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INTRODUCTION

Precision & Accuracy
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PRECISION MEASUREMENTS AT THE LHC

Very impressive SM cross section measurements at the LHC
° many processes are at percent even subpercent level

July 2019 CMS Preliminary

2 7 TeV CMS measurement (L<5.0 fb”)

@ 8 TeV CMS measurement (L<19.6fb")

2 13 TeV CMS measurement (L< 137 fb)
Theory prediction

L L = CMS 85%CLlimits at 7, 8 and 13 TeV
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PRECISION MEASUREMENTS AT THE LHC

* Very impressive SM cross section measurements at the LHC
° many processes are at percent even subpercent level

July 2019 CMS Preliminary

2 7 TeV CMS measurement (L<5.0 fb”)
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Theory prediction
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In order to fully exploit these data, theoretical calculations are crucial to keep pace !

MCNET BEIJING HUA-SHENG SHAO
Friday, June 11, 21



CROSS SECTION @ LHC

The “femto-universe”

Parton distribution / size = factorization scale MF

functions (“arbitrary”)
(from experiment)

SAhort-distance cross section
U(”-‘-’a 23 o /1/1’)
P predictable using perturbative QCD

O(pp — 4+ X) — /dxldef(xla:uF)f(x%:uF)a-(OéS?:uFa:uR)

g

. ol Qs 2
O(&SnuFa,uR) — [OCS(MR)] [O'(O) + %0(1)(,&5’,,&]{) -+ (%) 0-(2)(MF7/LR) + .. ]
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The “femto-universe”

Parton distribution / size = factorization scale MF
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CROSS SECTION @ LHC @

dO—all—orderS
dlog fir/F

=0

remaining scale
uncertainty

donkro O(amh+)
dlog ur/F ’

The “femto-universe”

Parton distribution / size = factorization scale MF

functions (“arbitrary”)
(from experiment)

SAhort-distance cross section
U(”-‘-’a 23 o /1/1’)
P predictable using perturbative QCD

O(pp — 4+ X) — /dxldef(xla:uF)f(x%:uF)a-(OéS?:uFa:uR)

Vo 2
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HADRON COLLIDER PHYSICS: PRE-LHC ERA

P p — nh particles

in the Standard Model

via strong coupling expansion

(¥ 4 (Y g -
(1(7:(1(70[1+—A1+(—> Ao+ ... ]
2T 2m

—

‘ fully inclusive
parton-level

Accuracy,
[asloops]

‘ fully exclusive
p‘b:n @ fully exclusive and automatic
O 06

5 6 7 8 9 10
Complexity [n]
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HADRON COLLIDER PHYSICS: Now

P p — nh particles

in the Standard Model
via strong coupling expansion

(@ (Y. 2
E— do = dog[1 + —A- +(—g) 5+ ...
0[ or 1 2T
B—-B:F ully inclusive

Accuracy,
[asloops]

‘ fully exclusive
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HADRON COLLIDER PHYSICS: Now

P p — nh particles

in the Standard Model
via strong coupling expansion
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HADRON COLLIDER PHYSICS: Now

P p — nh particles
in the Standard Model
via electromagnatic coupling expansion

2
dO’ZdO’Q 1—|—3A1I(a) AQ"‘
I 2T 2 |

‘ fully inclusive

parton-level

‘ fully exclusive

0100 OECELE @ rviectnsioms
O- O CEEEEGEGE

6 7 8 9 10
Complexity [n]

Accuracy,
[ loops]
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HADRON COLLIDER PHYSICS: Now

P p — nh particles
in the Standard Model
via electromagnatic coupling expansion

2
dO’ZdO‘Q 1—|—3A1I(a) AQ"‘
I 2T 2 |

‘ fully inclusive

parton-level

‘ fully exclusive
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HADRON COLLIDER PHYSICS: Now

Model/ldea

SUSY

Compositeness,
Extra dimensions

Extended Higgs
Sector

Top Partner
W'IZ

Minimal
Dark Matter

Hidden Sector

SMEFT

MCNET BEIJING
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P p — nh particles

in Beyond the Standard Model
via strong coupling expansion

(Y . (Y 2
do = dop[1 + —=A- (—g> Ao + ...
ol 27 27 2+ |

‘ fully inclusive

parton-level

‘ fully exclusive
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P p — nh particles

in Beyond the Standard Model
via strong coupling expansion

(Y . (Y 2
lo = dog[1 + <2 A ( ) Ao+ ...
do = doy| +27T o o + ]
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‘ fully inclusive

parton-level

‘ fully exclusive

/ - gp:&k @ fully exclusive and automatic
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N°LO HIGGS PRODUCTION: HIGHEST ACCURACY

* Percent level inclusive ggF Higgs cross section

Anastasiou, Duhr, Dulat, Herzog, Mistlberger (PRL | 5)

GO | / Integral Statistics
LHC S #diagrams ~1.000 ~100.000
S #integrals ~50.000 517.531.178
ey i & ~ #masters 27 1.028
#soft masters 5 78

2 J 4 5

Reverse Unitarity

Differential equations

Mellin Barnes Representations

Hopf Algebra of Generalized Polylogs
Number Theory

Soft Expansion by Region

Optimised Algorithm for IBP reduction and powerful computing resources
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NLO W-]JETY: HIGHEST JET MULTIPLICITY AT NLO @
* Important (and often dominant) background at the LHC

MCNET BEIJING HUA-SHENG SHAO



NLO W-+JETY: HIGHEST JET MULTIPLICITY AT NLO
* Important (and often dominant) background at the LHC

 NLO QCD correction: W+(>=n) jets, n=0,...,5

Bern, Dixon, Febres Cordero, Hoche, Ita, Kosower, Maitre, Ozeren (PRD’ [ 3)
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NLO W-+JETY: HIGHEST JET MULTIPLICITY AT NLO
* Important (and often dominant) background at the LHC

 NLO QCD correction: W+(>=n) jets, n=0,...,5

Bern, Dixon, Febres Cordero, Hoche, Ita, Kosower, Maitre, Ozeren (PRD’ [ 3)

« Automated NLO QCD: exclusive W+n jets, n=0,...,2

Frederix, Frixione, Papaefstathiou, Prestel, Torrielli (JHEP’15)

Commands:

/bin/mg5_aMC

MG5_aMC > import model loop_sm-no_b_mass
MG5 aMC > define p = p b b~;definej=p

MG5 aMC > define | = e+ mu+ e- mu-

MG5 aMC > define vl = ve vm ve~ vm~

MG5 aMC > generate pp > 1 vI [QCD] @ O
MG5 aMC > generate pp > 1 vl j [QCD] @ |
MG5 aMC > generatepp > 1vljj[QCD] @ 2
MGS5 aMC > output; launch

10? ATLAS data vs PYTHIAB
1

CO0 s p e OO O s s

Lyt anw aute v
oo ow Ve ow
LM () LI L) LI

x GeVj25.0 Gev MC/Data

p} (leading jet) [GeV]

MCNET BEIJING HUA-SHENG SHAO

Friday, June 11, 21



NLO W-]JETY: HIGHEST JET MULTIPLICITY AT NLO
- Important (and often dominant) background at the LHC™

 NLO QCD correction: W+(>=n) jets, n=0,...,5

Bern, Dixon, Febres Cordero, Hoche, Ita, Kosower, Maitre, Ozeren (PRD’ [ 3)

« Automated NLO QCD: exclusive W+n jets, n=0,...,2

Frederix, Frixione, Papaefstathiou, Prestel, Torrielli (JHEP’15)

Commands:
/bin/mg5_aMC

MG5_aMC > import model loop_sm-no_b_mass
MG5 aMC > define p = p b b~;definej=p ‘

MG5 aMC > define | = e+ mu+ e- mu-

MG5_aMC > define vl = ve vm ve~ vm~
MG5 aMC > generate pp > | vI [QCD] @ O

MG5 aMC > generate pp > 1 vl j [QCD] @ | MadGraph
aMC > generatepp > 1 vljj [QCD] @ 2 A~
aMC > output; launch aMC@NLO

MG5

MG5

Technique improvements:
- Matured automated framework
- Methods of matching ME to PS

- Merging of multi-jet ME with PS

Alwall et al. JHEP’ 1 4)
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BASICS

A NLO example

»— @ — ¢
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A NLO EXAMPLE: BORN @

* Let us calculate NLO QCD of Z -> g gbar decay

* Writing down Born amplitude according to Feynman rules

2 . o o
For simplicity, we assume quarks are massless

»ABorn — _5cqc§5,u (pZ)a(pq) .F%qq.?}(p

I sin 0, , sin 6,
k - Q ) vy Pr, — Zqu

cos 0, sin 0,, “cosb,,

« Squaring amplitude, summing over colours and spins, and
averaging the spin of the initial state

— inf,\* I
Z\Agom|2:8ﬂam22 (2Q3<Sm ) 2 o |

cos 6, cos? 0,

2
Iq

cos2 6, sin* 6,,

* Phase-space integration
1

(2m)3%2 2F,
I3

FBorm(Z — QQ) —

MCNET BEIJING HUA-SHENG SHAO
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A NLO EXAMPLE: VIRTUAL

* Let us calculate NLO QCD of Z -> g gbar decay

* Writing down one-loop amplitude according to Feynman rules

: For simplicity, we assume quarks are massless

g del lFqu (_ ljZ)

Attoop = 19" €, (p2)u(py). (_iQS'y’/TCan) / Cm)I 2 (1—p,) (-p
— Dq — Dz

% ( 19sVp L ce ) v(pg)

U~

3

* Need to evaluate two tensor integrals

i / d?l " v _ / dl R
. T E (1 p)° (I - pz)° ? Cm) 2 (1—py)” (I—pz)”
according to Lorentz structures
I} = ph' By + p, Bo 15" = g"" Boo + phpy Bi1 + pypz Bz + (P4 + pypl) Bz

Solving the coefficients B, e.g.
pg- It =p.B1+pq-pzB2=pg-pzBs Pz T =pg-pzB1 +py By =pg - pzB1 + m3Bo

MCNET BEIJING HUA-SHENG SHAO
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A NLO EXAMPLE: VIRTUAL @

* Let us calculate NLO QCD of Z -> g gbar decay

* Need to evaluate two tensor integrals

Solving the coefficients B, e.g.
pz -1 — m2ZBz
Pq " Pz
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A NLO EXAMPLE: VIRTUAL @

* Let us calculate NLO QCD of Z -> g gbar decay

* Need to evaluate two tensor integrals

Evaluating the scalar integrals, e.g.

d®l 1 1 447
(27T)d 72 (l— B pq) 5 — ; - _) 2} 2 Feynman parameterization !

