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outline

[] the Standard Model of elementary particles (SM)
- local gauge theories
- electroweak symmetry breaking

[] precision calculations for hadron colliders
- fixed-order perturbation theory

- beyond fixed order: parton shower simulations

[] physics at the LHC
- electroweak processes
- Higgs physics

[]  summary & conclusions
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the 20" century picture of elementary particles

THE STANDARD MODEL
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the 20" century picture of elementary particles

THE STANDARD MODEL
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the concept of gauge transformations

electrodynamics: physics of the E and B fields is described by Maxwell's equations:

2N = | 0B __
] alternative notation: em. fields £, B +— scalar and vector potential ¢, A
. o oo - DA
B=VXA, E=———
ot

[] changing ¢, Aina specific way
A 5 A'=A4Vy
¢ — ¢ =¢ —0x/0t

—

— no impacton E, B
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the concept of gauge transformations

[] changing ¢, Aina specific way
A —» A'=A+Vy
¢ — & =¢ —0x/ot

— no impact on E, B:

BB = Vx(A4+Vx)=VxA
. (A +V .
E—-FE = — ( ;_t X)—V(qb—ax/at)
A  9(Vx) = .
= —— — — V¢ + V(9x/0t
5 5 ¢ + V(9x/0t)
. 0A
8t

[1 gauge transformation: change fields in a well-defined manner
such that physics does not change
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Maxwell's equations in covariant form

[] more compact: covariant notation with

At = (¢, A), §*=(p,]),
— Maxwell’'s equations:
OA¥ — 9% (9, A") = 5+,
— gauge transformation:

A, — Al = A, + 8,

[] alternative: introduce field-strength tensor:

Fr = 1A — 9" A+,

— Maxwell's equations:

O FH = jv

Barbara Jager
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Quantum Electrodynamics (QED)

Interactions of charged particles (e.g. electrons) with photons described by:

Loep = Lpirac + LMaxwell + Linteraction
=GP —m)$ — FuF 4 ey A,
= GG —m)— Fu P
crucial property: Lqep IS invariant under a local gauge transformation:

. 1
P(z) = ¢ = e“Py(z), A, — A,+ -9,
e

— redefine lepton and photon fields at every point in space-time
without changing the physics content of the theory

nota bene: only works, if ¢» and A,, are transformed together!
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Quantum Electrodynamics (QED)

requirement of local gauge invariance restricts

form of possible contributions to Lagrangian
example: transformation properties of photon mass term:
2 2 A/ / 2 1 1
m°A, A" - m AMA = m°|A,+ -0, AP + —0F
e e
0 1
= m°|A,A" + —(0,a) A"+
(&

SA4,(0") + (B,0) (")
(& (&
£ m2A, A"

[1 local gauge invariance violated
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Quantum Chromodynamics (QCD)

theory that describes interactions of quarks and gluons
— many similarities with QED, but also some differences:

[] quarks are a bit like leptons, but there are three of each type
[] gluons are a bit like photons, but there are eight of them

[1 gluons interact with themselves

[] the QCD coupling g; is larger than the QED one

_ 1
f ° f a 1 24
Locp = Y P (i Py — msdy) i) — R
7

f: quark flavor

i, 4, a: color indices field-strength tensor

covariant derivative: F2, = 0,A% — 0,A% — gs f“bCAZA,‘j

DZ = 8“(57;3' —|— ’I:gstngg
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the gauge group of QCD

the gauge group of QCD is the special unitary group SU (IN) with N = 3;

the fundamental representation of SU(N) has IN? — 1 generators t* = %X‘
formed by IV x N traceless Hermitian matrices:

U=¢e%®" ¢g=1,...,N>2—1

with the Gell-Mann matrices \¢:

0 1 0 0 —i 0 1 0 0 0 0 1
AM=]10 0], \= 0 0|, X2=]l0 -1 0/|,X*=]0 0 0],

0 0O 0 0 O 0 0 O 1 0 0

1

0 0 —i 0 0 0 0 0 O s 00

XN=]100 0 |, X=]l00 1], A"=]l0 0 —i |, A= 0%0

—2

i 0 0 0 1 0 0 0 0 0 =
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the gauge group of QCD

Important group property: commutator of two infinitesimal transformations:

[U(91), U(d2)] U(d1)U(92) — U(02)U (1)

= (i07)(i67)[t", "] + O(8°)

with [t%, t°] = 1 f2%°t.  (febe ... structure constants of the group)

two matrices do not commute — transformations do not commute

(group is called non-Abelian)

compare:
[1 QED: Abelian gauge group U(1) — transformations commute
[] 3-dim rotations described by SO(3) group

— transformations do not commute
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gauge invariance of QCD

local SU(3) transformations include

[] gauge transformation of the quark field
Y = ¢ =U(z)y
[] gauge transformations of the gluon field strength
a ra a /e a ra —1
t°F;, — t*F , =U(x)t*F; U "(x)
[] the covariant derivative transforms “with the field” as

Dy — D'’ = U(z) D,

[1 the QCD Lagrangian is indeed gauge invariant:

1
’7a 77 7 a U
_ZF MVF a T _ZFMVF;L
= () Ny
> (i) = mdy ) W = 3 (iDy —mby) v
7 =t
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electroweak interactions

theorist’s postulate: description by local gauge theory, but. ..

[1 experimental fact:
the mediators of the weak force
(W= and Z bosons) are massive!

[1 theoretical problem:
explicit mass terms for gauge bosons violate
local gauge invariance of the Lagrangian

Barbara Jager Berlin 2016



. but:

[1 the solution:
spontaneous symmetry breaking
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spontaneous breaking of local gauge symmetry

basic concept:

gauge boson sector of the SM: L = Lgauge + LHiges

pd N\

. extra massive,
gauge fields

it neutral, scalar
(W , 24, ’Y) field

— full Lagrangian invariant
— vacuum state not invariant
under electroweak symmetry

0 symmetry is spontaneously broken!
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more details on spontaneous symmetry breaking
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spontaneous symmetry breaking: Abelian gauge theory

recall U(1) local gauge theory with a spin-1 gauge field A,,:

1
‘Cgauge — _ZFHVF“

1 explicit mass term of the form m?A, A* violates gauge invariance

— local gauge invariance a priori implies massless gauge boson

[] how can we incorporate massive gauge bosons in the theory?

use a trick: add complex scalar field ¢ with charge —e:
1
L = — FuF" +D,g|" = V()
with V(¢) = p?[o|* + Alo|*,
D, =0, —ieA,
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spontaneous symmetry breaking: Abelian gauge theory

1
L = — FuF" +|Duol* —V(¢), with D, =8, —ieA,

V(¢) = p*|8* + Ao|*

p? > 0: p? < 0:
unique minimum at ¢ = 0 degenerate minima at
QED with massless gauge field 1P| = [_ w2 _ v
(m 4 = 0) and additional scalar 22 V2

field (my = w) (phase arbitrary)

V()
V(9)




spontaneous symmetry breaking: Abelian gauge theory

1 :
L = = FuF" +|Dugl* = V(g), with V() =p*|¢|* + A4|*
p? < 0: minima at |¢| = —% =5

V(¢)

0
¢ 2
expand ¢ around vacuum expectation value v :

¢=%(U+H+ix)

1 1
0 L = _ZFWFW + EBMHBMH + 0. x0"x + e2v2ANA“ + evA"0,x

1
—eA"(XOuH — HO\x) + S AA(H? + x%) = V(9)
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spontaneous symmetry breaking: Abelian gauge theory

1 1
L = _ZFWFW + EBMHB“H + . x0"x + e2v2AuA“ + evA"0,x

1
—eA*(x8,H — H8,X) + S A A*H? +x*) = V (v + H + ix) /2)

photon of mass m4 = ev massless scalar field x
scalar field H with (Goldstone boson)
m?2, = —2p® >0
] the mixed (A — x) propagator can be removed by a gauge transformation:
A, — A, —0,x and ¢ — e X/Y¢ (unitary gauge)

— the field x has been absorbed by a redefinition of A
(“x has been eaten” to give mass to the photon)
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spontaneous symmetry breaking: Abelian gauge theory

1 1
L = _ZFWFW + EBMHB“H + . x0"x + e2v2AuA“ + evA"0,x

1
—eA*(x8,H — H8,X) + S A A*H? +x*) = V (v + H + ix) /2)

photon of mass m4 = ev massless scalar field x

scalar field H with (Goldstone boson)

m?2, = —2p® >0

[ balance of degrees of freedom:

before symmetry breaking:
massless gauge boson (2 d.o.f.) and complex scalar (2 d.o.f.) = 4 total

after symmetry breaking:
massive gauge boson (3 d.o.f.) and physical scalar (1 d.o.f.) = 4 total [
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electroweak symmetry breaking (EWSB)

