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Research background
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[CDF, “22]

Research background
W-mass anomaly

CDF 1<
m5P" = 80.4335 & 0.0094GeV

Requires a better understand of W physics!!!
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Research background

W-pair Standard Model Total Production Cross Section Measurements Status: February 2022
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Research background
‘ Lepton colliders - Improve theoretical prediction!!!
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NNLO QCD-EW corrections to W-pair
production at electron-positron colliders

Based on [JHEP 12 (2024) 038]

With Shu-Xiang Li and Xiao-Feng
Wang, Ren-You Zhang, et. al
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ete” - WTW~@ QCD-EW ‘
Calculation setup l

l» Consider the following process
e (p1, A1) + € (p2, A2) = W (p3, A3) + W (pa, A1),

¢» Unpolarized differential cross sections

do 15 9
d_Q_647rs4 Z M(s,tA1,...4)

¢* Perturbative expansion

, — el . >
| O O(ao O a2
0O =|010 T AUNIfo) - A0N1\§LOS) - AUNI\SLO) T
. - AN ot
[M. Bohm "88] U g
[A. Denner 93] Well Studied Still Unknown
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eTe” > WW~-@ QCD-EW

Workflow of calculations

. Generating Feynman amplitudes lll. UV divergence

® FeynArts ® On-shell renormalization scheme

® QGRAF
——————— R

® MS renormalization scheme

IV. IR divergence

® Phase-space slicing method
1. Dirac algebra,Lorentz algebra, &S btractonimathiod

color algebra evaluation
e ————————————————————

Il. Scattering amplitudes calculation

2. Tensor reduction
V. Phase-space integrals
® Monte-Carlo

4. MI calculation (CDEs) ® Reverse unitarity
e B

dion zheli (o) 2024 25T

3. IBP reduction (Laporta algorithm)
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ete” - W"W~@ QCD-EW
| NNLO QCD®EW corrections \

% O(aa,)corrections to amplitudes

oMO@) = 5 MG 4+ MU + s MEPE) + MO

¥ Feynman diagrams X Oav) ® Olaan,)
ev. W vertex v/Z self-energy

2-loop massive triangle Fls

S I

. .

eeV vertex — VWW vertex




eTe” - WTW~@ QCD-EW
Integral family

l» Two-loop triangle integrals

- d d
F(@]_,...,Qf?)—/p l]_D ZQD?]_...D’(?){’?

* Propagators Full mass dependence!
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1

D,=1}-m?, D,=1-m} D3=(ll—p3)2—mlf, D4=(12—p3)2—m,f
D5:<ll_p3_p4)2_mt2’ D6:(12—P3—P4)2—mt2a D7:<11—12)2-

l» Topologies On-shell W: this talk Off-shell W: X.F Wang’s talk

(-vvv S-SRIV IV FSANAIY CARARR DI Py S

0 —J —<J
(S =(1,1,1,0,1,1,1); U (1,0,1,1,1,1,1); U (1,1,1,1,1,0,1)

>
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eTe” > WTW~@ QCD-EW ‘

| Canonical basis l
o¢* 32 Mis in this family —8< —8< —8< 4@@ 4@@ 4@@

T 77 7 —0p -0 - 00 &L &L

I=TF

| U- Henn, 13 @<_ 4@< 4@< >@f >@7
dI(Z, €) [dA >@

<_ % %_ < =<

Magnus series o
[M. Argeri, “14] | i_ q/ {,_ {,_ <_
7'26 - 27 - 28 - - 30 -

[6 factorization} _<_ _<_
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ete” > WTW~@ QCD-EW ‘
| General solutions l See Prof. YZ’s talk

ol Path-ordered iterated integral:

I(x,e) = PexpH e/ dA} I(xp, e)< [Boundary]
v

\

ol Order by order

1) n = 0,
I(n)(f) — @) 1
1" (%) + [ dA@I™ V(@)  n>0.

f» lIterated integrals K(t) = dA/dt

/dA CdA = /dtlg( tlJ/ dtofK (1)} / dt@(

n times (K. Chen, “77]
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Rationalization \

l* Three square roots

M o= fs(s —4md),  Xo=1/s(s — dmd,),

PR
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_ 2 2 2\2 2,2
Ag—\/(mw—mt—mb) —4m;m; .

