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b

(Eq + Ey)? in the c.m. frame p; + 7, =0

s=(p1+p)’ = {

mf + m% + 2(E1E2 — ﬁl . ﬁz)

= RAEN LS, WAL T AR IS IR IE O, B AN A] R

2F, =~ 2FE, in the c.m. frame p; + ps =0,
Eoy = \/Ez{
V2E1ms in the fixed target frame p, = 0
o SN T LU ACH R R A A, T B S0 0
PR 2K, HARBAE TR B s, AR e UK
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The Era of the Higgs Physics

2013 NOBEL PRIZE IN PHYSICS { S ,\)
. 4:" 79 Wi
Francois Englert

Peter W. Higgs

< S J#
LFR:

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 of
Lsubatomr‘c 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”

Understanding of origin of mass of subatomic particles

Snowmass 2021, 2209.07510

Origin of EWSB?

Thermal History of Higgs Portal
Universe to Hidden Sectors?

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 is not

Peter Higgs

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

Englert, Higgs
2013 Nobel Prize



Example: Linear sigma model

BhrE3: U(1) global symmetry P(x) = e *¢(x)
A2
L= ((%gb*)((?ugb) + m2q5gb* - ZCbQCb ’
BIT:  V(e) = —m? 6" + 3¢l ) = /20

Rebr B AT B 2 4L

o(x) = (\/ 2T2 + \}50(1‘)> ¢
< ; R;ﬁﬁ?jﬁ%%,
1 5 27TL2 1 ﬁﬁ ﬁ%ljx

L= 5((%0) + (\/ v ﬁo(x)> Goldstone

4 1 1
— (_m_ +m20? + 5\/ch73 - 1—6/\04)

A



Brout-Englert-Higgs Mechanism

An Abelian Example: B 37+ R x5 D, = 8, + ieA,

L=—5(Fuw)*+[Dugl* = V() V@y:ﬂf¢¢+%wwy

Bx) = D), Au(@) > Aue) - Z0u0()
SR 1 BB G
/‘2 ) 1/2

1 . _ _
C o) = ot (@) +ioal) (9 == (5

|D/z¢|2 = %(&Mbl)? + %<8u¢2)2 + \/§6§b0 ' A“aung h

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



Brout-EngIert-Higgs Mechanism

2 : J J 2
PR G B E £ = |Dud|” + 1T o — Mo' ¢)?
D, = (0, —igAlr® —is9'Bu)¢

FL S R Bt 1 o B

AL = 3%[ (AL + 97 (A0)7 + (—945 + ¢'BL)*). (20.62)

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

1 :
LV;E = 7 (Ai F zﬁli) with mass
(20.63)

1
A — A3 'B, with mass G\/ 2 4+ D
7 \/m(g g l) Z g g

The fourth vector field, orthogonal to Z2, remains massless:

1 .
A, = ———(¢'A> + gB with mass (20.64)
O A A0




Higgs production at the LHC

IIIIIIIIIITITIII[TITI[TITI[ITI1]TI1TT1lT]]IIIl]

! 2L
» Gluon Fusion i 0% M(H)= 125 GeV -
' : 310 QCD NS =

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

| Ill[l

LHC HIGGS XS WG 2016

L1 11111l

q q
W, Z
» VBF production ) n'.zg o 'I’ 1
q q

Forward & backward jet=> helps to identify Higgs event
Direct probe of HVV couplings 167

o(pp — Ijj-X) [pb]
o
HI|
|

T T TT11
© O
S \o
U T
~ O ¥ |
T )
4 ; T
Z ~d
A
o O ®)
- O &3
o + O
p Z
i) "
“lo|o |z
8 m (@]
= é m
‘,}', g

q W,z

» VH associated production W,z

q SOH

/
—
<

\V]
|

m

(o))
~N

Leptons from V decay help with event identification Vs [TeV]
Direct probe of HVV couplings

9 oo ——y b0

» ttH production L n

9 axooo—— &b

Challenging final state; direct probe of ttH coupling




Higgs decays

Decay channel = Branching ratio  Rel. uncertainty

[0)

» Bottom quark (58%) H — 9.97 % 10-3 2.1%
B quark form short-lived B hadrons, can be identified g - 77 2.62 x 1072 +1.5%
by displaced tracks; large QCD background o W 914 x 10-1 L15%

+ - -2
> Vector bosons (Z: 3%, W: 21%) H—oror 6.27 <10 +1.6%
H — bb 5.82 x 107! 2
One of the V has to be off-shell; small event rates I oo 989 x 10-2 +5.5%
when including decays to leptons, but clean detector » .
signature H — Z~ 1.53 x 10~ +5.8%
H — ptp 2.18 x 1074 +1.7%

» Gluons (8.2%)
Huge QCD backgrounds at LHC

» Photons (Zy,yy 0.2%)

Small BR, but clear detector signature; destructive interferences

12 1z W v/

Z



| Higgs Discovery

July 4, 2012:

From Matthias Kerner

ATLAS and CMS announce the observation of a new particle,

compatible with the SM Higgs with my; = 125 GeV

— resonance in the  my;
(H— ZZ* — 4l)

and

> [ T I T T I T T T T I L] L]

8 . ® Data ATLAS
L. K 7 .

