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PRECISION MEASUREMENTS AT THE LHC

* A 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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In order to fully exploit these data, theoretical calculations are crucial to keep pace !
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WHY WE CARE EW CORRECTIONS ? @

 LHC will run (ran) at 14 (13) TeV and future colliders at 100 TeV
* energy reaches deeper into multi-TeV region & high integrated luminosity
many processes (even rare processes before) reach precision era (precent)

 NLO QCD becomes standard: automation (e.g. MG5_aMC)

* scale uncertainty reaches to 10% level
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WHY WE CARE EW CORRECTIONS ? @

 LHC will run (ran) at 14 (13) TeV and future colliders at 100 TeV
* energy reaches deeper into multi-TeV region & high integrated luminosity
° many processes (even rare processes before) reach precision era (precent)

 NLO QCD becomes standard: automation (e.g. MG5_aMC)

* scale uncertainty reaches to 10% level

* Frontier of precision theory for ElectroWeak scale observables

* Goal: to achieve the precent level predictions
°* Request: NNLO QCD and NLO EW
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Yorteres

WHY WE CARE EW CORRECTIONS ?

LHC will run (ran) at 14 (13) TeV and future colliders at 100 TeV
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WHY WE CARE EW CORRECTIONS ? @

 LHC will run (ran) at 14 (13) TeV and future colliders at 100 TeV
* energy reaches deeper into multi-TeV region & high integrated luminosity
° many processes (even rare processes before) reach precision era (precent)

 NLO QCD becomes standard: automation (e.g. MG5_aMC)

* scale uncertainty reaches to 10% level

* Frontier of precision theory for ElectroWeak scale observables

* Goal: to achieve the precent level predictions
°* Request: NNLO QCD and NLO EW

* Automation: complete NLO (i.e. QCD+EW+subleading orders)
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WHY WE CARE EW CORRECTIONS ?

 LHC will run (ran) at 14 (13) TeV and future colliders at 100 TeV
* energy reaches deeper into multi-TeV region & high integrated luminosity
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 NLO QCD becomes standard: automation (e.g. MG5_aMC)

* scale uncertainty reaches to 10% level

* Frontier of precision theory for ElectroWeak scale observables

* Goal: to achieve the precent level predictions
°* Request: NNLO QCD and NLO EW

* Automation: complete NLO (i.e. QCD+EW+subleading orders)
* Necessity of EW corrections:

* First opportunity to explore TeV scale kinematics, where EWC ~ 10%
* High precision measurements are present or in planned

® cross section ratios, e.g. different center-of-mass energy, different processes

* fundamental parameters, e.g. W mass
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WHY WE CARE EW CORRECTIONS ?

 LHC will run (ran) at 14 (13) TeV and future colliders at 100 TeV

* energy reaches deeper into m 5 p — Z N ; 6];'{ :M[;?;AZ‘(’)“(';‘.;V)
* many processes (even rare prc

- NLO QCD becomes standar NLO —— NNLO ——  Data ——
* scale uncertainty reaches to~—="——

1 ' ’ L
. Lo Gehrmann-de Ridder et al. JHEP’ 16 1.3
* Frontier of precision theor 7140

* Goal: to achieve the precent PR T 11
* Request: NNLO QCD and NL(Saserrint =2 | o

° Automation: complete NLO (i T‘ L 0.9

* Necessity of EW correctic

* First opportunity to explore T 50 100 500

- also see Boughezal et al. PRL'16
* High precision measurement pT [GeV]

® cross section ratios, e.g. different center-of-mass energy, different processes

* fundamental parameters, e.g. W mass
* (differential) cross sections for candle processes, e.g. top quark pair xs, Z pt

66 GeV <my < 116 GeV
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WHY WE CARE EW CORRECTIONS ?

 LHC will run (ran) at 14 (13) TeV and future colliders at 100 TeV
* energy reaches deeper into multi-TeV region & high integrated luminosity
° many processes (even rare processes before) reach precision era (precent)

 NLO QCD becomes standard: automation (e.g. MG5_aMC)

* scale uncertainty reaches to 10% level

* Frontier of precision theory for ElectroWeak scale observables

* Goal: to achieve the precent level prezdictions
* Request: NNLO QCD and NLO EW af ~ a =~ 1%

* Automation: complete NLO (i.e. QCD+EW+subleading orders)
* Necessity of EW corrections:

* First opportunity to explore TeV scale kinematics, where EWC ~ 10%

* High precision measurements are present or in planned
cross section ratios, e.g. different center-of-mass energy, different processes

fundamental parameters, e.g. W mass
(differential) cross sections for candle processes, e.g. top quark pair xs, Z pt
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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)
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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?”)

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

Photon PDF will be quite relevant, which is usually poorly determined (? LUXqed)

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
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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 is usually poorly determined (? 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

* Three (X schemes are frequently used

. Oz(()) scheme: appropriate for external photon
-a(Mz)scheme: works good for internal photon
. Gu scheme: works good for weak bosons and well measured
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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 is usually poorly determined (? 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

* Three (X schemes are frequently used

. Oz(()) scheme: appropriate for external photon
-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 ?
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ENHANCE EW CORRECTIONS @

- Enhance EWC by Yukawa coupling
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- Enhance EWC by electromagnetic logarithms
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* |Initial-state radiation at electron-positron collision, EWC ~ alog mg ~ 3%
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- Enhance EWC by electromagnetic logarithms ;
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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
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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

| 3 o 002 Q2 3 | Q2
~ —cr1—— 10 - C —— 10O
Wrs2 %z T NI PR,

soft collinear

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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- EW Sudakov logarithms come from exchange of virtual weak bosons
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* 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 .
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ENHANCE EW CORRECTIONS

- Enhance EWC by Yukawa cougling
. e.g. H+2jets at LHC, EWC ~ ¢ Mi ~ 5o,

me2 A2
>+ g 1R I o )
PP €7 j Ve Dy Kallweit et al. [HEP’ 17

do/dpr [pb/GeV]

LHC13 RV
MR = Hp = gHF  —

CTig QEDpos absolute prediction
_— p

w— NLO QCD
——= NLO EW

—— NLO QCD+EW i " 1
— NoQch relative correction wrt. LO

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

QCDxEWV differs
significantly wrt QCD+EW
O QCD+EW
O QCDxEW
O EW

NLO QCD

do/doro
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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.’ 10
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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/
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THE AUTOMATION ERA
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AUTOMATION TOOLS FOR EW CORRECTIONY (&K

« Automation tools for EWC so far (not as much as for QCD corr.)
° MadGraph5_aMC@N LO Frederix, Frixione, Hirschi, Pagani, HSS, Zaro |HEP’18
* Openloops+Sherpa Buccioni, Lang, Lindert, Maierhofer, Pozzorini, Zhang, Zoller (1907.1307 1)+ Schonherr EPJC’18
° Recola+Sherpa Biedermann, Brauer, Denner, Pellen, Schumann, Thompson EPJC’17
* GoSam+Sherpa cullen, Greiner, Heinrich, Luisoni, Mastrolia, Ossola, Reiter, Tramontano

