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Why Precision?

Example 1

An optimistic scenario: a clear resonance (e.g. Higgs discovety)



Why Precision?

Example 1

Extra dimensions

Other

............................................... xz

Large ED (ADD) : monojet

Large ED (ADD) : diphoton |

UED :yy + E e

RS with k/M_, = 0.1 : diphoton, m, ,

RS with k/Mp, = 0.1 : dilepton, m,

RS with k/Mp, = 0.1 : ZZ resonance, my,
RSwithg /g =-0.20 : tT — l+jets, m
ADD BH (M M,=3) : multijet, =p_, N,

ADD BH (M, /M=3) : SS dimuon, N, ;q
ADD BH (M,,,/M,=3) : leptons + jets, p

Quantum black hole : dijet, F (m,)

gqagq contact interaction = y(m )
qqll Cl : ee, un combined, m

4" generation : Q Q,~ WqWq

4" generation : dau - WbWb

4" generation : d‘%‘b—’ WiWt

New quark b': b'b'— Zb+X, m,,

" o b
Excited quarks : dijet resonance, my

Excited electron : e-y resonance, m

Excited muon : u-y resonance, m

Techni-hadrons : WZ resonance (vlll), m:Mw:
Major. neutr. (LRSM, no mixing) : 2-lep + iels
Wg, (LRSM, no mixing) : 2-lep + jets

H:* (DY prod., BR(H*~uy)=1) : SS dimuon, m

Color octet scalar : dijet resonance, my
Vector-like quark : CC, my,

o
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*Only a selection of the available mass limits on new states or phenomena shown
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e [.ower limits above 1—10 TeV now.

e New physics could be out of reach for current LHC

e Predicting the shape correctly will be crucial

New Physics = precise Data - precise TH predictions!!



Why Precision?

Example 1
§ ATLAS ZIy* (= 'y 21 jet (I=eu)
= 107 Ldt=46fb" << Data 2011 (s =7 TeV
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TH: NLO perturbation !

50% difference at high St with NLO
New Physics? Missing Higher order?




Why Precision?

Example 2

Precision measurements of the SM param.

ATLAS Preiminary gfttd:t1ttyyz A Standard model Higgs?? Precision is the key!
my=12509GeV.ly,| <25 S\ prediction
" =
ffw L 0gr = 48.58 pbTE50% (theory) + 3.2%(PDF + a)
(T::)mb. """""""""" FE?_| """""""""""""""""" Anastasou, et.al., 2016
7 o
VBF ww o=
S S — 48.58 pb = 16.00pb (+32.9%) LO, rEFT
N _ = +20.84pb  (+42.9%) NLO, rEFT
vH ] R O] — 2.05pb (—4.2%)  Exact NLO
- i + 956pb  (+19.7%)  NNLO, rEFT
tHatH = — + 0.34pb  (+0.2%)  NNLO, 1/mt
comb.| ey + 2.40pb (+4.9%) EW, QCD-EW
-1-050 05 1 156 2 25 3 35 4 4 149 pb (+3 1%) N?)LO, rEFT

o X B normalized to SM value



Why Precision?

Example 2

Precision measurements of the SM param.

Observed +-16 F——

ATLAS Prefminary (SRR A Standard model Higgs?? Precision is the key!

_ _ -1
Vs=13TeV, 36.1-79.8fb Syst. uncertginty e

my, =125.09 GeV, |y | <25 SM predictign

144 I-E?-I i
ffw . : Tggrr = 48.58 pbT458% (theory) + 3.2%(PDF + a)
TT | I_ _______ ‘\
|

comb.| - Anastasou, et.al., 2016
Z | —
VBF ww ——

T P 48.58 pb 2( 16.00pb (4+32.9%)  LO, rEFT

vy H—— | +20.84pb  (+42.9% NLO, rEF

VH 4 I :
SO S oo N—— — 2.05pb (—4.2%) Exact NLO
" — + 956pb (+19.7%) NNLO, tEFT
tHatH = — + 0.34pb (+0.2%)  NNLO, 1/mt
comb | e + 240pb  (+4.9%)  EW,QCD-EW
-1-050 05 1 156 2 25 3 35 4
+ 149pb (+3.1%)  N3LO, tEFT

o X B normalized to SM value



How to achieve precision?