325. Il Background Ho 77" a1

£ [l Background Zsjets, i

. Signal (m =125 GeV

2200 [] Signal (m,_ )

" %/ Syst.Unc.

151s =7 TeV:Ldt = 4.8 b

(1s=8TeV:|Ldt=5.8fb"
10

YIII‘IIYYII

150

200

llllllllllllllllllllll

250

m,, [GeV]

=
O
o
IO
: 500
w
[
o
>
w1000
o
i o
=)
S 500
o
+
2
» 0

spectrum

SKIT

Karlsruhe Institute of Technology

CMS \s= 7TeVL 51fb \s=8TeV,L= 53fb'

1‘(]7‘7‘!'

120

L] T T 1 4 ] T 1.1 T T T e A

130
m,, (GeV)

¢ Data
S*B_Fll
[ #0 2
B8 £20 .
S Bl TR SR T b W e T e
110 120 130 140 150
m,, (GeV)
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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

i ~ ol ‘
% | -

— many happy faces ...

» Spin, Parity?
» Couplings to other SM particles?

SM Higgs boson?

...and a year later: » Higgs potential?
Nobel Prize awarded to Francois Englert & Peter Higgs
(*¥1932) (1929-2024)
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Higgs spin and CP properties

» Spin Y2 and 1 (due to H — yy: Landau-Yang theorem)
excluded Sl
» Only real contender: spin 0 & 2 e

O Spin0: 1) et 0 = g

ATLAS H—ZZ* — 4]
—e— Observed s=7TeV,45fb'
------- Expected [s=8TeV, 203 fb'
2 % ‘ V' opx(1) px(2)pv B SV 1o )
my, €V1 l{5‘2 j,ul/ f d I 0'SM+206 ﬁ—> WW —>_‘ev,uv

[ J0'SMt3c [s=8TeV,2031b

[ R H-— Y
i i P2 - )
CP-odd interaction B2 serToass
o a0l |s=8TeV, 20.3fb

dO' 30 E
— & cos?¢ CP-even g, -2, w0l I ,
“ S : -l: -I> . .I

0 [
do -10F ‘ || . .
ap S CP-odd £, %Ex, % |
¢ JP=0; JP=0" J° 2 J 2 JP=2t J 2 JP=2f

K=K, XG0 r2

O Spin 2 : 6" distributions is different for spin 2 and spin O, d’ 1m2(6 )
e.g. Bolognesi, Gao, Gritsan, Melnikov, Schulze, 2012 SZIGETHE S5 hRAERL T — 2, JP =



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
Linear realized EFT

Fa Stri d=4 operators:
{Z” 3 & Gl?{‘lgs, describe what we see
B | ’ Higgs is a fundamental particle
Noh E . d>4 operators: gg . . p
) ' . suppressed by 1/A%* Weak interacti ng
SM: SU3)xSU(2)x U(1)
i Matter+Gauge+Higgs i ety Aém 2 )
EW.L R W. Buchuller, D. wyler 1986 B. Grzadkowski et al, 2010

Citations per year Citations per year

W. Buchuller, D. wyler 1986
B. Grzadkowski et al, 2010 0
L. Lehman, A. Marin, 2015

150 ® >0 ¢
B. Henning et al, 2015 200
H-L. Li et al, 2020 100
150
Murphy, 2020
100
C6 08 50
L:F06—|——A408+ 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

138 fb™' (13 TeV)

o
2 P ATLAS Run 2 " Observes
S N
g 10 B — +2 SDs (stat @ syst)
g E l'lggH '@'
° L @ . ;
3 —E— E 0 -
- _§ Data (Total uncertainty) T [il VEF
- []Syst. uncertainty " §
11— :
107E" M sm prediction w | =
- | | i |
% 1'5? l I M ———
2 - |
o [l 3! |
® [ My ——
— 05_ | | B E
ggF + bbH  VEBF WH ZH ttH tH
Production process M !
o L b by |

= +1 SD (stat ® syst) I:l +1 SD (syst)

| |+1sD (stat)

Stat Syst

+0.08 +0.07
0.97,;, 004 ;e

1000 +0.08
0802012 Z540 ooy

+0.26 +0.16
1447 % 021 o

+0.22 +0.09
12975 =020 ",

+0.20 +0.13
0.94" % =015 "0

> +2.66 +2.06 +1.69
6'05—2.42 -199 -1.38

0 05 1 15 2

25 3 35 4 45
Parameter value

I 515 T RN RS R SRR ER TS e WELR
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Higgs couplings @LHC