BROKEN SYMMETRY AND THE MASS OF GAUGE VECTOR MESONS*

F. Englert and R. Brout
Faculté des Sciences, Université Libre de Bruxelles, Bruxelles, Belgium
(Received 26 June 1964)

T idb Feofiferio =f Rioth o adias

{ LAWS AND MASSLESS PARTICLES*

GLOBAL CONSERVATIO!
k, 7 C. R. Hagen,I and T. W. B. Kibble

£ o £h.
L. O. LUF3INIK, -
Timmsrfreamet oFf Thueaias Teeemaris® allasss T oandes Fooelised
Peparirnent & Physios, Irmperia Lollege, London, England
fiFamairensd TF Finés TGO 4ey
Received 12 October 1964}

Physical Review Letters (1964)
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spontaneous symmetry breaking in the SM

[] add complex scalar isodoublet:
b — ¢F _ [ P11+ 102
¢° D3 + 1Py

[] scalar potential of the complex field:

V(®) = p?®T® + A\(®T®)%, A >0

[ for u? < 0: minimum of the potential at [®| = \/—% = % > 0

[1 specific choice of phase breaks gauge invariance spontaneously;

(%

typically choose: (®,) = % < 0 >
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the Higgs sector of the SM

0
] Hi field in unitary gauge: ® = -1
iggs field in unitary gaug <v+H>

S

[] Higgs Lagrangian:

1 m 2 172 3 1 4
Lrtiges = 0, HO"H — *H* — X\oH® — ~ AH

0 Higgs mass myg = v2u = v2\v

. 2
[0 vacuum expectation value <+ weak parameters -4, =

8mz,, 2v2

[1 Higgs self couplings in the SM
uniquely determined by the Higgs mass

Barbara Jager Berlin 2016



generation of gauge-boson masses

... proceeds via the kinetic term of the scalar doublet

: 19 i,
Liin = (D,®)(D*®"), with D, =8, + oW, + B

o; ... Paulimatrices
covariant derivative of the

underlying SU (2) x U(1)
gauge theory

g, g’ ... gauge couplings
Wk, B, ... gauge fields
with WF = Wi + Wy’

expand ® about its vacuum expectation value in unitary gauge:
1 . W3 J2W- » 0
—D,®=—| 0 g - K “ B
: ﬁ[ ““(ﬁWJ -w; )*2 ] <+H>
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generation of gauge-boson masses

1 g?v? v? 2 _
— |D,®|* = 5((‘9,LLH)2—|—TW“L'“’WM_—l—g (9W3 - g’B,,,) + interaction terms

1 propagator for W3 and B fields not diagonal — introduce new fields:
Wli’ B cos Oy  sin Ow Z,
B, |\ —sin@y cos Oy A,

using the weak mixing angle

/

J cos Oy = J

v+ g7’ NPT

sin HW =

Barbara Jager Berlin 2016



generation of gauge-boson masses

1 g?v? v? 2 _
— |D,®|* = E(BMH)2+TW+NWJ+§ (gWij’ - g’B,,,) + interaction terms

[] massive gauge bosons:

02, =— (QW,f’ — g’Bu> , With mass mz = 2./g2 + g’

Veortg?

0 W with mass my+ = %

(] orthogonal superposition to Z boson:

massless photon A,, = \/;T (ngj + g’BM>
9%+g'?

Barbara Jager Berlin 2016



generation of fermion masses

.. generated via Yukawa interactions; e.g. for electrons

T
| G. [
E%uk = —GeéZL(I)ieR + h.c. = —\/5 < I;L > < 0 ) €Rr —+ h.c.
L

[J electron mass term
G.v G.v

LN = — 7 (érer + €rer) = — 7 €e = —meée
[1 Yukawa coupling G, related to electron mass m, via
. v2m, Me
e p— p— g
v V2mwy

[] interaction between electron and Higgs boson
Ge’U me

eH

e = —g¢g
\/§ \/§mW

[1 proportional to the mass of the electron!

eint —
Ly = = eHe
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generation of quark masses

... also generated via Yukawa interactions; e.g. for the first generation:

£%uk = — quzq)zdR -+ h.c. — Gueijcjsz)TjuR -+ h.c.
d-quark mass: u-quark mass:
Gd deW G'u, GumW
my = ——v = V2 muz—fv:\/i
T V2 g V2 g

[] interaction between the quarks and the Higgs boson

Md  JHd m
7 V2myy g V2my

q,int
EYuk

[] note: adding more generations introduces mixing in the Yukawa interactions
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the Standard Model with one family

1 _
ESM,l — Z _ZF;M/FMV + Z ’I’w’Y“DM’(p + £Yuk + |D;1,(I)|2 — V((I))

gauge bosons fermions
with F,,, = —z[D,,, D,] and D, =8, + 2o'W' +ig'Y B, + *2:T*G,
Ll F,, F"” term generates

Interactions among the gauge bosons, e.g.:

. : : : 1 :
WZUW““/ — geijk(BMW;)W“‘W"”’ — ZEijkEIilleinWl“Wmv

Barbara Jager Berlin 2016



the Standard Model with one family

1 _
ESM,l — Z _ZFHJ/FMV + Z ’I’w’Y“DM’(p + EYuk + |D;1,(I)|2 — V((I))

gauge bosons fermions
with F,,, = —z[D,,, D,] and D, =8, + 2o'W' +ig'Y B, + *2:T*G,

(] 43py* D ) term generates
Interactions among fermions and gauge bosons, e.g.:

’L.EL’)’“D EL -+ iéR'y“D“eR

——oyH(1 — 75)eW + h.c. 4+ gsinfOyevy'eA,

2\/_
g _ g _ . 92
— v~y (1 — vZ e |v*(1 — — 4sin“ 6 Kl ed
4 cos HW v ( 75) K + 4 cos HW [7 ( '75) w7 ] u
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parameters of the Standard Model

] free parameters of the SU (2) x U(1)y part of the SM
with one generation of leptons:

- the two gauge couplings g and g’
- the two parameters p and X of the scalar potential V' (¢)
- the Yukawa couplings G'¢

[] more convenient: replace by parameters
which can be measured accurately, e.g.

{ga gla 123 )‘9 Gf} — {e, sin 0Wa mpg, My, mf}

these are related to original parameters via

tan Ow — %’,e:gsinew,mH: V2,

— _9 — P
mw = ;o5 My Gy Yk
Barbara Jager Berlin 2016



parameters of the Standard Model

[] more convenient: replace by parameters
which can be measured accurately, e.qg.

{ga gla 123 A, Gf} — {67 sin 0W7 mpg, Mw, mf}

[ other parameters are predictions,

e.g. the Z-boson mass m  or the Fermi constant G

myw e?

myz = and Grp =
cos Ow 4+/2m?; sin’ Oy,

L] full SM with three generations: additional parameters are needed

for fermion masses and mixing angles between the generations

Barbara Jager Berlin 2016



the full picture (?)

mass - =2.3 MeV/c?

charge > 2/3 u

spin > 1/2

up
=4.8 MeV/c?
-1/3 d
12
down

0.511 MeV/c?

a

1/2

electron

<2.2eVic?
. D
12 €

electron
neutrino

Barbara Jager

=1.275 GeV/c?

2/3 C

1/2

charm

=05 MeV/c?

-1/3 S

1/2

strange

105.7 MeV/c?

muon

<0.17 MeV/c?
D
112 u

muon
neutrino

=173.07 GeV/c?
2/3 t
1/2
top

=4.18 GeV/c?
-1/3 b
112

bottom

1.777 GeV/c?

1

1/2 [

tau

<15.5 MeV/c?
D
1/2 T

tau
neutrino

0
1

gluon
0

@

photon
91.2 GeV/c?
0
Z boson

80.4 GeV/c?
+1
1 W

W boson

=126 GeV/c?
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global electroweak fit

A(LEP)
A(SLD)

. 2 - lept
sin“@ (QFB)

mm Global EW fit

& Measurement €] fitter|-v/:

3 2 1 0 1 2 3

(O . -0)/ g,

indirect

Barbara Jager

calculate all precision observables in
the SM including higher order
corrections in terms of

a(mz), Gr, Mz, M, Myop, M, Og

and determine parameters by fit to all
EW precision data

here:

comparing fit results (orange bars) with indirect
determinations (blue bars) and direct measure-
ments (data points)

Berlin 2016



precision tests of the Standard Model

powerful tool for testing the SM to high accuracy:

precision electroweak measurements
very accurate results provided by:
(] LEP (Large Electron Positron collider at CERN),

run 1: /s = my,
run 2: /s < 200 GeV

] SLC (Standford Linear Collider, /s = myz)

0 allow to test the SM at the percent level!

to achieve this precision need to
iInclude quantum corrections in predictions

extra gain: indirect sensitivity to energy scales beyond direct reach

Barbara Jager Berlin 2016



the theorist’s task

provide precise predictions for
experimentally accessible
observables

as pre-requisites for

[1 accurate determination of
physics parameters

(couplings, masses, ...)