Using on-shell condition !

Translational invariance !

Integration over x !

MCNET BEIJING HUA-SHENG SHAO
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A NLO EXAMPLE: VIRTUAL @

* Let us calculate NLO QCD of Z -> g gbar decay

* Need to evaluate two tensor integrals

Evaluating the scalar integrals, e. g

/ ddl 1 l0—>zl0 40 +OO -7 Wick rotation &
(27T) 2 (l o 27_‘_ spherical coordinate

d/2
(;?;T) (2 ) / d| l| wd—B Integration over solid angle !
70

j2md/2 </1 . oo
- dzzd—5+/ dzzd—5>
0(d/2)2n \J, 1]} 1 1]]1]
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A NLO EXAMPLE: VIRTUAL @

* Let us calculate NLO QCD of Z -> g gbar decay

* Need to evaluate two tensor integrals

Evaluating the scalar integrals, e. g

/ ddl 1 l0—>zl0 0 +OO -7 Wick rotation &
d ' ' r
(2 7T) 2 ( T 271‘ spherical coordinate !

227Td/ 2 J_5
d| l| w Integration over solid angle !
0

[(d/2)(2m)e

12 d/2 (/1 _ too
- dzzd—5+/ dzzd—5>

1| — 0 (IR): the integral is divergent when d < 4

1| — +oo(UV): the integral is divergent when d > 4
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A NLO EXAMPLE: VIRTUAL @

* Let us calculate NLO QCD of Z -> g gbar decay

* Need to evaluate two tensor integrals

Evaluating the scalar integrals, e. g

/ ddl 1 l0—>zl0 0 +OO -7 Wick rotation &
d ' ' r
(2 7T) 2 ( T 271‘ spherical coordinate !

227Td/ 2 J_5
d| l| w Integration over solid angle !
0

[(d/2)(2m)e

12 d/2 (/1 _ too
- dzzd—5+/ dzzd—5>

1| — 0 (IR): the integral is divergent when d < 4

1| — +oo(UV): the integral is divergent when d > 4

Regularisations: d—=4—9 €IR. E[R — 0—
o )
d=4— 2€UV7€UV — 0+
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A NLO EXAMPLE: VIRTUAL @

* Let us calculate NLO QCD of Z -> g gbar decay

* Need to evaluate two tensor integrals

Evaluating the scalar integrals, e.g.
/ 4] 1 2r?? < 11 )
Cmdz(1-p)°  T(d/2)2m)e \ 26ar  2euv

* Squaring with Born amplitude, summing over colours and spins,
and averaging the spin of the initial state

- 4
2 00 : = ormn ’ -
E %{All pABorn} 1 _ 6 (Z‘AB | ) i [3€UV BG%R

2
aszg—s _2

2
m?,
2,2

AT p

4
3
* The UV divergence needs renormalisation

- . 2\ s 2 2
22%{AUVABOI‘H} _ 1 . 6 (Z‘A orn| ) [ i SEIR]

ST

—(5—772—1og
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A NLO EXAMPLE: VIRTUAL @

* Let us calculate NLO QCD of Z -> g gbar decay

* Need to evaluate two tensor integrals

Evaluating the scalar integrals, e.g.

/ddz 1 2r?? < 11 )
Cmdz(1-p)°  T(d/2)2m)e \ 26ar  2euv

* Squaring with Born amplitude, summing over colours and spins,
and averaging the spin of the initial state

__ ) B 2| %s _ 4
22%{A1100pABorn} T 1 _ 6 (Z‘A ornl ) [\6& BG%R

2
Ys 2

2
m?,
2,2

AT p

N —
g 3

* The UV divergence needs renormalisation

- . 2\ @ [ \2 2
22%{AUVABOI‘H} _ 1 . 6 (Z‘A orn| ) [ —|_ SEIR]

* The virtual matrix element is:

V ZQ%{AHOOPABorn} T Zzgﬁ{AUVABOTH}

MCNET BEIJING HUA-SHENG SHAO
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A NLO EXAMPLE: REAL @

* Let us calculate NLO QCD of Z -> g gbar decay

* Writing down real amplitude according to Feynman rules

* Squaring amplitude, summing over colours and spins, and
averaging the spin of the initial state

— — Sm(d — 2
Z|Areal‘2 — (Z‘ABornP) 0453 g )
m'7524534

X [(d — 2)334 + 2(d — 4)s94834 + (d — 2)334 — 4m22(824 + s34) + 4m%}

S20 = (Dg + Pg)?, 834 = (pg + py)°

MCNET BEIJING HUA-SHENG SHAO
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A NLO EXAMPLE: REAL @

* Let us calculate NLO QCD of Z -> g gbar decay

» 3-body phase-space integration

1 1 dd 1 dd 1 dd 1pg

Frea — 5 2 déd — — Mg — rea :

2m)2ld=1) 2k,

1 dd 1 dd 1
27T)3(d_1) 2E 2Eq

()12

dd3) (pz — pqapqvpg) — (27)d5d(pZ — Pq — Pgq _pg)(
B (47r)3¢
- 32(2m)*T(1 — €)

_6(1(2;)— y)~

16 ’T'(1 — ¢)
M-—z—y)"
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A NLO EXAMPLE: REAL

* Let us calculate NLO QCD of Z -> g gbar decay

» 3-body phase-space integration

S Areat? = (fyABomF) MGt

3m%y(l—z—y)

(d—2)(1—2)* +4y° — 4y(1 — 2) + 42]

The integration over y is divergent when d <4 (e > 0)

-

y —1— 2z (s94 — 0)

) pg — 0 (2 —0)
@ Pgl|Pq

\_

soft singularity

collinear singularity

on shell

1

i y — 0 (s34 — 0)

) pg — 0 (2 —=0)
(2) ngPq

soft singularity

\_

collinear singularity

1

on shell

MCNET BEIJING
Friday, June 11, 21
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A NLO EXAMPLE: REAL @

* Let us calculate NLO QCD of Z -> g gbar decay

» 3-body phase-space integration

1

_ (3) AN\ 2
F1real — QmZ dd (pZ —7 pmpqvpg)Z‘Areal‘

1
d(I)(2) (pZ %pqapq (Z|ABorn‘2>

2mZ

><E4) s[4 2(1—210g mZ>

I'(1—¢€) m |3eix  3em A2 g,
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A NLO EXAMPLE: NLO

* Let us calculate NLO QCD of Z -> g gbar decay

« Sum real and virtual

All remaining IR poles cancel (in general KLN theorem)
Kinoshita  Lee

We finally get a well-known result !
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GENERICS

Modern Techniques
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NLO ANATOMY

* Three parts need to be computed in a NLO calculation

ONLO = /dCI)(”)B /d@(”)v /dCI)(”H)R
O(ay) O(ag™) O(ag™)

S

1 1 1

Born Virtual Real

Cross section  correction correction
4 )

Finite Divergent Divergent

MCNET BEIJING HUA-SHENG SHAO
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GENERICS

Virtual=Loop+UV
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ONE-LOOP DIAGRAM GENERATION

® No external tool for loop diagram generation:
Reuse MG5 aMC efficient tree level diagram generation!

® Cut loops have two extra external particles

Trees (etfee = uu~uu~) = Loops (ete- = uu~)

MCNET BEIJING HUA-SHENG SHAO
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ONE-LOOP INTEGRAL EVALUATION

e Consider this m-~point loop diagram

\Vitll /1 external momenta

/ d’¢ N(£)
' (27()(Z DODID‘ZDB'"Dm—‘ZDm—l

with D; = (0 + p;)* — m?

We will denote by C this integral.

MCNET BEIJING HUA-SHENG SHAO
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ONE-LOOP INTEGRAL EVALUATION

J 1
C1-loop _ E : d: o Boxs i BoX; i i0i d”l
10111213 lol11213 0%1%2°%3 Dio Dilpig Dig
o<1 <12<13

1
. . - d
-, ., ! 6 ¥ ‘1allg 111 — -
+ E Cigiyiog I la'ngleioiﬂz I lanolezozlw o Dio Dil Di?
io <i1 <7:2 ].
o d
-+ E b'i.:) i1 Bu})bleioil BUbblele B o Dz'o Dil

10<11
1

L0

d
+ Z a;, Tadpole;_ ladpole;, d ZD—.
1o

+R + O(e)

The a, b, ¢, d and R coefficients depend only on external parameters
and momenta.

Reduction of the loop to these scalar coefficients can be achieved using
either Tensor Integral Reduction or Reduction at the integrand level

MCNET BEIJING HUA-SHENG SHAO
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TENSOR INTEGRAL REDUCTION

¢ Passarino-Veltman reduction:

; 1
- E coeft; / d°
'D'm—l ; . DOD1°'°

e Reduce a general integral to “scalar illregl‘als" by

"Complering the square'

* Example:
Application of PV to this triangle rank-1 integral

p+q / 4" "
(2m)™ (12 = m3)((I +p)* — m3)((l + q)? — m3)

ju

o Implemented in codes such as:

COLLIER [A. Denner, S .Dittmaier, L. Hofer, 1604.06792]
GOLEM9S [T. Binoth, J.Guillet, G. Heinrich, E.Pilon, T.Reither, 0310.0992]

MCNET BEIJING HUA-SHENG SHAO
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TENSOR l[lSTEGRAl REDUCTION

d™| |
/ 2m)™ (12 = m})((L + p)? — m3)((l + q)® — m3)

* The only independent four vectors are p# and ¢# . Therefore, the integral

must be proportional to those. We can set-up a system of linear equations

and try to solve for C and (o

/ d™l [H | ' )
(2m)™ (12 — m%)((l +p)? — m%)((l +q)? — m%) Cy

We can solve for Cy and Cs by contracting with p and ¢

(m)=()-¢(a)=(a%%:)(a)
Ry 21 - g Co ) \2p-q 2q-q Co
where [21 ' ])] = f (g;:)ln l'z(l+p2)lé]()l+q)2 (For simplicity, the masses are neglected here)

* By expressing 2/.p and 2[4 as a sum of denominators we can express R and
R> as a sum of simpler integrals, e.g.

