

» The magnitude of the Higgs gauge couplings

» The relative sign between hWW and hZZ couplings
Y. Chen et al, PRL 2016

Z : : .

O Interference between tree and I ‘d\::: i v [
--->-- hes g ... e [

Z Va V

loop level in Higgs decay

O Lepton Colliders . " : PR
C.W Chiang, X. G. He and G. Li, JHEP08(2018) 126 ) :
D. Stolarski, Y. Wu, PRD 102 (2020)3, 033006 Sannnd s 5

H Y AYAYAV
O th and Zh production N h N \ ywz g z
-0 // L N 1
A ; A ’ . g o .ffm ___h

The data favors the same sign

K. P. Xie and Bin Yan, PLB 820 (2021) 136515



Higgs couplings and EWSB

CMS-PAS-HIG-23-007

138 fb~' (13 TeV)

ATLAS-CONF-2023-057

CMS Preliminary
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2%0
The opposite-sign coupling hypothesis has been excluded

q

The magnitude of the Higgs gauge couplings
would be the key task for testing EWSB
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VBF Higgs production is the main process
to verify the Higgs gauge couplings

» The rapidity gap and the invariant

Higgs production mechanisms

mass of the two jets

u
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d "
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» Soft gluon radiation effects: Jet energy profile, TMD effects
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e
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V. Rentala, N. Vignaroli, H.N. Li,
Zhao Li and C.-P. Yuan, 2013
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N. Kauer, T. Plehn, D. L. Rainwater and
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Higgs production mechanisms

Variable | Definition | VBEF-ggF separation | VBF-yy separation
mjj Invariant mass of dijet 0.218 0.241
Anjj Pseudo-rapidity separation of dijet 0.152 0.219
;.);Ijj Transverse momentum of Higgs+jj system 0.127 0.230
A®Dy,, jj | Azimuthal angle between diphoton and dijet systems 0.120 0.186
AR;’T;” Minimum AR between one of the two leading photons and the corresponding leading jets | 0.108 0.204
UZ"'PP [11yy — (51 + 17j2)/2] 0.060 0.078
p]{’: Diphoton pr projected perpendicular to the diphoton thrust axis 0.011 0.040

Table 7: Variables used for VBF categorization and their separation power.

Soft gluon radiation effects: TMD effects ATLAS, Phys.Rev.Lett. 131 (2023) 6, 061802
IR I I N LA LA LN IR IS R RN RN RARAN RS RS LS RARRE RN
0'25:_ ATLAS _:_ ¢ Data sidebands E
r  Vs=13TeV, 139 fb' I e SM VBF ]
g O T SM ggF 1 The VBF Higgs production
% C I Continuum background ]
5 019 i T E can be well seperated from
5 of el =a i  the GGF process
0.055— : —f— —
0: ||||I - -1“:";';1..:4 i.-:-r-i"l“il.“;.l....I....I...'-"'--l 4.12.'1';.”1.:
-03 02 -01 0 01 02 03 04 -04-03-02-01 0 01 02 03 04 05
BDTVEF!ggF BDTVBFIContinuum
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Higgs production mechanisms

Discriminating W-boson fusion, Z-boson fusion and gluon fusion Higgs
production

U d U U
W g--’}_ Z é__f_l_
d 21 U 1

H. T. Li, Bin Yan, C.-P. Yuan, PRL 131 (2023) 4, 041802

Separating the W boson’s contribution from the VBF Higgs production
IS an important task for determining the Higgs gauge coupling

The key observable: Jet Charge

W: opposite sign for the two jet charges

Z:. same or opposite sign for the two jet charges
G: the sign of the jet charge is arbitrary
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Transverse-momentum-weighting scheme:
Qr=—— Y Qipr)", >0

R.D. Field and R.P. Feynman, NPB136,1(1978)

>

T K -
\ a9 %%
_______ =

Jet charge definition

Parton level

Y

1

(p%)n iCjet

SCET calculation
Quark/gluon jet discrimination
Nuclear medium effects
Quark flavor structure
Non-perturbative model