[] discovery of new particles
and physics scenarios

Barbara Jager Berlin 2016



hard scattering: the perturbative approach

high energies: (ideally) series expansion in coupling parameter

N
o = Z a"oc™ + O(aN 1) >m< —|—>M-<§—|—...

truncation at fixed order oV (— LO, NLO, ...)

order IN provided by theoretician (“# of loops”) depends on:

[1 complexity of the problem
- Kinematic properties of the reaction
- multiplicity of the final state (“# of legs™)
- mass scales of involved particles

[] accuracy which can be achieved in experiment
[] computational skills of the perturbationist

Barbara Jager Berlin 2016



renormalizability of the SM

Gerardus 't Hooft Martinus J. G. Veltman

The Nobel Price in Physics 1999:
“for elucidating the quantum structure of
electroweak interactions in physics”
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renormalizability of the SM

the Standard Model is renormalizable

— observables can be calculated from few input parameters,

In principle to arbitrarily high precision

but:
] radiative corrections sensitive to highest momentum scales

[1 large corrections

] sensitive to unknown physics

Barbara Jager Berlin 2016



renormalizability of the SM

but:
[] radiative corrections sensitive to highest momentum scales

[1 large corrections

] sensitive to unknown physics

Acut d4k Acut e )
example: corrections to Acut - .. €Nergy up to which the SMis valid
mass parameter m (Acut = Mplanck = 10 GeV?)

Barbara Jager Berlin 2016



renormalizability of the SM

[] problem: radiative corrections are large

] solution: absorb large corrections (here ~ In A.y;) Into

redefinition of the parameters of the theory:

- physical couplings: g = go + dg
- physical mass: m = mg + o0m

go, My. .. ‘bare” parameters of L

dg,om ...contain the large corrections ~ In Ay

renormalizable theories: all UV divergences can be absored into
the redefinition of couplings and masses

Barbara Jager

— physical observables are independent of Acys
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Indirect searches

guantum corrections to precision observables — indirect access to high mass scales

e.g., the W boson mass: wvm@vwm W

calculate my, from mz and G including quantum corrections:

My, (1 mW) B TQ
m2 ms, V2Grm2%(1 — Ar)

with quantum corrections Ar = Aa — cot Oy Apt°P + Artisss
leading top-quark contribution: Higgs contribution: screened
quadratic in myep: — only logarithmic dependence on mg:
. 2
Aptor — SGFmtop b A Higgs _ Grm3, 1 4+ 9sin” Ow . (mé) L
8mw2+/2 87242 3 cos? Oy may,



Indirect searches for the top quark

Indirect searches for top quark work rather well
(recall: top mass enters precision observables quadratically)

historically (around 2000):

direct observation: My, = 172.7 == 2.9 GeV (CDF and DO)
179.4 + 11 GeV (LEP and SLD)

Indirect observation: mep

more recent (PDG 2015): best limits come from the LHC

ATLAS: myop, = 172.99 1= 0.48 (stat.) = 0.78 (syst.) GeV
CMS: myop = 172.32 £ 0.25 (stat.) = 0.59 (syst.) GeV

Barbara Jager Berlin 2016



Indirect searches for the Higgs boson

Indirect searches for the Higgs boson are harder
because of logarithmic Higgs mass dependence

LEPEWWG (2005)

: 5 — T 80.5 . 5 — T
— High Q” except m, — High Q" except m,, /",
68% CL 68% CL
200 u
>
QO
S,
EH 180 A -
160 Exclydejd””w I 803 EXCI”de.d......, N
2 3 2 3
10 10 10 10 10 10
m, [GeV] m, [GeV]

data consistent with SM; fits to EW data — mg < 219 GeV
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Indirect searches for the Higgs boson

Indirect searches for the Higgs boson are harder
because of logarithmic Higgs mass dependence

LEPEWWG (winter 2012)
200 March 2012 —T 80.5 March 2012

— High Q2 except m, — High Q2 except m,, /T,
68% CL . | eswcL
3
.9. 180 - B — 80.4 m,, (LEP2, Tevatron) |
3 | =
m, (Tevatron) =
Excl | Excl
T A — gogfoxcluded
2 3 2 3
10 10 10 10 10 10
m, [GeV] m, [GeV]

direct searches at Tevatron exclude large parameter range!

Barbara Jager Berlin 2016



the hierarchy problem

Higgs boson is light and weakly interacting;
but Why 1S myg < Mplanck?

guantum corrections to Higgs boson mass

are quadratically divergent:

top

3G
5m§{ ~ ul m?2 A?

---------- \/571_2 top

A . ..cutoff scale up to which the SM is valid

(need A of O(1 TeV) to avoid
unnaturally large corrections)

Barbara Jager Berlin 2016



the hierarchy problem

3GF m2 A2
V22 P

__________ A . ..cutoff scale up to which the SM is valid

H H (need A of O(1 TeV) to avoid
unnaturally large corrections)

om?
top H "™

0 need new physics to stabilize the hierarchy Mppane => my
which decouples from electroweak precision tests

some popular candidates:
L] supersymmetry, extra dimensions
[] techicolor, little Higgs models

Barbara Jager Berlin 2016



theoretical bounds from perturbative unitarity

can we employ the requirement of unitarity in processes with
massive gauge bosons to constrain the weak sector?

most sensitive to the mechanism of
electroweak symmetry breaking:

longitudinal modes of the W= and Z bosons

— consider longitudinal gauge boson scattering:
W W, - W, W,

Barbara Jager Berlin 2016



theoretical bounds from perturbative unitarity

Wiw;, - W;w;, with ff ~ Y=

e T g o

growth violates unitarity — need:

Higgs with Mg < 1 TeV
or new physics at TeV scale

Barbara Jager Berlin 2016



needed: high-energy hadron colliders

Superconducting Super Collider (SSC)

location: Texas, USA
design energy: 40 TeV

location: Fermilab, USA location: CERN, Switzerland
energy: 2 TeV design energy: 14 TeV

Barbara Jager Berlin 2016



needed: high-energy hadron colliders

Superconductilg Super Colliger (SSC)

location: Texas, USA
design energy: 40 TeV
cancelled: 1993

location: Fermilab, USA location: CERN, Switzerland
energy: 2 TeV design energy: 14 TeV
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the first hadron collider at the Terascale

the Tevatron at Fermilab:

high energy synchrotron
with proton—anti-proton collisions
at c.m.s. energy
V'S ~ 2 TeV

Barbara Jager Berlin 2016



combined experimental bounds on the Higgs mass

Search for the Higgs Particle

Status as of July 2010 95% confidence level
Excluded by Excluded by Excluded by

LEP Experiments Tevatron Indirect Measurements
95% confidence level Experiments 95% confidence level

100 114 120 140 158 175 185 200 GeV/c?

Higgs mass values
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the world’s largest hadron collider . ..

...the Large Hadron Collider (LHC) at CERN

Barbara Jager Berlin 2016



the world’s largest hadron collider . ..

... Smashes proton or heavy-ion beams

——— more than 1600
superconducting
tunnel crosses magnets
border between
France and
Switzerland

96 tons of liquid
helium to keep

circumference: 27 km operating temperature

of -271.25° C
design energy v/'S = 14 TeV interactions between
(3 m/s slower than the speed of light) colliding 2beams: every
5 NS

Barbara Jager Berlin 2016



the world’s largest hadron collider . ..

... and its four major experiments ...
P —— -

Compact Muon
Solenoid

LHC-beauty

A Large lon Collider
Experiment

A Toroidal LHC Apparatus

Barbara Jager Berlin 2016



how to calculate cross sections for the LHC

[1 high energies — can calculate QCD processes perturbatively
[ EW coupling: sufficiently small for perturbation theory

[ Feynman rules — in principle calculate
any process at any order in perturbation theory

[ but: perturbative calculations for quarks and gluons

0 have to connect
partons < protons




confinement

guarks and gluons appear only in bound states (hadrons):

/ 144

Imeson) ~ 6;|q:q;) , |baryon) ~ e;k|qiq;q,;,)

— hadrons are color singlets!

(] at small distances

perturbation theory breaks down P— >t )

[ quarks linked by “spring” that
breaks when they move apart

0 no rigorous theoretical understanding 3.y >Q
of confinement as of yet

Barbara Jager Berlin 2016



asymptotic freedom

prerequisite for perturbative calculations in QCD:

strong coupling o, de

2 2
0 (@) = — e D) e
S T 1 + 33—2Nf OLS(Q(z)) ln Q2 03|
12 Q3
02}
Qo . ..reference scale
0.1+

Ny ... # of flavors

pends on energy scale @Q

October 2015

v T decays (N3LO)

a DIS jets (NLO)

0 Heavy Quarkonia (NLO)

o e*e jets & shapes (res. NNLO)
® c.w. precision fits (NNLO)

v pp—> jets (NLO)

v pp —> tt (NNLO)

= QCD o05(M,) = 0.1181 = 0.0013

1 100 1000

" Q[Gev]

Increasing energy scale: coupling decreases = “asymptotic freedom”

[ at high scales: a, < 1 — perturbation theory applicable

[consequence of non-Abelian interaction, contrary to U(1) of QED]

Barbara Jager

Berlin 2016



hadron-hadron collision

fa

p(Pa)
a(xy,Py)
jets
dé §:> hadrons
leptons
o (Ps) b(xyPB)

fo

1 1
doPP~X = Z/ dma/ dzxy, fa(waa UF)fb(wba l'l'F)
o 0 0

X d&ab_}X(maPAa xyPp, 1rF, HJR)