Nature 607 (2022)7917,60-68

Nature 607 (2022)7917,52-59

s e o e LARAAS RERas Aaaas nanasaeans nanas
K = :
i ! o . ATLASRun2 |
Kw -
Kt b ‘f,:,a Leplons Quarks
R vellval V|l U || C S
B Force carriers Higgs boson |
K. Ny gly z w H
Kul g
x i —e— B, =8,=0 i
g r - -4
-m- B, free,B, 20, x, <1
K‘/ ~— SM prediction
e Parameter value not allowed
KZ'/ [ -.-‘- -----------
PO [N S WM | |- cont P RRPMTol LAtain] AR TSI P A <
0.8 1 1.2 1.4 1.6
68% CL interval
SM..2 SM , .2
(0° )(7’_> _>f)_ SM .2 -
I'g " Ky

CMS 138 fb™! (13 TeV)
® Observed |:|ﬂ SD (stat)
=== +1 SD (stat @ syst) |:| +1 SD (syst)
— +2 SDs (stat @ syst)

B ' Stat Syst
KW -@- 1.02+0.08 +0.05 +0.05
K5 —§— 1.04+0.07 2005 +0.05
K"{ "@'— 1.10+0.08 +0.06 +0.05
Kg 'E'_ 0.92+0.08 005 +0.06
Kt ——— 1.0197) 007 008
Kp —§— 0.99'017 w012 1072
Kr —— 0.92:008 006 +0.06
K — e 2. 2% s

E +0.34 +0.31 +0.14
KZY | l il 18555 o35 000
0 0.5 1 1.5 25 3 35 4
Parameter value
2 2
g - BR KZ : I{f
_ 2
OsM BRSM R
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Higgs CP violation

Origin of EWSB?
Thermal History of Higgs Portal
Universe to Hidden Sectors?

Naturalness Stability of Universe

Fundamental w 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

28



Higgs CP violation

> CP-odd interactions with gauge bosons (loop induced operators) ~ ATLA5,2304.09612

ATLAS Expected: Stat+Sys
” " —#— Observed: Stat+Sys
Operator Structure Coupling H— 27z — 4l [a3 Obsenved: SiatOnly

Vs=13TeV, 1391
SMEFT CP-odd couplings

Warsaw Basis
Oow Q*QW;VWW' G

Best Fit 95% CL

Cus L 0078 [-061,054]

P § 171 v :
OQWB O'r q)Wl‘VB” CH WB Coivs L] 0017  [-0.97,0.98]
0([)1;' (DT(DBIJVB”V CHE Cow = 06  [-0.81,154]
nggs Basis 5 i x 10 -0.003 [-0.026,0.025]
~ —~ 3 : ——a——3 078 [-12175]
0,5 hZ,, Z*” c = ;
hZZ Hv - 2z g, [ 0083  [-0.84,083]
- : ol :
- hZ,, AH Ees . |

-0.0083 [-0.99,0.93]
L

<
3

Onai hA,y A" Cyy 05 0 05 1 15 2 25

4 ATLAS: 2303.05974
7 CMS: 2208.02686

> 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) 1
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 0
Gouveia et al, 1801.04954

Gonalves, Kong, Kim, JHEP 06, 079 (2018) 1
Ren, Wu, Yang, 1901.05627

ATLAS, PRL 125 (2020) 6,061802

T ATLAS
- Vs =13TeV, 139 fb™'

sina

!
Ki
nN

30

e, |
3
-2AInL

llllllIlllllll_l_lllllllllllil

LA I L L L L L L B L B L

CMS, PRL 125 (2020) 6,061801 20 K Besti o= 11 K-084
Q.-H. Cao, K.-P. Xie, H. Zhang , R. Zhang,CPC45 (2021)2,023117 2 iﬁ_fjd'ff:;;;‘;:':‘
Zhite Yu and C.-P. Yuan, 2211.00845 8L - : 1. 1,

K} cos 29



Higgs CP violation

Z = yihf(cos oy + iyssinap)f

¢ = arccos ‘ (m, Xn,) - (0, Xny)

< 0.15 . | T —
2 | CcP ] ;
= . (a — CP-even i 14F
3 @ = 300fb"
= i 1.2 3000 fb~"
o il 1.0+
® |- e |
N FT T 308
© B S
E 005_—_‘_ 06
o I
Z I 04
L | L] 0.2
% 05 1 15
¢C 080 02 04 06 08 10 12 14
Qin
Q.-H. Cao, K.-P. Xie, H. Zhang , R. Zhang,CPC45 (2021)2,023117 gg — tfh
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New polarization observables

d Linear polarization vs. helicity/circular polarization

helicity pol. 'rm-é‘m* |£1) M ei(/\l_)\Q)gbd}\]l,Az
1 )
inear pol. m% L>——ﬁ{|+>——>], |y>—ﬁ[\+>+|—>} .