Electroweak and Higgs physics

\ Particle Jet Energy depositions :
in calorimeters

P, [GeV] . { .M R=1 l

254
20
157 |
10{

K: To regulate the sensitivity of the
soft gluon radiation

D. Krohn et al, PRL, 2013, W.J.Waalewijn, PRD, 2012

K.Fraser and M.D. Schwartz, JHEP, 2018, Zhong-Bo Kang,
Xiaohui Liu, et al, PRD, 2021

H. T. Li and I. Vitev, PRD, 2020, PRL, 2021
Zhong-Bo Kang, Xiaohui Liu, et al, PRD, 2021, + Ding Yu Shao,PRL, 2020

Zhong-Bo Kang et al, PRL, 2023

H. T. Li, Bin Yan and C.-P. Yuan, PLB 2022, PRL 2023

Xiao-Rui Wang, Bin Yan, PRD 2023

H. Cui, M. Zhao, Y. Wang, H. Liang, Mangi Ruan, 2023 103



Higgs coupings @ VBF

The key observable: Jet Charge

g (a) W-Fusion

sad s v by by a1 3
0. 0.5 1.0 1.5
Q

opposite sign for the
two jet charges

1 110.0125
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- 1/0.0075
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0 S IR RTINS B I
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Q

same or opposite sign

H. T. Li, Bin Yan, C.-P. Yuan,
PRL 131 (2023) 4, 041802
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the sign of the jet
charge is arbitrary

104



Higgs couplings @ VBF
QW =@+ Q7

h — 46/262/06 ot _fW<Q(_)>W + f2(QN 7 + fa QTN

A0
. C Q@) w + f2{Q) 2 + fa(QM)a
1.4
] R, — w(gg = h —WW*) k3,
1.2F 5 17" wlgg —h— Z7Z*) K%
N B
< 1'0_ P ghvv H. T. Li, Bin Yan, C.-P. Yuan,
I 14 gSM PRL 131 (2023) 4, 041802
- hVV
0.8
i The limits from Rh and jet charge
0.6 Wy Wpgr | asymmetry are not depending on
A o L0 1 L the assumption of the Higgs width
06 08 1.0 1.2 14
Kw
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Spin effects and New Physics

» Top quark polarization:

lepton plane

o ¢ SM predlcuo? A?,Bm
— Stat. uncertainty .

4 — Total uncertainty Ars

e e e b e e e e 1
-0.4 -0.2 0 0.2 0.4 0.6

L o s o s e e
ATLAS

1702.08309
Vs =8 TeV, 20.2 fb” o AL
e Ar
—e — A
] Agc
ot At

— @ A-IIT'B

Angular asymmetry

0.25

o pp—tti X,y inclusive, Vs =8 TeV

Ag(1 — 3 cos® ) + Ay sin® 0 cos(2¢)

().25 """" ATLAS data (reg.)
[ SMO(e)+0uz0(a /A"
}\.I I — SE'[O((I:E) """""""""""
I/ ’ Qc:n 0.15F ~-ecmramaqeaar oo o g s eearassany
T 0 @ rr _mm T
> < waf T
£ %\< ------------
e P1 p2 —
0.05 [ty
hadron plane o | Ll I [
’ 20 50 100 200 300 400 500
PGeV]
Xu Li, Bin Yan, C.-P. Yuan, arxiv: 2405.04069
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Spin effects In QCD

> Nucleon structure: PDFs

s
"‘ e H

/ hadron plone //
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."f.- e
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COMPASS 2010 proton data
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=41 . COMPASS positive pions v>0.032 .
< ] HERMES 7" PRL 103 (2009} %
0.05F 2% #‘i L $ {’;{’ + ? ¢+ ? %’%
i ¢ #45 FANE
l14e? i 3 ¢
0_ _________________________ L
-0.05- ., \ o ) i 1 |
A . COMPASS negative pions v<) 032
=< 0.] . COMPASS negative pions.x0.032 -
[+} HERMES 7 PRL 103 (2009)
0.05- + - ~ %)
tod Lad b 1 e
R L e e s e
T ret
. OIS I1 - OIS i 1‘
-2 -1 .. .. &
10 10 z p’; (GeV/c)
vo————————————————————————
FSTAR 045<M,<076GeV, P <0.1GevV ]
12000 & AwsAUUPC ¥ Au+Au 60%-80% x 0.65 B
s 1000:_—Fit:Cx(1+Am0052A¢+Amoos4A¢) +1o _:
] E Kk ]
= 800 g -
= ]
2 600
e 3
3 d
o 400 -
200 ) ) o g
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QCD Spin effects and New physics