« Complications in EWC wrt QCD corrections (fixed order only)
More contributions like Feynman diagrams, off-shell currents

Usually involve many different mass scales (a problem of numerical stability)

More complicated CT vertices, e.g. top mass renormalization
Need to proper treat gammabs issue for the chiral currents

Need to well implement complex mass scheme to treat unstable particles

Need to deal with expansion into QCD and EW couplings
It is necessary to properly treat the photon

RPP2020, X HUA-SHENG SHAO
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VALIDATION: AN EXAMPLE

- Extensive validation among various tools is extremely importan
- Better being correct and slow than being wrong and fast

Les Houches SM report 2017 (1803.07977)

pp—=ete utp~ o0 TR Aol© AoEP
[fb] [fb] o] [%o] o] [od]

average 11.49675[8]  10.88697[15]

MCBB+RECOLA 11.49648[12] 10.88669[22] —2.9 —0.02
MunicH+OPENLoOOPS 11.49702[11] 10.88720[25] +3.2 +0.02
MoCANLO+REcoLA 11.49666[26] 10.88734[56] —0.3 —0.01
SHERPA+GoSAM/OpPENLooPs/REcOLA 11.49670[34] 10.88737[77] —0.1 —0.00

MADGRAPH5 AMC@NLO+MapLoop 11.4956[22] 10.8860[63] —0.5 —0.10

. + — i LO NLO LO
Pp — € Velk Vg ag OpwW Ao

[fb] [fb] o] [
average 448.5414[31] 438.1902[56]

MunNicH4+OPENLOOPS 448.5468[45] 438.1920[75]
MoCANLO+RECOLA 448.538[10]  438.193[13]
SHERPA+GOSAM/OPENLOOPS/RECOLA 448.5364[46] 438.186[11]
MADGRrAPH5 AMC@NLO 448.541[40] 438.113[70]
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VALIDATION: AN EXAMPLE

Extensive validation among various tools is extremely important

- Better being correct and slow than being wrongf_land fast
Les Houches SM report 20I7 (I803 07977)

wete p'p 480 G BBEMC, _.
= Muacu 4 OrexLooss 3
0 MoCaNLO 4 R ;
L J Sy 4 COSan/Oresloors | Teoota 3
e MaaGrarss aNO ¢ Manlocw

woaelepn'y == BENC  RRO0LA k

,ul'C\,’;—IJT':V oy W | OF e LOORS lR"‘f 1A TeV

_ [:] MOCANLO - HpooLa - 1
B = wrage +40

MADGRAPMAMCANLO § MADLOO

) - LO 1 +30

NLO EW +20

do/dmu [/ GeV)

—
PV ST W T S ——_

NLO
W

dofiif /4

A
vE
-
Q.
7d
-

N )
dopR/dadie

PRV NV W VY WV N Vv W W W Vv W " W W W S W W-" -,

4ot a0

deo i [0 5%°

defil /a0

d"&{) ;'d’;'ﬁo

WY SRS T ———
180 180 220 20
Migen - 1GaV]
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MADGRAPH5 AMC@NLO IN A NUTSHELL Q

Alwall, Frederix, Frixione, Hirschi, Maltoni, Mattelaer, HSS, Stelzer, Torrielli, Zaro JHEP’ 1 4

Madl oop FKS

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

GGk MC@NLO > launch
B —

Wednesday, January 29, 20



MADGRAPHS_AMC@NLO IN A NUTMHELL

Alwall, Frederix, Frixione, Hirschi, Maltoni, Mattelaer, HSS, Stelzer, Torrielli, Zaro JHEP’ 1 4

> ./bin/mg5_aMC

MadGraph > generate process [QCD]

Cutlools > launch
r

DONE!
Frederix, Frixione, Hirschi, Pagani, HSS, Zaro JHEP’ |8

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

> launch
S —

Wednesday, January 29, 20



MADGRAPHO AMC@NLO: (OMPLETE NLO @

* Generation syntax for any LO and NLO (in v3.X):
Frederix, Frixione, Hirschi, Pagani, HSS, Zaro JHEP’ |8

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

- -
- -

I }
| l

o2 M_ o M1 oM+

AL
© o o

N+l M

7 < Dpax , m < +m = ko,

+m =kg+1

RPP2020, X HUA-SHENG SHAO
Wednesday, January 29, 20




MADGRAPHS> AMC@NLO: NLO EW

* Examples:
Frederix, Frixione, Hirschi, Pagani, HSS, Zaro JHEP’ |8

LO, |
® 0 ¢
SN N\
® © 0 ¢

NLO>

MadGraph5 aMC@NLO

s NLO;
EW — L()1

MadGraph5 aMC@NLO

MadGraph5 aMCE@NLO

RPP2020, X HUA-SHENG SHAO
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* Examples:

LO,
® ¢
SN\ L
® ©

NLO,

OEW =

RPP2020, X
Wednesday, January 29, 20

MADGRAPHS_AMC@NLO: NLO EW

Frederix, Frixione, Hirschi, Pagani, HSS, Zaro JHEP’ |8

Prumm

Sy ntax

Cross section (in pb)

LO

NLO

Correction (in %)

m e,

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

at
ot
ot
at
a+t
ot
ot
at
h

h
h

wr

z

ve QCD=0 QED=2 [QED]
ve j QCD=1 QED=2 [QED]
ve j j QD=2 QED~2 [QED]
e~ QCD=0 QED=2 [QED]

e~ j (QCD=1 QED=2 [QED]
e- j j QCD=2 QED~2 [QED]
e~ mu+ mu~ QCD=0 QED=4 [QED]
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

5.2498
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

+ 0.0005

+ 0.0012 .
1R
. 10%
S10°
10!
102
10t
S0t
S04
1P
<+ 0.0004 -
S0t
102
Sl

+ 0.0003
+ 0.0008
+ 0.0001
+ 00004
+ 0.0000
+ 0.0007
ol
L)
+ 0.0002

+ 0.

.

+ 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 -

108

10%

1n-*

103

10—+

10t
10

10"
10?

5.2113
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

<+ 10,0006
+ 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] -

108
104
R
- 10?

10*
10

02
0t

104
10

1P

12
102

02
108

14
-4

(1

1ot
1!
10!

Sl

109
10?

