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1) Fixed order calculations.
2) Resummations

3) EW corrections

4) Summary
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1.1) Fixed order pQCD

@ Basic concept of the fixed order calculations: develop the observable
in a serie in strong coupling a

R=) Mo
3=0

€€3»

® For each observable LO is defined as minimal “j” value for which
M. !=0.
J

® At NLO you find two kind of contributions:
— Real emissions: positive contribution to M,,,.

CERN

— Loop contributions.

. \CHS Experment & he LHC,

M. Gouzevitch. QCD from CMS



11 1.2) NLO

, fﬁﬁ* Lo NLO _ _LO R v
-'.'.;"-. Tn-jet = Jn-jm: + gn—jvi‘. _ Jn—jm'. + |: / do™ + / do ]
g n+1 n

@ NLO emission terms are divergent IR and collinear:

< A

— If the observable is IR and collinear safe: ok for inclusive obs.
* collinear divergences factorize out into the observable and PDF
definition.
* Infrared divergences cancel out between virtual and real corr.
— Need to use “dipole substraction” to make the observable practically

“calculable” and produce differential predictions.

- o 6 [
V "

Approximate real- Simple enough to
emission matrix integrate so that 1/€
elements in all singular poles can be canceled

limits so this difference against virtual

is integrable. corrections
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111.3) NLO

g
-..__ =
=

S

® This method is applied since 90's. For example NLOJET++ is used
for 2-jet and 3-jet cross sections in ee, ep or pp collisions:

13
Normalised Inclusive Jet Cross Section 910 C ' CNiS " &yl <05 (x10%) ]
1 [<] 1 o 05<ly<10(x10°) _]
F H1 a) () 10 i (s=7TeV m 10<|y <15 (x107) _]
- Fa) L L=50fb" O 15<[y<z20(x10") _]
L I—?t =N L anti-k; R=0.7 v 20<|y<25(x10") _]
o | I - 1 - 7 [ .
& | = :
[ o HERA | PLE 653 (2007) 134 - 3 [ _'
phase space corrected) “6- 10 C ]
- . H1 data X C -
107F 1 NLO © hadr C -
L L M R | L L | -1 _|
1.2 10 F =
I;’li =N = —
R e S e F C =
0.8 ! Ll A TR S 10_5:: ::
10° o2 1$ il NNPDF2.1® NP Corr. — g

[ GeV?] L

1 1 1 1 1 1 | 1 ]
200 300 1000 2000
Jet P, (GeV)

* But this method requests to build « by hand » the dipole substraction
elements. We arrive now at the stage where this approach might be «
automatized ».

M. Gouzevitch. QCD from CMS



il 1.4) Automatized NLO

S inclusive Jet multlpI|C|ty
T ET aras Prellmlnary Zh¥(os IThiets (o) |
=3 10° Ldt=46m" <%~ Data 2011 (l5=7Te
% 7 op mkmnood ARG
| s Different groups invested in this R A
industry which has good records: g CF ===
. v 10
BlackHat, Rocket, Samurai, NGluon, 1 .
MadLoop etc... 1‘:; B
® Enters into the composition of new T =
. 145 3 BuckHar + sh ! ' ' '
generation of MC generators: i =iy Z‘“ V221 A
POWHEG, MC@NLO 2o T 7
1_4__._ I | I I I
Sherpa@NLO. & 2 = :;55;,%% A
@ V"‘Il-jEtS, Il-jEtS (Il — 1..4). g gg: l | | l | | ! |é
. . . . g :_4:_k_sm[pa 1 | | | | P | /|/_
The limiting factor is the computing & e /y/
il . Q o8-
time. O
Nex
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811.5) NNLO

| * Structure of NNLO calculations (From Franck Petrillo talk):