» What type of new physics would exhibit sensitivity to the
effects of QCD spin?

m=) Dipole moments

w B e olere)Aria, 2 (60,.0)F"
—de%-E' =X +dei(éawy5e)Fﬂ
Hy = ge 2;9 and (ge o 2) — 286
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New physics and Dipole Operator

» Magnetic dipole moments: probing the internal structures of particles

O Elementary particle:
Electron: g/2=1.001159...
Muon: ¢/2=1.0011659..

O Composite particle:
Proton: (/2=2.7928444..
Neutron: g/2=-1.91394308..

g

%
8

4

O Quarks: any internal structures?

O From MDM and EDM to weak dipole
moments?

loer!pW!

_
o botepB,

[ I i I I II%A\'L 2[}0'6 } : Ay
A. Boccaletti et al, 2407.10913  pyap 2023 —n

Experimental avg. |—&—

White paper

BaBar

CMD-3

) L
KLOE | )
Tau
] 1 ] 1 1 ] 1 ] 1
175 180 185 190 195 200 205 210 215
a, X 100 — 11659000

May have same
physics source




Example: Electroweak Dipole Operator

Single-Parameter-Analysis: EW dipole couplings are poorly constrained by Drell-Yan data

‘ ‘ ‘ ‘ . N=4TeV
Clg};u A_ —4 TeV H 4 Lol —— 8 TeV do/dm
b g M 13TeVA
lequ : = f 8
Joml oo/ — e
= ‘ | ‘ : or —— Combined
% : 5 -20 \
s Cuw J T
g : .
2 Cus o b E
= Caw -
CUB - e . \\ 1 |
CU,W' -80F -0.4 & 1 1 \\« ]
| ‘ ‘ | : -04-02 0 02 04
-15 =) = 0 s 0 15 60 -40 -20 O 20 40 60 80
95% CL range c
qe
R. Boughezal et al, PRD 104 (2021) 095022 R. Boughezal et al, 2303.08257

=0 for the cross section

. - - Cdipole 2
e Leading contribution: |T

> Itis difficult to probe the electroweak dipole interactions at colliders
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Electroweak dipole moments of leptons

5('5"1(‘l'i11(r
1: S5
p dhe

» Transversely polarized effect of beams @ lepton collider

The interference between the different helicity states

S = (bla 627 A) = (bT COS gbUa br sin ¢Ua/\)

g g L[N bre er er
P=o VT 7 %79 \bpeido 1) w L%@E<

Xin-Kai Wen, Bin Yan, Zhite Yu, C.-P. Yuan, PRL 131 (2023) 241801 °R ey
Mooei(@1=a2)é (g) erowerA", epoer 2t
U L T
U M|Ey —1 MZ, =1 | M2, — cos ¢, sin ¢
L M2, =1 M2, — 1 |IM|2, — cos @, sin ¢
T | |M|3y — cos ¢, siné | [M|%, — cos¢,sing | M3 — 1,cos 26, sin 2¢

Breaking the rotational invariance & A nontrivial azimuthal behavior 112



Electroweak dipole moments of leptons

SCatVtorl.hrm _— +
Plane = 5 + eL
Xin-Kai Wen, Bin Yan, Zhite Yu, C.-P. Yuan,
PRL 131 (2023) 241801 \ .
Mooel(al—az)cpd(e) eiqb*o ei‘P
U L T
U M|Z, — 1 M|Z, =1 |IM|2, — cos ¢, sin ¢
L M2, — 1 M2, =1 |IM|%2, — cos ¢, sin ¢
T | |[M|%; — cosé,sing | |[M|3, — cos,sing | |[M|2, — 1,cos 2¢, sin 2¢

