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Long lived the Standard Model

From precision to exploration, precision test of SM at 15 orders !
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Triumphant, but with no joy — only despair!



Full Chain Efforts: Predictions and measurements
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From the talk by Yusheng Wu: (Brief) Review of Standard Model Measurements at TeV



Motivation for new physics

There are experimental challenges in the standard model and theoretical motivation for new physics

Experimental challenges
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masses

Baryon
asymmetry

Dark

matter

Inflation

Theoretical motivations

Cosmological Neutrino QCD electroweak GUT Planck
constant scale scale scale scale mass
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New Physics beyond Standard Model

A Decoupled theories
100 TeV B f ..................................................................
SUSY/2HDM
Loop : :
TeV induced Compoiste Higgs
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Precison measurements
at the LHC



Purpose of precision measurements

New symmetries
A

Effective couplings
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Light quark Yukawa coupling

Directly measuring the light-quark Yukawa couplings is extremely challenging

» Tiny couplings erSL}\C/iI N 0(10—6) o 0(10—5)

> The cross sections or decay rates Yukawa couplings flip chirality

proportional to y2 with y, < 1

» Huge QCD backgrounds

A

(O Hard Interaction
® Resonance Decays
m MECs, Matching & Merging
W FSR
W |SR*
QED
® ™ Weak Showers
W Hard Onium
(O Multiparton Interactions

QCD background >> signal

Events

[ String:
. . [ Ministrings / Clust
. Tiny Higgs peak Colour Reconnections
> QC D CO n ﬁ n e m e nt String Interactions
l Bose-Einstein & Fermi-Dira

Huge QCD background

Invariant Mass my,,
From PYTHIA 8.3



Light quark Yukawa coupling

> Tiny couplings 2> Special and Unique Probe to “ZOOM IN”
> Huge QCD backgrounds = Lepton Collider, Spin Asymmetry
> The cross sections or decay rates: yg, (y, <1)

v Quark transverse spin « y,

Chiral-flipping Yukawa interactions generate quark chiral-odd transverse spin via the interference between the
different helicity states of signal and background amplitudes

et :
_1(1+ . )_1 1+ A th'i_'“]b0
/ P=o 0TI 9 =9 \preido 1\
Y
\\ S = (bl, b2, /\) = (bT COS ¢0,bT sinqﬁo,/\)
o
h' How to Measure ?

Qing-Hong Cao, Xin-Kai Wen, Bin Yan, and Shu-Tao Zhang, arXiv: 2512.16492
Xin-Kai Wen, Bin Yan, Zhite Yu, C.-P. Yuan, PRL 131 (2023) 241801 , PRD112 (2025) 053004, 2408.07255



Dihadron FFs and Yukawa coupling

Yukawa interactions generate transverse spin of quark through interference between different helicity states of signal and

backgrounds (rising y, to y,)

do 1 /
= c,D¥ (z
dr,drgdcosO0dpdzdzdMy dpr  64(27m)° q;q ¢Dy (Z)
< [P M) — (51,4 x Rer) HE (2, M)
Unpolarized DiFFs Interference DiFFs (transverse spin)

Different spin and CP dependence due to
three-body nontrivial property

(87,9 X Rr)? = s, sin¢p — s} cos pg
5qCq =2ReH: = wqyq + @qTq
s¥Cq=2ImH] = Dgyq — wq g

Qing-Hong Cao, Xin-Kai Wen, Bin Yan, and Shu-Tao Zhang, arXiv: 2512.16492

e — qqz three-body kinematics
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Dihadron FFs and Yukawa coupling

Collinear and LO: the integration of the hard coefficients and FFs can be factorized
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Qing-Hong Cao, Xin-Kai Wen, Bin Yan, and Shu-Tao Zhang, arXiv: 2512.16492



Purpose of precision measurements

New symmetries
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Example: NP and effective field theory

d.o.f.  symmetries scale
y7i

Standard Model
EFT space

describes (infinitely) NP models by
finite Wilson coefficients

determined by global fit to LHC data

—_—

C;

UV
model

I. Matching

T top-down
’ ‘ approach

2. Running

dc, 1

L D =0,
dlogu F'lérx

W/
l O(0.1%) - O(1%)

Precision

c.(my,) —>
() observables

3. Mapping

Henning, Lu, Murayama,
1412.1837
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Example: NP and effective field theory

Infinite NP models

uv2

1A

Standard Mode
EFT space

UV1

G

LHC inverse problem:

unknown
d.o.f

unknown
scale

unknown
Running

Once coefficients are known from LHC,

how and to what extent can we determine the models?

Bottom-up approach

Step 2

I. Matching

EFT
analysis

[8AY

model (M)

2. Running

Step 1

—_—— = L0
dlogpu “'l167° fyty

l O(0.1%) - O(1%)

Precision

e.(m,) —>
() observables
3. Mapping

Henning, Lu, Murayama,
1412.1837
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Example: NP and effective field theory

Assumptions:

one and only one NP scale

SM running effects

f 2
dim—5 2

dim—6 59

dim —7 948 + 594

Independent
operator sets

L. Lehman 1410.4193;

Y. Liao .etc. 1607.07309;
H.L.Li etc. 2005.00008

B. Henning etc. 1512.03433,
H.L. Li etc 2012.09188;

7

Bottom-up approach

Step 2

|. Matching

— e EFT
model q ‘ analysis
2. Running Step 1
de,(1) < 1
dlogpu ; 167277
l O(0.1%) - O(1%)
Precision
. (my ) observables

3. Mapping

Henning, Lu, Murayama,
1412.1837
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Inverse problem in SM EFT

SMEFT Measurements

(6) ~(6) (6) (6)

c, 'O a’ c,
LsmprT = Lsm + ) — AQZ oEXF_pSM — E 7; W(u/)\z (1)

59 independent operators at dim-6 (flavor blind)

O
2 @2
do; .
dx 0,
\ "/ \ "/

Which operator basis? Field and mass redefinitions?
Linear (interference) or Quadratic (operator squared)?
RG running effect?