2-loop matrix elements, m partons 1-loop matrix elements, m+1 partons

AATAAYAYAY: ANANNNN——— — AR WM;E%

|
3
[
|
|

» Explicit IR poles from loop integrals * Explicit IR poles from loops
« lmplicit |- poles from single unresolved

radiation

Tree level matrix elements, m+2 partons

& g,
O ARG BRI

Implicit IR poles from double unresolved
)

& o, radiation
L byssror vvTIOTL————

® Two loop amplitudes quite well known for V+jet since 10 years.
® One loop correction also well known (similar concept to NLO).
= @ Double singular real emission is the bottleneck especially for

“8 differential cross sections.
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i1 1.6) NNLO inclusive V production

® Inclusive V production with leptonic final sate is an easier case since
the final sate is not colored: qq -V -1l

% @ NNLO is important at the level of precision we have now in
‘ s inclusive V, V* production O(1%).

; LBLILI LIS I I I B B ]
00— T —— — 5 oo7L  CMS Preliminary, 4.5 fir' atvs = 7 TeV, 20 < M < 30 GeVf =
r pp W+X-+lp+X MSTWOS V=10 TeV “6 C . .
R . L= C —s Datau, 45" in2011) 7
250 [— W~ Wi — 006 -
i I et -*.ll"jl,, 1 L r III POWHEG-CTIOMLO ]|
- — -
200 — T - !?_ ] — 005 —
I _‘_[:{:‘-—"' . ..,: ] » III FEWZ:+ MSTW2008 NNLO |
2 3 ] 004 e, =
2 - ] T araippieatea, Tam ]
S 180F b u _: m—t—ﬂ.‘lh 3
g 1 o0 j..".iﬁ_ =
100 |- d C .-—- ]
R ] 0.02 i =
] EWK-11-007 m——
50 =
0.0 == —
- :
i 1 Y S PO PO PN N Y BN PN PPN IR PO i
i = NLO/ 1O ]
- == - = = E T =
12 _a L —| B TiE -
T _ NNLO/NLO T2z o] 2 = !
1.0 E;'I S — m— o w5 i
=1 =
0.8_4 I I I " -l2 i i " I 5 " i i i ; I I I " :l- = E;E i i I | i |
0 02 04 06 08 1 1.2 14 1.6 1.8 2 2.2 2.4

e Dimuon Rapidity, |y|

= @ This is a similar situation to : ee->V->qq.
“& @ The PDFs are known to NNLO.

M. Gouzevitch. QCD from CMS



1| 1.7) Loops and scale dependance

" =,
oy .. T
o

b

% ® Loop contributions:
® Divergences when allowing infinite momentum in the loop:
— Apply a renormalization procedure, for example loop energy

cut off scale Y. Arbitrary scale affecting truncated serie but not
the total cross section

A Inz. e o) = s (r)

1o 4

5 Oa. 0
( @ )Rzﬂ

oL 3L oa.

— Equation above is true for any cross section. This gives the
famous « running constant » beta function:

Jdo,
oL, — ﬁ(ﬂfs}

-
e
LLE
-
.
= ==
—_—t
L= 8
=
L0
=
=
1
il
i3
= —
.
g
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3 1.9) Scale dependance and missing orders

.. @ The scale dependance arise from a non-complete cancellation of the
% strong coupling running and virtual loops: ~ dR. _ O(am+)

L

| ‘ — LO u L : the predicted cross section is a priori « whatever »
— NLO: reduced scale dependence 16
« Maximal cross section » -
and
a « non-physical » region.

® The experience shows : : .
u_= typical physical scale (p,, M,, etc...) ~ )
seems frequently to fasten the convergence. 08

» Missing orders: AR = R-R _size estimated by vai

e LHC, CERN

=
—
=
o
L1
L
—
-

| scale by an arbitrary factor %2 and 2. dR,
dL

= Naively: a smaller k-factor make think about a faster convergence.

M. Gouzevitch. QCD from CMS

= O(a™)
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111.10) Does it always works?

~ . °In pp collisions large small angle corrections:
described by ISR and FSR.