~0.73
—-1.11
—-1.83
~0.49
~1.00
-1.97

-5.23

+ 0.01
+ 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
-9.47 4
-8.81 4
+1.64 4
-12.82 £ (0
-11.10 4
—4.54 4
~(.54 4

+1.81
~1.96
~10.21
~0.70

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

* Examples:
Frederix. Frixione. Hirschi. Pagani. HSS. Zaro IHEP’ | 8

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 % FO0017 £ 0003 % +0.044 4 0000 % +0.000 4 0000 %
NLOs +0.005 £ 0.000 %

® 0 O
/ N/ N/ \
O 6 0 O
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THEORETICAL ISSUES
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AN OVERVIEW OF SUBTLETIES crs

- How bright of the proton (the initial photon) ? €9 open
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AN OVERVIEW OF SUBTLETIES crs

& How bright of the proton (the initial photon) ? & open
* Both elastic and inelastic sources of photons

- Photon PDF was acknowledged to be solved by using the LUXqged approach
Manohar, Nason, Salam, Zanderighi PRL 16, JHEP’ | 7
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AN OVERVIEW OF SUBTLETIES crs

& How bright of the proton (the initial photon) ? & open
* Both elastic and inelastic sources of photons

- Photon PDF was acknowledged to be solved by using the LUXqged approach
Manohar, Nason, Salam, Zanderighi PRL 16, JHEP’ | 7

- How to define final photons, leptons and jets ?
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AN OVERVIEW OF SUBTLETIES y

& How bright of the proton (the initial photon) ? & open
* Both elastic and inelastic sources of photons

- Photon PDF was acknowledged to be solved by using the LUXqged approach
Manohar, Nason, Salam, Zanderighi PRL 16, JHEP’ | 7

9 How to define final photons, leptons and jets ?

* Photons and massless leptons must be part of a jet (IR safety)

* But to what extent ? Democratic (simplest but a big disadvantage) ?

- Better: tagging photons and leptons and/or anti-tag in‘c_Ljets via FFs
cni,

Frederix, Frixione; Hirschi, Pagani, HSS, Zaro |JHEP’ | 6;
Frixione (1909.03886)
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AN OVERVIEW OF SUBTLETIES y

& How bright of the proton (the initial photon) ? & open
* Both elastic and inelastic sources of photons

- Photon PDF was acknowledged to be solved by using the LUXqged approach
Manohar, Nason, Salam, Zanderighi PRL 16, JHEP’ | 7

9 How to define final photons, leptons and jets ?

* Photons and massless leptons must be part of a jet (IR safety)

* But to what extent ? Democratic (simplest but a big disadvantage) ?

- Better: tagging photons and leptons and/or anti-tag in‘c_Ljets via FFs
cni,

Frederix, Frixione; Hirschi, Pagani, HSS, Zaro |JHEP’ | 6;

- How to deal with resonances ? Frixione (1909.03886)
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AN OVERVIEW OF SUBTLETIES y

& How bright of the proton (the initial photon) ? & open
* Both elastic and inelastic sources of photons

- Photon PDF was acknowledged to be solved by using the LUXqged approach
Manohar, Nason, Salam, Zanderighi PRL 16, JHEP’ | 7

9 How to define final photons, leptons and jets ?

* Photons and massless leptons must be part of a jet (IR safety)

* But to what extent ? Democratic (simplest but a big disadvantage) ?

- Better: tagging photons and leptons and/or anti-tag inngets via FFs
cni,

Frederix, Frixione; Hirschi, Pagani, HSS, Zaro |JHEP’ | 6;
& How to deal with resonances ? Frixione (1909.03886)
* A widely used approach is the complex-mass scheme Denner et al. NPB’99, NPB’05

- However, there are subtleties in the complex-mass scheme
Frederix, Frixione, Hirschi, Pagani, HSS, Zaro |HEP’ |8
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AN OVERVIEW OF SUBTLETIES y

& How bright of the proton (the initial photon) ? & open
* Both elastic and inelastic sources of photons

- Photon PDF was acknowledged to be solved by using the LUXqged approach
Manohar, Nason, Salam, Zanderighi PRL 16, JHEP’ | 7

9 How to define final photons, leptons and jets ?

* Photons and massless leptons must be part of a jet (IR safety)

* But to what extent ? Democratic (simplest but a big disadvantage) ?

- Better: tagging photons and leptons and/or anti-tag inngets via FFs
cni,

Frederix, Frixione; Hirschi, Pagani, HSS, Zaro |JHEP’ | 6;
& How to deal with resonances ? Frixione (1909.03886)
* A widely used approach is the complex-mass scheme Denner et al. NPB’99, NPB’05

- However, there are subtleties in the complex-mass scheme
Frederix, Frixione, Hirschi, Pagani, HSS, Zaro |HEP’ |8

- How to match parton showers (PS) ?
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AN OVERVIEW OF SUBTLETIES y

& How bright of the proton (the initial photon) ? & open
* Both elastic and inelastic sources of photons

- Photon PDF was acknowledged to be solved by using the LUXqged approach
Manohar, Nason, Salam, Zanderighi PRL 16, JHEP’ | 7

9 How to define final photons, leptons and jets ?

* Photons and massless leptons must be part of a jet (IR safety)

* But to what extent ? Democratic (simplest but a big disadvantage) ?

- Better: tagging photons and leptons and/or anti-tag inngets via FFs
cni,

Frederix, Frixione; Hirschi, Pagani, HSS, Zaro |JHEP’ | 6;
& How to deal with resonances ? Frixione (1909.03886)
* A widely used approach is the complex-mass scheme Denner et al. NPB’99, NPB’05

- However, there are subtleties in the complex-mass scheme
Frederix, Frixione, Hirschi, Pagani, HSS, Zaro |HEP’ |8

& How to match parton showers (PS) ?
* In the simultaneous presence of QCD and EW corrections:
* no general solution because PS is classic (as opposed to quantum)

+ some dedicated approximated solutions exist for a few case studies

RPP2020, X HUA-SHENG SHAO
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PHOTON PDF: THE LUXQED APPROACH

Manohar, Nason, Salam, Zanderighi PRL 16, JHEP’ | 7
 How bright of the proton (the initial photon) ?

 Photon PDF written in terms of inclusive DIS structure functions

+ elastic component given by magnetic/electric form factors from A1 + dipole
* inelastic source:

+ resonance region : (M, + m,)? < W? < 3.5 GeV?
+ low-Q? continuous region : W2 > 3.5 GeV? and Q? < 9 GeV?

- high-Q2 continuous region : 172 > 3.5 GeV* and Q? > 9 GeV*

T | T L T T 1 T

—
c

L) ' L] L) l Ll L l L] L ' L] l L] ' L) 1 L]

: Luxqed ,U - 100 (q\‘ev without W C( 'H’."t,’\r\l‘ n :

-

PDFs
continuum daf i

high Q2 continuum region (PDFS: PDF&LHC15_nnio_100)

(o o

low Q2 continuum
region (Hermes GD11-P)

(o)

xfy/p(x,12) * 103 x04/(1-x)4>
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PHOTON PDF: THE LUXQED APPROACH

Manohar, Nason, Salam, Zanderighi PRL 16, JHEP’ | 7

 How bright of the proton (the initial photon) ?