QCD corrections? Operator mixings?

S

Ow | ""WIW]PWiH || Oun (') 0(etp)
Oup| (¢'D*0)* (¢'Dyup) || Opw | leWi, W'
OB ‘PTSOB/WBW Oy,wns SOTTISOWJVBW
00 | (0" D,0) 1) || 08 (o' DLe)(lry 1)
Ope | (011D )@ er) || 05 | (01D ) (@ av)
08 |21 D L) (@17 ar)|| Opu | (071D ) (@pnur)
Opd | (011D ) (dpr"dr) || Opua | (8'iD,)(ap1"dy)
Oew (ZpauyeT)TI@W;{v O (ZPJHVBT)SOBNV
Ouw | (Gpo™u)T' WL, || Ous | (30" ur)@Bu
Oaw | (Gpo"’dr)T" oW, || Oas (@po™”dr) By

WARSAW basis

HISZ basis  (0,).0,) (O} 0%
SILH basis  Oyw: Opws: Oy Opps O,,). O))

HISZ /HISZ SILH ASILH
(@W 2 @B ’ @ZW’ @ZB’ @W 2 @B )

Equivalent by Equations of Motion
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Global fit to the LHC data in dim-6 SMEFT

JHEP 11 (2021) 089
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Hard to probe or rule out new physics, any other better way?
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Operator correlation shedding lights on NP

C: C;
l / J —
A2 AZ?

[ Standard Model EFT J

Interference effects:
operator correlations independent of the NP scale as long as
it is low enough to yield sizable quantum effects

18



Operator correlation: pictorial illustration

1) Find the correlated operators, e.g. O, and O, , in the leading channel (obs-1) of NP searches

2) Evaluate the operator correction 210_' I L L L A I A A
2 ofF , .
60°" = 6°1(0), 0y) = o' A8t aly = bC~ OBy Gaond
= (aC, — bC,)/\ or E
e . . . 4t A=1TeV
3) Ablind direction is established if there is : -
no deviation from the SM theory prediction. 2:— A=5TevV
aC; —bCy ~ 0 0 =
=)|E =
—4r A=15TeV -
~6[- =
-8 =
T S A R 0
-10 -8 -6 -4 -2 0 2 4 6 8 10A



Operator correlation: pictorial illustration

1) Find the correlated operators, e.g. O, and O, , in the leading channel (obs-1) of NP searches

2) Evaluate the operator correction 1 s e B e B e B e e e
bs; — .ob b N
560 51 — 0 81(019 02) - O-SOI\/[Sl 2 8 :_ aCl - bC2 ~J O Lﬁadlngl
2 B channe
= (aC, — bCy)I\2 A6
3) Ablind direction is established if there is 4:_
no deviation from the SM theory prediction. =

lllllllllIlllIllllllllllllllllllllll

ClCl - bC2 ~~ O F
. . . Next-to-Leading
4) Find the next-to-leading channel to probe —2 channel
the orthogonal direction. _4:_
56°%2 = (mC; + nC,)/ \* _6F
It is now the most efficient channel _gb
to probe or rule out new physics. ] Y AT ¢
5) If null results were found again, then the NP -10 -8 -6 -4 -2 0 2 4 6 8 104

is far away from us, or it does not generate the operators.



Operator correlation: pictorial illustration

6) If we are lucky, a deviation was found in the next-to-leading channel

aCl _ bC2 C 10 - ! I ! I ! I ! ! ! ! I I ! I ! ]
600bsl — = () 2 ]k Leadi _
A2 A? B cggnwg ]
6 ]
560b82 _ mCl + nC2 ;é O E E
A2 41 —]
2  Next-to-Leading ]
N channel §
then we might find NP and OF =
L . C, b —2F .
it is along the direction of — = — N 1
C, a —4F E
~6- :
7) NP=? n ]
=3[ E
_10 - i B I T T B R I - Cl

| it
10 -8 =6 -4 -2 0 2 4 6 8 10 A?
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Demo: single top production w/ and w/o a Higgs boson
QHC, Jiang, Zeng

g ¢ 2105.04464
Tree level correlation
W-— < >
in the SM
b t
The correlation in the linear analysis in SMEFT
. w
LSRR R SR H) )y WS (H) W
W’ -
b t b t b : t b /
B T
O, = (q,,a“vu,,)T’q;W/fv + h.c., WMD
05 = (¢'i D} ¢)(G,7'v"q,) + h.c.,  W-prime or Extra quarks e
0%y = (@pYudr)Gsy"q:) + hoc., Ol = (@37.00)(@7"g3) + h.c., interference 3)
B _ (5 1 = ] o) — (@Y @) (@ i q1) + hec. . < qu
qu = (@pYuT 4 )@Y 7T qr) + hoc.. 3311 K

6(A = 1TeV) = [2143 —1372CO) 4+ 1612C, + 1330(/(5361)] pb
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Demo: single top production w/ and w/o a Higgs boson

Direct correlation induced by the three operators

W
Wé -H (H)----§---H (H) W§ H EW’
P p . [ 'H
3 14 y o
b t b t b < t
N/

More operators involved in tHq channel but bounded

Operators Measurements
Oyp = (¢'D*¢) (d)TD,,qb) EWPT at LEP
H
0, = (ot i §g = 1
= (49)0(4'¢) e
O,p = (¢T¢) <qpurg[~)> +h.c gg —> H, gg— ttH
Oy = ¢ W, W H — ZZ*/Zylyy

The same three operators’ contribution in the tHq channel

G = 1TeV) = [70.0 — 11.3496C®) 4 22%1C,, — 2.6

-0.37qq

+0.2
—0.2

(e)

(3)
CM] 12
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Demo: single top production w/ and w/o a Higgs boson

Three operators require at least three independent measurements;

fortunately, single-top production provides richer info than expected.

o, = o(tq) + o(tq) 08, O,y O5)
_ o(tg) 5
o(1q) qu » Ouw
O — Op
App = O,w
Oor + Op

Orv7 AFB R
Giptg = | = 951 = 4.0 X~ —266.0 X - +479.4 x | fb

1+t FB Rt

Current l l HL-LHC

iy = 1068 +64.8| o iy = | 743 45.4] o

The relation serves for checking the consistency of SMEFT.
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When HEP enbraces Quantum
Information, Quantum Computation,
and Artificial Intelligence



HEP, Quantum informaton, and Quantum Computation

Symmetry determines the interaction form but not the strength.