Barbara Jager Berlin 2016



hadron-hadron collision

fa

P(Pa)

a’(maPA)

do @) > X

b(x, P TR
p(Ppg) (5 PB) parton distribution

functions
fo

1 1
doPP=X = Z/ dma/ dzxy, fa(waa FLF)fb(wba H'F)
o 0 0

X d6 "X (xqPa, xu Pg, ltr, LR)

Barbara Jager Berlin 2016



hadron-hadron collision

fa

P(Pa)
a(xy,Py)
DB
b wbPB

p(Ps) ( )

fo . .
partonic Cross section

1 1
doPP=X = Z/ dma/ dzxy, fa(waa UF)fb(wba l'l'F)
o 0 0
Xd6 7% (£ Pa, ©uPp, B, BR)

Barbara Jager Berlin 2016



hadron-hadron collision

fa

p(Pa)
a(xy,Py)
energy available for
dé §:> hard scattering:
Vs = \/:BawbS
b(xzy P
p(PB) (iBb B)

fo

1 1
doPP~X — Z/ dwa/ dzxy, fa(wav UF)fb(wba l'l'F)
o 0 0

X d6 "X (xqPa, xu Pg, ltr, LR)

Barbara Jager Berlin 2016



factorization

fa

foundation for predictive

p(Pa) a(z.Ps) power of pQCD:
) long-distance structure of
do §::> hadrons
can be separated from
b(xyPp) hard parton scattering
p(Ps)

at specific scale ur
Jo

1 1
doPP—X — Z/ dma/ dzxy, fa(waa FLF)fb(wba l'l'F)
o 0 0

X d&ab_}X(waPAa xy P, 1F, HJR)

Barbara Jager Berlin 2016



parton distribution functions

] extracted from experiment at a scale py, €.9.:

fo(x, o) ...DIS:e"p—e™ X
(CTEQ, MSTW, NNPDF .. .)

L] further constraints provided by lattice QCD
[] universal: PDFs do not depend on reaction / experiment

[] i dependence predicted by perturbative QCD:
2i fo(z, 1) _ ! % Pag Pag . fq (f )
2 o2 (fg(m,u)> /w z <'qu ’ng> s () < g> o H

Barbara Jager Berlin 2016



DGLAP equations

Ofi(x, 1) Z Ldz x

2 Z ’ — . . . —

g opr j /w z Pil=)]s (Z’u>
[Altarelli, Parisi; Gribov, Lipatov, Dokshitzer (1977)]

[] system of coupled integro-differential equations
[] splitting functions can be computed perturbatively:

__ as; p(0) as\2 p(1) )
P;j(z) = 52P;" + (32)" Pii” +. .. | 2T
J
at leading order: -
1
PO = > 22 4+ (1 —2)?], (1 — 2)x
14+ (1 — 2)2 .
PO = C . PO and P ...more complicated
gq F s qq g9 P
Berlin 2016

Barbara Jager



DGLAP evolution

[Salam (2011)]

3 T 3 T T 0y T
xg(x,Q%) -~ - xg(x,Q%) -~ - xg(x,Q%) -~ - T xg(x,Q%) -~ -
25 Xq + xgbar 25 | Xq + xgbar Xq + xgbar 127 Xq + xgbar i
2 Q°=120Gev? | 2 Q? = 150.0 GeV?] Q?=12.0 GeV? Q? = 150.0 GeV?
Y o
15 15 S 3 3
~ N
0.5 05 | T ] J\ ] 1 1
0 0 D \ 0 0 -
0.01 0.1 1 001 0.1 1 0.01 0.1 1 0.01 0.1 1

start from pure gluon input
— evolution generates
guarks / anti-quarks

start from pure quark input
— evolution generates gluon

Barbara Jager Berlin 2016



DGLAP evolution confronted with data

[Salam (2011)]

DGLAP: g(x,Qy%) =0 —— DGLAP: g(x,Qy%) =0 —— DGLAP (CTEQ6D) ——

1.6 | EUS 1 16} ZEUS 1 167 ZEUS |

12 ¢ Q’=120Gev? | 127 Q®=1500Gev?| 121 N\ Q? = 150.0 GeV?]

N \
08 | 1 08} 1 o8t \
\.,\

0.4 | 0.4 | 1 04t . .
O Ll Ll LY 0 C ol ol \. 0 C ol ol \.
0.001 0.01 0.1 1 0.001 0.01 0.1 1 0.001 0.01 0.1 1

X X X

pure quark input does not describe high-Q* data on
FP(x, Q%) structure function well

(CTEQ includes significant low-scale gluon component)

Barbara Jager Berlin 2016



parton luminosities

total hadronic cross section o can be expressed as

a(s)—Z/

ALl |
r ”] 36,5(3), With 7 = zoap = 8/s

using the differential parton luminosity

d‘cab
dr

T

— /0 dxdy [z fo.(z, pr) yfo(y, pr) +H(x < y)| 0(7 — zy)

— helpful to estimate production rate due to
specific partonic channels at hadron collider

Barbara Jager Berlin 2016



PDF uncertainties

[PDF4LHC 2015]

Quark-Antiquark, luminosity Gluon-Gluon, luminosity

s CT10 NNLO

m=m CT10 NNLO

. NNPDF2.3 NNLO

s MSTW2008 NNLO
'S = 8.00e+03 GeV

siiiie MSTW2008 NNLO
I's = 8.00e+03 GeV

o
————T T
EEl_ ««e«ammag§g5555542332‘

s
SRR SRR e

degatelcenss:
S 4
25568554
2a%%5%Y

Generated with APFEL 2.4.0 Web
Generated with APFEL 2.4.0 Web

3 2 3
M, [GeV] 10 10° w, [Gev] 10

] each PDF set is associated with intrinsic uncertainty

[] In some regions no overlap of
CT10, MSTW2008, NNPDF2.3 uncertainty bands
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PDF uncertainties

[PDF4LHC 2015]

Gluon-Gluon, luminosity LHC 13 TeV, NNLO, aS(MZ)=O.118
1_3_ T CITiOII\III\llLllol ||| 1_3 T T | N —— — — T T ||||||| T
- s - CT14
1.25 2 NNPDF2.3 NNLO 1.25 .
12F s I\\AFSTwzoos NNLO > 1ol 5% NNPDF3.0
Tk S = 8.00e+03 GeV @ ;}@é
1.15F s 2115 MMHT14
: s E
. 1.1 s 3L
2 e _ n 51,
s O
z .
0.95 § §0.95
& © 09
0.85 0.85
[ 08 | |||||||| | ||||||||
2 3 ) 2 3

I newer PDF sets CT14, NNPDF3.0, MMHT14
exhibit better consistency

Barbara Jager Berlin 2016



hadron-hadron collision

fa

p(Pa)
a(xy,Py)
jets
dé §:> hadrons
leptons
o (Ps) b(xyPB)

fo

1 1
doPP~X = Z/ dma/ dzxy, fa(waa UF)fb(wba l'l'F)
o 0 0

X d&ab_}X(maPAa xyPp, 1rF, HJR)

Barbara Jager Berlin 2016



recipe: calculation of partonic cross sections

dé‘ab—)... ~ Z|M|2 -’F'cuts(pf) dPS

ab—cd...

[1 calculation of scattering amplitude squared | M |?
at desired perturbative order (in a5 Or o)

] proper treatment of ultraviolet and infrared divergences:

- regularization
- renormalization
- subtraction of infrared singularities

[] phase space integration and convolution with PDFs

Barbara Jager Berlin 2016



the leading order

need to compute scattering amplitude squared, e.g.:

| Mrol? =

(here: only two tree-level Feynman diagrams occur for gg — qq)

matrix elements can be computed numerically
using helicity amplitude techniques

Barbara Jager Berlin 2016



evaluation of Feynman diagrams

need to evaluate
Yo MP= D) (M Met M+ ) (M Ma+ Mg+ )

helicities helicities

amplitude techniques:

evaluate M = (M; + Mz + M3 4 ...) first numerically for
specific helicities of external particles, then square it!

fast numerical programs and many implementations available, e.g.

approach proposed by Hagiwara, Zeppenfeld (1986,1989).
Implemented in HELAS (Murayama et al., 1992)
employed by MadG aph (Stelzer et al., 1994ff)

Barbara Jager Berlin 2016



amplitude techniques

k
basic approach of HELAS/ MadG  aph: 5 Q
P > >
p—k

[] at each phase space point
— take numerical values of external 4-momenta p', k'

[] polarization vectors *(k, A) and spinors u(p, o)
<—> complex 4-arrays
[] products like

Ak Du(p.)

of momenta, polarization vectors, spinors, and ~*-matrices
are computed via numerical 4 X 4 matrix multiplication

0 perfect for LO amplitudes (all building blocks
and results are completely finite)

Barbara Jager Berlin 2016



the leading order

several public programs on the market for
automated generation of hard scattering matrix elements at
tree level in the Standard Model:

Al pgen, ConpHep, Hel ac, MadG aph, Sher pa,

extra features:

[ physics beyond the Standard Model
[] faclilities for phase-space integration
[] analysis tools

[] Interfaces to parton-shower generators
...