@ Visible when the small jet radius (R <~ 0.5) is used.
® Explicitly visible when jet radius ratio is calculated.
° Effects not covered by scale Varlatlons

arXiv:1301.3475v1

o T 3 : : 20<|y| <25 ' ' - ‘CcMS N
16 « Data / NLO®NP theory E i C e s []ew. Uncertainy v ]
: — Theory uncertainty ] aO 25 —CTwo []Theo. Uncenainy  L=s50m" ]
1.4- O Exp. uncertainty e = i HERA1.5 anti-ky R =0.7 N
:_\ E = [ =--- MSTWzo08 ]
1.2° _ / ] o L e ABKMOD .
— 2_
155 ._-_:-':_:--: —— ] =] - =
] o C 2
08 ,-/ \ ; € b arXiv:1212.6660 ]
0.4% 3 E -
0.2- 20=|y|<25 = g
_— L ol - [Irra
= 20 30 100 200 1000 0.5 o5 T
€3 Jet P, (GeV)
i aerV: 1106.0208 = 1.4 anti-k,, [n]<0.5
—? T ®  ALICE pp {s = 2.76 TeV
. P!E, 12F [ Systematic uncertainty
e £ LO (G. Soyez)
= ~ NLO (G. Soyez)
= ‘ﬁ' 11— MNLO + Hadronization (G. Soyez)
= r [
IJ' il -
= © o8-
= s
-
L1}
L3
=
R,
L

cov b v P by v by vy Twwvy Pvww v By g o
0 30 40 50 60 70 80 90 100

pT_j ot (GeVic)
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CERN

. \CHS Experment & he LHC,

2.1) Collinear and IR effects

@ Measured cross sections are sensitive to:
— non-perturbative effects and small angle radiations.
— Large logarithms contribution when more than one different
scale is involved: log (M,/M,)

® One need to coherently connect:
Hard scattering ME + \
Soft and collinear rad. + N\ 4l
hadronisation + UE

@ ) solutions:
— Parton showering
— NPLL Resummation

M. Gouzevitch. QCD from CMS
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2.2) Parton showering approach

® The usual solution is

to use the parton showering:

ordered real (Q2, pT2...) emissions based on
Sudakov form factors. =
@ Equivalent to the collinear i
resummation. 5
@ Use by: PYTHIA, SHERPA, HERWIG...

[ah

L=29pb" vE=7TaV [y <1.1

10° | = £ > 300 GeV (x10% CMS g [ NLO QCD Predictions CTEQ 6.6 PO > 500 GaV
s 200 < p™* < 300 GeV (x10%) M=p=PT CMS
s 140 = p™ = 200 Ge¥ (=107 2 - ] \

104 5 11'3‘#:“:‘: 140 GeV [=10) 3 : 9 __...1..:.1I ............. I..Q_.-.....I........I...l.....l ...... oo .I
1= o B0<p™ <110GeY _FF L 200 < p™ < 300 GeV
_——— .ﬂ_f 3 Lf
= 10° b L=29pt" i -

-t A o i 2 o
= e e R - ar — 4 [ EEts 2. Jriiel SN T e —
e g= Wl <11 e i ¥ = 1 . L I L
L= 8 107 k1 L 140 = pT™ = 200 GV
= g| & |3 I3
_-_ bﬂ = ol [S—— 2 __ ’ + + o

= Sld 10 alz W AT N R S,

] _'_| E " g é - ] . . ] . .