Why our mother Universe chooses such a symmetry?
Why 3 generations?

Any good reason for the SM parameters? % o Eneren Pl
real-time dynamics
finite density
quantum interference
Can symmetry emerge from S v e NP
entropy extremum conditions? LA
CLASSICAL S e
EASY > WA

polynomial time N -—
3 g

Coherence

Quantum Discord

Entanglement

Steerability

Problems in HEP that are

beyond classical easy
but are "QUANTUM EASY"

Nonlocality

Entanglement measurements at colliders
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1) Positivity bounds in dim-8 operators in SMEFT

Dim-8 operators in SU(/N) gauge theory

Fbe

‘3

(F7F7)
Fo)(FPF)
FP)(F“F?)
FP)(FeF)
(F“F?)
dabe dcde ( )
dace dbde ( Fe Fb)
dace dbde ( )
(F7F7)
(F“F?)
(FF7)
(F“F?)

dabe dcde

parameter space

experimental
bounds

\n

region forbidden
by IR consistency

36?4 + 303G4 + c5GLJL > 0
35" + 25" >0
3054 + 3cf4 + c§4 >0
35" + 25" >0

Remmen, Rodd
1908.09845

Analyticity

Unitarity+Locality

For SU(3) gauge theory

(385" + 35" + "2 < 4(3cE" + 35" + €3S + 3¢5 + 5
(3¢5 + 2852 < 4(3c§" + 25N (35" + 25T,

=t

SammmammeRST
29



Positivity constraints from the relative entropy

Defined a distance between two different theories in the approach of information theory

l S(Py || P) = — AW, > 0 l

QHC, Kan, and Ueda
2201.00931, 2211.08065

Iy < P,
Iy without interaction b/w heavy and light I, = Iy + g - I; with the interaction
4 Distance defined by relative entropy \

S <P0| |Pg> = Jd 1] <P01nPO —PolnPg) >0
_ P,=eh/Z7, P, = e_lg/Zg J

30



Positivity bounds on SMEFT SU(/N) gauge bosonic operators
« Relative entropy when dim-8 operators are generated by interaction b/w heavy and light fields:

A 1 assume the interaction does not involve
SPy||Pg) = Wy — W, + g - (dW,/dg),— = J(d x)EF Z ¢;0; > 0 higher-derivative terms

- Classical solution of 0" F}, + gfevc AL bFC =0: AJ=ufe,w +ufe;wy  with fuul =0, 0 Wy =1, ando,w, =k,

v

« Uly: o' 20, ' 20, 4cf'cf 2@},

X lﬂ, kﬂ : constant vectors

4 4 4 4 4 4 _wh w4
e SUQR) : o+ 20, M+l >0, 4+ N+ =@V

U(1) and SU(2) bounds are the same as positivity bounds from unitarity and causality
[G.N. Remmen, and N.L. Rodd, arXiv:1908.09845]

e SUB)c: 2¢0+¢% 20, 3¢% +2c8 >0, 3¢F +3¢ +c8 >0, 3¢ +28" >0,
43¢C" +3¢8 + cFHYBE" +3cF + ¢S > (369" + 385" + &)
43¢ + 283 +2¢5Y > (385" + 2857

SU(3) bounds are stronger than positivity bounds from unitarity and causality  ;



2) Weak mixing angle from Stablizer Renyi Entropy

The stabilizer Rényi entropy (SRE) of order @ quantifies

the non-stabilizerness: the magic of any pure state.

1 1
Ep(ly) = —(w | P| ) = y Tr(pP)*

The stabilizer a-Rényi entropy of a state |y) defined as

1
M) =———1log D Ei(|w)) - logd
B PeP,
" 10g ¥ Syl Py
= og ) —(wlPly
l —a Pe@nd

9P the set of n-qubits Pauli strings with phase +1
@n = {Pl ®P2® 500 ®Pn}

P.e{LX,Y,Z}

Liu, Low, Yin, 2509.18251

Magic production in Mgller scatteringe ¢ — e e

as a function of the weak mixing angle s%,

e/u/T e/u/t e/u/T e/u/T

v/Z

e/u/T e/n/T

04

Mo (11/2)

\‘\__/
mgz ‘
1TeV
? 10 TeV -
0.0I " L | " L " L 1 1 L L " ]
0.0 0.2 04 0.6 0.8 1.0
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Symmetry Breaking as Quantum Gate: Entropy and Weak Mixing Angle

Qing-Hong Cao,!:2:3:* Yandong Liu,%°' T Haotian Qi,'>* Hao Zhang,% 7>3:3 and Haoran Zhao': ¥

Quantum Rényi mutual information (RMI)

A (p®,p®) = [I®0A : B) = 1A : B)

P1 p3 P1 pP3
EWSB
B/ w3 —_— ~/Z
P2 P4 P2 P4

Normalized Entropy

e
O

S
o0

0.6

0.4

02}

0.0}

e p — e pu Scattering
T T T T T T T

T

T

T

NS

/ \:
— (Az(p, p))
, (M)
| 4 |
0.0 | | 012 | | 014 | | 016 | | 0i8 | | liO
sin? Oy

The fermion mass, generated by Yukawa interaction after EWSB, is a quantum gate Y.
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New Physics beyond Standard Model

A

100 TeV
SUSY/2HDM

Loop
TeV induced
Portal
models
100 GeV

0.1 1

Fine-tunned Natural

Decoupled theories

Strong dynamics
non-perturbative

Coupling
Strength
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Quantum Simulation

The hadronization mechanism and the baryogenesis

mechanism are crucial for understanding the origin of
matter in the universe.