0000000000000

LI LI :r
A 4
Fixed Order
Fixed Order
LO
NLO
NNLO
NkLO

1103

o

4\“‘/
i

%W

Z:

v
|
W

Resummation

NNLL



Outlines

e EFT in FO @ colliders

e EFT in Resummation @ collidets

e Summary



EFT in FO (@ colliders



Fixed order (@ colliders

LO

el
*—<

V + 1j at NNLO as an example

D=4->D =42

Divergence -> e-poles
AL

e Benefit from the amplitude community
e Explicit IR poles after loop integrations
e Pretty much limitedto2 - 1,2 - 2.2- 3

starts to be available

10



Fixed order (@ colliders

Complicated experimental

cuts, jet algorithms

V + 1j at NNLO as an example applied to the final states

VR RR

/ ddy rr

e We are mostly interested in fully differential cross section,

which allows for experimental cuts, jet algorithms and parton
showers -

e IR poles fully show up for degenerate (soft/collinear) states
ONLY after integrating over phase space, with all kinds of
exp. cuts, jet algorithms ---

e How to isolate for numerical evaluation? A problem for ~15

years that prevents us from making NNLO predictions for the

LHC.
11



Fixed order (@ colliders

Subtraction o
IRC limit of QCD

N \

[ f N
i / a1, JEECEE LIy e

/

Jet algorithms, exp. cuts

é«-. . »
inclusive”, loo
enter here. Finite and . > 00P
, , techniques come
suitable for numerical .
into help

evaluations

Construct counter terms point-wise in the phase space

- Antenna subtraction 2 Gehrmann, Glover
- STRIPPER + modifications Czakon + ...

12



Fixed order (@ colliders

One single physical .
Slicing Power corrections
observable to separate out
of the EFT

all singularities

B fel g \ ]

e (x> 20) — F(0) 2+

/ f

Jet algorithms, exp. cuts EFT of this observable enters

enter here. Finite and , , , ,
to simplify the calculations; will

suitable for numerical ,
also rely on various loop

evaluations ,
techniques

A physical observable (zp) to regulate all related IR singularities
- qT—SUbtrClCtiOﬁ Catani, Grazzini

- N—jettiness subtraction  Boughezal, Focke, XL, Petriello + ...

13



Fixed order (@ colliders

qr subtraction Catani Grazzin

i qr = 0, if no radiation.

For color neutral final state @ LO

Finite gy means at least one additional radiation

Becomes color neutral final state + 1 jet @ L.O

14



Fixed order (@ colliders

—ac

gr subtraction Catani Grazzin / f(Z) H(Z > Z()) — f(O) ~0 + ...

< ac

qr cut = small, only virtual + soft/collinear radiations.

EFT for small gt physics comes into play

c=H [BR B® S](qr)

Some of them known to 3-loops

Above qr cut

Recycle color neutral final state + 1 jet @ (N-1)LO results

15



Fixed order (@ colliders

QALAS

qr subtraction Catani Grazzin

Difficulties in dealing with colored final state

LO NLO

qr of the system can not single out the collinear divergence

16



Fixed order (@ colliders

N-jettiness subtraction  sougehzal XL Pecriclio + -

. | Pk Ma Pk Mp Pk T Pk "N :
T™N = me [ - ; RERY TN — 0, pr are soft or collinear
g Q = @ Qi Qn

Teut

At least N+1 hard "
radiations, just NLO

True NNILO is here

- N-jettiness to set the boundary between NLO and NNLO
- NNLO using EFT based on Factorization Tr|H - S| ® B, @ By ® J; + ...
- universal building blocks Stewart et. al.

- ignorant of the NLO details, conceptually appealing to implement



Fixed order (@ colliders

N-jettiness subtraction  sougehzal XL Pecriclio + -

. |Pk*TMa Pk-Tw Pk M1 Pk - N :
TN = E min [ ; ; R ™~ — 0, pr. are soft or collinear
k

Qa

Qs Q1 QN

Teut

At least N+1 hard "
radiations, just NLO

True NNILO is here

e B and | are all known to NNLO  Gaunt et al, 2014; Becher et al, 20042010

e Power corrections are known for Drell-Yan,
Tr|H - S| ® B, ® By ® J; + ...