= bn /43; _- - = = 11ﬂqp:“':q1-4ﬂGEV

[=T .1 :--‘:_. L & :- +
. — S = 2 A

— o i B M e rarenars] TS MU B N TP

p— I___..-‘ - 1 1

= o g - o ——— PYTHIAG DET i e
L1 2 .23 Pk 80 < (7™ = 110 GeV
Ll N PYTHIAS 72 N 4
=: S e PYTHIAS 2 ',
L [ oS HERWIG++ Y s e ot B B TP

—— MADGRAPH B : i ; ; . i : ;
L | . L | L L nf2 2n3 Snf6 I
w2 on/3 5m/6 n H,. 4, Scale Dependence AQ, [rad]
PDF Uncertainty
Adp s [rad] -+~ Man-Part, Unesriainty
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2.3) ME+PS matching

=y

_ @ PS under-produce hard pT jets wrt to the multi-partom ME.
@ [dea: Match multi-parton ME to the Parton shower.

P Adding back full ME
for X+n would be

+»  Shower off X

s,y dsyg

already contains LL doyy ~ 2¢°doy
part of all X+n Sal S1b overkill

" Seymour (Herwig), CPC 90 {1995) 95
({h Solution I: Additive” (most widespread) CKKW (Sherpa), JHEP 0111 (2001) 063
Lénnblad (Ariadne), JHEP 0205 (2002) 046
Frixione-Webber (MC@NLO), JHEP 0206 (2002) 029

Add event samples, with modified weights + many more recent
wy = |Mxl? + Shower
wx+l = |[Mx+1|° — Shower{wx} + Shower

Wysn = |[Mysn|? — Shower{wx,wy+1,...,Wxsn_1} + Shower Il
HERWIG: for X+1 @ LO (Shower = 0 in dead zone of angular-ordered shower)

HC@NLG: for X+ @ LO and X @ MNLO (note: correction can be negative)

CKKW & MLM :for all X+n @ LO (force Shower = 0 above “matching scale” and add ME there)
SHERPA (CKKW),ALPGEN (MLM + HW/PY), MADGRAPH (MLM + HW/PY),
PYTHIA8 (CKKW-L from LHE files), ...

@ Solution II: Multiplicative. Used for example by POWHEG. See for details in backup.

M. Gouzevitch. QCD from CMS
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2.4) Z+]ets event shapes

@ Effect of ME+PS seen here:
~\ g PYTHIA (2 partons LO+ PS)

MadGraph, Sherpa (2,3,4 partons LO + PS);
= \ POWHEG (2 part. NLO+PS)

f— T T qulﬂsl' I‘I'_I =|7| Ie\lllll_l = Il‘s.lol fb|1| T I T_1
E 1l zh«‘L I'T, Fl; - 150 GeV | | | | Njetl > 1["4‘""""
E 1 0 é_ *» Data X600 mi _f
= — === MADGRAPH J”m" .
32 | == SHERPA v —— ]
S | g2 L -~ POWHEG (Z+1)) ——— Now 22
S = - PYTHIAG (Z2) 1 " ""“--—-%
S -E - e r“m ]
== - -:'._:',_-.'.-._5! I""""""""‘I n
= L pee e D i _
&= g el e s
< R N Mo 23
E 1 @— .-.._._.._.=. r.'..'.T-.'.'ﬁT.T. r_ “r.‘.,.r---rmﬂg
_E %"'—"f""-"' [FAH :
-i 107 §_ e “"J =
-i‘-l:- -‘I 0-2 :|““|I I.|“"|I L1 1 | L1 1 | L1 1 | 11 | | 11 | | 11 | | L1 1 | L1 1 | | I_
o 1.4 16 1.8 2 22 24 26 28 3

A(p(z,j_l}[rad]
arXiv:1301.1646

M. Gouzevitch. QCD from CMS



il 2.5) Resummation

. ® An other way to correct for soft radiation effects is to carry out

S

explicit analytical resummation. For example:
— Jet veto used for Higgs searches or VV production. Tested on Z
production.
— Large terms in ~ Qvg L™ I = In(M /ps veto)
— NLO uncertainty estimation may fai. Need to bootstrap it or
use resummations.