The evolution process of partons (quarks/gluons) is

an important subject for studying the hadronization
mechanism.

Parton evolution is a non-perturbative, real-time
dynamical process — a non-equilibrium physical
phenomenon —and its description from first principles
is difficult to achieve using classical methods.

Classical method: Monte Carlo

1708

oo Real dynamic
> EXP(—ESS)’(‘: %Igi)p(_sred)
complex S(C)
0.0 Symbol problem
1 1 1708

AR %55§§$“ SH-RISEIE RIADT

\\\\‘qu ronization<=
TN Jets

Parton prodcution, showing and hadronization
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Quantum Simulation

Simulating Physics with Computers

Richard P. Feynman

Department of Physics, California Institute of Technology, Pasadena, California 91107

David Deutsch, iBF Peter Shor, E%
EFITEN, 1985 MBEFEZE, 1994

Received May 7, 1981

...nature isn’t classical, dammit, and if you want to make
a simulation of nature, you’d better make it quantum
mechanical, and by golly it’s a wonderful problem,

because it doesn’t look so easy... CJIOhI? ’\SiChel 'jr' /J\X nM.
arke evore artinis

1BM Quantum

Seth Lloyd, = 1121 qubits
FIRHLZE, 1996

First-principles calculation of nonequilibrium processes in many-body systems:
Quantum computational methods

Jordan-Lee-Preskill framework

Spatial Initial state Time evolution

discretization - Preparation Observation

_________ — et LGN .. —» (w(t)| e()e(iy) |y (D))

’ ’ » T e S e — .. T N . .........

A 4
®)
~~—"

Local degrees of fréed:om;

Digitization and encoding 36



Scalable initial-state preparation schemes for large systems

Locality of
quantum
fields and
spacetime
symmetries

Quantum variational circuit

Scalable initial-
state preparation
schemes in high-
dimensional

v

/ ™ |tk \
¢ o o
e ——— \ f——s st o
E (rirmEsHEC | —> (o —— -
) | K| B Ve —o— e —
Prompts | . g oo Evaluation W G-
Genetic
L f algorithm J
...................................... : — S
| R I sl < 3149
...................................... Optimized -

Circuit database target circuit

—04 = 3.119 + 0.048 exp(-0.064 n)

spacetime

QHC, Zong-Yue Hou, Ying-Ying Li, Xiaohui Liu, Zhuo-Yang Song,
Liang-Qi Zhang, Shutao Zhang, Ke Zhao,
arXiv:2505.06347




Scalable initial-state preparation schemes for large systems

a I'f,(lV > quant-ph > arXiv:2505.06347

Quantum Physics

[Submitted on 9 May 2025]

Quantum State Preparation via Large-Language-Model-Driven
Evolution

Qing-Hong Cao, Zong-Yue Hou, Ying-Ying Li, Xiaohui Liu, Zhuo-Yang Song, Liang-Qi Zhang, Shutao Zhang,
Ke Zhao

1+1d Ising model

n—1
I+y 1 -
Hyy = Z < > ;07 + > Gzyazy+1> +8ZZ“Z

i

1.495 0, = 1.442 + 0.194 exp(—0.285 n)
1475
1455 XY Model

2.185

0

Q? 2150+
5115 —6, = 2.187 — 0.477 exp(—0.389 n)
0.575 65 = 0.222 + 0.540 exp(-0.072 n)
< 0515
0.455

4

le 3.149-
3.143- .
5 6 7 B 9 0 il D
n

x*/dof
o

10!
_15}
_20|

25}

5!

Performance at the Zucongzhi
quantum computer

i = :
\I/' o“
%
A quadratic
W exponential -
|
|
|
... s - . .. =
A
A
S[IEEEpEEEEEET S EEETEEE )
n
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Scalable initial-state preparation schemes for large systems

2+1d scalar field

1 1 1 P
H =—11> + =(Vp)> + —m*¢p* + —¢*
) SV +omm+ 5

Spatial discretization
1
d 2 2 20 o g
H=a E H ng+2m0gb + !gb

Second quantization of field operators
& Digitization of scalar field (JLP)

b= ), 269 140, T1)] ——dé,]l

the operator representation of the
canonical momentum obtained through
the quantum Fourier transform

Interaction term ¢>

|depth | energy | parameter number |could extrapolate

IdeaSearch
adiabatic

24 3.5 3 True
72 3.5 6 False

The LLM-generated circuit has
better depth, number of parameters,
and extrapolability compared to the
adiabatic circuit ansatz.

i e e

40}

30¢
83|

20+t
O Exact

10¢F . )
e Circuits

6 7

SR
Wl
N
W
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A new method of digitizating the scalar field

2+1d scalar field

1 1 1 P
H =—11> + =(Vp)> + —m*¢p* + —¢*
) SV +omm+ 5

Spatial discretization
1 | 1 A
H=a?y —T12 - —¢pV2¢p + —m2¢? + —p*
ZX: 2 2(”5 ¥ 20 4! ¢

Second quantization of field operators
& Digitization of scalar field (JLP)

\4

Z g (J)

the operator representation of the
canonical momentum obtained through
the quantum Fourier transform

B, 1) = -5, 1

qd

occupation number representation

Truncations in the

2"a—1 2"a -1

i= Y valh—1)l,

<0|¢}0,0}T0,{0,1}—>{1,1}¢{0,0}|0>

1072

at= 3 valn)n—1.