¢ Change of variables

s 1=z my  (1-x)z mp LY | (1—x)%z
m?2 r 0 om?2  z(14+2)2 m? 241 zy(z+1) )

l» Rationalized simultaneously

)\/1 _ (1 —m)(1+£€), Ve — (1 —x)Q(l — z) (1 _m)zz_l_xyz

T 2T (14 2) zy(l + 2)

/
9 )‘3:




N Z

ete” - WW~@ QCD-EW
Symbol letters \
[Constant matriﬁ

¢ Dlog-form /
dI(7,€) = edA(Z)L(T,¢), dA(T) =Y M,dlogn,
f» 20 rational letters i S [Ietters }

m=x, n =Y

N3 = 2, m=1-x

ns =1+, e = 1+y
nr=1-—z, N =1+ 2

Ng = T + 2, Mo =Y 2

mi1 =14+ xz, Me =1—x+y

ms = —1+x + xy, ma=1+y+=z

Ms =Y +2— 2z, Mme = TY + T2 — 2
mr =axy — (1 —2)?, ms = zy — (1 —x)%z

9 = :z:y2 - (1 — $)227 T20 = CU?J(l + Z) — (1 - $)2Z
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ete” > WTW~@ QCD-EW ‘
Multiple polylogarithms See Prof. YZ’s talk

r”
1) (7) = T (%) + / IADHIOD(Z)  dA(F § M dlogn
Y

—\

. W
rational
.x, MPLs ra IOnaJJ
4 ™
G(CLl,..., G(GQ, ,an,t) dt,
with
| log"(2)
G(ar;2) = G(0,...,0; 2) -
\. n times -
oJ» eMPLs [Goncharov, "98,"01]

Unrationalizable square root See X.F Wang’s talk
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eTe” - WTW~@ QCD-EW
Boundary conditions

o¢* Vanishing inputs (s = m%, = 0, mbz = th)

1, i=1,2,3,
0, i#1,2,3.

: y 2
\ ) \ J

T12,3 T4,56,7.11,12 78.9,10,13,14

SECRGRS.

Iz' (f(), 6) —

o \acuums

DO

T15,17,20,23,26,30 T16,18,19 T21,22,24 25,2728 31 729,32
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eTe” > WW~-@ QCD-EW

‘ Total cross section

20

— LO
—— NNLO

a(0) scheme

dpw | 70]
SR
| |
gy
B
= &
dQCD-E

200 400 600 800 1000
Vs [GeV]
QCD-EW
\/g [GCV] SCheme 010 [pb] ONLO [pb] 5EW [%] ONNLO [pb] 5QCD—EW [%] Corrections
a(0) 1593577  16.3653 26952  16.5440 | 1.1216
240 (©) ~1 %
G, 1714888 165484  —35015  16.5503 | 0.0113
- a(0)  6.673608  7.38135 106051  7.45626 | 11225 | Suppressed by
G,  7.81637  7.51822 46867  7.51909 | 00122 | (5 scheme
U
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ete” - WTW~@ QCD-EW
| Scale dependence

18.0 7.60

. —— «(0) scheme _ —— «(0) scheme
: \/g = 200 GeV —— G, scheme \/E = 500 GeV —— G, scheme
| 7.55'_
= =
Q ] o 7.50
© 178 © -
7.45'_
0.2 0.2 -
X X
W ] w ]
B S os0Qtr---
0.5 1 2 0.5 1 2
11/ ko 14/ 1o
Vs [GeV] Scheme o(uo/2) [pb] o(po) [Pb]  o(2m0) [Pb] | escale [%0] | Scale uncertainties
a(O) 17.9012 17.8768 17.8572 0.25
200 0.2-0.3%
Gu 17.7823 17.7820 17.7817 0.003
00 «(0) 7.46526 7.45626 7.44904 0.22
G,L 7.51920 7.51909 7.51901 0.003
L NPT ——
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eTe” - WTW~@ QCD-EW
| Scattering angle distributions