B dnl 21 P B dl (l +p)2 — 12 — P2
Rl _/ 2m)m (I +p)*(+q)? / (2m)™ (L +p)* (I + q)?

B / 1 / d"l 1 ) / dnl 1
J @m)nB(l+q)? (2m)™ (I +p)*(1 (2m)™ (L + p)* (1 + q)°

MCNET BEIJING HUA-SHENG SHAO
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TENSOR INTEGRAL REDUCTION

e And similarly for R

/ dnl A - q A"l (1+q)*> =12 —-¢°
RQ - (

2m)n 2(L+p)?(1+4q)2 ) (2m)" 2(1+ p)%(l + q)?

B / l 1 / dnl 1 , [ dnl 1
~ ) @ 2+p)? ) o +p2(+a? ) o BI+p)20+ )
Now we can solve the equation
(Rl)z([le]):G(Cl):(?p'p 2p-q)(C1>
Ry 2L - ¢ Co ) \2p-q 2q-q C
by Inverting the “Gram” matrix &
Cvl _ (1 Rl
@ Ro

We have re-expressed, reduced, our original
integral

d™l [H y
/ P2 (B (s e (e Rl G )(

in terms of known, simpler scalar integrals

MCNET BEIJING HUA-SHENG SHAO
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Ossola, Papadopulos, Pittau (NPB’06)

INTEGRAND REDUCTION @

TIR OPP

- The decomposition to the Knowing a relation directly at
basis scalar integrals the integrand level, we would
works at the level of the be able to manipulate the
integrals reduction without doing the

the integrals

1-loop __ ; ' ]
C = E Aigiyizia BOXigiyigis N = D> (digiyigis + digirinis) D;

10<11<12<13 10.21.12,13 17#10,11,12,13

+ E ('?'()?"1fl-"r‘[wria’ngleioiliz ; Z (('mhiz ; ('z'.n'z'1i-2) H Dz’.

10,211,212 1710,21.12

10<11 <1 | -
T T Z(_bioil + 1)"'»0’171) H D;
+ Y biyi, Bubblej,, istini
10<11 -+ Z(”i” -+ (Nl,'(,‘) H Di
-+ Z a;, Tadpole; 0 S
, +P() ][ D:i + O(e)

10

+1 + O(e)
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Ossola, Papadopulos, Pittau (NPB’06)

INTEGRAND REDUCTION @

TIR OPP

- The decomposition to the Knowing a relation directly at
basis scalar integrals the integrand level, we would
works at the level of the be able to manipulate the
integrals reduction without doing the

the integrals

1-loop __ § T ' ]

i0<'i1<'i2<?:3 10.21,12,13 l-,—ln 11.122.13

+ E ('z'(.,;.l‘g.jTriangleioiliz J Z (("inl'112 (l()zllg H D;

10,121,212 i#10,11,19

10<t1 <1 _ -
T T Z(l"fuil + bioil) H D;
+ Z /)1'1)1'1 Bl.lbb].ez()zl 10,21 1#10,11
10<t1 T Z(”i() 1 a‘i()) H Di
-+ Z a;, Tadpole;_ 0 S
+P() ] Di + O)

io

+1 4+ O(e) Spurious term

MCNET BEIJING HUA-SHENG SHAO
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INTEGRAND REDUCTION

® The functional form of the spurious terms is known (it depends on the

rank of the integral and the number of propagators in the loop) [del
Aguila, Pittau 2004]

® for example, a box coefficient from a rank | numerator is

~

_ Wwpo ]
dio’il’iz’is(l) dlol11213 ertr l'LplpOp‘S

(remember that p; is the sum of the momentum that has entered the
loop so far, so we always have po = 0)

® The integral is zero

(Id[ (1207«1@223(1) _ (Zi0i1i2i3 /ddl errre l“pll/pgpg — ()

DoD1 Dy D5y DoD1 Dy D5

MCNET BEIJING HUA-SHENG SHAO
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INTEGRAND REDUCTION @
» Take Box (4-point) coefficients as an example

m—1

N(I7) = dp123 + (20123(1“) H D; (=)
i#£0.1,2.3

® T\VO Values are enough given tlle functional fOI‘Ill fOI" the

spurious term. We can immediately determine the Box

coefficient

1 N (IF) N(I7)
m—1 ! m—1 .
H’i;ﬁO,l,Q,B Di(ﬁ) H-i;éO,l,Q,B Di(l )_

* By clloosing other values for /, that set other combinations of

d0123 —

—

4 “denominators”’ to zero, we can get all the Box coefficients

MCNET BEIJING HUA-SHENG SHAO
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INTEGRAND REDUCTION

* |In general:

ml ., ; ) ml - To solve the OPP reduction,
. <.Z<:. - [ ioiniaia + diiyiaia )] H *  choosing special values for the
<11 <12<13
loop momentum helps a lot

For example, choosing [ such that
Do(I7) = Dy (IF) =
= Dy(IF) = D3(I*) =0

sets all the terms in this equation
to zero except the first line

There are two (complex)
solutions to this equation due to
the quadratic nature of the
propagators

MCNET BEIJING HUA-SHENG SHAO
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INTEGRAND REDUCTION

* |In general:

2 m—1 m—1 R
N(l) = Z [dioi1i2i3 + Jio‘ilizis (l)] H D;

10<11 <12<13

Now we choose | such that
Do(1') = Dy (1") = Dy(I%) = 0

sets all the terms in this equation
to zero except the first and

second line

=\

C) Coefficient computed in a previous step

MCNET BEIJING HUA-SHENG SHAO
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INTEGRAND REDUCTION

* |In general:

p
N(l) =

m—1
Z [dioilizia + digiqizis (1)

o<1 <12<13
\_

e
| Z | [Cioi1i2 + Cigiyig (l)]

C) Coefficient computed in a previous step

MCNET BE
Friday, June 11, 21

IJING

Now, choosing | such that

Do(ll) _ Dl(lz) — 0

sets all the terms in this equation
to zero except the first, second

and third line

HUA-SHENG SHAO



INTEGRAND REDUCTION

* |In general:

-

m—1

Z [d‘ioilizia + J’io‘iligis (l)]

Go <11<12<13
=1

> [ciuiia + ivinia (D) . 'ﬁi 5

(0 <i1<i2 1710,11,12

Now, choosing | such that

Di(I'Yy =0

sets the last line to zero

C) Coefficient computed in a previous step

MCNET BEIJING HUA-SHENG SHAO
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INTEGRAND REDUCTION

* |In general:

‘ m—1

OE Y [dioi1i2i3+Jioi1i2i3(l)]

10<11 <i2<13
\_

(_711.—i

Z [Ce012+cz012(l)] H D;

19<211 <12 F10,11,12 .
>m—1 — Now, choosing | such that

5 0] 11 2 Dyt — 0

\20 <11 110,11

sets the last line to zero

= 0

C) Coefficient computed in a previous step
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D-DIMENMONAL COMPLEX @

* The previous expression should in fact be written in d
dimensions

/ dl N (I, €)
(2m)< DoD1Ds -+ D4

D; = (l__I_pi)Q_m?a po =0

MCNET BEIJING HUA-SHENG SHAO
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D-DIMENMONAL COMPLEX @

* The previous expression should in fact be written in d
dimensions

/ dl N (I, €)
(2m)< DoD1Ds -+ Dyy—y
D; = (Z_erz')Q —m;, po =0
* In numerical calculations, it is very convenient to perform
the following decomposition

[u:lu+[u 0n=0,1,2,3---,3— 2
/ / T "\

d — dim (—2¢) — dim 4d spacetime (—2¢)d space

4 — dim physical abstract

"' =0,u € (—2¢)d space " =0, u € 4d spacetime

MCNET BEIJING HUA-SHENG SHAO
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D-DIMENMONAL COMPLEX @

* The previous expression should in fact be written in d
dimensions

/ dl N (I, €)

(2m)< DoD1Ds -+ Dyy—y

D; = (Z_erz')Q —m;, po =0

* In numerical calculations, it is very convenient to perform
the following decomposition

[u:lu+[u 0n=0,1,2,3---,3— 2
/ / T "\

d — dim (—2¢) — dim 4d spacetime (—2¢)d space

4 — dim physical abstract

"' =0,u € (—2¢)d space " =0, u € 4d spacetime
N(l,e) = N(I +Nl,l~,e
[0 = N + K, 1,g

Suitable for numerical calc. Complement with special CT R;

MCNET BEIJING HUA-SHENG SHAO
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D-DIMENMONAL COMPLEX @

« Compute the remaining loop part in terms of rational
functions of external momentum invariants and masses

e
N
Ro = lim s S— (l’l’f)
e—0 (27T)d DOD1 R Dm—l

* For example, a gluon self-energy diagram:

N(l,e) = —2masdqpTr [7“ (J +my) " (i +y,+ mt)} €Ly

- After performing some Dirac algebra, we have

N(1,1, €) = 8masd g’ 1%e 6,
« Using the integration ( ) b3 "

~

/ di] 2 _
(27)d (l_2 — m3) ((l_+ pg)? —m?)
* We have Rz term

100 p
2 A7 0 ( Mt — 5 ) g et

MCNET BEIJING HUA-SHENG SHAO
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D-DIMENSMONAL COMPLEX

* It has been proven that Rz is only UV related. Therefore,
like renormalisation counterterms, they can be
reexpressed into R2 Feynman rules

QCD R:2 Feynman Rules

,,/:\| ”.’ jl-’ e \ -~ ,"I-‘
- ~ 0 ' [ E .II“ s A \lf‘ (‘i[ll .',". .‘,’,'..‘,I."',) \h‘
/AN o

. 0]
bing,

= Vert(G",Gh) Vert(G2,GY) - v I

= Vert(Q:, Q7 , gy L
Vert(Q}, @7) Vert(Q, Q7,) | " O (=P + 2mg,) Ay

Vert (67, G, GF)
Vert (G, G, ()
‘;u',» Prs P2, P3) Ypv' 12 " ',; * "H,n( 13 12 .l;n ! .‘t’p;.(/'l 13 Jy -

Vert(G2. Q). Q) = Gy~

wIre s l( ,__.2
'I.