2 g : _ : _ .
T4 | 4 AL (bp, By cos 6+ Al (bp, br) sin é + br by B cos 26 + O(1/A%)

Re[Caipotel IM[Caipote] SM & other NP
CP-conserving CP-violation

> Linearly dependent on the dipole couplings Cy;po1e and spin by

» Without depending on other NP operators
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Single Transverse Spin Asymmetries

. 0o'(cos¢ >0)—o'(cosp <0) 2 i i _ o'(sin¢ > 0) — o’ (sin ¢ < 0) _ 2.4
LE ™ Gi(cos¢ > 0) +of(cosp < 0) 7 & UP ™ gi(sing > 0) + of(sing < 0) 7

Xin-Kai Wen, Bin Yan, Zhite Yu, C.-P. Yuan,

PRL 131 (2023) 241801
2r

Vs =250GeV,L =5ab"t  (br,br) = (0.8,0.3)

L [ T3 rT'lIrT'IIrT'II
£ Aligned Spin

@

O CH
% F X n
o e
g E
NI e -1

_ C o e ] _22
2—2 -1 0 1 2 -2

Re[T%]x10° Im[T'%]x10°3
CP-conserved dipole operator CP-violated dipole operator

» Our bounds are much stronger than other approaches by 1~2 orders of magnitude

» Weak dipole coupling, SSA: 0.01%, LHC: 1% 114



Electroweak dipole moments of quarks

» The quark can not be a free particle due to the QCD confinement

0.35 . : ’ —
[ tdecay (N3LO) = |
[ low Q2 cont. (N3LO) . ]
0.3 | Heavy Quarkonia (NNLO) —+— ] Asymptotic freedom of
[ ! HERA jets (NNLO) +—+— |
025 F N e*e” jets/shapes (NNLO+NLLA) 1 ] QCD theory
T ete” Z0 pole fit (NSLO) e -
R [ pp/pp jets (NLO) —=—
g o2f pp top (NNLO) e~
5 : pp TEEC (NNLO) :
0.15 | -
0'1 :— . a‘é . -j
| = o(m2) =0.1180 £0.0009 bt R
0-05 L 1 g g aal 1 " M A | 1 L MR B A | L
1 10 100 1000
August 2023

Q[GeV]
» How to probe the spin information of quarks?

The non-perturbative functions, i.e., the parton distirbuion functions and the
fragmentation functions
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Transverse spin effects of quark @ EIC

» Quark dipole operators R. Boughezal, D. Florian, F. Petriello, W. Vogelsang, PRD 107 (2023) 7, 075028
Hao-Lin Wang, Xin-Kai Wen, Hongxi Xing, Bin Yan, PRD 109 (2024) 095025

Leading Quark TMDPDFs Q—» Nucleon Spin @ Quark Spin

Ouw = (qo*u)rleW!
Quark Polarization uW (q ) W
— [V
Oup = (qgﬂ u)‘PBuv;
Un-Polarized Longitudinally Polarized Transversely Polarized — v I I
) (L) (M Oaw = (QU” d)’r SOWW;
L o) = Oup = (ge"’d)pB
fl:@ hi '@ @ B = (4 By
Unpolarized Boer-Mulders
J_ —
9= (Er= G My == £t

Helicity Worm-gear

|
|
el (o
= — 1 ~ UTS
fJ— = é) — 1L _ Trar{’;/\}ers_ity | A2
1r gir = - N .
Sivers Worm-gear th = @ - @ 1

Pretzelosity

> The transversity is difficult to be constrained: chiral-odd 4, =

O Collins Azimuthal Asymmetries in SIDIS, Collins function
O Low energy Drell-Yan process
O Dihadron production in SIDIS, Interference dihadron fragmentation

Kang, Prokudin, Sun, Yuan, PRD 93 (2016) 014009; Zeng, Dong, Liu, Sun, Zhao, PRD 109 (2024) 056002;

JAM Collaboration, PRD 106 (2022) 034014
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Transverse spin effects of quark @ EIC