 Photon PDF written in terms of inclusive DIS structure functions

+ elastic compou

* inelastic sourci?

° resonance 1

- high-Q

high Q2 contin|

low Q2 contind
region (Herme

ratio over LUXqed

o

RPP2020, X
Wednesday, January 29, 20

s from A1 + dipole

CT14ged_inc (0,11)

0.8

L MRST2004 (0,1)

NNPDF2.3

| 1 ’DFs
2 | 2 2 2 2 | | 2 2 2 2 2 2 "
¥ T v v ¥ v T ¥ v v R
ntinuum data -

NNPDF3.0 H

= 100 GeV,

e

104 103
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JET DEFINITIONS @

. Frederix, Frixione, Hirschi, Pagani, HSS, Zaro |HEP’ | 6
- Jetin QCD . )

 a cluster of hadronic objects
* At parton level, cluster all massless quarks and gluons

- Unambiguous and well defined up to all orders in perturbative QCD

- Jet with both strong and electromagnetic radiations
* democratic jet: a cluster of hadronic and electromagnetic objects
« At parton level, cluster all massless quarks/leptons and gluons/photons

 How to define leptons and photons in terms of jets ?
* QCD parton-photon recombination in jet processes

RPP2020, X HUA-SHENG SHAO
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JET DEFINITIONS @

. Frederix, Frixione, Hirschi, Pagani, HSS, Zaro |HEP’ | 6
- Jetin QCD . )

 a cluster of hadronic objects
* At parton level, cluster all massless quarks and gluons

- Unambiguous and well defined up to all orders in perturbative QCD

- Jet with both strong and electromagnetic radiations
* democratic jet: a cluster of hadronic and electromagnetic objects
« At parton level, cluster all massless quarks/leptons and gluons/photons

 How to define leptons and photons in terms of jets ?
* QCD parton-photon recombination in jet processes
* Hard photon containing gluon is not QCD IR safe

RPP2020, X HUA-SHENG SHAO
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JET DEFINITIONS @

. Frederix, Frixione, Hirschi, Pagani, HSS, Zaro |HEP’ | 6
- Jetin QCD . )

 a cluster of hadronic objects
* At parton level, cluster all massless quarks and gluons

- Unambiguous and well defined up to all orders in perturbative QCD

- Jet with both strong and electromagnetic radiations
* democratic jet: a cluster of hadronic and electromagnetic objects
« At parton level, cluster all massless quarks/leptons and gluons/photons

 How to define leptons and photons in terms of jets ?

* QCD parton-photon recombination in jet processes

* Hard photon containing gluon is not QCD IR safe
* hard photon containing quark is not QED IR safe
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JET DEFINITIONS

. Frederix, Frixione, Hirschi, Pagani, HSS, Zaro |HEP’ | 6
- Jetin QCD . )

 a cluster of hadronic objects
* At parton level, cluster all massless quarks and gluons

- Unambiguous and well defined up to all orders in perturbative QCD

- Jet with both strong and electromagnetic radiations
* democratic jet: a cluster of hadronic and electromagnetic objects
« At parton level, cluster all massless quarks/leptons and gluons/photons

 How to define leptons and photons in terms of jets ?
* QCD parton-photon recombination in jet processes
* Hard photon containing gluon is not QCD IR safe
* hard photon containing quark is not QED IR safe
Two current methods for second issue: FF and close quark-photon = quark

Denner, Hofer, Scharf, Uccirati’ | 4 Kallweit, Lindert, Maierhofer, Pozzorini, Schonherr, | 4

For the first issue: they both use a cut on the energy fraction of photon

Cut on the energy fraction of photon is not always working

RPP2020, X HUA-SHENG SHAO
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JET DEFINITIONS

. Frederix, Frixione, Hirschi, Pagani, HSS, Zaro |HEP’ | 6
- Jetin QCD . )

 a cluster of hadronic objects
* At parton level, cluster all massless quarks and gluons

- Unambiguous and well defined up to all orders in perturbative QCD

- Jet with both strong and electromagnetic radiations
* democratic jet: a cluster of hadronic and electromagnetic objects
« At parton level, cluster all massless quarks/leptons and gluons/photons

 How to define leptons and photons in terms of jets ?
* QCD parton-photon recombmatlon In Jet processes
- Hard phot

* hard photc 7, (antitag) dg(,(,iom.) Zdtf\ +kv:nj

* Two curre } T X nj rk-photon = quark
i.\..,.,-...... vl._'\_....!. . .. \.., —..__. t,Maierhofer, Pozzorini, Schonherr, 1 4

e Wl 1INl g § 1

* For the first iss‘ue: they both use a cut on the energy fraction of photon

» Cut oiantitag n-jetsacdemocratic n-jets>tan-jets with k photon jets

* Photon jet
* A tagged photon with the FFs (not well determined bar quark-to-photon)

RPP2020, X HUA-SHENG SHAO
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PHOTON & LEPTON DEFINITIONS

 What is a photon ?

* There are two types of “photon”:
* short-distance photon same as QCD parton
* long-distance photon (tagged or observed)
* A tagged photon must be defined through FFs (like any other hadrons)

D,Z(Z, ) = O;é(s(l)

* What is a lepton ?
- bare lepton: keep lepton massive
- dressed lepton: massless lepton and dressed with other massless objects
Frederix, Frixione, Hirschi, Pagani, HSS, Zaro |HEP’ 18 be careful with infrared safety

Processes without jets Processes with jets

PDF(qg) PDF(qgy) PDF(qg) PDF(qg7)

tagged photon is using
a(0) scheme

6(1 — 2) + O(a?)

Physical objects

XNLO;_; + ...+ XNLO;

P=9¢g P=qga ilqq), v, 1, v,

P=qQE8 P=qga | , . _
J =98 j=q¢8g massive particles

for any k such that 1 <i—k <1

=qg ilqgvy), L, v,

inconsistent p inconsistent _ )
qg massive particles

qgal jlggl), v,

inconsistent p inconsistent _ )
qg massive particles

RPP2020, X HUA-SHENG SHAO
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COMPLEX-MASS SCHEME

 How to deal with resonances ?
* A widely used approach is the complex-mass scheme Denner et al. NPB’99, NPB’05

| p+ M Mems = VM2 —iTM 4 Meps
7 >

. — — 1
])2 — 1\_[2 + lPi\_[ ])2 o 'n?'g'nzs
 Renormalisation:

Yr(p?) = Tu(p?) — 6M* + (p* — M?)6Z

?R {XH(]):'))] |],2:‘”2 — 0,
1

. 5 by
p"*lgl.\lli2 p? — M? R[ER(P )] =1,

dWRYdSs SO

'SR [E[{([)z = .«\12)] = () - (51\12 = SR [EU(I)Z — 4‘\12)]
R[Sh(? = M) =0 = 67=-R[S(0F = M?)