- €™ + 7% = 2(1 £ cos 20)

Interference of helicity A, and A, causes azimuthal distributions

cos(A1 — Ag)@,  sin(A; — Xg)o
] I C> 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

Nt

: ) - 1 A TS
+i&3 &1 —1&

k s Ph

CP violation

IN

Yu, Mohan, Yuan, 2211.00845

z || p,
g” élab X Z

zllgx2

203

(¢ - ¢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

AL | T T T T
E:E L ATLAS Preliminary P
= = Vs=13TeV,245-139f0" z.273
O = m,=125.09 GeV L~ -
E > — X ‘W -
T S SM Higgs boson -
102 . =
= A b =
10° =
S o 3
Ce m,(m,) used for quarks
104 =
> =] T T

ER:
Z 1.2 —
o) L ]
S T SRR ¥ S .
0.8 =
107 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, — J/ Wy (¢, p,7)

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

e.g. 14TeVHL-LHC vy, /yp < 0.39 v /Y™ < 220

B. Higgs+charm production
. Brivio, F. Goertz, G. Isidori, PRL115 (2015)21,211801

e.g. 14TeVHL-LHC . /yoM < 2.5

C. Higgs data global analysis:

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

Y. Zhou, PRD93(2016) 1,013019

e.g. 14TeVHL-LHC y./yo™M < 6.2

D. Higgs pT analysis:
Soft gluon radiation

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

L
——————— H

---H

<=

G. Bonner, H. E. Logan, 1608.04376

y%d/yb <04~0.5

R

0.100

0.010

200

100 150

priGeV]
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Light quark Yukawa couplings@ e™e™

Zi P A rEi
o) = S

00+ 0 — )
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0 ()() 0.05 0.10 0.15 0.20 0.25 0.30 2
T T | j
H. N. Li, Z. Liand 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
102 ' i [;(gg) B S‘C" pa rtl*l;s ————— Expected
e Th ru St —- —- H(bb) n-collinear \ n-collincar yD - : :
! VP T e H(qq) ] ) 3 23 ' 1 Expected £10
= 10 —- — HWW) - - /
=} El &= - "~ - Z(qq) T [
S 100 L] oM™ e 22la0) thrust Bwr : S
- - axis >
S . Expected (vv)
= 107} _ By !
= i' T PR A L W W, hemisphere-a A hemisphere-b :
1077 Fp e 250 (‘E~\’ E Ct : E e+e—, 250 GeV and 5 ab™!
P b i SR 3 SM case, without th. unc.
1073 ¢ T'hrust E Iy
= 1.4F <7 ren. scale ~= mat. scale M : :
20
F 40, ' >_i|pi - 7l -
S LObe e T =max | ==—
< 038 ] ZZ |pl| 0.00 0.05 0.10 0.15 0.20
0.? . . . : 95 % CL, limit on r = BR(qq) / BR(jj)
).0 0.1 0.2 0.3 04 05 N =
yu,d,s/yb < 0.091

J. Gao, JHEP 01 (2018) 038 35



Event shapes

One class of event shapes: e(X) = % Z D" | fe(mi)
1€ X
'T');?-Lnsglesz fl _ (77) — e |77| Brandt, Peyrou, Sosnowski, Wroblewski,64; Farhi, 77
Jet broadening fB (77) — 1 Catani, Turnock, Webber, 92
C-Parameter fC (77> - COSi(ﬁ) Ellis, Ross, Terrano, 81
Angularities  f,. (1) = e~ "179)  Berger kucs, Sterman, 03 (1o atively new)

The proportions of two jet-like and
G. Bell, A. Hornig, C. Lee, J. Talbert, JHEPO1(2019)147  hree-or-more jet like events

a=-1 a=-025 a=05
30

25

20

0.15 020 000 020 025 000 0.05 0.10 0.15 020 025 030 035 36

Ta




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

Analysis Region

for quark and gluon final state
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Sensitive to non-perturbative assumptions

37



Higgs couplings @LHC

Nature 607 (2022)7917,52-59
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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
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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
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Landau-Ginzburg Higgs

V(¢)

= —m2616 + A (¢19)

Higgs potential

Pseudo-Goldstone Higgs Coleman Weinberg Higgs

) = asin?®(¢/f) + bsin*(¢/f) V(e

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

E. W. N.Glover et al (1988) 8 ) § ; H
U. Baur et al (2002) t H 7 .
A.Papaefstathuou et al (2013) . ‘,’ . .
J. Baglio et al (2013) H > H
Q. Li et al (2015) ... t N -
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M. J. Dolan et al (2014,2015)
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M. Moretti et al (2005), Q. H. Cao et al (2017) 42



Higgs pair production

N
Vs[TeV] (ag;zHH[fb] ohR%iIfb] ok [fb] olEa[fb]
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HH production at 14 TeV LHC at (N)LO in QCD 1 ] Baglio A Djouadi et al
~ . My=125 GeV, MSTW2008 (N)LO pdf (68%cl) ) 7o )

JHEP 1304(2013)51

> GGF and VBF fE T 41X [A]
> VHHEUR T 1E X [H]

aMC@NLO

MadGraphS5




Higgs pair production

Low-energy theorem: Dawson and Haber (1989) _ AHHH
SM
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Higgs pair production
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Higgs pair production

VHH Higgs pair

VBF Higgs pair
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Higgs pair production
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Near the Threshold:

VBF Higgs pair:

miy
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VHH Higgs pair:
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Higgs pair production
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Higgs potential

To determine the Higgs potential shape is challenge!