Stewart et. al.

ggH to NNLO leading logs Zhu et al, 2017: X1 et al, 2017
« NNLO S is known numerically, complicated

due to the N-jettiness measure XL ctal, 20152019 + -
Liu and Wang, 2016



Fixed order (@ colliders

Impacts on the LHC physics: V+1j

S 1E T ATLAS T (s=8TeV, 203"
e Benchmark process at the LHC 3 o[ 66Gevsm <116Gev'.y|<24 3
. . g _._*_-J-". =
e Clean signature, exp. uncertainty < 1% =107 \
O -3
= 10 =
. o} =
e Irreducible background for NP searches 3y« ee-channel e =
o ® .
o = . s —¥— up-channel . =
e Large pT Sensitive to PDFs, small pT 19" E" —— Combined %, 3
) ) 107 Statistical uncertainty B
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Fixed order (@ colliders

Impacts on the LHC physics: V+1j

do/dH.. [pb/GeV]
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—_—
o
w

10°

10

10
102
10°

10
1.2

0.8
1.2
0.8
1.2

0.8

N B B B B B B
- ATLAS Z* (= I'T) + > 1 jet .
E 13TeV, 3.16fb™ . gaia N NN E
= p : m Z+21jetN 5
- a:'t' k Jets, R = Ol: ' BLACKHAT + SHERPA —
S p]T >30GeV,|ly |<25 4 SHERPA 2.2 =
" a ALPGEN + PY6 .
a v MG5_aMC+ PY8 CKKWL
& . ® MG5 aMC+PY8 FxFx -
L] —=
2 I' B
- R -
E L =
E Ll Tt E
- 8 ]
- o = 5 -
: S /l/ /g
E . | | | T
g T ] ] — 3
2 / 7
W e ae et 7 %
— " g mnm —
T B . . S R e D=
:' LA DL AL AL R AL L AL A DL AL AL A L AL AL L L L L —
— A I
= 0 /772 l/ﬁ
B AN A / LAY
":7 PR (T T T T T T TN AN N NN AT WO NN SN WY WA SN W S S W " .E
:’ LA L AL AL R L AL AL A L AL LA AL AL AL A LN AL B SR S S— =
v - v v o
—_g/ ' Seas %éég%%_z
E. PR (N T YT T (N TN TN AN Y TN AN SN NN SN SN WU WU W W S W S ' E
200 400 600 800 1000 1200 1400
H; [GeV]

20

NLO underestimates the data by 50% !

NNLO recovers agreement with data

by add on missing high orders.

Boughezal, Focke, XL, Petriello + MCFM, 2016



Fixed order (@ colliders

Impacts on the LHC physics: V+1j

1/o do/dp;Z [GeV]

Ratio th/exp
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Z. pT distribution

e Clean and very small exp. uncertainty
~ 1%

e therefore standard candle at the LHC

NNLO agrees much better
than NLO.



Fixed order (@ colliders
Impacts on the LHC physics: V+1j

Gluon-Gluon, luminosity Quark-Gluon, luminosity Quark-Antiquark, luminosity

TTTT T T T T T T T

B NN3.Ored
N NN3.0red + 8 TeV
VS = 1.30e+04 GeV

B NN3.Ored
XY NN3.0red + 8 TeV
(S = 1.30e+04 GeV

I NN3.Ored
X NN3.0red + 8 TeV
(S = 1.30e+04 GeV

Generated with APFEL 2.7.1 Web
Generated with APFEL 2.7.1 Web

Ll L L vl L Lo ' Lol L Lol
2 3 2 3 2 3

Before pZ data After pZ data
0g9—H |Pb] | 48.22 +£0.89 (1.8%) | 48.61 £ 0.61 (1.3%)
ovBF |pb] 3.92+0.06 (1.5%) | 3.96 + 0.04 (1.0%)

Error reduced by 30% when NNLO Z pT included

22

Generated with APFEL 2.7.1 Web



EFT in resummation @ colliders

23



Resummation @ colliders

1 1 1 1
I I 2
X 62 € X 62 | . | L —|—L—|—
exp. cuts
L = log

Q

24



Resummation @ colliders

Standard approaches to the predictions: FO + Res.

Fixed order

e Breaks down in the soft-

collinear dominated regions

Resummation to rescue

e [.LI. + NLL + NNLIL + ---
e Parton shower (~ LL)
e Analytic ~ going beyond LL---

LO N
NLO [ ke
O [REREA

I R
N0 R ol | ot o

LL NLL NNLL

2 2
asl o

(b):

o
>
7]
<
Z
.y
Q

pp—t+jet
1. u=Hr

1, P;.>30 GeV
. 3<|ys[<4.5, [yl<3 =

do/dq, [pb/GeV]

k.