<
7

M? —ilT'M = m? = A-I("f —om?

ER(pQ) = ZU(pQ) —om? + (p2 - m.2)<5z
Sr(p? = M? —il'M) =0 = om? = Yy (p? = M? —il'M)
PP =M?—ilTM)=0 =  dz=-X,(p*=M?*—-il'M)

7))

2WaYos |\|D
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COMPLEX-MASS SCHEME

 How to deal with resonances ?
* A widely used approach is the complex-mass scheme Denner et al. NPB’99, NPB’05

. p + A—.[ Mems = \/]\-[2 _ ZFA—[ . P + 772'077748
l > |

, — — l
])2 — 1\_[2 + l]._\i\_[ ])2 o 'n?'g'rns
 Renormalisation:

Yr(p?) = Tu(p?) — 6M* + (p* — M?)6Z

R {Xg(pz)] |],2:Mz = (),
The CM scheme reorganises : s R[Er()] = 1,

lim
. . 222 — M-
the perturbative expansion p2—M2 p= — M

dWRYdSs SO

R[Er(p?=M)] =0 =  sM2=R[Sy(p? = M?)]
= M?

(m/2 '+' 577),2) - (l\/[‘z + (5.&1’2) R [2;1(1)2 — 4’\12)] — 0 — 857 — _CR[ sz
NLO

)]

<
7

M? —iTM = m? = A-I(")Z —om?
Yr(p?) = Su(p?) — 6m? + (p2 - 7n.2)(5z
SrR(pP=M?—ilM)=0 = ém?=3y(p*=M?*—il'M)
(PP =M?—ilM)=0 =  dz=-X,(p*=M?*—-il'M)

)

AWIAYDS WD
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COMPLEX-MASS SCHEME

 How to deal with resonances ?
* A widely used approach is the complex-mass scheme Denner et al. NPB’99, NPB’05

. p + M Mems = VM2 — il M P+ Mems
; " .

, — — l
])2 — 1\_[2 + Z]._\A_[ ])2 o 'Tn'g'rns
* Renormalisation:

Z:R(p2) = Xy ([)2) — OM? + (])2 = 1‘\-]2)(5Z

R [xl{(p2)] |p2:.’l‘12 =0,
- 1 .
The CM scheme reorganises ; R[Zr(p?)] =1,

lim
° ° b T 2 _ l'
the perturbative expansion p2—-M2 p° — M

dWRYdSs SO

9 0 0 R[(Sr(p>=M?)] =0 =  M?=R[Sy(p’
/ ) - (1\4 + (SA/I ) R [E;¥(p2 — 4’\12)] — () — 57 — —R [z{(pz

<
7

M? —il'M = m? = Aff(")z —om?
Yr(p?) = Su(p?) — 6m? + (p2 - m.2)5z
2

Analytic continuation ! Sr(p? =M? —ilM)=0 = om*=%y(p’=M>—ilM
h@? =M?—iTM)=0 =  6bz=-%,(p*=M*—ilM

AWIAYDS WD
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(OMPLEX-MASS SCHEME: ANALYTIC CONTINUATIONGE

* For example:
S (M, — iTwMw) > By (2,0, M, — iTw My )|

2—) \([2 —‘LFu 1\11‘4
. Exact expression:

— BO (p 0 ]\‘[VV — ZFH/A{[VV)|

2 23 M2, —ily My

12

M2, —il'w My
* The Taylor expansion:
By (p2, 0, ]\711,21; — 'il_‘Wi\jfw) = By (A—f‘%;, 0, 1\7[‘%-— — il—‘wﬂf—'ﬁv)

2_[\'_{2' Ve re = - 2—1\32, 2
G ) By (Myy, 0, My — ilw M) + O (P W
Myy M2,

* Taylor missing:
S (MPy, — iTw M) — SPRD (M3, — iTw My) =

1
=E+2+log

7l’2f‘w'
My

RPP2020, X HUA-SHENG SHAO
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(OMPLEX-MASS SCHEME: ANALYTIC CONTINVATIONGLE

* In general: Frederix, Frixione, Hirschi, Pagani, HSS, Zaro JHEP’ |8

1 1 p* —i0

2 2 2\
M—QBO(p 7:“17:“2) ~ . + 2 —log

_1 p—
7&—2 Y0 =

M2/M2 M2/M2E TijM, TafMs
0.5 1 0.1 0.1
1 0.1 0.1
1 0.1 0.1
1 0.1 0.1
2 0.8 0.1

branching cuts of /() and log ()2

RPP2020, X HUA-SHENG SHAO
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(OMPLEX-MASS SCHEME: ANALYTIC CONTINUATIONGE

* The general solution (regardless of mass/width spectrum):
Frederix, Frixione, Hirschi, Pagani, HSS, Zaro |HEP’ |8

3

Re(By™""/in?)

A

Config. E)

RPP2020, X
Wednesday, January 29, 20
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p-
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-
=
=
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-

2
s

""""" l""""""""1"]""\1"""""l"""""U'l""""'l""'U""'l"l-"'l""""'
' '
o '

Trajectory — |
Endpoints -~ \
Taylor Expansion (2) 1
Taylor Expansion (100)
Contour Integration -5
Contour Integration (rev)

i -
- -
» -

-

ol

A first general solution
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COMPLEX-MASS SCHEME: ANALYTIC CONTINUATIONGLE

« Exact analytic continuation (MG5_aMC) vs Taylor exp. (others)
Les Houches SM report 2017 (1803.07977)

Gp —> AG,, o o —r /\O . l‘z — 4 Al‘z . l‘“' — Al\“r

r ManLoos »REcoLA/OPENLOOPS , | |

Venite () 9 "ﬁnju: (A) =V finite (/\] :
finite (4, ~ |17 MapLoos »REcoLA/OpPENLoOPS , | | |
Venite " (A) + Ve (A)}

lOEm(O'Vfum('\]]
lo&o (Wﬂaﬂc( A]]
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MATCHING TO PARTON SHOWER)

- How to match parton showers (PS) ?
* no general solution!
 some dedicated approximations !