)

SN2
T,'i p A',‘l . I T ’\”\')

Vert(GY, Q), Q)

_— .S " vl o
\(‘]'t ((:,1.(1_,,. (l‘)_ ’.,r',) —

F Y ) | ' ) ' , \
l\. 2 (1 | (.’;u'q,n | 2 (.‘;1,‘”14' T ( 3 ('/u' (G, Pl
QY

Cy = Tr({T*, T"YT°. T%)) (5N, + 2\gy N + 6N)
(Tr(TTT"TY) + Tr(T*TT"T)) (12N, + 4\yy N, + 10Ny)

(60 4 575" 4 65") , Co=Cilbe ) C3=Cibe d)
Draggiotis, Garzelli, Papadopoulos, Pittau (JHEP’09); HSS, Zhang, Chao (JHEP’I I)
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D-DIMENSMONAL COMPLEX

* In integrand reduction, additional rational terms R1 are
needed !

‘ E 10112223 + (12021?,223)

’L() 21 22 23 1 2() ,21,22.,13

+ E Cio’i1i2 + C’ioilzg I I ‘

10,21 .22 1510,21,12

+ Z(bioz‘,l T z;ioil) H

10.21 Z7é10 11

—I—Z i, + (120) l_b

i#i0 integration of this piece

+ P(I) H‘* O(c gives rise R

« Can be included in OPP reduction

4d couterparts * Not needed in TIR reduction

MCNET BEIJING HUA-SHENG SHAO
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GENERICS

Real
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NLO ANATOMY @

» Three parts need to be computed in a NLO calculation

ONLO = /d<1>(”>8+/d®(”)v+/d<1>(“+1>72

Born Virtual Real
Cross section correction correction

A B A

B
Virtual = —2+—+V R.eal:—é—.z——-k}?

€ € €
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NLO ANATOMY @

» Three parts need to be computed in a NLO calculation

ONLO = /d<1>(”>8+/d®(”)v+/d®(”+1>72

Born Virtual Real
Cross section correction correction

Virtual = 3

MCNET BEIJING HUA-SHENG SHAO
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NLO ANATOMY @

» Three parts need to be computed in a NLO calculation

ONLO = /d<I>(”)B+/d®(”)v+/d<1>(”+1)72

Born Virtual Real
Cross section correction correction

Virtual = %4- K_F V Real = —
€3 €;
do
A

dq \—I—oo

o

») 1

B + R4V
=~ S——

ogLO NLO correction

MCNET BEIJING HUA-SHENG SHAO
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BRANCHING: TO BE OR NOT TO BE @

® Let us consider the branching of a gluon from a quark

p a,Cr dz dk?
o= 9 Oh = Op :
- =i b T 1—2z k?

E=(1-z)p

Where k; is the transverse momentum of the gluon k=FEsin®.
It diverges in the soft (z—1) and collinear (k; —-0) region

® These singularities cancel with the virtual contribution, which
comes from the integration of the loop momentum

p - asCr dz dk?
% % Oh4v = —Ohp 1 — - 12
- \ﬁw; n — 2 Ky

® The cancelation happens if we cannot distinguish between the
case of no branching, and of a soft or collinear branching

MCNET BEIJING HUA-SHENG SHAO
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IR SAFETY

* In order to have meaningful fixed-order predictions in
perturbation theory, observables must be IR-safe, i.e. not
sensitive to the emission of soft/collinear partons

11|I|Il 0(17 727 73_17]7]+17 7n) :O(la 7237 7.]_17.]—'_17 7n)
Pil||Pj

lim O(1,--,i—1,4,i+1,--,n)=0(1,-,i—1,i+1,---,n)

pi—0

* For example,

The number of gluons is NOT IR safe.

The Ieading pT/energy particle iIs NOT IR safe (soft or collinear unsafe ?).
The colour in a given cone is NOT IR safe (soft or collinear unsafe ?).

The transverse energy sum is IR safe.

MCNET BEIJING HUA-SHENG SHAO
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A TOY EXAMPLE

« Assuming the phase space integration can be casted into
a one-dimensional case x € |0,1] :

\IR divergence

MCNET BEIJING HUA-SHENG SHAO
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A TOY EXAMPLE @

1
O (O) V —+ / drr— 2€1R O (Qj) R Dimensionally regularise in x !
0

 We have used:

$_1_2€IR .
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PHASE-SPACE SLICING @

* In general, the phase-space integration over real matrix
element is very hard. Dedicated general approaches are
developed!

* Phase-space slicing

/01 drz~ 129" O (1) R(z)

0.6

\IR divergence

0.4

0.2

g\ /\ } oz (x107)
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PHASE-SPACE SLICING @

* In general, the phase-space integration over real matrix
element is very hard. Dedicated general approaches are

developed!
* Phase-space slicing

/ o2 O (2) R

\IR divergence (/ / ) —1-2
- — dxx “TO(z)R(z)
/\ 5—>O o ( ) 5 QEIR)
\‘l (x10~ 2613
dxx LO(z)R(z) + er term)

5

20— (0)[5( ! log5>

2€IR

+/1 drx 1O(z)R(x)

")

MCNET BEIJING HUA-SHENG SHAO
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PHASE-SPACE SLICING @

* In general, the phase-space integration over real matrix

element is very hard. Dedicated general approaches are

developed ! finite integral

- Phase-space slicing (can be computed numerically)

1 '
\IR divergence

/ o2 O (2) R

_ (/ /)dml %m0 (2) R(x)
—>O —O 5 QEIR)
/\q (%10~ ()QEIR
dxx 'O(z)R(x) + er term)

5

20 ~0(0)B (2 : log(S)

€IR

— ,
:/5 drz ' O(z)R(z)

HUA-SHENG SHAO
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PHASE-SPACE SLICING @

* In general, the phase-space integration over real matrix
element is very hard. Dedicated general approaches are

developed ! finite integral
- Phase-space slicing (can be computed numerically)

/ o2 O (2) R

\IR divergence (/ /) —1-2
- — dxrx “RO(x)R(x)
—>O 2
—C’) J T 2€R
/\q (%10~ ()2€IR )
dxx LO(z)R(z) + er term)

5
1
20 ~0(0)B ( log 5)
‘2€TR 7

Power 0 terms are suppre§sed i / dzr~tO(z)R(x)
Large numerical cancellations ! 3
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SUBTRACTION @

* In general, the phase-space integration over real matrix
element is very hard. Dedicated general approaches are
developed!

* Subtraction method
+ Find a generic simple function S has exactly same IR singularity as real matrix element
lim O(z)S = lim O(z)R lim O(z)S = lim O(x)R
pillp; pillp; pi—0 pi—0
+ ... but much easier to integrate analytically.

1
O(O)V+/ drr " O(z)R
0

— (O(O)V + /01 d:L‘x_QGIRO(:U)S> + /01 drz " O(z) (R — S)

MCNET BEIJING HUA-SHENG SHAO
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SUBTRACTION @

* In general, the phase-space integration over real matrix
element is very hard. Dedicated general approaches are
developed!

* Subtraction method
+ Find a generic simple function S has exactly same IR singularity as real matrix element

lim O(2)S = lim O(2)R  lim O(x)S = lim O(z)R

pil|p; pillp; pi—0
+ ... but much easier to integrate analytically.

1
O(O)V+/ drr " O(z)R
0

1 1
— (O(O)V +/ d:L‘:I:_QGIRO(:U)S> +/ drz " O(z) (R — S)
) .

MCNET BEIJING HUA-SHENG SHAO
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SUBTRACTION @

* In general, the phase-space integration over real matrix
element is very hard. Dedicated general approaches are
developed!

* Subtraction method
+ Find a generic simple function S has exactly same IR singularity as real matrix element
lim O(z)S = lim O(z)R lim O(z)S = lim O(x)R
pillp; pillp; pi—0 pi—0
+ ... but much easier to integrate analytically.

1
O(O)V+/ drr " O(z)R
)

Analytically known

MCNET BEIJING HUA-SHENG SHAO
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SUBTRACTION @

* In general, the phase-space integration over real matrix
element is very hard. Dedicated general approaches are
developed!

* Subtraction method
» Find a generic simple function S has exactly same IR singularity as real matrix element
lim O(z)S = lim O(z)R lim O(z)S = lim O(x)R
pillp; pillp; pi—0 pi—0
+ ... but much easier to integrate analytically.

1
O(O)V+/ drr " O(z)R
)

Analytically known Integrating numerically
in 4d

MCNET BEIJING HUA-SHENG SHAO
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SUBTRACTION

* In general, the phase-space integration over real matrix
element is very hard. Dedicated general approaches are
developed!

 Subtraction method

0.6

\IR divergence

0.4

0.2

Friday, June 11, 21
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SUBTRACTION

* In general, the phase-space integration over real matrix
element is very hard. Dedicated general approaches are
developed!

» Subtraction method
» In above toy example

S:C\KXB@(f—CE) \v/gE (071]

s X

§

HUA-SHENG SHAO
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SUBTRACTION @

* In general, the phase-space integration over real matrix
element is very hard. Dedicated general approaches are
developed!

» Subtraction method
» In above toy example

x B@(f — CE)

s X

g —

+ Letususe O(x) = O(0)

HUA-SHENG SHAO
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SUBTRACTION

* In general, the phase-space integration over real matrix
element is very hard. Dedicated general approaches are
developed!