Barbara Jager Berlin 2016



need for higher-order corrections

L] more reliable information:
- higher order corrections often large
- closer to experiment (more realistic final state)

- test of methods and underlying theory

] search for physics beyond the Standard Model:
since deviations of nature from SM small:

- need very precise predictions for signal
to spot effects of new physics

- requires thorough understanding of SM backgrounds

Barbara Jager Berlin 2016



... more precision ...

the next-to-leading
order:

. real emission
. virtual corrections

Barbara Jager Berlin 2016



next-to-leading-order (NLO) calculation: ingredients

example process: qqg — qq:
the leading order:

Mio = )i + >< déro ~ [Mrpo|* ~ (’?(ai)

real-emission contributions: | | o
diagrams with emission of

one extra parton
M — + + .. A
real dO'R ~ |Mreal|2 ~ O(ai)

virtual corrections:

loop diagrams yield interference
. e contribution of wanted order
dov ~ 2Re [MvirtM’ﬁO} ~ (’)(ai’)

Barbara Jager Berlin 2016



some complications at NLO

obvious: meaningful observables

theoretical prediction: finite result

but: how is finite result obtained in practice?

generally: perturbative calculation beyond LO
— singularities encountered in intermediate steps

hui‘

even though they will eventually cancel,
divergencies need to be treated properly
throughout!

Barbara Jager Berlin 2016



regularization

0 regularization needed to manifest singularities in
Intermediate steps of a calculation

various prescriptions on the market:

] cut-off regularization

[] mass regularization

[] dimensional regularization
...

result for a meaningful observable:
iIndependent of requlator and regularization prescription

Barbara Jager Berlin 2016



regularization schemes

[ momentum cut-off:
can be used to regulate UV and / or
IR divergent loop integrals, schematically:

o (2m)i(@)" " Ja, (27)1(g?)"

| simple to implement

[] violates translation and gauge invariance

Barbara Jager

Berlin 2016



regularization schemes

[ mass reqgularization:
Introduce auxiliary mass m for massless gauge bosons

1 1
e.g., photon: propagator 5
- P Propag qg? + 16 g? — m? + 10

[] calculations more complicated due to additional mass scale
[ problems with gauge invariance in Non-Abelian case (QCD)

I frequently used for QED calculations

Barbara Jager Berlin 2016



regularization schemes

[ many other schemes are on the market, e.g.:

— Pauli Villars regularization
— analytical regularization
— lattice regularization

[] can be problematic if Lorentz invariance or
gauge symmetries are to be preserved

I can be useful for specific applications

Barbara Jager Berlin 2016



regularization

(1 dimensional regularization:
dimension of space-timed =4 — d = 4 — 2¢
x© diq 1 © dig 1
o 2m*(g®" " Jo (2m)(g®)"

e > 0...UVregulator,e < 0...IR regulator
divergencies — polesin e

- preserves Lorentz and gauge invariance
- problem: have to perform Dirac algebra in d dimensions;
e*’P? and ~° a priori undefined in d # 4

still: THE method of choice in QCD

Barbara Jager Berlin 2016



dimensional regularization

different (but finally equivalent) implementations:

- “genuine” dimensional regularization:
polarization vectors/spinors of external particles and
Internal loop momenta d-dimensional

- dimensional reduction:
polarization vectors/spinors of external particles
4-dimensional,
Internal loop momenta d-dimensional
well-defined transformation rules between different schemes

our method of choice: dimensional reduction

Barbara Jager Berlin 2016



dimensional regularization: an example

let’s calculate the quark selfenergy in d dim (MS scheme):

. k’a

_ b
—> S (un-renormalized)
p,1 (p — k)a J D,
compute color factor Z T Cl”;; = Crd; and

replace coupling by dlmen5|onal one g2 — (£ p?)” g2

S

. d’k . (p— )" .
E?Z(p) = —g,1* Cr 0y (27)d Zz(k — p)2 = —ipCrdy X’ (p®)

Barbara Jager Berlin 2016




guark selfenergy

for evaluation of X* we need scalar integral

By — L[4k 1 1 (_p2>_€r(1+)<2+1>
= %) @r)ik(k—p)2? 1672 \ 4x = :

and find after some algebra
(details on computation of loop integrals: see below)

- (5 ()

UV pole! remove by renormalization

Barbara Jager Berlin 2016



guark selfenergy

0 renormalized selfenergy for off-shell quarks:

S(p?£0) = —— (“2 )6(1+1>—§

47 | \ —p? €
B 2
Qg I

note:
- result finte ase — 0

- Introduced arbitrary mass scale u

Barbara Jager Berlin 2016



cancelation of divergencies at NLO

. . collinear singularities
UV divergencies J

4 T
L factorization
renormalization
at scale pu, atscale iy
soft singularities \

0 sum of all real and
cancel in sum of virtual contributions to
virtual and real - well-defined

emission contributions observable:
finite

Barbara Jager Berlin 2016



cancelation of divergencies at NLO

intermediate collinear singularities

steps: regularize o
all divergencies by et e
d—4—2 at scale pu;
soft singularities \

0 sum of all real and
cancel in sum of virtual contributions to
virtual and real - well-defined

emission contributions observable:

finite fore — 0

Barbara Jager Berlin 2016



cancelation of divergencies at NLO

cancelation of € poles can

be performed explicitly In collinear singularities
analytical calculation, but )
how can divergencies be factorization
handled in numerical at scale p¢
calculation?
soft singularities \

0 sum of all real and
cancel in sum of virtual contributions to
virtual and real — well-defined

emission contributions observable:

finite fore — 0

Barbara Jager Berlin 2016



cancelation of divergencies at NLO

typical NLO QCD calculation up to 1990ies:

- compute | M, ea|? and 2Re[My M%)
analytically in d dimensions

- perform phase-space integration analytically in d dim
(considering acceptance cuts etc.)

- cancel matching poles in real emission and virtual contributions

- set e — 0 and convolute dé with PDFs numerically for d = 4

Barbara Jager Berlin 2016



cancelation of divergencies at NLO

procedure perfect for processes with only a few particles
and minimal set of cuts (e.g., total cross sections):

- poles cancelled analytically
— no delicate numerical cancelations needed

- resulting code fast and efficient
- procedure still used, e.g., for global PDF analyses

@ but:

- complete calculation has to be performed analytically in d dim
(Dirac algebra can become very complicated; +° problem ...)

- PS integration can be done explicitly for “simple” reactions only

- Implementation of cuts for realistic distributions hard

Barbara Jager Berlin 2016



cancelation of divergencies at NLO

basic idea of modern approaches:
- treat only minimal part of full calculation analytically
(utilize universality of pieces containing divergencies )
- finite contributions are treated numerically

two types of algorithm to handle divergencies numerically:
[ phase space slicing
[] subtraction method

actual details vary depending on specific implementation/variant,
but basic concepts are general

Barbara Jager Berlin 2016



Monte Carlo methods: a comparison

phase space slicing and subtraction techniques are in priciple
equivalent, but are they in practice?

0 [7%] T2 =0.0003 H — vee™ ™,
8 | | IIIIIII | | IIIIIII | | IIIIIII | rrrrmm 5[%] Ae = 0'0]‘ rad
SliCing l_*_| 8 T T II T T ll T T ll T T
75k subtraction | slicing —+—
) 75 subtraction |
7 Mp = 170 GeV —
H b My =170Gev . -
- - -
6.5 o5 | . _
{{E{IIEE$$ R
3.9 [~ - 55 -
5 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 Li1iilll 5 1 L ll L L ll L L ll L L
1x10~% 0.001 0.01 0.1 1 1x107%1x10~% 0.001 0.01 0.1
A6 [rad] ]\ATE

taken from Bredenstein, Denner, Dittmaier, Weber,
“ Precise predictions for the Higgs-boson decay
H - WW/ZZ — 4 leptons”, hep-ph/0604011
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phase space slicing

[] Introduce cut parameter dg to split phase space into
soft and hard regions that are evaluated separately

[] after phase-space integration: In s dependence in virtual
and real emission contributions cancels numerically

[] disadvantage: perform integration over potentially large
terms first, cancel large contributions afterwards

— procedure can cause numerical problems

see, e.g., Harris, Owens, hep-ph/0102128

Barbara Jager Berlin 2016



subtraction methods

Introduce local counterterm which
cancels divergencies before integration

numerically stable

[1 first applied in ete™ — 3 jets
In process-specific manner by
Ellis, Ross, Terrano (1981)

[] extended to the general case by
— Frixione, Kunszt, Signer (1995)
— Catani, Seymour (1996)

(later extensions/refinements exist)

Barbara Jager Berlin 2016



dipole subtraction: a simple example

et q

m ... # of final state partons

finite!
no regularization needed

calculate ind = 4
dimensions

Barbara Jager

the most transparent case.:

no identified hadrons in process,
e.g.ete” — 2jets:

m-parton Born x-sec for
phase space ete” — qq
integral (m = 2)
Berlin 2016



dipole subtraction: NLO ingredients

real emission contributions virtual corrections
m -+ 1 parton kinematics m parton kinematics