I T T T T T T T T I T T T T I T T T T
ATLAS ST,
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= HH + H K only
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Nature 607 (2022) 60
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Current experimental searches mainly focus
on the high di-Higgs invariant mass region

Higgs potential@ LHC

My, [GeV]

The low di-Higgs invariant mass region is
more sensitive to the Higgs shape
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Q.-H. Cao, Bin Yan, D.-M. Zhang, H.
Zhang, PLB 752 (2016) 285-290

L. B. Chen, H. T. Li, H.S. Shao, J.
Wang, PLB 803 (2020) 135292,
JHEP 03 (2020) 072

K. Chai, J.-H. Yu, H. Zhang, PRD
107(2023) 5,055031
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Testing the EWSB @ LHC

\ energy stored
in Higgs field

N

symmetric
my =my = my =0

Higgs boson

broken symmetry
m~y = 0

- extra W,Z polarization value of Higgs field

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

q

g . 7
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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

A W Vi Vi
O Interference between tree and : dd\:: % <[§
b I . L.

loop level in Higgs decay

O Lepton Colliders : 0 : v,

C.W Chiang, X. G. He and G. Li, JHEP08(2018) 126 2 <

D. Stolarski, Y. Wu, PRD 102 (2020)3, 033006
(a :‘q (1, q l[, (b) A
O th and Zh production » % h & ) "wz g Z
R Ny 7 4 , 0 . i
- : - 4 / g \ h 9 0 _h
The data favors the same sign , ,
5 K. P. Xie and Bin Yan, PLB 820 (2021) 136515



Higgs couplings and EWSB

CMS-PAS-HIG-23-007
ATLAS-CONF-2023-057

00 CMS Preliminary 138 fb! (13 TeV)
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The opposite-sign coupling hypothesis has been excluded "

The magnitude of the Higgs gauge couplings

would be the key task for testing EWSB
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Higgs production mechanisms

VBF Higgs production is the main process - - -
to verify the Higgs gauge couplings v ? Sos §

. q- . . 2 2 2
» The rapidity gap and the invariant
mass of the two jets
0.0020 0.4 —
I L VBF ro ! L VBF V.D. Bargeer, K.m.Cheung. T. Han, J.
0.0015- -—ﬁ CJ GGF 0.31 LL, : M.l Ohnemus and D. Zeppenfeld, 1991
I s L » N. Kauer, T. Plehn, D. L. Rainwater and
0.00101 | 1 \7 - 0.211 L D. Zeppenfeld, 2001
0.0005 ‘1; 01!t - = e
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» Soft gluon radiation effects: Jet energy profile, TMD effects b, Sun, C-P. Yuan and F. Yuan,
M, > 500 GeV ; do/da-/o 2016, 2018
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100 % VBF __,:;;t:f~?;;‘;'~"' Zi,di A<R E%-' 0.06 ~= GFqg
06 // ’ leading jet | 0.05¢ GFgg
o 0.04}
o lw0%eE 0.03 — weF
V. Rentala, N. Vignaroli, H.N. Li, 0.02 —
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Higgs production mechanisms

Variable | Definition

| VBEF-ggF separation | VBF-yy separation

mj; Invariant mass of dijet 0.218 0.241
AU“ Pseudo-rapidity separation of dijet 0.152 0.219
[)H 1 Transverse momentum of Higgs+jj system 0.127 0.230
A®D,,, ;i | Azimuthal angle between diphoton and dijet systems 0.120 0.186
AR"“I” Minimum AR between one of the two leading photons and the corresponding leading jets | 0.108 0.204
]Z‘ pp 72y = (171 + 1j2)/2] 0.060 0.078
[)TI 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

Fraction of events

ATLAS, Phys.Rev.Lett. 131 (2023) 6, 061802

L L B e e i e
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TTT[TT I T [TTTT[TTTT[T

The VBF Higgs production
can be well separated from
the GGF process
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Higgs production mechanisms

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

U d U U
1% ?-@- Z é--fi_
d 1 1 i 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
1s 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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Jet charge definition

P, [GeV] - [ )

Parton level

\ Particle Jet Energy depositions

P in calorimeters

Transverse-momentum-weighting scheme:

Z Q:(pH)", k>0 k: To regulate the sensitivity of the
i€jet soft gluon radiation

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

|
1= (P~

» SCET calculation D. Krohn et al, PRL, 2013, W.J Waalewijn, PRD, 2012
> Quark/gluon jet discrimination K.Fraser and M.D. Schwartz, JHEP, 2018, Zhong-Bo Kang,
Xiaohui Liu, et al, PRD, 2021
» Nuclear medium effects _ .
H. T. Li and I. Vitev, PRD, 2020, PRL, 2021
> Quark flavor structure Zhong-Bo Kang, Xiaohui Liu, et al, PRD, 2021, + Ding Yu Shao,PRL, 2020
» Non-perturbative model Zhong-Bo Kang et al, PRL, 2023
H. T. Li, Bin Yan and C.-P. Yuan, PLB 2022, PRL 2023
> Electroweak and Higgs physics Xiao-Rui Wang, Bin Yan, PRD 2023

H. Cui, M. Zhao, Y. Wang, H. Liang, Manqi Ruan, 2023 57



Higgs coupings @ VBF

The key observable: Jet Charge

U d U U
H. T. Li, Bin Yan, C.-P. Yuan,
wog__l_ z 9 __ N PRL 131 (2023) 4, 041802
d m 11 21
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Higgs couplings @ VBF

h — 46/2521)5

A BT R | !
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W Q@M w + f2(QM)) z + fa(QHP))a

u(gg — h — WWH*) B /i%,v

u(gg — h — Z7*) - K%
P ghvv H. T. Li, Bin Yan, C.-P. Yuan,
14 SM PRL 131 (2023) 4, 041802

Ihvv

The limits from Rh and jet charge
asymmetry are not depending on
the assumption of the Higgs width
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Spin effects and New Physics

T
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» Top quark polarization: s =8Tev, 20.21b o AL,
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Spin effects in QCD

> Nucleon structure: PDFs

hadron plane

COMPASS 2010 proton data

P
Siv

O COMPASS positive pions x<0.032
e COMPASS positive pions 1>0.032
©  HERMES x* PRL 103 (2009)

SFTENT
,%4‘}#3 ¢

b8 4y )

iv

S

(=]

. COMPASS negative pions x<0.032
e  COMPASS negative pions>0.032
o HERMES 7 PRL 103 (2009)

i

L
%—%@--%-----—-f—*i--i-%f’-#----{--«

1 1
1072 107!

§

:

counts /(t/20)

¥ Au+tAuUPC ¥ Au+Au60%-80% x 0.65
— Fit: Cx( 1 + Amoos 2A0 + Amcos 4A0)

+1o

I NS NEEE N

o Polarized yy — e‘e : Without Polarization : q
E —~-QED == STARLight =
F === SuperChic_ . . . ]
0 - - n
Ab=9, -0,




QCD Spin effects and New physics

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

‘ Dipole moments

3§ . _ e [— v
—u, g.B & e(eyﬂe)A” +a, am, (eO'We)Fﬂ
S - I (- v
_deg-E < +de§(e%759)F "
u =g °  and (9.-2)=2a
T 2m, ) )
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New physics and Dipole Operator

» Magnetic dipole moments: probing the internal structures of particles

O Elementary particle: AIB itt' . Il 2407| 10913| BNL 200IG } I 2 I |
Electron: g/2=1.001159. .. N e
Muon:  g/2=1.0011659.. =
This work
. . BM\?’ 20 :
O Composite particle: [T < """""" : 0> """"""""""
PI'OtOIlI g/2:2.792 8444. . White paper
Neutron: g/2=-1.91394308.. = %
) | BaBar H CMCD ; H
KLOE O |
— ; ] 1 ] 1 Tau ] 1 ] 1 ]
£ 175 180 185 190 195 200 205 210 215

%

4

a, x 101° — 11659000

O Quarks: any internal structures?

O From MDM and EDM to weak dipole May have same
moments? physics source

g v, I I 7 pv
toer oW, Lo epB,,




Wilson coefficients

Example: Electroweak Dipole Operator

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

N=4TeV
n : : 40F7 T T T T
c® [ H OWAD | S S ) — 13 TeV dofdm
lequ : 5 H 5 : [ -ed=ed —— 8 TeV dofdm
cw|A=4Tev o o 20f e
lequ : z — 0(1//14) -
/%575 KN SRS S SR S SR EA ' — 8TeV A
ledq : § |_| : 3 0—0(1//12) —— Combined
CFB ...................................................... O S SPUOU PSPPSR L \
-20
Ce“" (.)a 0.4 T T T 7
Copf -40 0.2F 11
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-60 -
Oyl e _\\ ]
C“”._ ................. e . R SO [T o _8ol 0.4l I |\0 ]
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Cqe

R. Boughezal et al, PRD 104 (2021) 095022 R. Boughezal et al, 2303.08257

=() for the cross section 5
Cdipole

o)  Leading contribution: | >
A

» It is difficult to probe the electroweak dipole interactions at colliders
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Electroweak dipole moments of leptons

Scattel‘ing
: Plane

» Transversely polarized effect of beams @ lepton collider

The interference between the different helicity states

8 = (b1, b2, A) = (br cos ¢, br sin ¢, A)

o + +

1 (1to. s) = 1 (14X bpe "o €L eL
P=2 0T 7 2 \breito 1) ﬁfg %@<
Xin-Kai Wen, Bin Yan, Zhite Yu, C-P. Yuan, PRL 131 (2023) 241801 °r e,
Mooei(@1=a2)¢ 4 (g) erouwerA", eroers?’