I H [ T T T T
1 __f'ér'&i&[jé{ia'ﬁ'""""""‘j' ‘_
14 élllllllllllllllllllllllIIIII|IIIIIIIII|IIIIIIIII TTITITTITTTTITTTII T ITII T TTIIT ITITTITaT T IIIIIIII; Ug _EE_:;]?;;\_[_c___rn,_i:hr'n]_cjsab__:______ _""_“""“"""_“""__
19 EW 1 jet (NLO) E| T e e8] ]
E e 3 % os —
aEd = [ <07 e e T
L _ 8 i o NNLO ——
= g = - 0.6 | #47 NLL+NNLO -
== = UFE-' i - :} 1 .
=8 = 6 = pﬁ"l = 30 GeV NNLL+NNLO
= NN p=mw 2 05F% —
e 4E __ 9, B
= g e g =2mw & 1.05
= I =2 T o
= =t combined incl. unc. @ X
= 0 Fuilidl X 0.95 feRe
= 0O 10 20 30 40 50 60 70 80 90 100 — 0
L — z 09
= Pt [GeV] <&
:;:.:?i:: -
: _-" arXiv::1107.2117v?2 arXiv:1206.4998

M. Gouzevitch. QCD from CMS 17
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frieft at In

EW corrections

CMS Preliminary

> asth'atva=71ey 1.4 Million
5 - I‘f events
— f v IE —
= J ¥Z — pp

= L | .
= = CMS-PAS-EWK-11-007
= 10°
b
-8 10

o
£ 10°
=

} Data . 4.8 m!in2011)

. MNMLT, FEWZ+KMMSTWDE

.
g s [
£ 1 : - iy el ﬂ
2 os|
= 15 30 60,120 240 600 1500

Normalized M(pp) [GeV]

M. Gouzevitch. QCD from CMS
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41 3.1) Few examples

O(10 MeV) precision.

corrections.

108 T g T T [
- o* ¢ NLO QCD 1
o 8 + NLO QCD+NLO EW |
b
1 ]
100 2 $ Vs=8TeV
o & ¢ pTi>25 GeV
== — L & % In|<2.5
= o o (0) scheme
— 0% —
S F
| &
1071 (2
o
10-2 -

. \CHS Experment & the LHC, CERN

M. Gouzevitch. QCD from CMS

1/, dofdM{up) [GeV']

datatheory

® Important around the M(Z) and MT(W) peaks. Very precise
measurements. One of the key points for W mass measurement at

@ The precision of DY at high mass is sufficient to be sensitive to EW

CMS Preliminary

1 ssm'atvs=7T1evy 1.4 Million
o I‘f events
0

vE — uu

104 b Y
. CMS-PAS-EWK-11-007

107
104 Needs NNLO
107

0" } oot 4.6 in2011)

. MNMLC, FEWZ+MSTWDE
1wtk

107 -
1.5 -
5 . e
os |-
15 30 60320 240 600 1500
Normalized Mipp) [Gev]

*MNumbers for 14 TeY LHC:

YY—ll: Byy=+5%
QED: Sqep=-(3-4)%

19
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CIS Experiment & the LHC, ¢

3.2) General situation for EW corrections

do = dog + do,, + dog
—|—dUa52—|—ngg5+...

® FEWZ: aZ(+ a for neutral DY) Melntkov & PE?E'E&EQ'&?E&%}[@%&%

® SANC: as + a Bardin & al., arXiv:1207.4400

e PYTHIA8/HERWIG++ @ SANC Richardson & al, JIHEP 1206 (2012) 090
e MC@NLO & HORACE