O'NLO: dO'R + / dO’V
m—+1 m

IR divergent
Jregularize ind = 4 — 2e dim

Barbara Jager Berlin 2016



dipole subtraction: counterterms

NLO

Barbara Jager

introduce local counterterm do# with
same singularity structure as do*:

— [dO'R — dO’A} + do? + / doV
m+1 m+-1 m

\ . J/
N

finite

can safely sete — 0

perform integral numerically in
four dimension

Berlin 2016



singularity structure

|Mm+1(Q; plvn-vpi9°°°7pj9°°°9pm+1)|2

soft region: collinear region:

e g.

universal structure: for each singular configuration
|-/\/t'm+1|2 — |Mm|2 & V’ij,k

Barbara Jager Berlin 2016



dipole subtraction:counterterms

Integrate over one-parton PS analytically
explicitly cancel poles & then sete — 0

oNLO :/ [dafzo — dafzo] —|—/ [dav + /dO'A]
m+1 m 1 e=0

Barbara Jager Berlin 2016



dipole subtraction: the counterterm

wish list:
. matches singular behavior of de’? exactly in d dim

- convenient for Monte Carlo integration
- exactly integrable analytically over one-parton PS in d dim
. for given process: independent of specific observable

. extra feature: universal structure

Barbara Jager Berlin 2016



dipole subtraction: the counterterm

wish list:
. matches singular behavior of de’? exactly in d dim

- convenient for Monte Carlo integration
- exactly integrable analytically over one-parton PS in d dim
. for given process: independent of specific observable

. extra feature: universal structure

a solution: dipole subtraction method
[ Cat ani and Seynour, hep-ph/ 9605323]

dO’A - Z dO'B X dvdipole

dipoles

(other approaches: Ellis et al.; Kunszt and Soper; Dittmaier, .. .)

Barbara Jager Berlin 2016



dipole subtraction: the counterterm

color/spin
projection of universal dipole
Born x-sec factors

dO’A - Z dO'B X dvdipole

dipoles

PS convolution &

dipoles for all (m + 1) color/spin summation
configurations

corresponding to given
m-parton state

Barbara Jager Berlin 2016



real emission contributions

for the computation of do** we need numerical value for

2 __

at each generated phase space point in 4 dimensions

2

can apply same (numerical) amplitude techniques as at LO

keep in mind: kinematics different from LO
(2 — 3 Instead of 2 — 2 particles)

Barbara Jager Berlin 2016



virtual corrections

... Interference of LO diagrams with one-loop graphs

My = 5§

note: Born-type parton kinematics

recall: poles are needed explicitly, finite remainder
can be computed in 4 dimensions

requires computation of one-loop scalar and tensor integrals
(increasing complexity the more propagators are involved)

Barbara Jager Berlin 2016



loop integrals

In any loop calculation we encounter tensor integrals of type

Tt (P15« + + s Py Mgy o ooy Ty,)

_/ddq du, - - - qu,,
1772 DlDz...Dn

with
D = q2 — m% + 1€
Dy = (q+ p1)? — m + ie
D, = (q + .. F pn—1)2 — mi + €

Barbara Jager Berlin 2016



loop integrals

In any loop calculation we encounter tensor integrals of type

Tt (P15« + + s Py Mgy o ooy Ty,)

_/ooddq du, - - - 9u,,
o w2 D1D>...D,

nomenclature:
scalar integrals with
n=1,2,3,4,5,...

and analogous for tensor
Integrals: ¢

AN’BN’B“V"“ Ao, Bo, Co, Dy, Ey, . ..

Barbara Jager Berlin 2016



tensor integrals

.. calculable from scalar integrals by Passarino-Veltman reduction

{O,p,,p,y,,”} . ddq {]'9 q'u9 q,qu’ * ’}
g Pr-) = | b

bubbles :
BY = “Bl

B" = pi'p|Ba + g"" Bas

triangles :
C"' = piCi1 + p4Ci2
CH = pip[Can + php5Caz + {P1p2}*"Cas + g""Ca4
CcHP = P1P1P1031 p2p2p2C’3z + {p1p1p2}1""PCss
+ {P1p2p2}"PCs4 + {P1g}'""*C35 + {29} C36

Barbara Jager Berlin 2016



tensor integrals

boxes:

D" = piDi1 + py D1z + p§Dis

D" = pi'pY Dy + p4ph Do + pips Daes + {p1p2}* D2y
+ {p1p3}'" Das + {p2p3}'"" D2 + g" Doy

DHP = pi'p¥p] D31 + pypapsDs2 + pspspsDss + {p1p1p2}*** D3y
+ {P1P1P3}*"’ D35 + {p1p2p2}""" D3¢ + {p1p3p3}**"’ D37
+ {p2p2p3}""" D3g + {p2p3p3}”’ D3g + {p1p2p03}""" D310
+ {P19}"""’ D311 + {p29}""* D312 + {p3g9}""* D313

scalar coefficients D;; depend on By, Cy, Dy

Barbara Jager Berlin 2016



tensor integrals

example:

diq q,

im? q*(q + p)?

B, (p) = puBi(p) = /

compute B; by suitable contractions:

/ddq p-q
12 q%(q + p)?

_ /ddql (p+49)°—p"— ¢
T2 2 q*(q + p)?
1
= 5 A(0) — A(0) — p*By

p"By(p) = p°Bi(p)

1
—> B1:_§BO

Barbara Jager Berlin 2016



tensor reduction methods

newer approaches:
refinements of Passarino-Veltman tensor reduction, e.g.:

- Binoth, Guillet, Heinrich et al. (1999, 2005)
- Denner, Dittmaier: (2002,2005)
- Ellis, Giele, Zanderighi (2005)

alternative: reduction of one-loop amplitudes
to scalar integrals at the integrand level

Ossola, Papadopolous, Pittau (2006)

Barbara Jager Berlin 2016



verification
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checks

to ensure reliablility of calculation: perform some checks!

[1 comparison of LO and real emission amplitudes
with alternative code, e.g. MadG aph:

[] compare numerical value of Mg and Mg
at every generated phase space point

keep in mind: real-emission corrections to ab — X correspond to
Born amplitudes for ab — X + parton

— generation with tree-level amplitude generators possible

] expect agreement at 1010 level

Barbara Jager Berlin 2016



checks

[] check infrared subtraction procedure:

[1 in soft / collinear limits subtraction terms
approach real-emission contributions
(non-singular contributions become sub-dominant)

[] generate events in singular regions:

expect do?/do’t — 1 as
two partons become collinear (p; - p; — 0) or
gluon becomes soft (£, — 0)

Barbara Jager Berlin 2016



checks

[ QCD gauge invariance:
easy to check for processes with external gluon, as

M = g, (pg) M" = [eu(pg) + Bpgul M*

0 expect pg,MH =20

[] practically: in code for computation of M
replace €, (p,) throughout with p,, — M/’

— expected relation (M’ = 0) fulfilled within
numerical accuracy of the program

Barbara Jager Berlin 2016



checks

[] produce two independent codes

require agreement within
numerical accuracy of the two programs

Barbara Jager Berlin 2016



recap: ingredients of an NLO calculation

real-emission contributions:
diagrams with emission of

one extra parton
M — + + ... A
real dor ~ |Mreal|2 ~ O(ag)

virtual corrections:
loop diagrams yield interference
Meiny = K + )E.F ‘e contribution of wanted order
virt ——
d&v ~ 2Re [MvirtMio] ~/ O(Oég)

extra ingredients for handling of divergences:

[ subtraction procedure for infrared divergences
L] renormalization of UV divergences

Barbara Jager Berlin 2016



tools for the next-to-leading order in QCD

development of new techniques over last 15 years:
OPP algorithm, generalized unitarity, loops from trees, recursion relations, . ..

O starting point of automated approaches to loop calculations

multi-purpose tools for

(more or less) automated dedicated tools for efficient
computation of NLO QCD calculation of specific
amplitudes Processes
MadG aph5_aMC@\LO, HAWK, MCFM  VBFNLO,

OpenLoops, GoSam

Barbara Jager Berlin 2016



public loop integral libraries

Carazza, Ellis, Zanderighi (2007, 2016)

QCDLoop

Object-oriented one-loop scalar Feynman integrals framework

Barbara Jager

Denner, Dittmaier, Hofer (2016)

CILLIER

A Complex
One-Loop Llbrary
with Extended
Regularizations

Berlin 2016



frontiers of NLO QCD

exact NLO calculation of multi-leg processes possible

0 accurate treatment of off-shell configurations
(narrow-width approximation no longer necessary)

example: ttH (witht — Wb — £fuvb)
[Beenakker et al.; Dawson et al. (2001-03)]

pPp — e+1/e,u_17ubl_)H [Denner, Feger (2015)]

Barbara Jager Berlin 2016



pp — e v u v, bbH at NLO QCD

Denner, Feger (2015)

107! .

tremendous complexity:

[] amplitudes generated with the
help of automated tool RECOLA

] loop integrals are evaluated
with the COLLI ER library

] bottle neck: efficient
phase-space integration

K factor

0.8 b S o
0 100 200 300 400 500 600 700 800

Mb1b2 [GCV]
gain: full control on final-state particles
(realistic cuts on leptons and b-jets, access to decay correlations, .. .)