* For example, modify MC@NLO B function

optionally include subleading Born

En.QCD+EW\,;,t((I)n) — Bn.QCD((Dn) + \"rn.EW(CDn) + InEW((I)n) + Bn,mix(d)n)

exact virtual contribution \

pp ot jets approximate integrated real contribution
10 -llllIllllIllll[lltl IAll[ll.llllll[ll.l].lli‘

~—4— ATLAS data
PRD g3 (2016) 3, 032009
' MEPS@NLO QCD —
—+— MEPS@NLO QCD+EW ;. g

Gutschow, Lindert, Schonherr EPJC’ |8

de/dpy [pb/GeV)
L ' FEaET
Sterra+OvenbLoors

——

s Y .
AR AR R R AR AR AR R RA A RRA R

MC /Data

) 700 800 @O0 1000 1100 1200
Particle top-jet candidate pp [GeV]
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PHENOMENOLOGY @ LHC:

WHEN NLO EW MATTERS PRECISION

RPPZOZO, X HUA-SHENG SHAO
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PHENOMENOLOGY STUDY: TTBAR+H/V

. Frixione, Hirschi, Pagani, HSS, Zaro ’14, 1 3
* Why top quark pair+(H,Z,W) ?

* These processes are very important at the LHC
° ttbar+Higgs: the last missing of 4 main Higgs production channel (progress this year)

« ttbar+Z/W: the background of ttbar+Higgs and important to study anomalous couplings
* Missing of EWC for these processes in the literature
* No conceptual problem in principle
* First public EWC results with MadGraph5_aMC@NLO

RPP2020, X HUA-SHENG SHAO
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PHENOMENOLOGY STUDY: TTBAR+H/V

. Frixione, Hirschi, Pagani, HSS, Zaro ’14, 1 3
* Why top quark pair+(H,Z,W) ?

* These processes are very important at the LHC
° ttbar+Higgs: the last missing of 4 main Higgs production channel (progress this year)

« ttbar+Z/W: the background of ttbar+Higgs and important to study anomalous couplings
Missing of EWC for these processes in the literature
No conceptual problem in principle
First public EWC results with MadGraph5_aMC@NLO

EWC on the inclusive total cross sections
« EWC is moderate (% level)

Increase with center-of-mass energy in general (not a real surprise)

LO2 and NLO:2 accidentally cancel at 13 TeV

HBR only partly cancels NLO EW

EWC is enhanced by boosted final states »-(t) =200 Gev.  pr(f) > 200 GeV,
oupr(ttH) = o(ttHH) + o(ttHZ) + oc(ttHW ™) + o(ttHW ™),

ttH : o(%) 8 leV 13 1eV 100 TeV

NLO QCD | 259731 +£3.5 20.7795 +28 (242115 £4.5) 408153 +1.0

LO EW 1.8+1.3 1.2+0.9 (2.8 £2.0) 0.0 +0.2
LO EW no A ~0.3+0.0 ~0.440.0 (—0.2 +0.0) —0.6 +0.0
NLO EW —0.6+0.1 —12+40.1 (—-82+0.3) —2.740.0

(—8
(

NLO EW no 2 —-0.7 0.0 -1.4+0.0 Hx0.2) —2.7%+0.0

HBR 0.88 0.89 (1.87) 0.91
RPP2020, X HUA-SHENG SHAO
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PHENOMENOLOGY STUDY: TTBAR+H/V

. . . . i Frixione, Hirschi, Pagani, HSS, Zaro ’14,1 2
- EWC on differential distributions (and for fiducial xs)

 Both NLO EW and photon PDF become important when boost final states
NINPDF2.3QED here

. 5 fiH production at the 13 TeV LHC
ttH production at the 13 TeV LHC : - boosted cuts: p-{t), pr{f), pr{H) > 200 GeV

LOQCD --- ] i LOQCD ---
LOSNLOQCD —— - - LOWNLOQCD ——

LOSNLO QCDEW —
LOSNLOQCD+EW, noy

LOWNLO QCD+EW —
LOSNLO QCDWEW,. oy

o per bin [pb]
o per bin [pb]

MadGraph% aMCENLO

MadGraphS5_aMCENLO

1 1 1 1 1
ratio over LO QCD; scale unc.

R O
v

e =

- DO B - e W
men L) L0l AL LI LA LA LA LA

L R TR 1
ratio over LO QCD; PDF unc.

b b b

relative contributions NOQCD — LOWNLOEW,noy +
LO«NLO EW

o9
N

o

NOQCD —
LOWNLO EW —

- e - v L e - -
1 1 1 1

600

<
no

pr{H) [GeV] pr{H) [GeV]

RPP2020, X HUA-SHENG SHAO
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PHENOMENOLOGY STUDY: TTBAR+H/V

. . . . i Frixione, Hirschi, Pagani, HSS, Zaro ’14,1 2
EWC on differential distributions (and for fiducial xs)

 Both NLO EW and photon PDF become important when boost final states
NINPDF2.3QED here

« EWC for ttW is more significant (~-8% at 13 TeV) than ttH and ttZ
* No LO EW to cancel NLO EW (color flow) and HBR opens gg initial states

107

W production at the 13 TeV LHC W* production at the 13 TeV LHC

.
S
~n

LOOCD -——- -
LOMNOOCD —— ]
LOWNLO OCOIEW — |
LOSNLOQCDvEW. noy *

LOOCD -—- |
LOSNLO QCD ——
LOWLO OCDIEW —
LOWNLO OCDJEW, m0y  +

-t
S
N

—
S
w

r=)
S
-
5
&
e}

o per bin [pb]

MadGraph® aMC#NLO
i bl "
MadGraphS5 aMC¥NLO

NOQCD — s
LOWNLOEW — ) - 7 . NLO OCD
. . . . LOWLO EW —

RPP2020, X HUA-SHENG SHAO
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PHENOMENOLOGY STUDY: TTBAR+H/V

. . . . i Frixione, Hirschi, Pagani, HSS, Zaro ’14,1 2
 EWC on differential distributions (and for fiducial xs)

 Both NLO EW and photon PDF become important when boost final states
NINPDF2.3QED here

« EWC for ttW is more significant (~-8% at 13 TeV) than ttH and ttZ
* No LO EW to cancel NLO EW (color flow) and HBR opens gg initial states

* Is EWC for ttbarH (or ttbarV) relevant ? YES

Current scale uncertainty in NLO QCD is 10%
Will be improved by the theory community with NNLO QCD corrections

Even at the moment, EWC will be relevant, especially at Sudakov region
EWC is also quite important for the cross section ratios, e.g. ttbarH/ttbarZ

Mangano, Plehn, Reimitz, Schell, HSS *15

a(myz) scheme G, scheme

o(ttH) a(ttH)

o(ttH)[pb] o(tiZ)[pb]

o(ttZ)

o(ttH)[pb] o(tiZ)[pb]

o(ttZ)