B

0O 10 20 30 40 50
q.[GeV]
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Resummation @ colliders

Theoretical Options

e Parton Shower (Pythia, Herwig++, Sherpa, Geneva ---), mostly LL. + tuning

e Conventional QCD approach, go beyond N2LL? Complicated processes?

e EFT, based on (re)factorization theorem, supplemented with FO techniques

All components

can be calculated

using modern loop

J=G&®S techniques

“\\ refactorization

20




Inclusive jet production — where FO is not enough

e Anther benchmark process at the
LHC

e Related to new physics searches,
PDF fitting ---

CMS L =34 pb™’ (s = 7TeV
I 1 I || II 1 I 1 L L
10" e |y[<0.5 (x3125)
1010 o 0.5<]y|<1 (x625
10° n 1<|y|<1.5 (x125)
N 108 o 1.5<|y|<2 (x25)
) , 2+ 2<|y|<2.5 (x5)
Q 10 s 2.5<y|<3
o) 6
Q 10
> 10°
©_ 4
g '
5
© — NLO®NP
10 (PDF4LHC)

18 [_]Expt. uncertainty °
107 Anti-k; R=0.5

I 1 L1 1 I 1
20 30 100 200 1000

P, (GeV)

Overall good agreements with data,
but oo

2/



Data/Theory

Inclusive jet production — where FO is not enough

Long time systematic

(s=7TeV

CMS L =34 pb

Anti-k, R=0.5

e Data / NLO®NP theory
I — Theory uncertainty
+ \ ([OExpt. uncertainty

----CT10 E

;;\\TO_/ j

-+=+ MSTW2008

Data / NLO®NP (PDF4LHC)

discrepancies between theory
and the data
pp5.43 pb’' (2.76 TeV)
102§:|:|y;.'|||-,ly..-|tvrv:§rr|'l||l|llllllllllllllgl'lllll'l‘lllllllll"'|:
. ] NLO + NP i CMS ;
10 F * NNPDF 2.1 F E
Ix it 4 ad ]
-y 1% YCTioN v
1 + ¥ + ¥ g
xl é ;_ *+Data ; .’
[ ¥ | ¥ ¥
10°'F l -ar ¥ 2 3 E
¥ 3 ¥ *
107%F -+ E3 - E
10_3’ant»k,n=oz jets -*':__1: | antik R=03 jets 4'_ o anti-k, R = 0.4 jets -3
3 %3 v E
IU: 1 | L } -"“!...J!Al..!.J“!.._*‘:.,,!...,}L...!ll..!“i&:
’ Daria Systematics B NNPDF Systematics %% CT10n Systamatics
1 , S -
0.5¢
0

700 150 200 250 700 150 200 250 700 150 200 250
Jet P, [GeVic] Jet P, [GeVic] Jet P, [GeVic]

1.5<]y|<2.0 2.0<|y| <25 25<|y]<3.0 .
PR | el T ol L sl T gl L MR B
100 200 100020 30 100 200 100020 30 100 200 1000

p; (GeV)

Happens for 7, 8, 13, --- TeV
Strongly depends on the choice of R



Inclusive jet production — where FO may not be enough

Long time systematic

discrepancies between theory

and the data

(do/dy) / (do/dy of AK4 Jets)

Ratio to Data

2.2r
2
1.8
1.6
1.4
1.2
1
0.8
0.6
04

1.2}

CMS Preliminary

<3597 (13 TeV)

T T T

_ Data 2016

T T T I T T T I T T T l

T T T I =

v Pythia8(CUETP8M1)

L 4

A

- A

- %=

Madgraph

Herwig++(CUETHss1)
-v- PH+P8(CUETP8M1)

PH+Hwg(EES5C)
Herwig7

1t
0.8}

|III|III|III|II[

TIII]IIIIIII'IIIIIII

-= LO®NP

B Exp Sys
@3 Theory Unc

ly|<0.5

'q e

II|III|III|III|III|III|III|III

196 < p. < 272 GeV —

Il 1 I 1 1 1 I 1 Il 1 I —1

04 06

29

08 1
Jet Radius

(do/dy) / (do/dy of AK4 Jets)
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Inclusive jet production — where FO may not be enough

— NLO — NLO
NNLOJET CMS 13 TeV anti-k jets R=0.4 (p —u —2p ) —NNLO NNLOJET CMS 13 TeV anti-k, ]ets R=0.4 (u _u _Hr) —NNLO

0.0<lyl< 0.5 PDF4LHC 15 nn/o

00<lyl< 0.5 PDF4LHC15 nn/o

NNLO seems to help,
but Strongly depends on the

1.5 1.5

¢

0.5 0.5

05<lyl<1.0

1.5

os<yi<io
<< + 15

scale choices!