102
101 — 1o _ 1 — 1o

] — nto Vs = 200 GeV | xno V8 =500 GeV
gz z
> >
0P} i 0P}
8 20-_ 8
< <
< e
e o
© 10+ .S
= 20 - 1259 2§1200: 1258
. ><g "o i for §
£ | : A 0 i i )
S : - S S ; ' =

-10 - [ 0.8 oS 0 0.2 .S
ol -0.5 0 0.5 1 L 0.5 0 0.5 I
cos 6 cos 6
ol» Symmetry relation Strongly peak in the
do do forward direction!!!

dcosf,,- dcosf,+ gm0’
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Two-loop planar master integrals for NNLO QCD
corrections to W-pair production at hadron colliders

Based on [JHEP 12 (2024) 136]

With Wen-Jie He, Shu-Xiang Li,
Xiao-Feng Wang, et. al
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Two-loop MIs for W-pair
Integral family

q(p1) + @(p2) = W (p3) + W~ (pa)

¢» Plannar box-type topologies P ————
) :I:I:I:p3 ) :I:I:I:p3 ) )
P1 P4 P1 P4 i P1 Il:m
T T2 | . )
o¢* Two-loop master integrals S3=(1,1,1,100,1,1,0)f
1
d; Tyd
Ry ey —"
l* Propagators
Dy =13, Dy = (lh +p1)?, D3 = (1 — p2)?,
Dy =15 —mj, Ds = (la+p1)* —mi, Dg=(lo —p2)* — mf,

D7 =(ly —13)* —mj, Dg=(l1—p2—p3)’, Dy=(la—p2—p3s)°.

INNEO corrections to W-pair and H*H~ production  Zhe Li (SDU)  2024.12.21 22
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Two-loop MIs for W-pair
ol EIiptic setor -

o Maximul cut

dg

Maxcut(fi3) =

1
4W3Wx_4z>/¢<s—§1><§—52><5—§3> €—&) \
¥ Elliptic curve

(NP - E-G)E-a) |\ Qz le g‘ ~<
| with |\

y(rx—22)+22°+2z2/zy+ (y —2)? |

,’ 61 = — v — 42 ) : ;.. l%
y(x—22)+222 - 22wy + (y—2)? | \
o | ™ v ¥
,» r—4z § |
=0, = 4.
L S Y T fus fis
% Periods K= | e | i -

V(A =2 (1 —x22) § q q q
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Two-loop MIs for W-pair

o Linear basis

91:€2f1 99:€3f91’

gz=€2f2x 910=€2f107“,1—63f97“,1

g3 =€ fay g =€ fu(y—2)

ga =€ faz giz=[fioz+e fuu(y—2)—€ fsy|ry/(y — 2)

g5 = € fort S wrh ) e Wronskian

g6 = € foxy Wyzwlaa—q;—wzaa—?,

gr =€ fry ® Square roots

98:€2f87“é‘|‘1/2f77",2 re=x(e—4), r’=yy+4),
ME=g(z—42),r2=(z—y) (y—2z+4).

¥ Linear form DEs Y {Lower triangular] i > Iterated integral

~ e ~ o L. Adams, “18]
dg(xX,e) = [AV @)+ edAV )] g, €)
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Two-loop MIs for W-pair

Validation \

Good agreements!!!

Branch G Results ( Analytic / AMFlow )
2548 329030! (Analytic)
gi3
.49 204 4IUOL (AMFlow)
. L 2.33756055601827687 ¢ (Analytic)
14 \ ,
- 1 2.33756055601827691 ¢’ (AMFlow)
3F wv—— ' : p—
=i 0941324619097784037373 ¢2
r , Analytic
, {70.071565531400688Y € (Analytic)
15 1] ‘
1 0.0941324619097784037373611 €
| (AMFlow)

L 0.0715655314006885 ¢
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Mixed QCD-EW corrections to THDM charged
Higgs-pair production at lepton colliders

Based on [2312.17207]

With Zhi-Xing Zhang, Shu-Xiang
Li, Ren-You Zhang, et. al
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ete” - H"H™ @ QCD-EW
THDM background |

¢» Simplest extensions of SM Higgs sector

* Scalar sector of many other models (SUSY)