Berlin 2016

Barbara Jager



pp — e v u v, bbH at NLO QCD

Denner, Feger (2015)

1071 |

[Gev

dPT’e+

K factor
K factor

0 50 100 150 200 250 300 350 400 0 49 100 150 200 250 300 350 400
Pre+ [GeV] Pre+ [GeV]

dynamical scale improves perturbative stability

Barbara Jager Berlin 2016



bj

to pp — eTv.u U, bb

#]

from pp — tt

Bevilaqua et al. (2015)

Yidp o1

[ASD/A}] —5 OIN

150 200

0

0
Mpe+ [GeV]

1

50

300 400

00

2
prj, [GeV]

00

1

full off-shell effects for pp — tt;y using the
programs Hel ac- 1Loop, OnelLoop, Cut Tool s

Berlin 2016

Barbara Jager



... even more precision ...

- the next-to-next-leading
order (NNLO) in QCD

- NLO electroweak (EW)
corrections

- mixed QCD-EW effects

Barbara Jager Berlin 2016



more types of perturbative corrections

[] fixed order QCD corrections: LO, NLO, NNLO, ...

[ QCD resummations:
- with analytical methods (LL, NLL, NNLL, ...)
- via parton shower Monte Carlo tools

[ NLO EW corrections:
generically O(a) ~ O(a?), but systematic enhancements by
- Sudakov logarithms ~ In"( My, /Q) at high scales Q
- kinematic effects from photon radiation off leptons

[] consistent combination of various types of corrections

Barbara Jager Berlin 2016



QCD: the next-to-next-to leading order

amazing progress in computation of total cross sections and
differential distributions for benchmark processes at NNLO QCD

requiring: two-loop amplitudes for a process X, one-loop amplitudes for the
processes X —+ 1 parton, tree-level amplitudes for the processes X + 2 partons

prerequisites:

[ availability of 2-loop master integrals
1 efficient subtraction techniques for infrared divergences

(gt subtraction, N-jettiness, antenna subtraction,
sector decomposition, projection to Born)

(] powerful Monte-Carlo programs of high numerical stability

Barbara Jager Berlin 2016



pp — X beyond one loop

process motivation

dijets PDFs, strong coupling, BSM
H Higgs couplings

H +jet Higgs couplings

tt top properties, PDFs, BSM
single top top properties, PDFs
VBF Higgs couplings
V+jet PDFs

VH Higgs couplings

VvV gauge couplings, BSM
HH Higgs potential

Barbara Jager Berlin 2016



NNLO QCD: new public Monte Carlo programs

brand-new: implementation of several NNLO QCD processes with
color-singlet final states in the public Monte Carlo program MCFM

pp — H,Z, W, HZ, HW, ~~ (Including decays)

performance: very CPU efficient
(1% statistical accuracy within a few hours on 8 cores)

Boughezal et al. (05/2016)

In preparation: fully differential NNLO process library MATRI X
pp > Z, W, H,~vv, ZZ, WW, W Z (partly including decays)

Grazzini et al. (release planned for this year)

Barbara Jager Berlin 2016



pp — Z 7 at NNLO QCD

Boughezal et al. (2015)

100; LO

o | 2015: two completely
Independent calculations
[Gehrmann-De Ridder et al. & Boughezal et al.]

,_.
D.
K

do/dpf | pb/GeV]
=

using different techniques

(antenna vs. N-jettiness subtraction)

)
D.
[¥F)

] scale uncertainties reduced
; e R B [1 perturbative expansion stable

06 L i ]oNNLO|

NNLO QCD corrections are at percent level for inclusive xsec,
up to 10% In tails of distributions

Barbara Jager Berlin 2016



pp — 7€~ 3 at NNLO QCD

Gehrmann-De Ridder et al. (2016)

10 _NNLOJETl _ PP Z+=0jet o {é:grey_
2 B ATLAS Data —e— | . . . .
- Lo — differential predictions at
o 10° T
= el NNLO accuracy soften
T sl tension between theory and
2 10} experiment
o7 | |
o] B E———— e optimal: normalize to
b - Inclusive Drell-Yan xsec
2 (— minimize impact of
2 14t ] o
g . T e may experimental uncertainties)
ARl
| | 50 o I1OO | | | 500 T
p? [GeV]
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pp — tt: going differential at NNLO QCD

Czakon, Heymes, Mitov (2015)

1. 25 7—7_ Czakon, Heymes, M tov: (2015) ¢ ———
; _ NLO E7<7<]
4 LO preeeny
=
3 Ry
S 0.75 AN 583
o
— QQ N
- NN §
E" -
S 0.5 bd NNR PP- ti+X(8TeV)
IS Bz SRR m=173.3 GeV
© é SN METW2008
N BN\ 0{0.5, 1, 2
l\ L \ p‘F'w m { '“)! 1 }
0.25 N
0 o
O 1.2 (]
< 1.1 ¢4 s s
9 1 §4 A A LY
< 0.9 K4 /V : //% :
1.6 Py
S 1.4 MY SEY
o 1.2
3 1R
0.8 Rl N
400 500 600 700 800 900 1000

Barbara Jager

mi [GeV]

[] perturbative result stabilized
[] scale dependence reduced

(] improved agreement with data
from Tevatron and LHC

future applications:

PDF fits, precision measurements
of the top mass, o, extraction

Berlin 2016



more realistic simulations

proton remnants

for realistic description of

scattering processes at hadron
colliders:

proton

nitial-state radiation [] combine matrix elements for
hard scattering
with programs for simulation of

hard scattering

-_—-— g - —

underlying event, parton
shower, and hadronization

(PYTH A, HERW G SHERPA . . .)

parton shower QED shower

Barbara Jager Berlin 2016



parton-shower event generators

parton shower = computer programs for simulation of collider
events down to the level of stable particles:

start from hard scattering process

energetic partons radiate soft/collinear daughter
partons — energy scale decreases

at low scales partons hadronize

most common generators: HERW G, PYTHI A, SHERPA

iInclude many other useful features, e.g.: hadronization models,
simulation of underlying event, multi-parton interactions,
generators for hard scattering amplitudes

Barbara Jager Berlin 2016



realistic & precise predictions

exploit merits of flexible

E Monte Carlo tools

retain NLO accuracy
for hard scattering

—

Barbara Jager Berlin 2016



realistic & precise predictions

shower Monte Carlo:

- good description at low
transverse momenta (pr)

. events at hadron level

NLO-QCD calculation:

- accurate shapes at high pr
- normalization accurate at NLO
- reduced scale dependence

Barbara Jager Berlin 2016



realistic & precise predictions

POMNHEG

MC@NLO

Barbara Jager Berlin 2016



realistic & precise predictions

general presciption for matching
parton-level NLO-QCD calculation

. PONHEG
with parton-shower programs

Frixione, Nason, Oleatri]

a public multi-purpose tool
for “do-it-yourself” implementations:

the PONHEG- BOX
http://powhegbox. mb.infn.it/

[Alioli, Nason, Oleari, Re]

Barbara Jager Berlin 2016



parton showers & NLO-QCD: the POMNEG method

POsitive Weight Hardest Emission Generator

general prescription for matching parton-level NLO-QCD
calculations with parton shower programs
[Frixione, Nason, Oleari]

[] generate partonic event with single emission at NLO-QCD
] all subsequent radiation must be softer than the first one

[] event Is written on a file in standard Les Houches format

— can be processed by default
parton shower program
(HERW G PYTH A, ...)

Barbara Jager Berlin 2016



parton showers & NLO-QCD: the POMNEG method

POsitive Weight Hardest Emission Generator

general prescription for matching parton-level NLO-QCD
calculations with parton shower programs
[Frixione, Nason, Oleari]

(1 applicable to any pr-ordered parton shower program
[1 no double counting of real-emission contributions
] produces events with positive weights

[] tools for “do-it-yourself” implementation
publicly available (the POWHEG- BOX)

[Alioli, Nason, Oleari, Re]

Barbara Jager Berlin 2016



NLO cross sections

reminder: differential NLO cross section

real emission and

Born counter-terms

donto = d@n{B(cl)n)+V(<I>n)+ R(q)n,@r)—c:(q)n,q)r)}d@r}

radiation phase space:
d®, = dtdzdo

finite virtuals:

Vi (@) + / d, C(,,, @)

Barbara Jager Berlin 2016



shower Monte Carlo cross sections

leading order shower Monte Carlo cross section

first emission

Born (governed by
splitting function P)

Qg 1
dO’LQ_SMC e d(I)nB((I)n){AtO —|— Atz—P(z)Zd(I)r}
7T

Sudakov factor:
/ s / 1 /
A; = exp [—/dq)r—P(z )—0(t —t)]
27T t/
... probability for no emission at scale t’ > ¢

Barbara Jager

Berlin 2016



POMNHEG cross sections

B = {B(cbn) + V(@) + / 4%, | R(®,, @, _C(@”’@r)}}

R(®,,,® )
B(®,,® )

dopOowHEG = d(I)nB((I)n){A((I)mPTm)-I-A( ns DT)