0.5 0.5

1.0<lyl<15 1.0<lyl <15

15 1.5

111 lIII|lII II|IIII IIII|III

|III IIIIIII III]IIII IIIIIII IIII|III II|IIII lIIl|III II|I

“optimized” scale choice

0.5 0.5

1.5 <lyl <2.0

1.5<lyl <2.0

15 1.5

0.5 0.5

20<lyl<25 20<lyl<2.5

1.5 1.5

1 ’ 1 7
0.5 t 0.5
" 1 " N
2.5<lyl <3.0 ' 25<lyl <3.0
1.5 1.5 q
1 1 W
0.5 * 0.5
N | .
3.2<lyl<47 '

15 1.5

ratio to NLO ratio to NLO ratioto NLO ratioto NLO ratioto NLO ratioto NLO ratio to NLO
ratio to NLO ratio to NLO ratioto NLO ratioto NLO ratioto NLO ratioto NLO ratio to NLO

IIIIIII IIIIIIII IIIIIII IlIlIIII IIIIIII IIIIIIII IIIIIII IIIIIIII II|IIII IIII|III II|IIII IIIIIIII IIIIIII IIIIIIII
II|IIII IIIIIIII IIIIIII III]IIII [IIIIII IIIIIIII IIIIIII l]IlIIII II|IlII [III|[II II|IIII IIII|III IIIIIII IIIIIII]

NN NNEN|

0.5 0.5

T pu=2pr

2x10° 4x10*>  6x10>  10° p, (GeV) 2x10° 4x10>  6x10°  10° p, (GeV)

Jodao Pires, 2018
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Inclusive jet production — where FO may not be enough

b NLO
MMHT 2014 NLO

4 NNLO
MMHT 2014 NNLO

NNLO seems to help, 1.2
but Strongly depends on the = 0f

scale choices! 15E 0.5<]y|<1.0 ' 15E 0.5<]y|<1.0

Wit T =

ly|<0.5 ' S 16 ly|<0.5 '
t E*M | }
L Sk AT

OO0 4=2=2=2=2000 ===
NOO LD WPOINDO LW
OO0 424222000 ===
NOO LD WPOONDOLLDWE

IllllIlllllllllllllIIIllllllllllllllllllllll I

M WALLJ LLLL LLLL LLLA RLLL LLLL LLLA LLLL LU 1) U
- —+
—-—-— |

10°  2x10° 10°  2x10° 12 2x10° 10°  2x10°

scale = individual jet pT scale = leading jet pT

Currie, Glover, Pires, 2018
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Inclusive jet production — where FO is not enough

- Possible large corrections

. small R r ==

- threshold

p = —
luminosity
[ 2n—m—k _ | A
- | In 2 -
g In" R seems away from
m—0 k=1 < 4 the threshold
=0,k= i il
. ] 1 A T >
z measures the invariant mass outside — I >
: . : : hi
the signal jet, characterize the distance but enhanced by the fii;;f;e
falli f th
to the threshold steep faling of the energy

luminosity
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Inclusive jet production — where FO is not enough

Resummation (small R + threshold) helps here

e Small R res. reduces the cross section

e Threshold enhances the cross section

o After resummation, the theory describes

0 /ONLO

the data well

0.4 Lo

prlGeV]

After resummation

33

O /ONLL+NLO

1.6 —

12
10
08 [
06F
0.4

See also, Kang et.al., 2016, 2017

14F

e

— - ]
L _*z ¥ 5232 3538 'm’m!ﬂixli ——————

e

{ ]

0.0 < ly| <0.5 ;

102

103
prlGeV]

XL, Moch, Ringer, 2018
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Data/Theory

Inclusive jet production — where FO is not enough

Resummation (small R + threshold) helps here

e Small R res. reduces the cross section

e Threshold enhances the cross section

o After resummation, the theory describes

the data well

pp 543 pb' (2.76 TeV)
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0.5)

Dr = c(R)/o(R

Inclusive jet production — where FO is not enough

Resummation (small R + threshold) helps here

e Small R res. reduces the cross section  See also, Kang et.al., 2016, 2017
e Threshold enhances the cross section
o After resummation, the theory describes

the data well
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After resummation

Take ratios to reduce the impact of the PDFs

- XL, Moch, Ringer, 2018



NLL+NLO

NLO

Inclusive jet production — where FO may not be enough

Resummation (small R + threshold) helps here
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Summaries

e A brief review the impacts of EFT on the collider precision

calculations
o (Quite useful in resummation and FO.

e Directions to explore:

o Stability of the slicing schemes: power correction to NNLO

and beyond, for general processes
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Thanks!
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