6 i T
—e— FExact lattice field calculation

» Encoding scheme of this paper
A Encoding scheme of JLP

4 Va
v
/
rd
. |
- /i'/‘ A 4 A
A A A /i/! A A :
0 —H-§=-—l4'/i A& |
1 1.5
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When HEP enbraces Quantum
Information, Quantum Computation,
and



LLMIRERNIER RS HE RY

FunSearch AlphaProof

&

LLM + HURER -> KRMANFEEE

DeepMind : Nature 2024

DeepMind : 2024 IMO
RLS|SiERAIEE -> IMOIRRE (28/42)

Problem 6: {¥5/609 AZKixFfEL

Cap set[o)&l: BHEHATFARKMNE

Test-Time Compute Scaling o3 on ARC-AGI
UC Berkeley : 2024 “4253 OpenAlI : December 2024
IVEE + BIEEE > KER + BN ‘ 87.5% (B8) vs AEKELs85
0l/03/04EBINHYIEILE BEEERERATET

BRI NZAM

LLMEERMRAREE N E MBI T EE IEFERNYENEEXRER

Romera-Paredes Nature 2024; Snell arXiv:2408.03314; ARC Prize Foundation arxiv:2501.07458
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loopier Feynman diagrams

1299 923 3061 2985 1.03 to make more accurate

predictions of collision

outcomes. But the calculation

s3 7 276 962 4125 3708 1.11 e
s4 20549627 10803 7144 1.51 ::ﬁ’;zdi:;::;f';f’!fg;??f;;f:q5

s5 81359547 35 065 19 052 1.84 e

s6 237 961845 108 215 46 390 2.33

s8 i 791 164 101 549 7.79

s10 - 4388968 268 909 16.32

12 i 19901220 802 488 24.8

di 523596 154 700 1791 86.38 R )

d3 2940855 2775780 3466 800.9 S

d5 11 654 385 21 740 796 7109 3058 S. Laporta. hep-ph/0102033

Song, Yang, Cao, Luo, Zhu arxiv:2502:09544 46



ALLM{#~&FS Y3

of expressions,
each undergoing
evolution

Migration between
islands

Cranmer. PySR 2024
Udrescu, Tegmark. Sci. Adv. 2020
Burlacu, Kronberger, Kommenda. GECCO 2020
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Evaluator
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XZ (y - ypred)
d = 3 Evaluate
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J

New
ideas

IdeaSearch Database
island and mutation
areadopted

Framework

/

-

\

Best chosen
Ansatz agent ideas

generate ansatz
using LLM

Song, Cai, Zhang, Wei, Pan, Qiu, CAO, Hou, Liu, Luo, Zhu

arxiv: 2510.08317



Preliminary

LLMsPDF: application to CT18 Global Analysis

CT18 global analysis uses 6 parton flavors, i.e., g, uy, dy, u, b, s, with 29 free parameters.
The Standard CT18 functional form} at Qo = 1.3 GeV:

fl-(x, QO) — aox"l_l(l — x)azPl-(x; a3‘, a4m)

Regge Theory quark counting rule

Bernstein poAIynomiaIs

- Fix the power-law envelope x(al-1)(1-x)a2
- Replace Pi(x;as,as...) with an ldeaSearchFitter-discovered ansatz
- Evaluate x? against the full CT18 experimental dataset IdeaSearchFitter

- One flavor at a time models
- 66 candidates obtained from ldeaSearchFitter are used to perform

the global analysis, with 34 (51%) achieving good fits without any
human intervention.
Song, Cai, Zhang, Wei, Pan, Qiu, Cao, Hou, Liu, Luo, Zhu, in preparation Tie-Jun Hou ({R#%#&) FEEKRZF
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Error bands of g(x,Q)

Preliminary
Category Ax2range Count

Improved Ax2 <0.0 5

. o )
Compatible (68% CL) 0.0 <Ax?2< 36.96 15 . Ay2 =100 is concerned as 90%
Compatible (90% CL) 36.96 < Ax?2<100.0 14 C.LinCT18

Marginal 100.0 < Ax2< 500.0 16 * 5 of the models from
_ |deaSearchFitter provide better
Divergent 500.0 < Ay? 16 Ax2then that of CT18
Total 66 » 68% of converged models (34/50)
are good (Improved or
— ayX 1 ay _ Compatible)
P7204 6136 T CZSSll’l(X) / a6 T X7 a8 - 51% of all candidates (34/66)
. a —x achieve good fits without human
+ assin(x))/(ag + x“7) — age intervention
- IdeaSearchFitter gluon models
g(x,Q) at Q = 100.0 GeV 8(x,Q) at Q =100.0 GeV with better x2 use significantly

crig M A% S CTI8

7204 704 more parameters than CT18.

7205 7205

« The larger number of parameters
leads to larger uncertainties in

these models.
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A x2 vs. number of shape parameters of PDFs
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- A clear inverse trend between Ay?
and Npar Is observed. This validates
ldeaSearchFitter, confirming the
results are semantically coherent

rather than random noise.

A xz vs. number of shape parameters of gluon
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LLMsPDF: application to CT18 Global Analysis

Analysis of functional forms from IdeaSearchFitter
- Trigonometric and power-law compound forms perform best

Functional Family Good Total Success Rate
Trigonometric 4 5 80%
Power-law compound 10 15 67%
Exponential 9 16 96%
Logarithmic 3 6 950%
Rational 7 14 950%
Hyperbolic 2 4 50%
Linear / Polynomial 2 12 17%

Simple polynomials (linear/quadratic) rarely succeed (17%)

Power-law compounds at Npar = 2 are remarkably robust (67%)
Strange quark achieves 82% success regardless of functional form
Anti-up quark achieves 0% success regardless of functional form