U L T

U M|Zy — 1 M|%, — 1 M2, — cos ¢, sin ¢
L M2, — 1 M2, —1 |IM|2, — cos ¢, sin ¢
T | |IM|3y — cos¢,siné | [M|2, — cos¢,sing | M3, — 1,cos 26, sin 2¢

Breaking the rotational invariance & A nontrivial azimuthal behavior 66



Electroweak dipole moments of leptons

SCatter' o
Plane 5 + e;
Xin-Kai Wen, Bin Yan, Zhite Yu, C.-P. Yuan,
PRL 131 (2023) 241801 . .
en . -7 -
R er

Mooei(al—a2)¢d(0) ei(]b*O ei(p
U L T
U M|Z, —1 M|Z, =1 |IM|% — cos ¢, sin ¢
L M2, — 1 M2, =1 |IM|2, — cos ¢, sin ¢
T | M|z — cos¢,sing | IM|%; — cosg,sing | |M|%p — 1,cos 26, sin 2¢
21 do’ ; - ; . - 4
idd 14+ A% (br,br) cos ¢ + AY(br, br) sin ¢ + by by B* cos2¢ + O(1/A%)
Re[Cdipole] Im[Cdipole] SM & other NP
CP-conserving CP-violation

» Linearly dependent on the dipole couplings Cy;y01 and spin by

» Without depending on other NP operators
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Single Transverse Spin Asymmetries

;. o'(cosp > 0)—o'(cos¢ < 0)
o(cos¢p > 0) + o*(cos ¢ < 0)

LR —

\s =250GeV,L =5ab?!
2

L [ T5 I'T"lI'T'III'T'I'
£(__Aligned Spin

(@)

Re[I'?]x10
S

.....

-2 -1 0 1 2
Re[I4]x10°

CP-conserved dipole operator

(br, br) = (0.8,0.3)

gAi i o'(sin ¢ > 0) — o*(sin ¢ < 0) _ 2,
xR UD ™ gi(sing > 0) + oi(sing < 0) 7w
Xin-Kai Wen, Bin Yan, Zhite Yu, C.-P. Yuan,

PRL 131 (2023) 241801

<
’h
-

.....
.....

.....

Im[T'$]x10°

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%
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Electroweak dipole moments of quarks

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

0.35 . . : .
[ tdecay (N3LO) i ]
[ low Q2 cont. (N3LO) . ,
0.3 Heavy Quarkonia (NNLO) ~+— 7] Asymptotic freedom of
[ HERA jets (NNLO) —+— |
005 | e*e” jets/shapes (NNLO+NLLA) QCD theory
T e*e” Z0 pole fit (N3LO) +e— 1
& [ pp/pp jets (NLO) = 1
S o2f pp top (NNLO) +e— -
5 : pp TEEC (NNLO) ]
0.15 | ]
01 F - ]
L m% o —
== og(mz?) = 0.1180 + 0.0009 i
0.05 . S e -
1 10 100 1000
August 2023

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

The non-perturbative functions, 1.e., the parton distirbuion functions and the
fragmentation functions
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Transverse spin effects of quark @ EIC

» Quark d|p0|e 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 TMDPDF's Q—v Nucleon Spin @ Quark Spin

Ouw = (Go*"u)rieW!
Quark Polarization i (? 5 )T e pv?
OuB = (qO-M U)SOB,LUM
Un-Polarized Longitudinally Polarized Transversely Polarized _ o I T
L) (L) (T) Oaw = (qgo""d)T quw
L _()— Oap = (go*’d)pB
fi= () h=0- aB = (0" d)¢Bu
Unpolarized Boer-Mulders
J_ —
01=Cr =G | My == @ T

Helicity Worm-gear

1
1
®-® ' =
- — 1 ~ B —
fJi—, = é —_ L = é) _ é) Trar{’i\}ers_ity - A2
1 @ gir L @ @ :
Sivers Worm-gear 1T = _ .