» Subtraction method
» In above toy example

S:C\KXB@(f—ZE) \v/gE (071]
+ Letususe O ):WO(O) ’

§

1
/ drx 2R O(z)S = —a—XO(O)B ( L 10gf>
0

T 261R

No approximation !
Numerical cancellations mitigated !

r (x1071)

HUA-SHENG SHAO
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NLO SUBTRACTION

 Master formula:
ONLO = /dq><”>8+/d<1><”>v+/dq><”+1>72

 The subtraction counterte_rm S should be chosen:

* It exactly matches the singular behaviour of real ME
* It can be integrated numerically in a convenient way
* It can be integrated exactly in d dimension

* ltis process independent (overall factor times Born ME)

* |n gauge theory, the singular structure is universal

(p+ k) = 2E,E(1 — cos O,

¢ Collinear singularity:
lim |M,11]? >~ |M,|* PAF(2)
p//k

¢ Soft singularity:

: PiPi
lim |My1]® ~ ) | M7 [P—*
k—}%) | '+1| zlj: | " | ])ik pjllﬂ
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TWO WIDELY-USED SUBTRACTION METHODS

Dipole subtraction FKS subtraction
Catani, Seymour, hep-ph/9602277 & hep-ph/9605323 Frixione, Kunszt, Signer, hep-ph/9512328

® Most used method ® |ess known method

® Recoil taken by one parton ® Recoil distributed among all particles
— N3 scaling — N2 scaling
Method evolves from cancelation of Probably (?) more efficient because less
soft divergences subtraction terms are needed
Proven to work for simple and Method evolves from cancelation of
complicated processes collinear divergences
Automated in MadDipole, Proven to work for simple and

AutoDipole, Sherpa, Helac-NLO, ... complicated processes
Automated in MadGraph5_aMC@NLO

and in the Powheg box/Powhel

MCNET BEIJING HUA-SHENG SHAO
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FKS SUBTRACTION @

* The real ME singular as
IR limit 1 1
—

R
& 1 — Yij Yi; = COS 0,

 Partition the phase space in order to have at most one sof
and/or one collinear singularity

Rd®" T =% 5 R Y Si=1
2]

1]
Sijﬁlifpi'pj — 0
* Use plus prescriptions to subtract the divergences

1
) (2 Y 60w symaoees
+ +

1 —yij

f(§) — f(0) 1 : ,9W) —g(1)
¢ ./dy(l—y) YTy

MCNET BEIJING HUA-SHENG SHAO
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FKS SUBTRACTION

- Counterevents:
® Soft counterevent (5;—0)
® Collinear counterevents (y;j—1)
® Soft-collinear counterevents (5;—0 and y;;—1)

Real emission Subtraction term

® |f i and j are on-shell in the event, for the counterevent the

combined particle i+j must be on shell
® /+j can be put on shell only be reshuffling the momenta of the

other particles
® |t can happen that event and counterevent end up in different

histogram bins
® Use |R-safe observables and don’t ask for infinite resolution!

MCNET BEIJING HUA-SHENG SHAO
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A FEwW ADVANCED TOPICS

More Is Different

Broken symmetry and the nature of
the hierarchical structure of science.

P. W. Anderson

MCNET BEIJING HUA-SHENG SHAO
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A FEwW ADVANCED TOPICS

nt

Strong force
binds the nucleus _________force bindsatoms 3

Weak force in

] Gravitational force
3 ~ radioactive decay §

binds the solar system

MCNET BEIJING HUA-SHENG SHAO

Friday, June 11, 21



GENERAL FEATURE OF EW CORRECTIONS

* Let us start from defining NLO “EW Corrections” (= “EWC?”)
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GENERAL FEATURE OF EW CORRECTIONS

* Let us start from defining NLO “EW Corrections” (= “EWC?”)

Parton distribution

functions
(from experiment)

—

(“arbitrary”)

The “femto-universe”

size = factorization scale M,:

SAhort-distance Cross section
O’((}fs, L /1/{)

predictable using perturbative QCD

O(pp — 4+ X) — /dxldef(xla/LF)f(xQMLLF)a-(&S?UFaMR)

MCNET BEIJING
Friday, June 11, 21
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GENERAL FEATURE OF EW CORRECTIONS

* Let us start from defining NLO “EW Corrections” (= “EWC?”)
LO NILO
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GENERAL FEATURE OF EW CORRECTIONS

* Let us start from defining NLO “EW Corrections” (= “EWC?”)
LO NILO NNLO
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GENERAL FEATURE OF EW CORRECTIONS

* Let us start from defining NLO “EW Corrections” (= “EWC?”)

« So far, it seems obvious that EWC is just one more (X expansion wrt Born
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GENERAL FEATURE OF EW CORRECTIONS

* Let us start from defining NLO “EW Corrections” (= “EWC?”)

« So far, it seems obvious that EWC is just one more (X expansion wrt Born
+ Situation may be more complicated
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GENERAL FEATURE OF EW CORRECTIONS

* Let us start from defining NLO “EW Corrections” (= “EWC?”)

« So far, it seems obvious that EWC is just one more (X expansion wrt Born

+ Situation may be more complicated
- There may present several order contributions in Born (e.g. dijet)
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GENERAL FEATURE OF EW CORRECTIONS

* Let us start from defining NLO “EW Corrections” (= “EWC?”)

« So far, it seems obvious that EWC is just one more (X expansion wrt Born

+ Situation may be more complicated
- There may present several order contributions in Born (e.g. dijet)

o o= K
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GENERAL FEATURE OF EW CORRECTIONS

* Let us start from defining NLO “EW Corrections” (= “EWC?”)

« So far, it seems obvious that EWC is just one more (X expansion wrt Born

+ Situation may be more complicated
- There may present several order contributions in Born (e.g. dijet)

;X

@

LO EW
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GENERAL FEATURE OF EW CORRECTIONS

* Let us start from defining NLO “EW Corrections” (= “EWC?”)

« So far, it seems obvious that EWC is just one more (X expansion wrt Born

- Situation may be more complicated
« There may present several order contributions in Born (e.g. dijet)

X

@

e >

MCNET BEIJING HUA-SHENG SHAO
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GENERAL FEATURE OF EW CORRECTIONS

* Let us start from defining NLO “EW Corrections” (= “EWC?”)

« So far, it seems obvious that EWC is just one more (X expansion wrt Born

- Situation may be more complicated
- There may present several order contributions in Born (e.g. dijet)

X o2

@ @

LO EW

WWG °

2
20X XX

MCNET BEIJING HUA-SHENG SHAO
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GENERAL FEATURE OF EW CORRECTIONS

* Let us start from defining NLO “EW Corrections” (= “EWC?”)
« So far, it seems obvious that EWC is just one more (X expansion wrt Born

+ Situation may be more complicated
There may present several order contributions in Born (e.g. dijet)
The usually ignored off-shell effect may be important ' /M ~ «
Photon PDF will be quite relevant, which was usually poorly determined until LUXged
Photon and jet is not well separated (need fragmentation function or some approximations)
If phase space is enough, EW boson radiation will be quite often (do we need them ?)
The general matching between matrix element and parton shower will be difficult

PP — ete vy

I lllllll I I llllll}

o
n

relative importance of v-induced

channels wrt. NLO QCDxEW

CT14qed (baseline) no vPDF
LUXqged NNPDF3.0qged

| E !

I

7

I.
L1 11l e

de/dong/o acp <ew

. ’ h " YPDF === CT14 ®®*® none
Kallweit et aleEP |7 - === LUX === NNPDF3.0
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GENERAL FEATURE OF EW CORRECTIONS

* Let us start from defining NLO “EW Corrections” (= “EWC?”)

« So far, it seems obvious that EWC is just one more (X expansion wrt Born
+ Situation may be more complicated

- There may present several order contributions in Born (e.g. dijet)

+ The usually ignored off-shell effect may be important I' /M ~ «

* Photon PDF will be quite relevant, which was usually poorly determined until LUXqged

Photon and jet is not well separated (need fragmentation function or some approximations)
If phase space is enough, EW boson radiation will be quite often (do we need them ?)

- The general matching between matrix element and parton shower will be difficult

* Three (X schemes are frequently used

. Oz(()) scheme: appropriate for external final photon (see e.g., 2106.02059)
-a(Mz)scheme: works good for internal photon
. Gu scheme: works good for weak bosons and well measured

MCNET BEIJING
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GENERAL FEATURE OF EW CORRECTIONS

* Let us start from defining NLO “EW Corrections” (= “EWC?”)

« So far, it seems obvious that EWC is just one more (X expansion wrt Born
+ Situation may be more complicated

- There may present several order contributions in Born (e.g. dijet)

+ The usually ignored off-shell effect may be important I' /M ~ «

* Photon PDF will be quite relevant, which was usually poorly determined until LUXqged

Photon and jet is not well separated (need fragmentation function or some approximations)
If phase space is enough, EW boson radiation will be quite often (do we need them ?)

* The general matching between matrix element and parton shower will be difficult

* Three (X schemes are frequently used

. Oz(()) scheme: appropriate for external final photon (see e.g., 2106.02059)
-a(Mz)scheme: works good for internal photon
. Gu scheme: works good for weak bosons and well measured

Shall we use different scheme/renormalization for different vertices in one diagram ?
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GENERAL FEATURE OF EW CORRECTIONS

* Let us start from defining NLO “EW Corrections” (= “EWC?”)

« So far, it seems obvious that EWC is just one more (X expansion wrt Born
+ Situation may be more complicated

- There may present several order contributions in Born (e.g. dijet)

+ The usually ignored off-shell effect may be important I' /M ~ «

* Photon PDF will be quite relevant, which was usually poorly determined until LUXqged

* Photon and jet is not well separated (need fragmentation function or some approximations)
- If phase space is enough, EW boson radiation will be quite often (do we need them ?)

* The general matching between matrix element and parton shower will be difficult

* Three (X schemes are frequently used

. Oz(()) scheme: appropriate for external final photon (see e.g., 2106.02059)
-a(Mz)scheme: works good for internal photon
. Gu scheme: works good for weak bosons and well measured

Shall we use different scheme/renormalization for different vertices in one diagram ?

* Use Knro qep x Knvo ew O capture the missing higher order ?