NLO QCD
O(a%a®) Weak
O(a%a?) EW

NLO QCD+Weak
NLO QCD+EW

0.475
0.006773
0.0045
0.468
0.471

0.785
0.02516
0.022
0.760
0.763

0.606

0.617
0.617

0.462
0.004587
0.0071
0.467
0.469

0.763 0.606
0.007904

0.0033

0.755 0.619

0.760 0.618

NLO QCD
O(a%a®) Weak
100 TeV |  O(a%a?) EW
NLO QCD+ Weak
NLO QCD+EW

33.9
0.7295
—0.65
33.1
33.2

57.9
2.146
-2.0
55.8

55.9

0.585

32.9
0.0269
0.14
329
33.1

56.3 0.585
0.8973

-0.77

554

55.6

RPP2020, X
Wednesday, January 29, 20
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PHENOMENOLOGY STUDY: TTBAR+H/V

. . . . i Frixione, Hirschi, Pagani, HSS, Zaro ’14,1 2
 EWC on differential distributions (and for fiducial xs)

 Both NLO EW and photon PDF become important when boost final states
NINPDF2.3QED here

« EWC for ttW is more significant (~-8% at 13 TeV) than ttH and ttZ
* No LO EW to cancel NLO EW (color flow) and HBR opens gg initial states

* Is EWC for ttbarH (or ttbarV) relevant ? YES

* Current scale uncertainty in NLO QCD is 10%
Will be improved by the theory community with NNLO QCD corrections

Even at the moment, EWC will be relevant, especially at Sudakov region
EWC is also quite important for the cross section ratios, e.g. ttbarH/ttbarZ

The results are in the LHCHXSWG recommendation in YR4

RPP2020, X HUA-SHENG SHAO
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PHENOMENOLOGY ®@ LHC:
WHEN COMPLETE NLO ARE NECESSARY

RPP2020. X HUA-SHENG SHAO
’
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TWO JETS

je‘tSI kr with D=0.7 Frederix, Frixione, Hirschi, Pagani, HSS, Zaro JHEP’ 1 6
p-(ﬂ') > 60 GeV  |y| <28

LO, (o) —+ L0y (tgn) ——  NLO, (a50y,) — NLO, (0Gr,) —
LO, (0y0gy) —o— NLO, (c§) —  NLO, (oy0g,) all orders —

\yj\ < 2.8

« princlusive is crucial for PDF fit

all orders

MadGraphS aMCENLO

 Breakdown of different contributions

« QCD correction is dominant in NLO

« EWC (LO2) is important in the tail

* Hierarchy between different orders

Ratio over all orders

+ Subleading is indeed subleading

Relative unc.

S . 3
SRTRIRTRTRITR TR IR SRR RIN R IR IR IR IR FR TN SRR I IR TN ER ISR FR NI R IR NE IR TR TR (NN TR AT RINCNANEIN T

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
pT [GeV]
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TWO JETS

je‘tSI kr with D=0.7 Frederix, Frixione, Hirschi, Pagani, HSS, Zaro JHEP’ 1 6
p-(ﬂ') > 60 GeV  |y| <28

LO, (o) —+ L0y (tgn) ——  NLO, (a50y,) — NLO, (0Gr,) —
LO, (0y0gy) —o— NLO, (c§) —  NLO, (oy0g,) all orders —

\yj\ < 2.8

« princlusive is crucial for PDF fit

all orders

MadGraphS aMCENLO

 Breakdown of different contributions

« QCD correction is dominant in NLO

« EWC (LO2) is important in the tail

* Hierarchy between different orders

Ratio over all orders

+ Subleading is indeed subleading

Relative unc.

subleading is small

S . 3
SRTRIRTRTRITR TR IR SRR RIN R IR IR IR IR FR TN SRR I IR TN ER ISR FR NI R IR NE IR TR TR (NN TR AT RINCNANEIN T

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
pT [GeV]
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THREE JETS

* however ... Reyer, Schonherr, Schumann EPJC’ |9

LO QCD x NLO QCDxEW
-—= NLO QCD

A AL LA A AL l AAAAAAAAA l AAAAAAAAA l AAAAAAAAA l AAAAAAAAA l AAAAAAAAA l AAAAAAAAA l AAAAAAAAA

p:. 3

|y <2.8

pi >80 GeV
p® > 60 GeV

dofdp? [pb/GeV]

Ratio over NLO QCD

=1 subleading contribution

';”:‘;;E .
e - still do not understand why however
:WWWWW
0 500 1000 1500 2000 2500 3000 3500 4000
p} [GeV]

RPP2020, X
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THREE JETS

* however ... Reyer, Schonherr, Schumann EPJC’ |9

LO QCD x NLO QCDxEW
-—= NLO QCD

A AL LA A AL l AAAAAAAAA l AAAAAAAAA l AAAAAAAAA l AAAAAAAAA l AAAAAAAAA l nnnnnnnnn l AAAAAAAAA

p:. 3

|y <2.8

p: >80 GeV
p® > 60 GeV

dofdp} [pb/GeV]

Ratio over NLO QCD

still do not understand why however

500 1000 1500 2000 2500 3000 3500 4000 Subleading Starts t() be rEIevant

p+ [GeV]
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TOPPAIR+ W
Frederix, Pagani, Zaro |HEP’ 18

Frederix, Frixione, Hirschi, Pagani, HSS, Zaro |HEP’ |8

ttW= production at 13 TeV

(%] p=Hr/4 p = Hr /2

LO-
LOs

NLO, 119(89) 12.2(9.1) ) NLO3; > NLO2 (NLO EW)

NLO, 0.02(—002) 0.01(—0.02) 0.05(—0.01)

tW — tW scattering

RPP2020, X HUA-SHENG SHAO
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TOPPAIR + W

Frederix, Pagani, Zaro |HEP’ |8
Frederix, Frixione, Hirschi, Pagani, HSS, Zaro |HEP’ |8

ttW= production at 13 TeV

[%]

— NLO; > NLO; (NLO EW)

0.02(-0.02) 0.04(-0.02) 0.05(-0.01)

tW — tW scattering subleading is larger than NLO EW

RPP2020, X HUA-SHENG SHAO
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VB) OF SMAME-SIGN WW

Biedermann, Denner, Pellen JHEP’ |7

M Vejj

Order O (0'7) O (0'50'6) O (03 03) O (Qg 0'4)
donro |fb] —0.2169(3) | —0.0568(5) | —0.00032(13) | —0.0063(4)
(SO'NLO/O'LO [%] —13.2 —3.5 0.0 —0.4

NLOs NLO3 NLO; NLO

pPp — ;t.+1/#e

NLO4+ > NLOs; > NLOi,

VBS cuts determines the pattern !
VBS cuts mjj > 500 GeV, |Aysi| > 2.5

RPP2020, X HUA-SHENG SHAO
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VBS OF SAME-SIGN WW @

Biedermann, Denner, Pellen |HEP’

+

pPp — ;z.+1/#e

Vel)

Order O (0'7) O (O'sa'ﬁ) O (0303) O (03 0'4)
donro |fb] —0.2169(3) | —0.0568(5) | —0.00032(13) | —0.0063(4)
(SO'NLO/O'LO [%] —13.2 —3.5 0.0 —0.4