PONHEG “Sudakov” factor:

R(®,,, P’
A((I)napT) — exp [_/dq); ( , T)

B(®,)

0 (kr(®n, @) — PT)]

Barbara Jager Berlin 2016



the POMNHEG cross section

donio = dc:bn{B(cbn) L V(®,) + [R(q)n,cbr) _ C(@n,q)r)}dcbr}
O 1
dO‘LQ_SMC = d(I)nB((I)n) {Ato —|— At Z—P(Z)z d(I)r}
7T

dopowHEG = d(I)nE((I)n){A((I)nv p1n3in)

R(®,, ®,) }

A (I)na T
+ A(®y, pr) B(®,, ®,)

Barbara Jager Berlin 2016



parton showers & NLO-QCD: the POMNHEG BOX

up-to-date info on the POWHEG- BOX and code download:
http://powhegbox. mb.infn.it/

[1 user has to supply process-specific quantities:

[] lists of flavor structures for Born and real emission processes
[] Born phase space

[] Born amplitudes squared, color-and spin-correlated amplitudes
] real-emission amplitudes squared

L] finite part of the virtual corrections

[] Born color structure in the limit of a large number of colors

1 all general, process-independent aspects of the matching
are provided by the POWHEG- BOX

Barbara Jager Berlin 2016



pp — ttH : NLO-QCD and parton-shower effects

Hartanto et al. (2015)

0.001 .
] 0.04 | i
0.0009 POWHEG+PYTHIA 6 ------- i I POWHEG+PYTHIA 6 ------- ]
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0.0008 POWHEG+HERWIG -~ . I POWHEG+HERWIG - -~ ]
_ NLO —— 1 0.03 L I
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% 0.0006 g 0025 |-
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transverse-momentum
distributions shifted to little Impact on rapidity
slightly smaller values distributions

Barbara Jager Berlin 2016



NNLO QCD and parton showers

first steps toward matching of NNLO QCD calculations
with parton shower programs:

realistic exclusive description of specific final state
multi-parton interactions, hadronization, underlying event
best possible perturbative accuracy of hard interaction

I I I B

proper modeling of jets (e.g. sub-structure)

0 immediate impact on LHC physics program
(Higgs, EW precision measurements, ...)

Barbara Jager Berlin 2016



NNLO QCD and parton showers

first steps toward matching of NNLO QCD calculations
with parton shower programs:

L1 POWHEG+M NLO
pp — H, HW  Drell-Yan [Zanderighi et al. (2013-16)]

L1 UNNLOPS
pp — H, Drell-Yan [HOche, Li, Prestel (2014)]

[1 GENEVA
Drell-Yan [Alioli et al. (2014)]

Barbara Jager Berlin 2016



NNLO QCD and parton showers

Astill et al. (2016)
100 —

~ HWJ-MiNLO(Pythia8-hadr) :
== HW-NNLOPS(Pythia8-hadr)
ol e NNLO

dU/dpaHWfﬁb/G€Vq

[\
l

—_
O = o»—w—k?

Ratio to
NNLOPS
OO OO

50 160 150 200 250 300

Dt HW GeV]

o

NNLO+PS accurate description
of pp — HW using the
PONHEG+M NLO approach

Barbara Jager

[] scale uncertainties reduced
from about 10% to 2%

(] agreement with NNLO results
for inclusive lepton observables

] jet distributions sensitive
to parton-shower effects

[] NNLO+PS tool more flexible
than pure NNLO calculation

Berlin 2016



EW corrections: why worry?

[1 LHC-2 is operating at 13 TeV

— reach energy range (more) sensitive to EW effects;
EW corrections (dgw) can reach some 10%

[ integrated LHC luminosity will reach several 100 fb—1

— many measurements at few-percent level
(= typical size of EW corrections)

[ planned high-precision measurements:

EW parameters, (anomalous) couplings,...
— Ogw IS crucial ingredient

Barbara Jager Berlin 2016



EW corrections: generic features

naive expectation:
a ~ a? — NLO EW ~ NNLO QCD ?

but: systematic enhancements possible, e.g.:

(1 kinematic effects

[ photon emission — mass-singular logs, e.g. = (mi)
Q

[ high energies — EW Sudakov logs, e.g. £ In® (—W)

Barbara Jager Berlin 2016



EW corrections: Sudakov logarithms

typical 2 — 2 process: at high energy
EW corrections enhanced by large logs

In? (A% ) ~ 25 @ energy scale of 1 TeV
1%

universal origin of leading EW logs:
mass singularities in virtual corrections related to external lines

soft and collinear virtual gauge
bosons: — double logs

m soft or collinear virtual gauge bosons:

— single logs

Barbara Jager Berlin 2016



EW corrections: Sudakov logarithms

compare to QED / QCD:
IR singularities of virtuals canceled
by real-emission contributions

electroweak bosons massive
— real radiation experimentally distinguishable

non-Abelian charges of W, Z are open
— Bloch-Nordsieck theorem not applicable

M. Ciafaloni, P. Ciafaloni, Comelli; Beenakker, Werthenbach:
Denner, Pozzorini; Kithn et al., Baur: . ..

Barbara Jager Berlin 2016



iImpact of EW Sudakov logarithms

Kuhr, Scharf, Uwer (2013)

!

LHC 13TeV

!

|

— My = 126 GeV |]

500

1000
pr: [GeV]

1500

2000

pp — tt at 13 TeV:

tails of distributions
receive
large corrections!



EW effects in PDFs

consistent calculation at NLO EW requires PDFs including
O(a) corrections and new photon PDF

MRST2004QED: first PDF set with O(«) corrections

NNPDF2.3QED (2013): NNPDF set with O(«) corrections

- 2013: best PDF prediction at (N)NLO QCD + NLO QED
- PDF samples for error estimate provided

- photon PDF fitted to DIS and Drell-Yan data (107° < z < 1071)
(note lack of experimental information for large x)

- being updated; currently: NNPDF3.0QED

Barbara Jager Berlin 2016



progress in NLO EW calculations

[ NLO EW often more demanding than NLO QCD calculations
(richer resonance structure, more mass scales, ...)

[1 most NLO EW results available based on dedicated calculations
(pp — V,Vy35, HV,VV, 4leptons, dijets, VBF, ...)

[] automated tools start to play a more important role:
Recol a, OpenLoops, MadG aph5_aMC@NLO
(pp — V37, 4 leptons, ttV, ...)

Barbara Jager Berlin 2016



pp — WW — 4f: full NLO EW calculation

10

1t

1071

1072

1073

1074 |

1 —6
020

10

g—lo -
< —20 -
—30
—40

—50

Biedermann et al. (05/2016)

dpiif [ Gf(:)V}

pp = vupte ve + X

Spp = 13TeV |
ATLAS WW setup

1 treated coll. unsafe |

100 200 300 400 500 600 700 800 900 1000
PTe— [GGV]

Barbara Jager

flexible Monte-Carlo approach
gives full control on lepton
distributions and correlations with
realistic selection cuts:

EW corrections small for total XS, but
large and negative at high scales

note: based on two independent calculations
(Recol a vs. dedicated standalone calculation)

Berlin 2016



combination of QCD and EW corrections

current experimental precision requires combination of
NLO EW corrections with best QCD prediction

how to combine?
factorized or additive approach?

(1+69¢P) x (14 6"W)
Versus
(1 + 5QCD + 5EW)

can only be resolved by computing
mixed QCD-EW corrections O (§QP§EW)

Barbara Jager Berlin 2016



Drell-Yan: mixed QCD XxEW corrections

Dittmaier, Huss, Schwinn (2014-16):

Factorizable contributions: (only virtual contributions indicated)

* no significant resonance distortion expected
v ho PDFs with O(aas) corrections

i

only VI’ counterterm contributions
— uniform rescaling, no distortions

<
°

significant resonance distortions from FSR
calculated, preliminary results

<
C I

Non-factorizable contributions: (only virtual contributions indicated)

could induce shape distortions
calculated, turn out to be small




Drell-Yan: mixed QCD XxEW corrections

Dittmaier, Huss, Schwinn (2014-16):

pp = W = uty, Vs =14 TeV
0.5 I I I I I
5prod><dec
g
0 - 5/as><5(cjléec_
—-0.5
X
w
-1
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bare muos
9 I I I I I I I
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naive factorization
QCD x EW works

Barbara Jager
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NLO QED and NLO QCD with parton showers

[Barze et al. (2014)]
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QED and QCD corrections can be combined and matched
consistently with parton shower using the PONHEG framework

first implementation: pp — W~

Barbara Jager Berlin 2016



the SM and precision calculations: summary

(] guiding principle of modern particle physics: local gauge theories

[] cornerstone of our understanding:
electroweak symmetry breaking <+ Higgs mechanism

[1 tool of choice for better understanding: (hadron) colliders

[ interpretation of experimental results requires precise
theoretical predictions beyond LO in perturbation theory:

- consider (N)NLO QCD and NLO EW corrections
- match precision calculations to parton-shower programs

[] status of theory predictions advanced, several public tools available

Barbara Jager Berlin 2016