MCNET BEIJING
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ENHANCE EW CORRECTIONS @

- Enhance EWC by Yukawa coupling
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ENHANCE EW CORRECTIONS @

- Enhance EWC by Yukawa coupling

2
. e.g. H+2jets at LHC, EWC ~ ¢ Mi ~ 5o,
ms2, M3z,

MCNET BEIJING HUA-SHENG SHAO

Friday, June 11, 21



ENHANCE EW CORRECTIONS @

- Enhance EWC by Yukawa coupling

2
. e.g. H+2jets at LHC, EWC ~ ¢ Mi ~ 5o,
TSs2 M%V

- Enhance EWC by electromagnetic logarithms
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ENHANCE EW CORRECTIONS @

- Enhance EWC by Yukawa coupling

2
. e.g. H+2jets at LHC, EWC ~ ¢ Mi ~ 5o,
ms2, M3z,

- Enhance EWC by electromagnetic logarithms

2

* |Initial-state radiation at electron-positron collision, EWC ~ alog mg ~ 3%

e
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ENHANCE EW CORRECTIONS @

- Enhance EWC by Yukawa coupling

2
. e.g. H+2jets at LHC, EWC ~ ¢ Mi ~ 5o,
ms2, M3z,

- Enhance EWC by electromagnetic logarithms

2

* |Initial-state radiation at electron-positron collision, Ewg ~ alog —£ ~ 3%

* Final-state radiation for exclusive muon, EWC ~ 4 1og M_QZ ~ 2%

my,

2
me
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ENHANCE EW CORRECTIONS @

- Enhance EWC by Yukawa coupling

2
. e.g. H+2jets at LHC, EWC ~ ¢ Mi ~ 5o,
ms2, M3z,

- Enhance EWC by electromagnetic logarithms ;

* |Initial-state radiation at electron-positron collision, Ewg: ~ alog —£ ~ 3%

Vi m2
* Final-state radiation for exclusive muon, EWC ~ ¢ log —= ~ 2%
m
o

- Enhance EWC by EW Sudakov logarithms
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ENHANCE EW CORRECTIONS @

- Enhance EWC by Yukawa coupling

2
. e.g. H+2jets at LHC, EWC ~ ¢ Mi ~ 5o,
ms2, M3z,

- Enhance EWC by electromagnetic logarithms ;

* |Initial-state radiation at electron-positron collision, Ewg ~ alog mg ~ 3%
* Final-state radiation for exclusive muon, EWC ~ 4 1og M_QZ ~ 2%

m
- Enhance EWC by EW Sudakov logarithms

v’
- EW Sudakov logarithms come from exchange of virtual weak bosons

” Leading Log  Next-to-Leading Log
| S Q 5 Q? 3o Q*

| CNLL = log

~ e g 10g wsZ° M2,

2 2
mSZ, M i

e.g.
Q — 1 TeV —C1,I, X 26% -+ CNLI, X 16%
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ENHANCE EW CORRECTIONS @

- Enhance EWC by Yukawa coupling

2
. e.g. H+2jets at LHC, EWC ~ ¢ Mi ~ 5o,
ms2, M3z,

- Enhance EWC by electromagnetic logarithms ;

* |Initial-state radiation at electron-positron collision, Ewg ~ alog mg ~ 3%
* Final-state radiation for exclusive muon, EWC ~ 4 1og M_QZ ~ 2%

m
- Enhance EWC by EW Sudakov logarithms

v’
- EW Sudakov logarithms come from exchange of virtual weak bosons

* Unlike logarithms generated by gluon/photon, such a logarithm cannot cancel
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ENHANCE EW CORRECTIONS @

- Enhance EWC by Yukawa coupling

2
. e.g. H+2jets at LHC, EWC ~ ¢ Mi ~ 5o,
ms2, M3z,

- Enhance EWC by electromagnetic logarithms ;

* |Initial-state radiation at electron-positron collision, Ewg ~ alog mg ~ 3%
* Final-state radiation for exclusive muon, EWC ~ 4 1og M_QZ ~ 2%

m
- Enhance EWC by EW Sudakov logarithms

v’
- EW Sudakov logarithms come from exchange of virtual weak bosons

* Unlike logarithms generated by gluon/photon, such a logarithm cannot cancel

* One does not treat W/Z inclusively as they can be (at least partially) reconst.
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ENHANCE EW CORRECTIONS @

- Enhance EWC by Yukawa coupling

2
. e.g. H+2jets at LHC, EWC ~ ¢ Mi ~ 5o,
ms2, M3z,

- Enhance EWC by electromagnetic logarithms ;

* |Initial-state radiation at electron-positron collision, Ewg ~ alog mg ~ 3%
* Final-state radiation for exclusive muon, EWC ~ 4 1og M_QZ ~ 2%

m
- Enhance EWC by EW Sudakov logarithms

v’
- EW Sudakov logarithms come from exchange of virtual weak bosons

* Unlike logarithms generated by gluon/photon, such a logarithm cannot cancel
* One does not treat W/Z inclusively as they can be (at least partially) reconst.

- Even treat W/Z as inclusive as gluon/photon: initial state is not SU(2) singlet

u d S w
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ENHANCE EW CORRECTIONS

* Enhance EWC by Yukawa coupling

PP et U vy

nIT9

llllllll ] lllllll]

LHC13 RV
HR = HF JIHTP —
CT14 QEDq om,

do/dpr [pb/GeV]

s NLO QCD
== NLO EW

= NLO QCD+EW
s NLO QCDxEW

I I I I

I

I

_/

Kallweit et al. JHEP’ | 7
absolute prediction

relative correction wrt. LO

lllllllll

4— NLO QCD (w/ moderate jet veto)

ancel

54_ O nst.
: O QCD+EW jlet
O QCDxEW

| O EW he

Q

MCNET BEIJING
Friday, June 11, 21

Large +QCD corr. cancel
with large -EWV corr.

QCDxEWV differs
significantly wrt QCD+EW
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ENHANCE EW CORRECTIONS @

- Enhance EWC by Yukawa coupling

2
. e.g. H+2jets at LHC, EWC ~ ¢ Mi ~ 5o,
ms2, M3z,

- Enhance EWC by electromagnetic logarithms ;

* |Initial-state radiation at electron-positron collision, Ewg ~ alog mg ~ 3%
* Final-state radiation for exclusive muon, EWC ~ 4 1og M_QZ ~ 2%

m
- Enhance EWC by EW Sudakov logarithms

v’
- EW Sudakov logarithms come from exchange of virtual weak bosons

Unlike logarithms generated by gluon/photon, such a logarithm cannot cancel

One does not treat W/Z inclusively as they can be (at least partially) reconst.

Even treat W/Z as inclusive as gluon/photon: initial state is not SU(2) singlet

However, EW Sudakov logarithms is not always relevant in Sudakov regime

- e.g. Drell-Yan at large invariant mass receives large contributions from small t Dittmaier et al.’ |0

MCNET BEIJING HUA-SHENG SHAO
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EW IN HIGH-ENERGY SCATTERINGS

PP — e’ BV Ty
lllI I 1 1 |Illl| I

BSM effects are expected to
be enhanced in the high-
energy scatterings

do/dm g [pb/GeV]

NLO EW
= LHC / HL-LHC

el 1. -> motivated BSM search go to
the tail

EW corr. increase up to tens of
percent due to EW Sudakov
logs

R R e e s SR
The EW log resummation is still
not mandatory@ (HL-)LHC as

ol <1

0/
SO
-~
'
o ~
Illlllll LI T T T ||||||||| TT

E_Plotl: by I"II Sch\onhlerr at Dull‘ha”ﬂ U.5

10 20 50 100 200 500 1000 2000 5000
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MADGRAPH5 AMC@NLO IN A NUTSHELL Q

Alwall et al. JHEP’14)

Madl oop FKS

> ./bin/mg5_aMC
MadGraph > generate process [QCD]

GGk MC@NLO > launch
B —

Friday, June 11, 21



MADGRAPH5 AMC@NLO IN A NUTSHELL Q

Alwall et al. JHEP’14)

FKS

Madl oop

> ./bin/mg5_aMC
MadGraph > generate process [QCD]

GGk MC@NLO > launch

r

DONE! Frederix et al. (JHEP’18)

| > ./binf/mg5> aMC
complete automation for > generate process [QCD QED]
QCD+EW > output

> launch
T —

Friday, June 11, 21



MADGRAPHO AMC@NLO: (OMPLETE NLO @

 Generation syntax for any LO and NLO (in v3.X): red . (HEP'I8)
rederix et al. ’

KMGS_aMC> generate p1 p2 > p3 p4 p5 p6 QCD=npax QED=mp.x [QCD QED] )

- -
- -

. nm_x_Narl M =M |
I

42 I'y[ N+l M-1 +1

® 06 o Q "

\/\/\ /
© o o

\_

LO : L < : m < : +m = kg,
NLO : Ta™ ., om < ., n+m=ky+1

Caveat: new generation syntax at http://amcatnlo.web.cern.ch/amcatnlo/co.htm

MCNET BEIJING HUA-SHENG SHAO
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MADGRAPHS> AMC@NLO: NLO EW

* Examples:
LO,
® 0 ¢
SN NN
O & 0 ¢

NLO>

Frederix et al. (JHEP’18)
I T 3 O

MadGraph5 aMC@NL

. NLO;
EW = LO,

MadGraph5 aMC@NLO

MadGraph5 aMCE@NLO

MCNET BEIJING HUA-SHENG SHAO
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MADGRAPHS_AMC@NLO: NLO EW

* Examples:

LO,

Frederix et al. (JHEP’18)

Process

Sy ntax Cross section (in pb)

LO NLO

Correction (in %)

5.2498 + 0.0005 - 10° 52113 + 0.0006 - 10° ~0.73 + 0.01

o
/NS
o O

NLO,

OEW =

MCNET BEIJING

Friday, June 11, 21

m - etv,

pp — et veg
m— ety
" - e e
m—rete)

pp > eve i3
m—=ete utus
pp = etv um b,
mp — Hevw,
pp — Heve™
m—Hj))

- WW-W+

pp — ZZW
> ZZZ
mw—+HZZ
mp — HZW™
-+ HHW™
mw—+HHZ
pp — W+
pp — 2

pp — tLH

pp —> L)

PP = JiJ

pp L]

PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP

PP
PP
PP
PP
PP
PP
PP

PP
PP
PP
PP
PP
PP

>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>
>

Z
h
h
h
h
t
t
t
t
J

t

e+ ve QCD=0 QED=2 [QED]

or

ve j QCD=1 QED=2 [QED]

e+ ve j j QD=2 QED=2 [QED]
e+ e~ (QCD=0 QED=2 [QED]

atr

or

e- j QCD=1 QED=2 [QED]
e~ j j QCD=2 QED=2 [QED]

e+ e~ mut mu~ QCD=0 QED=4 [QED]

a+t
h

h
h

wt

z

ve nu- va~ (QCD=0 QED=~4 [QED]
e+ ve QCD=0 QED=3 [QED]
e+ o~ QCD=0 QED=3 [QED]
j 5 QCo=0 QED=3 [QED]
w= w+ QCD=0 QED=3 [QED]
wt QCD=0 QED=3 [QED]

z QCD=0 QED=3 [QED]

z QCD=0 QED=2 [QED]

w+ (CD=0 QED=3 [QED]
wt QCD=0 QED=3 [QED]

z QCD=0 QED=3 [QED]

~ w+ (QCD=2 QED=1 [QED]
~ z (QCD=2 QED=1 [QED]

“ h QCD~2 QED=1 [QED]

J QD=2 Q=0 [QED]

j QCD=3 QED=0 [QED]
QCD=0 QED~2 [QED]

N N N

0.1468
3.1562
7.5367
1.5059
5.1424
1.2750
5.1144
67645

1.4554 +

2.8268
8.2874
1.0874
1.0761
2.1005

+ 0.0012 .
1R
. 10%
107
10!
102
10t
S0t
S04
P
<+ 0.0004 -
S0t
102
S0

+ 0.0003
+ 0.0008
+ 0.0001
+ 00004
+ 0.0000
+ 0.0007
+ 0.000]
001
+ 0.0002

-

+ 0.000]
+ 0.000]
+ 0.0003

2.4408 = 0.0000 -
Snd
26914 + 0.0003 -
24119 + 0.0003 -
O.0456 =+ 0.0006 -
10!
BlIs

20827 + 00001

24450 + 00004
3.0277 + 0.0003

7.9G639 + 0.0010 -

LOGLS + 00001 -

10%

1n-*

13

10—+

10t
10

10"
10?