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

él

QLO-MVQRA/Wa QLO-,W/QRZIW

Py

Py

» The interference dihadron fragmentation function: chiral-odd

do
dr dydzdMy dogr

= o 3 145 @) Drsnsale: M Q)

- (ST,q(xaQ) X ﬁT)thlhg/q(zaMh;Q)] Cq(CU,Q)

x

s7 = — (w? ReT'? + w} Rel'}) (s7q X Rp)* = Sq SIN @R — sY cos pr

Yy q q q q i Kai i i -
Sq = (w,y Im ny +wy, Im FZ) Xin-Kai Wen, Bin Yan, Zhite Yu, C.-P. Yuan, 2408.07255

Ql[\.’)QQ|[\D

q
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"t~ Dihadron fragmentation functions
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JAM Collaboration, PRL 132 (2024) 091901 , PRD 109 (2024) 034024
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1t~ Dihadron fragmentation functions
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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

(87,4 X ﬁT)z = 5, Sin@R — sY cos PR q10wqrA", QoW qrZ"
- o(singr > 0) —o(singr <0 2
sz o(cospr > 0) — o(cospr < 0) _ ZAI B ( : PR 0) ( . Pr ()) A
o(cospr > 0)+o(cospr <0) = o(singpr > 0) +o(singp <0)

3

)
RAPER

Vs =105GeV,L=1ab !

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

Re[I]x10? (Im[I'%]x10?)
(=]
Re[I')] (Im[I'%))

The flat direction in dipole

=3 -2 -1 0 1 2 3 T3 -02 -01 00 01 02 03 couplings?
Re[T]x10? (Im[T]x10?) Re[I’4] (Im{T%)) 74



Transverse spin effects of quark @ CEPC

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

do ’
C,(y) D} (2
dydzdzdMy, dor 327‘(’28 Z

q,9—q

x [D}"2 (2, My) — (s7,4(y) x Rr)*H!M" (2, M),)]

(wq Rel + w? ReI‘q)

QLO'MVQRAuya QLO'MVQRZ'LW

s¥ = — (wd ImTY + w} ImI'Y)

Q|w§3|m

q

Isospin and charge conjugation symmetries:

+o- + - +

T T ™ T . pym'm T o
Du — Dd ) Hu — d ) Hs,.§,c,5,b,b o
+ - + - +.— + -
T T Tt _ _gnm'mw
Dq _Dd ’ Hq o Hq
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Transverse spin effects of quark @ CEPC

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

do _ BY — B*sin¢r + BY cos ¢p
dzdz dMy, dogr N 3272s
B"=Y"(C,) Dr'™ (D¥ + D) Bi— g7 [<Sz
q
QLO-MVQRAMV7 QLO',W/QRZ/W
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1
0

— L=1ab}

X X P e A . )
£ - = 7 O The flat direction can be
g S of SN closed by combing more
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2 o m o= |7 O Photon dipole: O(0.01)
~ —3E 2 L e - ; .

p s -2F ekt s O Z-boson dipole: O(0.001)
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Linear polarization (@ UPCs

])\

N
=

Acceleration

B=0 B=1
C.Li, J. Zhou, Y. J. Zhou, Phys. Lett. B. 795, 576 (2019)
@ s -T2 @ » Ultra-relativistic charged nuclei produce highly
% ) Lorentz contracted electromagnetic field
U . 11 .
Nonucleus breakup > Weizsacker-Williams equivalent photon
1§§l 4 approximation
@ @ » Photons are linearly polarized
v Pb > Large quasi-real photon flux o« Z?2

» The impact parameter b, > 2R,

The linear polarization for gluons based on the NEEC:
Yuxun Guo, Xiaohui Liu, Feng Yuan, HuaXing Zhu, 2406.05880
Xiao Lin Li, Xiaohui Liu, Feng Yuan, HuaXing Zhu, PRD 108 (2023) L091502
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Linear polarization (@ UPCs

D. Y. Shao, C. Zhang, J. Zhou, Y. Zhou, PRD107 (2023) 3, 036020

N A L L

PRL 127 (2021) 5, 052302
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Tau pair production @ UPCs

Pb

Pb

Pb

OPAL 1998

L3 1998 @

DELPHI 2004 @ ATLAS

Pb+Pb \[s,,;=5.02 TeV, 1.44 nb"

u1T-SR

o

u3T-SR °

pe-SR —— =g
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— 95% CL
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my
TdT
F(0) = ar, F3(0) =2 me
CMS PbPb - 404 ub™ (S, = 5.02 TeV)

PbPb(yy)—Pb"Pb 't

H—o—-| Data, 4.8 £ 0.6(stat) = 0.5(sys)ub

L. Beresford and J. Liu,
Phys.Rev.D 102 (2020) 113008

% M. Dyndal et al.,
Phys.Lett.B 809 (2020) 135682

MR L P IR R R
-0.1 -0.05 0 0.05

Phys. Rev. Lett. 131 (2023) 15, 151802
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6 7 . _8 9
o(yy—>1 1) [ub]

Phys. Rev. Lett. 131 (2023) 151803
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Linear polarization

Dingyu Shao, Bin Yan, Shu-Ruan Yuan, Cheng Zhang,
Sci. China Phys. Mech. Astron. 67 (2024) 281062

do ~ [AO +BVF, + BAF? +COF2 + (A2 +BPF2 4+ c;2>pg) 0826 + A4cos4¢]

\

Suppressed by lepton mass
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Linear polarization of W boson

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

@ . Etot
dop 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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