PDF Ratio to CTISNNLO PDF Ratio to CTISNNLO

Flavor Ratio

. 2(x,Q) at Q = 100.0 GeV
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ColliderAgent:
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RISE-AGI-2026-001
CPTNP-2026-012
An End-to-end Architecture for Collider Physics and Beyond
hz 5 DR FEF BRZH
Shi Qiu,! Zeyu Cai,! Jiashen Wei,! Zeyu Li,'*? Yixuan Yin,! Qing-Hong
Cao,!"3? Chang Liu,»* Ming-xing Luo,®> Xing-Bo Yuan,® and Hua Xing Zhu':?
X% X4 TRX RMIE REE

arXiv: 2603.14553

1School of Physics, Peking University, Beijing 100871, China
2 Center for High Energy Physics, Peking University, Beijing 100871, China
3School of Physics, Zhengzhou University, Zhengzhou 450001, China
4State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, China
® Beijing Computational Science Research Center, Beijing 100193, China
6 Institute of Particle Physics and Key Laboratory of Quark and Lepton Physics
(MOE), Central China Normal University, Wuhan, Hubei 430079, China
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Tools for theory — observables link

Fﬁ'é%ﬂvﬁfﬁﬁﬁyfﬂf.%ﬁlfr‘ﬂ’]*z}'h@ <)
> 2R 7B TR ENTIER &)

» FERERENRBAE/NISA—E, FEXEE &
(l\?:dl\gl) (Fe,g’:,?:") (E':l?:,if,t) ( S ) ( Detector\ > ZRINEESEXIFRRO, EHFMEERERE @
\f T (" FAST/FULL )

o s—— - CoUBLL —BRIFA REE R AN H% X125 SN
;‘gg‘“ﬁ:a“',‘l’é“gsgaph’ HERWIG SilnnEdE AL, MEMNEREFERENEERLIN. EZ[EHE
Sherpa, WHizard el PGS, Delphes FIRISE 23 i) 6
CMSSW,
#‘} N \_ATHENA J BES Ba b TR LIER?
o Relic Densit BE AR /INEAT 2
& N Y / ( Collider signatures) BEM IR S A
~ ™ N o
L DM Direct Detection/ —&REFESIH BT TIERNE D MER. XTI E
( MERIESHITE N
~ ™
DM Indirect Detection
\ Y,
Analysis Frameworks
Plots, PAW/Root, Fortran/C++ codes, Private codes, 7_ Alﬂjf’t ﬁﬂ]ﬁéﬁ ﬁﬂﬁ’]ﬁ;&o tll]ﬁ%ﬂiil”
MasterCode, CHECKMATE, MadAnalysis, GAMBIT
Alexander Belyaev  NE»>& “Practical introduction into selected TOOLS for High Energy Physics” 11 *ILIVE ”“'E’J a E}Jﬂ:
BERARER{F RIS S B AR

SRS R AT S I
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AlS SEVMERGESHNES

A : HEPTREEBEIMESNAK, HIGIE=KEC. Fortran, Python. Mathematica, ZTEFEMAE. WMABEHNRX B EZAEE
B]EE: SNl FHAIRRRIX LRI, H#—PRISSI TIERBEE?

BIMAMHEPEREFEF—THE: TMlEIPENEERER, RS RAERIZH

import model sm o —

MadGraph define 1+ = e+ mu+ FeynRUIGS *%?éﬁ(fq:ﬂ'\fﬁu

HEMK/T\WJ define 1- = e- mu- LALP := Block[{mu, nu, rho, sigma},
generate p p > 1+ 1- - gaZA x (1/2) x Eps[mu, nu, rho, sigmal x FS[Z, mu, nul * FS[A, rho, sigmal
output events/pp_11_14tev alp
launch events/pp_l1_l4tev - gaZZ * (1/4) x Eps[mu, nu, rho, sigmal % FS[Z, mu, nul % FS[Z, rho, sigmal] *
done i WW x (1/2) * Epsl h igmal * FS[W 1 x FS[wb h igmal
set nevents 50000 ; g?p * (1/2) * Epslmu, nu, rho, sigmal] * , mu, nul * ar, rho, sigma

set ebeaml 6500
set ebeam2 6500

IE

fRARAR: MRALLILLMREXERERREFHBEERMNE, A EREXERFKRNT, MTMTHNNBR

WMEIEIFLLME EHEPIEF EIER A H? 1. HRILLMEZAR&E T EBHNRIZEE
2. LLMEDIZEFRERE S 7 80 HEPTE [F B F A A1 3045
3. B F FYITRERERLLMERNNITSE, <BNATE
Agent Skills
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EHEMR IR

Execution Backend: Magnus

HEP tools | Mathematica Feynrules MadGraph Pythia Delphes MadAnalysis | === ==

!
CLlI
¢

Cognitive Reasoning Engine

a N

equipped | pheno-pipeline feynrules-model | | feynrules-model ufo madgraph madanalysis

skills orchestrator generator validator generator simulator analyzer | 7
collider event heno
subagent orchestrator model-generator . P
simulator analyzer analyzer
. A J
User Layer
natural language input output Y
[ Lagrangian, collider process, kinematic cuts, ... ] [ kinematic distributions, bounds on parameter space, ... ]

EHJFAgent Skills ZEEER IANF-ITREHR



1. Single LQ production at the LHC

LHC, /s = 13 TeV

PHYSICAL REVIEW LETTERS 125, 231804 (2020) 100: — multijet e +]
: — W +j 4’4
- 10% Z+j  — WZ+W ]
Lepton-Quark Collisions at the Large Hadron Collider 509 — LQ
()
* . . .1 C = 1E
Luca Buonocore ,1’2’ Ulrich Halsch,” Paolo Nason ,4’i Francesco Tlramontano,l’§ and Giulia Zander1gh13’|| .E 3
'Dipartimento di Fisica, Universita di Napoli Federico II and INFN, Sezione di Napoli, I-80126 Napoli, Italy 2 i
2Physik Institut, Universitdt Ziirich, CH-8057 Ziirich, Switzerland S 0.10 k
’Max-Planck-Institut fiir Physik, Fohringer Ring 6, 80805 Miinchen, Germany > :
*Universita di Milano-Bicocca and INFN, Sezione di Milano-Bicocca, Piazza della Scienza 3, 20126 Milano, Italy i
™ (Received 29 May 2020; revised 29 September 2020; accepted 9 November 2020; published 2 December 2020) 0.01
1000 2000 3000 4000 5000
_ _ o me; [GeV]
» single leptoquark production by by picking a lepton from one beam and a quark

from the other beam

» requiring the correct use of the LUXlep PDF set to account for leptons inside the
proton.