0.0449
30985
7.4007
1.4909
50410
1.2083
5.3019
6.4914
1.A700
2.7075
88017
20159
0.9741
1.9155
2.4800
24250
2.3926
2.3025
5.0033

2.5102

+ 0.0014
+ 0.0005
< 0.0010
+ 0.0002 .
+ 00007 -
+ 0.000]
+ 0.0009

+ 00012 -
+ 00002 .
+ 00003
+ 0.0012 -
+ 00000 -
+ 0.000]
+ 0.0003
+ 0.0005 -
+ 0.0027 .
+ 0.0003
+ 0.0003 -
+ 0.0007 -
+ 000005 -
+ 0.0004
+ 0.0011 -

O+ 0.000] -

102
0P
107

10*
10

02
10t

104
10

1P

12
102

02
103

103
-4

(1

10!
1!
10!

Sl

109
10?

—-1.11
—-1.83
~0.49
~1.00
-1.97

-5.23

+ 0.02
+ 0.02
+ 0.02
+ 0.02
+ 0.02

+3.67 4

~4.00 4

4

d + R ..

-4.22 1

+6.21

+1.58 4
~0.47 4
~-8.81 4

+1.64 4
-1282 £ (
-11.10 +
—4.54 4
—0.84 4
+1.81

~1.96 +0.02
~0.21 +0.02

~0.70 + 0.02
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MADGRAPHO AMC@NLO: (OMPLETE NLO

« Examples: Frederix et al. JHEP'I8)

ot pp - tiZ - W - il o sty

LO, 42803 £ 00006 10%ph  S046% 4 000G 107" ph 24116 £0.0001 107" pb A4483 £ 00000 107" ph L0278 £ 0.0000 - 107 pb
1)y #0405 4 0001 % 0691 £ 0001 % #0000 £ 0000 % #0406 £ 0001 % #0525 £ 0001 %
Oy +0.630 £ 0.001 % #2250 £ 0.001 % +0.062 £ 0.000 % +0.702 £ 0.001 % +1.208 £ 0.001 %
LO, FOL00% £ 000D %
NLO; 446,164 4 022 % ¢4 500 4 0028 % +4O504 £ 0015 % P25, 847 4 020 % +26.571 £ 0063 %
NL Oy LOTS £ 0.003 % 0846 £ 0.004 % 4541 £ 0.003 % +1.704 £ 0.005 % 1L.OT1 £ 0.022 %
NLO, OS2 £ 02 %% FOEAS £ 0000 5% +12.242 £ 0.014 °% FOL48D & D08 % FO22 £ D007 R
NLOy 0,005 4+ 0000 % 0052 4+ 000 % #0017 £ 0003 % #0044 4 0000 % +0.000 4 0000 %
NLOs +0.005 £ 0.000 %

® 0 O
/ N/ N/ \
O 6 0 O

MCNET BEIJING HUA-SHENG SHAO
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AUTOMATION TOOLS FOR EW CORRECTIONY (@&

* Automation tools for QCD+EW on the market (so far)

Les Houches SM report 2017 (1803.07977)
 MadGraph5_aMC@NLO

* Openloops+Sherpa/Munich
Recola+Sherpa/BBMC/MoCaNLO

GoSam+Sherpa
NLOX (only an one-loop provider)

- Extensive validation among various tools is extremely important

. — - LO NLO LO NLO
pp—=ete utp o TR Ao Aoy

[fb] [fb] o] [l o] [l
average 11.49675[8]  10.88697[15]

MCBB+REcoLA 11.49648[12] 10.88669[22]
MunicH+OPENLoOOPS 11.49702[11] 10.88720[25]
MoCANLO+RECOLA 11.49666[26] 10.88734[56]
SHERPA+GoOSAM/OpPENLoOOPs/RECOLA 11.49670[34] 10.88737[77]
MADGRAPH5  AMC@NLO+MapLoopr 11.4956[22] 10.8860[63]

MCNET BEIJING HUA-SHENG SHAO
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A FEwW ADVANCED TOPICS

More Particle Is Different
SUPERSYMMETRY

’ )
L n L ¢
1933~
Moo
»
vk QN3 Skoctons oY ‘orce

Standard particles SUSY particles
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BSM TH/EXP INTERACTIONS: THE oLD WAY

Aut. Feyn. Rules
Any amplitude
Any x-sec
partonic events

Pythia

PGS

Paper




BSM TH/EXP INTERACTIONS: THE OLD WAY @

TH

PHENO

Aut. Feyn. Rules
Any amplitude
Any x-sec

partonic events




BSM TH/EXP INTERACTIONS AUGMENTED 0




BSM TH/EXP INTERACTIONS AUGMENTED 0

EXP

One path for all

Physics and software validations streamlined
Robust and efficient Th/Exp communication
It works top-down and bottom-up
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BSM TH/EXP INTERACTIONS AUGMENTED 0

EXP

One path for all

Physics and software validations streamlined
Robust and efficient Th/Exp communication
It works top-down and bottom-up

Focus in this lecture ! _
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NEW ISSUES WITH RICH PARTICLE SPECTRUM

* How to define final states at NLO without spoiling
perturbative convergence ?

MCNET BEIJING HUA-SHENG SHAO
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NEW ISSUES WITH RICH PARTICLE SPECTRUM

* How to define final states at NLO without spoiling
perturbative convergence ?

* Let us consider gluino pair production in SUSY

NLO diagram for gluino-pair
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NEW ISSUES WITH RICH PARTICLE SPECTRUM

- How to define final states at NLO without spoiling
perturbative convergence ?

* Let us consider gluino pair production in SUSY

NLO diagram for gluino-pair LO diagram for gluino-squark
with squark decay
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NEW ISSUES WITH RICH PARTICLE SPECTRUM

- How to define final states at NLO without spoiling
perturbative convergence ?

* Let us consider gluino pair production in SUSY

Frixione et al. (JHEP’19)

NLO diagram for gluino-pair LO diagram for gluino-squark
with squark decay

Simplified Treatments of Resonances

MCNET BEIJING HUA-SHENG SHAO
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MIMPLIFIED TREATMENTS OF RESONANCES

Frixione et al. JHEP’19)
* The formulation of the problem is:

LO: a+b — 0+ X
NLO(Real): a+b — §+~v+ X Wwith/without 3 — &4~

ﬂ) (8) non-resonance
‘Aa-b—>5‘fX o ab—>57X T Aa.b—>57X resonance

2
2 () ¢ ) (8)
|Aab—>5’7X‘ — Aa}.g—a»é'yX + 2R ( aig—ns')XAab—a»&yX) T lAab—nS'yX

* No fully satisfactory solutions but a few proposals:
Diagram Removal
istr=| < DR: remove the resonance diagrams/amplitude
istr=2 + DRI: remove the resonance amplitude squared

Diagram Subtraction ;,® { AP | o (Agﬁ&_\. Aj;;ﬂm.)+ Ag;)_&,_\.)“}(/(;,

9
. 2 (8) E
— f (,”6*’.) HD (l-’luh—.(i-,.\'

n")
.

(18)

(/(,')) .
DS subtraction term

DS-finalresh-runBW:P (FS momenta reshuffling), f (ratio of two BWs with running width
DS-initresh-runBW:P (IS momenta reshuffling), f (ratio of two BWs with running width)

DS-finalresh-stdBW:P (FS momenta reshuffling), f (ratio of two standard BWs)
DS-initresh-stdBW:P (IS momenta reshuffling), f (ratio of two standard BWs)
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MIMPLIFIED TREATMENTS OF RESONANCES

Frixione et al. JHEP’19)
* The formulation of the problem is:

LO: a+b — 0+ X
NLO(Real): a+b — §+~v+ X Wwith/without 3 — &4~

ﬂ) (8) non-resonance
‘Aa-b—>5‘fX o ab—>57X T Aa.b—>57X resonance

2
2 () 55 )
|Aab—>67X ‘ — Aa}.g—»éy){ + 2K ( aig—ns')X

* No fully satisfactory solutions but a few proposals:
Diagram Removal

istr=| < DR: remove the resonance diagrams/amplitude
istr=2 + DRI: remove the resonance amplitude squared

Diagram Subtraction ;,® { AP | o ( AP AD ) + Ag;)_&,_\.)“}(/(;,

9
. 2 (8) E
— f (,”6*’.) HD (l-’luh—.(i-,.\'

}Not gauge invariant

(/(,')) : ) (lb’)
DS subtraction term

istr=6 + DS-finalresh-runBW:P (FS momenta reshuffling), f (ratio of two BWs with running width

istr=4 < DS-initresh-runBW:P (IS momenta reshuffling), f (ratio of two BWs with running width)

istr=5 < DS-finalresh-stdBW:P (FS momenta reshuffling), f (ratio of two standard BWs)
istr=3 « DS-initresh-stdBW:P (IS momenta reshuffling), f (ratio of two standard BWs)

MCNET BEIJING HUA-SHENG SHAO
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MIMPLIFIED TREATMENTS OF RESONANCED

Frixione et al. JHEP’19)

Jets plus missing Et  pp — nj+ Er
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MIMPLIFIED TREATMENTS OF RESONANCED

Frixione et al. JHEP’19)
* Jets plus missing Et pp — nj+ Er
https://code.launchpad.net/~maddevelopers/mg5amcnlo/MadS TRPlugin