NLOs NLO3 NLO; NLO

NLO4+ > NLOs; > NLOi,

VBS cuts determines the pattern !
VBS cuts mjj > 500 GeV, |Aysi| > 2.5

subleading is the dominant correction

RPP2020, X HUA-SHENG SHAO
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PHENOMENOLOGY @ LHC:

NLO EW CAN BE MUCH LARGER THAN LO

RPPZOZO, X HUA-SHENG SHAO
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PHENOMENOLOGY STUDY: HW

Mangano et al., FCC-hh Physics report: SM processes (1607.0183 |
* A funny and surprising example is HW production
* NLO EW: Ciccolini, Dittmaier, Kramer *03

 NLO EW with W decay: Denner, Dittmaier, Kallweit, Much 12

RPP2020, X HUA-SHENG SHAO
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PHENOMENOLOGY STUDY: HW

Mangano et al., FCC-hh Physics report: SM processes (1607.0183 |
* A funny and surprising example is HW production
* NLO EW: Ciccolini, Dittmaier, Kramer *03
 NLO EW with W decay: Denner, Dittmaier, Kallweit, Much 12

 Huge EWC (~10-100) is observed above 2 TeV inv. mass (why ?)

F HW™ (u=H{/2), LHC100 LO — 1
LO + NLOQCD — o
LO + NLOQCD EW — 3

Ratio over LO; NLO QCD scale errors

Ratio over LO; NLO EW PDF errors

1
2000 3000 4000 5000 6000 7000 8000 9000 10000
Mgyt [GeV]
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PHENOMENOLOGY STUDY: HW

Mangano et al., FCC-hh Physics report: SM processes (1607.0183 |
* A funny and surprising example is HW production
* NLO EW: Ciccolini, Dittmaier, Kramer *03

 NLO EW with W decay: Denner, Dittmaier, Kallweit, Much ’12
Huge EWC (~10-100) is observed above 2 TeV inv. mass (why ?)

* It is mainly coming from photon initial state

HW™ (u=H7/2), LHC100 10 —
0.1 LO + NLO QCD —
LO + NLO QCD EW —

(1=H/2), LHC100 o
LO + NLO QCD — -
No y PDF LO + NLO QCD EW —

ool 1o

0.01

Lol

0.001

L1 ||}||||

0.0001

o}
S
>
=
O
£
A
i
=
=
E
©

ol 1 on

1e-05

1000 s ser o NG Gt seale srors——
100 —
10

1006 Ratio over LO; NLO EW PD& 'er'ro'rsl E—
100

10

2000 3000 4000 5000 6000 7000 8000 9000 10000 2000 3000 4000 5000 f‘gggjfoo 8000 9000 10000
CU

m,t [GeV]
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PHENOMENOLOGY STUDY: HW

Mangano et al., FCC-hh Physics report: SM processes (1607.0183 |
* A funny and surprising example is HW production
* NLO EW: Ciccolini, Dittmaier, Kramer *03

 NLO EW with W decay: Denner, Dittmaier, Kallweit, Much 12

 Huge EWC (~10-100) is observed above 2 TeV inv. mass (why ?)

* It is mainly coming from photon initial state

* There is no photon-quark or gluon-quark for H+jet at Born, when W soft/coll.
At Born, HW is produced via s-channel only, while NLO introduces t-channel

« Atlarge inv. mass, t-channel is dominant

RPP2020, X HUA-SHENG SHAO
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PHENOMENOLOGY STUDY: HW

Mangano et al., FCC-hh Physics report: SM processes (1607.0183 |
* A funny and surprising example is HW production
* NLO EW: Ciccolini, Dittmaier, Kramer *03

* NLO EW with W decay: Denner, Dittmaier, Kallweit, Much ’12

 Huge EWC (~10-100) is observed above 2 TeV inv. mass (why ?)

* It is mainly coming from photon initial state

* There is no photon-quark or gluon-quark for H+jet at Born, when W soft/coll.
At Born, HW is produced via s-channel only, while NLO introduces t-channel

At large inv. mass, t-channel is dominant
Such a contribution can be suppressed by cut e.g. on pseudorapidity

HW- (u=H/2), LHC100 oy
- LO + NLOQCD —
n(H.W)l<4 LO + NLO GCD EW —

o(m(HW")>m,,) [pb]

.llll:llllll'llllllllll'l
Ratio over LO; NLO QCD scale errors

llll'lllx LA Ll llllllll LA L 1 AL AL A L L A 1
Rato over LO; NLO EW PDF orrors

1 i1 1 1.1 ! L1 11 l L 2 1 1 l A1 11 l L1 1 1 l 1 1 11 ! L1 11 l L2 11
2000 3000 4000 5000 6000 7000 8000 9000 10000
Mgyt (GeV]
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PHENOMENOLOGY STUDY: HW

Mangano et al., FCC-hh Physics report: SM processes (1607.0183 |
* A funny and surprising example is HW production
* NLO EW: Ciccolini, Dittmaier, Kramer *03
 NLO EW with W decay: Denner, Dittmaier, Kallweit, Much 12
 Huge EWC (~10-100) is observed above 2 TeV inv. mass (why ?)
* It is mainly coming from photon initial state

* There is no photon-quark or gluon-quark for H+jet at Born, when W soft/coll.
At Born, HW is produced via s-channel only, while NLO introduces t-channel

« Atlarge inv. mass, t-channel is dominant
* Such a contribution can be suppressed by cut e.g. on pseudorapidity

* Message: do not simply overlook EWC even you are not a precision guy

RPP2020, X HUA-SHENG SHAO
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PHENOMENOLOGY @ LHC:

A CAVEAT IN DATA-DRIVEN BK ESTIMATE
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DIPHOTON

Talk by M. Schonherr at Durham '[9

e NLO EW corrections to
diphoton production

e peak-like enhancement
around m~~, = 2 my

da/dm,,,, [pb/ GeV]

e induced by W-box creating
pseudo-resonant structures

e should be accounted for in
T T e data-driven background fits in
00 10 U W ,j,ii GV diphoton resonance searches

RPP2020, X HUA-SHENG SHAO
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CONCLUSION
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CONCLUSION @

Precision theory requires the good knowledge of EW corrections

EW corrections can also be enhanced in some (not rare) cases

It also requires more study on the new ingredients: e.g. PDF and FF

Many challenges are still present with both QCD and EWC, e.g.to P

Automation of complete NLO at fixed order is there !

MadGraph5_ aMC@NLO v3.X has been released (EWC & complete NLO)

https://launchpad.net/mg5amcnlo
A recent nice review: Denner & Dittmaier (1912.06823)
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https://launchpad.net/mg5amcnlo
https://launchpad.net/mg5amcnlo

Thank you for your attention !
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