LQ
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1. Single LQ production at the LHC

1. Target

3. Collider Simulation

2
4. Numerical Analysis 10 (a)l o ervI2OO50IG475
4.1 Event selection ) — COLLIDERAGENT 1
Read the reconstructed events from the Delphes output and apply the following selection cuts: T 100 F 3
1. Electron: pr > 500 GeV, |n| < 2.5 & [
2. Jet: pr > 500 GeV, |n| < 2.5 (anti-kr, R = 0.4) S 100
3. Missing transverse energy: EXsS < 50 GeV » E - -
4. Lepton veto: veto events with additional leptons (|n| < 2.5, pr.e > 7 GeV) :% 101 E
5. Jet veto: veto events with additional subleading jets (|n| < 2.5, pr,; > 30 GeV) §
4.2 Signal histogram © 10-2 -
Compute the invariant mass me; of the leading electron and leading jet for events passing all cuts. p—LQ—ej ]
e Bin the me; distribution in 100 GeV bins from 0 to 5000 GeV. L | | | | | .

e Weight each event by w = 0 X L£/Ngen, where o is the cross section, £ = 100 fb™", and Ngen is the total number of

1000 1500 2000 2500 3000 3500 4000 4500 5000
generated events.

Mej [GGV]

5. Plot Figure
Plot the signal m.; distribution with solid black line.

1. Atfter MadGraph generates the LHE tile; replace all initial-state leptons with photonsin the LHE file:

\ - ~
2. Disable Pythia8’s built-in event validity checks (charge/momentum conservation) so it accepts and showers the IMRABUORYIE, EETA
manually modified LHE file without rejecting it. “IEEBF IS EarXiv: 2006.06477 R fJtable 1”

3. Perform shower and detector simulation.

SM cross section for lepton-lepton scattering at the LHC

user prompt = research note or paper etu~ et ptr— etet ptut rHrt
oigrev [fb] | 0.297575 | 0.18%g05 | 0.1675,67 | 0247555 | 0.197567 | 0.08755,
oarTev [fb] | 0.531023 | 0.347521 | 0.307017 | 0.4401017 | 0.347515 | 0.1470:32

Buonocore, Nason, Tramontano, Zanderighi, 2005.06477 59



2. ALP production at the LHC in EFT

ALPs Effective Field Theory and Collider Signatures

I. Brivio (Bohr Inst. and Madrid, Autonoma U. and Madrid, IFT), M.B. Gavela (Madrid, Autonoma U. and Madrid, IFT), L.

Merlo (Madrid, Autonoma U. and Madrid, IFT), K. Mimasu (Louvain U., CP3 and Sussex U.), J.M. No (King's Coll. London
and Sussex U.) et al. (Jan 19, 2017)

Published in: Eur.Phys.J.C 77 (2017) 8, 572 - e-Print: 1701.05379 [hep-ph]

pdf & DOI [4 cite [Q reference search %) 324 citations

0 200 400 600 800 1000

EW vertices induced by ALP EFT operators

A; = —B, BW = A = —we e L i +ept
B = "B W i o1 4zt or
fa Ja
N
+
cs = — tan® Oy cyir 50 that ggyy =0 i
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2. ALP production at the LHC in EFT

1. Target

3. Collider Simulation 100 p—

3.1 Process (b) — arXiv:1701.05379 3
I —— COLLIDERAGENT ]

pp—)aWi’y, w* 5 0ty

—
o
|

—

3.2 Collider Simulation Settings
e Collider: 13 TeV LHC
e Event number: 500,000
e Analysis level: Parton-level (no parton shower or detector simulation)
e PDF': nn23lol
e fo =1000 GeV, mq = 0.001 GeV, and ¢y, =1

normalized events
—_
o
&

—
[en)
|

w

pp = aWEy, Wt = (ty

1074 PR SR TR I T S SR I T T TR R S Y P
0 200 400 600 800 1000

4. Numerical Analysis

4.1 Event Selection
Read the LHE events and apply the following selection cuts: B3 [GeV]

e photon: pr > 20 GeV, < 2.5
e lepton: pr > 20 GeV, n < 2.5
4.2 Histogram and Normalization

e Histogram: EF'sS = |p% 4 p%|, the vector sum of the transverse momenta of all invisible particles (ALP + neutrino).

e Binning: 50 bins, 0-1000 GeV

4.3 Plot Figure
Plot the histogram. The height of the histogram is the normalized events, which are defined as the ratio of the number of
events in the bin to the total number of events.
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3. Constraints on U; LQ from LHC mono-7 search

Mono-T Signatures at the LHC Constrain Explanations of B-decay Anomalies

Admir Greljo (CERN), Jorge Martin Camalich (CERN and IAC, La Laguna and Laguna U., Tenerife), José David Ruiz-
Alvarez (Antioquia U.)
Nov 19, 2018

7 pages

Published in: Phys.Rev.Lett. 122 (2019) 13, 131803
Published: Apr 6, 2019

e-Print: 1811.07920 [hep-ph]

DOI: 10.1103/PhysRevLett.122.131803

View in: CERN Document Server, ADS Abstract Service

pdf  [4 cite @ reference search %) 135 citations

» U, leptoquark model

Ly, = —(D, U, — D, U1, (D*UY — DYUY) + M, UL U + [ge(ey" Pov,)UY, + go (0" Ppr)US, + hic.] p T
» full workflow, including event generation for the signal process pp — tv, b

showering and hadronization, detector simulation with ATLAS and CMS C Vv

configurations, experiment-specific event selection, and the extraction of the

exclusion contour by comparing the resulting signal templates with published P

LHC data in a profile-likelihood analysis.
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3. Constraints on U; LQ from