» The transverse spin of quarks can be generated by the quark dipole moments

» The interference dihadron fragmentation function: chiral-odd

do
dx dydz dMp dpr

N
= 5= 2 Ja(#:, Q) [Dhinasa(z M Q)

— (87,4(2,Q) X Ryp)*Hp 1y /q(2, Mi; Q)] Cy(z, Q)

2 R
L — q q q q z I 1 Y
5= G (w? ReT? + w} ReT%) (87, X Ry)* = s singp — s¥ cos pr
q
2
Y — — q q q q A . . ]
Sqg = Cq (ULY Im I‘,y + W Im FZ) Xin-Kai Wen, Bin Yan, Zhite Yu, C.-P. Yuan, 2408.07255
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ttt~ Dihadron fragmentation functions

| JAMDIFF |
> L =025
3 3

=

= 9

N

1
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5 + 1> =100 GeV? 1

3 3
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0.1 0.6 08 = 04 06 08 =%

JAM Collaboration, PRL 132 (2024) 091901 , PRD 109 (2024) 034024
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ttt~ Dihadron fragmentation functions
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JAM Collaboration, PRL 132 (2024) 091901 , PRD 109 (2024) 034024
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Transverse spin effects of quark @ EIC

Xin-Kai Wen, Bin Yan, Zhite Yu, C.-P. Yuan, 2408.07255

The non-trivial azimuthal distribution requires parity-
violation effects:

O the longitudinal polarization of the electron

O the parity-violating Z interactions

A . P Vv = v
(87,9 X Rr)* = s sin¢p — s¥ cos pg q1.0wqrA", 310w qrZ"

o(cospr > 0) —o(cospr < 0)
o(cospr > 0) + o(cospr < 0)

O'(Si[lQﬁ’R > 0) - O'(SiIlQﬁR < 0)

2
ALgr = o(singp > 0) + o(singr <0) =

EAI Ayp =
i3

Vs =105GeV,L=1ab !

Re[T%] (Im[T4])

O Photon dipole: O(0.01)
O Z-boson dipole: O(0.1)

Re[I¥]x10% (Im[I}]x10°)

The flat direction in dipole

LI 0 1 2 3 ORI 00 o 0203 couplings?
Re[[]x10% (Im[T"]x10?) Re[T%] (Im[T'%]) 120



Transverse spin effects of quark @ CEPC

Xin-Kai Wen, Bin Yan, Zhite Yu, C.-P. Yuan, 24011.13845

dO' /
Dh
dydzdzdMy, dor 3271'25 ;qc

x [DIh2(z, My) — (s7,4(y) X Re)*HM 2 (2, M)

st = —

2
Cq
2
vy
Sq c.

(w?Y Rel'? + w}, Re I‘%)

2

qLO',uVQRA‘uV: QLJMVQRZMV

(w?Y ImI'? + w? Im FqZ)

Isospin and charge conjugation symmetries:

+, - +, - +, - + -
T _ oy w T . pggmw I

Du _Dd ) Hu — Hd ? Hs,s,c,c,b,b 0
+. - +, - + - + -
T _ Py T _ _pgmw

Dq _Dc? ’ Hq o Hq
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Xin-Kai Wen, Bin Yan, Zhite Yu, C.-P. Yuan, 24011.13845

do B — B*sin¢g + BY cos ¢g
dzdzdM;, dor 32725

BY = Z (Cy) Dg+7r_ (Dgl - Dg’) B — HW+W_ [<Sz

q

qLO',uVQRAMVa QLJMVQRZMV

SE 3prrrrm RARAAAAAN T [ A A T ]
aF ®):
~ . 4 L=1lab™
2E - E . .
& &~ I "4 0O The flat direction can be
£ o E o ] closed by combing more
2 -l = Processes
S _oE e -LE, E : .
= D ma= |7 O Photon dipole: O(0.01)
3 g f RN - :
B = of mer 1 [0 Z-boson dipole: 0(0.001)
g : f | P
—_5kE i i Y “FVRTPRYET ENVUTRTNTY FHL VEVUVEY PRIV avy rvvvvYYRY VVRVYSY-
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