SM THDM

¢* Rich phenomenology

® Charged Higgs bosons

® CP-violation

® Dark matter candidates

4 4 )
® BSM signals 7 W= h Z, W=, h
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‘ Feynman Diagrams Two-loop Mls: same as W-pair

et Ht ot HT et HT et Ht ot Ht ot HT
t/p ST~ t/b T e AT t/ AT t/h T e AT~
4 b/f v b/f v b/f v b/f v b/f v b/f
t/) - NI t/b - N NI t/ -
e H~ e H~ e H~ e H~ e H~- e H™
) ) (d) (e)

(a (b) (c

(f)

et HY et HY et HT e" HT et HT e" Ht
q / q / C] / 7 7 7
Vv @' V // V m V // 14 “ V // Z/’}/ // Z/’}/ // Z/"}/ //
o \\ “ \\ w \\ \\ \\ \\
e~ H~ e H™ e H™ e H™ e H™ e H~™
(g) (h) (i) () (k) (1)
el Ht et Ht et Ht et Ht et Ht et HT
t/b T t/b T t/b T t/b T t/b T t/b T
Vv Vv V Vv Vv Vv
b/t b/t b/t b/t b/t b/t
t/b L t/b L t/b L t/b L t/b L t/b L
e H™ e H™ e H™ e H™ e H™ e H™

(m) (n o (p) (q) (r)

S u A\

et HT ef HT et HT et HT
q / q / q / q /

e \\H* e \\H* e \\H* e \\H*
() (t) (u) (v)
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Total cross sections \ Potential to be detected!!!

80fb —>80 Type-I 3t Type-11
! LO

60}
'é' . 2t
— 40; LO - NNLO
© . |

20 tanB =8 tang = 8

d myg: = 130 GeV ' myg: = 800 GeV
O 1 0 .............

30f of

-10} EW 30} EW
o -50 /, -60 / . . QCD'EW
e A af —————— | corrections

osfY WD & B . QCD ® EW

300 600 900 1200 1500 1800 2100 2400 2700 3000 —~ 1 %
Vs [GeV] V5 [GeV]
3
Type scheme oy [fb] Jrw [%0] onLo [fb] 5QCD®EW %] 1 onnpo [P
| a(mz) 13.01 25.72 16.35 1.11 16.50
05(0) 11.52 12.03 12.90 1.04 13.02
I Oz(mz) 2.006 —2.11 2.02 1.22 2.04
Oz(O) 1.82 —10.91 1.62 1.15 1.64
-




e"e” > H"H™ @ QCD-EW
my. scan plots
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2.0
1.5}
1.0}
0.5}
20f O
10& _10&
TR ... -2D[ . . .
o 1.5f 0/ 5f
1'0'\/@/ 4563
0.5} QCD ® EW | QCD ® EW
150 T 200 250 300 350 400 800 900 1000 1100 1200
my+ |GeV] myg+ [GeV]
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ete” > H"H @ QCD-EW

e
w

tan(
S = = =
) @) Pt [\V)

=
0o

S
\]

100 200 300 400 500 600 700 750 900 1050 1200 1350 1500
m g+ [G’GV] m g+ [GeV]
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Summary

o NNLO QCD-EW corrections to W-pair
production at lepton colliders (~1%)

¥ Planar Mis for NNLO QCD corrections to W-pair
production at hadron colliders (elliptic integrals)

¢ NNLO QCD-EW corrections to charged Higgs-
pair production at lepton colliders (~1%)

INNEO corrections to W-pair and H*H- production  Zhe Li (SDU) ~ 2024.12.21 82
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NLO EW corrections \

o EW corrections

PRI

SHANDONG UNIVERSITY

AO'EW = Ovirtual T Oreal T Oh.o.1SR

o Virtual corrections

davirtual o O
2 Re MO oM (<) On-shell
df)  64m2s4 Z [A.Denner "97]

¢* Real photon radiation

.....