1. Target
- 3. Collider Simulation
4 Numerical Analysis
step 2: signal template construction
For events passing selection, histogram my into ATLAS or CMS bins.
pass

897 = —]]\\r; xo(g=1)x L

¢ gen
where
® Ngen is the number of reconstructed events
e o(g = 1) is the cross section at coupling g =1
e L is the luminosity (36.1 fb~' ATLAS, 35.9 fb~' CMS)

Signal scaling: s;i(g) = g4s1(:g=1)

3.3 Profile likelihood analysis
For each bin,

| IO = — I lme ] LB
| lan(ez) [’n, lnI-L':, I‘l"t] =F 2 (6z/b‘l)2

where

e n; observed events

e b; expected SM background
e §; systematic uncertainty
e ; nuisance parameter
o si(g) = g*si"™"
o u; =bi(1+6;)+s;
Procedure to find the 20 exclusion contour
step 1 profiling: Minimize — In L;(6;) numerically with constraint p; > 0.
step 2 combine ATLAS + CMS Likelihood: In Lcomb = In LaTLASs + In Loms

step 3 extract exclusion region:

1. Find best-fit g
2. Find the exclusion curve by considering gexc satisfying —2[In £(gexe1) — In £(§)] = 4

LHC mono-7 search

Ot

Events / GeV

Data / SM

3.4 Plot Figure

ATLAS
Vs=13TeV, 36.1 fb”'

T
e Data
B W—tv
[ Jet
[ Others
7 Uncertainty

e Wiggyy (3 TeV)
e Wiy, (3 TeV)

Il Il Il ‘
E T T T T T T T ‘ B
.07,
7 Z 7 %y/
E Il Il Il Il Il Il ‘
300 500 700 1000

2000
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4. Parameter scan in a minimal U(1);_; model

(I

]
L

PUBLISHED FOR SISSA By £) SPRINGER

I

RECEIVED: May 14, 2016
ACCEPTED: July 1, 2016
PUBLISHED: July 18, 2016

N

’, Higgses and heavy neutrinos in U(1)’ models:
from the LHC to the GUT scale

Elena Accomando,® Claudio Coriano,”¢ Luigi Delle Rose,® Juri Fiaschi,® Carlo Marzo®
and Stefano Moretti®

Part of the Lagrangian

Lass =Y 2.y (CsrPr+ CsrPr)f
;
sin 6’

Cyr =—e (T} — sin” OwQy) + (§Y7,1 + gi25) cos &’

)

sin Oy cos Oy

sin @y sin 6’

Cir=ce Qr + (§Y7,r + 9125) cos &

cos Oy
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—— COLLIDERAGENT
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Parameter Scan
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(a, b) P. S. B. Dev, A. Pilaftsis, and U.-k. Yang, arXiv: 1308.2209
Oth I (c) CMS, arXiv: 2103.02708
er exam p es (d) H. Davoudiasl, J. L. Hewett, and T. G. Rizzo, hep-ph/9909255
(e, ) P. Asadi, R. Capdevilla, C. Cesarotti, and S. Homiller, arXiv: 2104.05720
1~ - 1 1T 1 ] L A IO L 00— 7 T T T T ]
R —o— Nt =14 TeV e Zho [ s 0 1 SM Bkg.
10 b pp — VG e ol Z&)M_ ] F B2 =10, /s=3TeV ___ i = 1 ToV
[ RS -_ === mpg = 10 TeV _-
~  103F £ 015 -
_Z F 10_2 [~ / _ 7] '-9' I
S [ pp — Z' — eTe £
= 102 . i .. oat Vs =13 TeV A oxol
g g 5 10-3 } - .-8 | |
PR =
- 1074 | . % 0.05
100 g_ ..‘.. ) Z |
[ 10—5 - (C) .
10—1 L | L L L | L L L | L L L 1 L L L e oy L
200 400 600 800 1000 1000 2000 3000 4000 5000
MN (GGV) MZ/ [GGV]
1005""|""|""|""|""|""|""|""5 Tt T T I
-o- limit from ATLASQ7 TeV L
] 10 F  mq = 600 GeV, k?/Mpl =0.3 .
”’_‘————i —~
1071 E S S E @
‘/,,-—"’ T 10 -
™ N 3
=— - +
Z 1072 poome " - *
=~ T 10t -
|
+§ 1072 F === /s =3 TeV, 95% CL excl. =
1072 F 3 S 103} . ; — /s =3 TeV, 50 disc.
] [ ——- /5 = 14 TeV, 95% CL excl. ]
(b) 1 <d) i (f) — /s =14 TeV, 50 disc.
0—4....I....I....I....I....I....I...I.... 102 PRI BTN N SR NS TR RSN SR U TR N R N 10—3 L L PR S T R A | L L L
100 125 150 175 200 225 250 275 300 200 400 600 800 1000 1200 1400 100 10!
My [GeV] Vs (GeV) my, [TeV]

v



[74: ColliderAgent

2£H: ColliderAgent 33 8%
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Summary

Thirty years passed, and the questions that drive me crazy have not yet been answered.

Why is the Higgs boson mass 125 GeV?
What is the origin of the Standard Model parameters?
Do fermions and bosons have the same origin of mass?
What is the mechanism behind large CP violation?
Why are there only three generations of quarks and leptons?
Could there be a fourth generation of matter field particles?
Can all the fundamental forces in nature be unified?
Are there new types of interactions?

| Al Do quarks and leptons have internal structure?

/ \ What are the intrinsic properties of dark matter, and how does it interact?
What is dark energy?

Ql Qc Are there extra spatial dimensions?

The LHC may no longer be able to answer the above question.
We are in the era of Al, and it might be able to help us. Keep our fingers crossed.

Thank You !