Gluino pair production at 13 TeV LHC

istr=1
istr=2
istr=3 ] > ./bin/mg5_aMC --mode=MadSTR

istr=4 > import model MSSMatNLO_UFO
IStr=>5 > generate p p > go go [QCD]

istr=6 )
L0 > output; launch

do{iguoar/dH [Pb/GeV]

MadGraph5 aMC@NLO

‘12 :—l

N

QO -

do V9462

1000 2000 3000 4000 5000 6000 7000
Hy [GeV]

MCNET BEIJING HUA-SHENG SHAO
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https://code.launchpad.net/%7Emaddevelopers/mg5amcnlo/MadSTRPlugin
https://code.launchpad.net/%7Emaddevelopers/mg5amcnlo/MadSTRPlugin

MIMPLIFIED TREATMENTS OF RESONANCED

Frixione et al. JHEP’19)

* Jets plus missing Et pp — nj+ Er

https://code.launchpad.net/~maddevelopers/mg5amcnlo/MadS TRPlugin

Gluino pair production at 13 TeV LHC

istr=1
istr=2
istr=3
istr=4
istr=5
istr=6

LO

aMC@NLO

S
()
Q)
~
O
=
|_
I
2
0.S
= 5
23
=3
O

_
N
II- | L) LA LRALS

N

QO -

do V9462

1000 2000 3000 4000 5000 6000 7000
Hy [GeV]

MCNET BEIJING
Friday, June 11, 21

Ibdlalclil&ralpllii

> ./bin/mg5_aMC --mode=MadSTR
> import model MSSMatNLO_UFO
> generate p p > go go [QCD]

> output; launch

Sensitive to large x PDF due
to initial momenta
reshuffling !

HUA-SHENG SHAO



https://code.launchpad.net/%7Emaddevelopers/mg5amcnlo/MadSTRPlugin
https://code.launchpad.net/%7Emaddevelopers/mg5amcnlo/MadSTRPlugin

MIMPLIFIED TREATMENTS OF RESONANCED

Frixione et al. JHEP’19)
* Jets plus missing Et pp — nj+ Er
https://code.launchpad.net/~maddevelopers/mg5amcnlo/MadS TRPlugin

-6
10 Gluino pair production at 13 TeV LHC

21 oo istr=1
107 e istr=2 — *

: e istr=3 ] > ./bin/mg5_aMC --mode=MadSTR
istr=4 > import model MSSMatNLO_UFO
istr=5 — > generate p p > go go [QCD]

istr=6 )
L0 > output; launch

aMC@NLO

Sensitive to large x PDF due
to initial momenta
reshuffling !

S
()
Q)
~
O
=
|_
I
2
0.S
= 5
23
=3
O

h’é&&ra{p}if

Important to check the
systematic dependencies !

1000 2000 3000 4000 5000 6000 7000
Hy [GeV]
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https://code.launchpad.net/%7Emaddevelopers/mg5amcnlo/MadSTRPlugin
https://code.launchpad.net/%7Emaddevelopers/mg5amcnlo/MadSTRPlugin

A FEwW ADVANCED TOPICS

More Operator Is Different

LsMEFT = LsMm

CZ(6) 056)
A2

C,L(S) OZ(S)
A4

2

1

p3

+ ...

MCNET BEIJING HUA-SHENG SHAO
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AN INSUE FOR SMEFT@NLO

Evanescent 4f Operators Slide by C. Zhang at

QCD@LHC-X 2020

4F operators that vanish in D=4, need to E.g. Nucl. Phys., B586:397-426, 2000.
be introduced so that Dirac algebra is L (5 P (PP — QVIL,
complete and closed in D dimension. . |

\ J q M &y P » \ '
(8% Yo PLd® )37 4# 4 4° Prd®) + (=16 + 4¢) QY™

[ 8\ /=8 _u T \ A VLL
(8o Yo Prd” ) (F 77"~ PLd™) + (—16 + 4¢)Q, L

=9 p= (av"y"y* PLT ) (Bvumyp PLT ) IR = (P "
+ (—16 + 4ae) (ﬂ-"/"'PI,TA?_.t.) (f’}',lPLTAt)

(5% Prd®) (74" Ppd®) + 2Q5%,
‘: g ,:',“,.' |;F';-1 )1'. d™ } l;.‘-._d " " '}'V‘[‘('[ ’Hd.;' ) L { —4 — 4e ) (J} R .

 — 8\ =8 , ’ = ) \ P a %
‘:.Saff,;"ll,"vi.l)[‘d IS "r""‘;'l "t'JI)H(P"' + ‘:K + B¢ ’Ql‘;u

* Which vanishes in 4D.

(5%0,, PLd®) (550" Ppd®) — 6¢Q5%,

(5%0,, PLd®) (5%0" Prd®) + 3¢QLR,

1

Loop results can depend on how they are (5 P (P + Lost _ Losi
U L :) 1 g 2

chosen (i.e. evanescent operator basis) ; (2 gy _ SLL _ 1 ot
> (5%, Prd”) (550" Prd®™) — 6Q7 — EQ:' .
(8" %Yo Yo Prd®) (874 P77 Pud®) + (—64 + 96€)QT™ + (—16 + 8¢)Q5",

It means that just “MSbar” is not sufficient
to specify a renormalization scheme. Have

149
to use, e.g. “MSbar + some evanescent Vi y? Py @ o Pr = E + (16 — dag)y* Py @ 7, P,

s
basis”. ,\".ll,),.”,}.PPL ® "."p'}"u"."uPL =—F+ [4 — (]2 — 4(1)5]’7“ Pr ® Tu Pp

L'._?H. ‘::5:...:,‘.',."“,.!“?(’ ’Ld’i::'l:‘.b'ﬁ'j'."‘-u")“)'}"’I’L(l”} N GIQN” + l —16 + 16¢ lQ;”

Other equivalent formulation exists.
“Greek projections”.
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NLO HELPS SMEFT @LHC

* Precision and accuracy

Degrande et al. (PRD"21) Degrande et al. (JHEP’18)

2.5
] K/10 O (A—‘ )

.

4,

L )
'}:l-

—y
o
w

1

i

®

do =
Pr [pb GeV 1]

SM
| w0 6, /A= -65[TeV?
@ 1o

o
X O

Multi-boson K-factors, LHC 13 TeV
O (A1)

BSM/SM  Scale +PDF [%)

8 v 8

e WWW m 7ZZW e WW & 7ZZ M
v WWZ % 77272 a WZ . < 0

()\_. W ()\;B () WB ()“r ()F D ()?.{ ] (.) :_,q'il () lj;l ();“ ()‘,:-d

NLO/VLO

100 150 200 250 300 350 400
top pr [GeV]

MCNET BEIJING HUA-SHENG SHAO

Friday, June 11, 21



NLO HELPS SMEFT @LHC

* Precision and accuracy

Large, negative K factors: Non-interference/cancellation at LO breaks at NLO

Degrande et al. (PRD"21) Degrande et al. (JHEP’18)

2.5
] K/10 O (A—‘ )

—y
o
w

1

i

do =
Pr [pb GeV 1]

O
v /N2 = —6.5 [TeV 7]

Multi-boson K-factors, LHC 13 TeV

BSM/SM  Scale +PDF [%)

8 v 8 §_

e WWW m 7ZZW e WW & 7ZZ SM
v WWZ % 77272 a WZ K<0

()y_. W ()\;I} () WB (_)“ ()\; D (,)?_{ ] (,) ';q'l () lj;‘ (.);“ ()rd

NLO/VLO

100 150 200 250 300 350 400
top pr [GeV]
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NLO HELPS SMEFT @LHC

* Precision and accuracy

Large, negative K factors: Non-interference/cancellation at LO breaks at NLO

Degrande et al. (PRD"21) Degrande et al. (JHEP’18)

K/10 O (A?) i e — pp—+ tHj, LHC @ 13 TeV

(]

i

¢

—y
o
w

1

do =
Pr [pb GeV 1]

SM

O
v ¢ /N> = —6.5[TeV 2

Multi-boson K-factors, LHC 13 TeV

r

a?gg §_

e WWW m 7ZZW e WW & 7ZZ SM ok ————— SM
v WWZ % 77272 a WZ K<0 : >

O Oy Oy Oy O, O O OF 0. O, S B —SMEF
50 100 150 200 250 300 350 400
top pr [GeV]

BSM/SM  Scale +PDF [9%)

NLO/VLO

Different and non-uniform K factors
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NLO HELPS SMEFT @LHC

* Improved sensitivity
* New operators opening up at NLO Degrande et al. (PRD"21)

4-heavy operators in top pair production
Ogo = Qr7T'ONQrT'Q)
6o = (0r"0)(01,0) e
68, = @r*T* Q)@ 1)
Oy, = (Or*Q)(Ty,1)
Oy = ([Ty*1)(Ty, 1)

— SM/1000

o per bin [pb]

R P 4
At N I—O TN “""*"" S "'-.,_‘_ pp — tt, LHC 13 TeV
w,sg@‘- : ) Linear O(A %), ¢i/A* = 1 TeV =

350 400 450 500 550 600 650 700
m (tt) [GeV]
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NLO HELPS SMEFT @LHC

* Improved sensitivity
* New operators opening up at NLO Degrande et al. (PRD"21)

4-heavy operators in top pair production
Opo = @7 T' Q) 0y, T"Q)
Oy = (07*Q0)(Q7,0)
Op, = Q7 T*Q)(iy, 1)
Op, = (Or*Q)(Ty,1)
Oy = @y 1)(Ty, 1)

— SM/1000

o per bin [pb]

o, " 2 | ,
At NLO: /I;)< D X
o ./ \,

* Breaking degeneracies at NLO

=
=
e
L
=

0.1F |

Otu — (t’yNT t) (uzfy'uT uz) —— Forward |

8 _ (N A — a - , , ,
Ogu = (QVMT Q) (ugy T ;) ——> Backward)-(’(’;oo 100 500

Different top chiralities
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NLO HELPS SMEFT @LH(
- Impact on the global fit

Ethier et al. (2105.00006)
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IN MEMORY OF CEN ZHANG @

A great organiser of the school!

A talent physicist with several groundbreaking research works

A very good collaborator and friend

Our last meeting in person in Beijing (Oct 2019, before Covid confinement)
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