Oreal = 03(53) + Onc (55, 56) + UHé(és, 5c) Slicing method

% Initial-state radiation [B. W. Harris, "02]

OholISR — O1SR—LL — O-LL,sub Structure functions
[W. Beenakker, 906]
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ete™ - WHW~ (MIs)

Analytic continuation |

4 R + 2 + . .
Euclidean region s + 107, my + i Physical region
s<0Am; <O , % s >4m; >0

L W~ m?—i0"t,m2 —i0" N ud )

¥ Inverse transfrom
VaAm?2 —s—+/—s V—8—+/4m2, —s
T = : z = :
VAm?2 —s++/—s V—s+/4m2, —s
1 2 2 2
y = (1+ 2) 52 [mb —m; —mj, + \/)\(m%,, m2, mg)] .
my
Family = Kinematic configuration x 2z J
2my < /s < 2my e z y—30"
F
2my < /s r+10" z y—107"
F* 2my < /S r+107 2 y—107T
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ete” - W"W~@ QCD-EW
Kinematic distributions |

1.04 LO 1 — LO
_ Lo V8 =200 GeV 0.08 - v/s = 500 GeV NNLO
> (0.8 -
Q) .
o
0O 0.6
& '
& ]
= 0.4 ]
-
o} ]
T 0.2 -
— 30 i ) g — 40 | : e g
= 0 - . 20 - 1
% : — dpw : . é % T — dpw E- 10 é
=) { — Ydqcp-Bw A 8 ) {1 — dqcp-Ew i 8
-50 - - 1.0 « -80 e (0.9 CS
0 10 20 30 40 510) 0 50 100 150 200
pr [pb] pr [pb]

f* Symmetry relation
do do

de,W— B de,W+
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Two-loop MIs for W-pair
Boundary conditions

o Expansion @ X, = (x,1,0) O O
AECO’I)(;‘&) _ Affié?m(x)» A(yO,l)()—C») _ y,(—l,O), A(ZO,I) (%) = z,(0,—1)
o Lowest-order approximation i FT
dg(x,e) =€ [Ail,zo,o)(x) dx + 1 A(y{()_l,o)] (X, €)
¢» Degeneration g g(x) = g(xp)
ri=r3=Va(z—4), v, ="z 4.
ro =0, 2 -
=3, 8y\I'1=§(2—x)\/m.
¥*» Boundary

® Known integrals: &1>----88  [S. Di Vita, "17]

® Symmetry relation: g1 =—8, &2=180 @ (x,y,2)=(1,0,1)
® Regqularity condition:

INNEO corrections to W-pair and H*H~ production ~ Zhe Li (SDU)  2024.12.21 38
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ete” - HTH™ @ QCD-EW ‘
|THDM types \

THDM ¢, ¢y qp I up dg ep
T e —

CTypell  + — + 4+ — 4+ 4
Type- X + — + - -  +

Type-:Y + — + 4+ - + -

Same quark

Yukawa
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| Constraints on THDM parameters

ol» Experiment constraints:

N Z

SHANDONG UNIVERSITY

® Direct searches for BSM Higgs bosons [IV. Aiko, 10, G. Abbiendi, 13]
e Flavor constraints: B — Xy [M. Misiak, 20, V. Khachatryan, 14, R. Aalj, "17]

® Anomalous magnetic moment of the muon [J. Haller, *18]

® SM Higgs boson coupling measurements [G. Aad, 15]

® Oblique parameters [\W. Grimus, 15, W. Grimus, 08, R. Workma, 22]

o Theoretical constraints:
® Vacuum stability [S. Nie, 99, A. Barroso, 13, V. Branchina, 18, |

® Perturbative unitarity [S. Kanemura, 15]
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ete” - H"H™ @ QCD-EW
ltanﬂ scan plots

2.5} NNLO Type-II 18 NNLO Type-I
' 16F
2.0 .
sl o amey e =8OGSV £ 4 = ry | M =130 GeV
5t __ 2 — ' = 18
B & mpgs = 1200 GeV s 12} . Y mpg: = 400 GeV
1.0} 10
0.5} 8
0k 30}
_20 F ].5 m EW
40} EW T 0
].O B (Q ]_.4 -
5 QCD ®’E_L/// 1.2 &k QCD ® EW
0OF 1.0F
10 20 30 40 50 10 20 30 40 50
tan( tan(