Balossini & al., JHEP 1001 (2010) 013

e W_EW-BMNNP
e W EW-BW

L. B. & al, IHEP 1204 (2012) 037
Bernaciack & Wackeroth, PRD 85 (2012) 093003

M. Gouzevitch. QCD from CMS
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SUMMARY

NLO NNLO NNLO+ NNLO+ LO+ NLO+PS
NLO EW NNLL PS
W, Z, DY DY FEWZ Banfi @ PPWHEG
NNLO PWHG A/
W,Z+0..1 Banfi @ POWHEG
jet excl. Al.
2-jets NLOJET++ POWHEG
W+1..5- BLACK MDG SHERPA
jets HAT aMC@NLO
Z+1..4-jets BLACK MDG SHERPA
HAT aMC@NLO
1..5-jets BLACK MDG SHERPA
HAT aMC@NLO
W,Z+1 jet PTIA PWHG

*® @ Fact 1: this table is intentionally not complete to keep it light.
= @Fact 2: even if it was complete it would not be complete is few weeks: the field is very actively

developing. This development is fueled by the active LHC SM program.




\CS Experiment & the LHC, CERN

BACKUP
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CIS Experiment & the LHC, ¢

3.3) POWHEG vs NLO+NP -

C)

Data/ NLO2NP (PDF4LH

CMS L =34 pb™

R=0.5 [|y|<0.5

Data/POWHEG V] FJ.S

—t ek ok
S R -
I.:II TTT

o
co
TTTgT

i’ Jetp (GeVic

o9
[ =S =]
TTTJTTTI[T

R=0.5 2.0<[y|<2.5

18
1.6

Data/POWHEG 20<|y|<25

raalvaoadbeaoaa oo boaalbaaa trrlbrrrbrrrlbrrn b
Data/MC

[ T e TR e —t ok ok

Pmm o e ®

RN TR R R R
H .

02>  20<lyl<25
:"«"_I{ISIDI | III1II[IZ“{ZI 21.:}‘{]I . ””ﬂl{]ﬂ-
pT{GeV}
* POWHEG by itself describes better R=0.5 data than NLO+NP. PS

represent part of the missing orders.

* Agreement not perfect at large y, but covered by systematics.

M. Gouzevitch. QCD from CMS 23



1.8) Scale dependance

d'R
T __ O n+1
@ If you know matrix elements you know analytikally t e scale

dependence

(kfactor:Mjﬂ/Mj): 1.6[ 161
E w0, 5 © @ny k-factor I
- : — 0, ¢ k-factor = 0.1 - I
EN1I4:.::: «=un Oy - k-factor = 1.0 EN.-]A_.'
S B N
= I =
T2 % T 1.2
== D — — -
=-__—T:'=_
____:_:' 0.8
E i | | | | |
_E% 0.5 1 1.5 !Mz 102 10" 1”“1
= R1(L e .
= R %7
=8 Ri(L=0)
o 2
= Ra(L) Bl ALY+ Lk (L
= - ¥
Ro(L =0) 1+ ko

M. Gouzevitch. QCD from CMS 24



)| 2.3) ME+PS matching

S 5 PS under-produce hard pT jets wrt to the multi-partom ME.

@ [dea: Match multi-parton ME to the Parton shower.

+»  Adding back full ME
for X+n would be

+» Shower off X

dsyy dsyy

already contains LL dery g ~ 297y
part of all X+n Sel  Slb overkill

Solution 2: “Multiplicative™  BengusonSjisund (yhio) PLE 85 (1987) 435 + more

Bauer-Tackmann-Thaler (GenEva), JHEP 0812 (2008) 011
Giele-Kosower-Skands {Vincia), PRD84 (201 1) 054003

One event sample
wy = |Mx? + Shower
Make a “course correction” to the shower at each order

Ry+1 = |Mx+1|?/Shower{wy} + Shower

Rx+n = |Mx+n|*/Shower{wx+n-1} + Shower DM

PYTHIA: for X+ @ LO (for colorsinglet production and ~ all SM and BSM decay processes)
POWHEG Box

POWHEG: for X+1 @ LO and X @ NLO (note:positive weights) —==——> HERwIGH
YINCIA: for all X+n @ LO and X @ MNLO (only worked out for decay processes so far)

M. Gouzevitch. QCD from CMS
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