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Recapitulation of the Standard Model
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Structure and elementary interactions of the Standard Model

Fermions BOSONS
SU(3)xSU(2)xU(1) Gauge bosons:
>
l gauge interactions v, Z, WE, g
A A

Matter: @ & {; {:

(chiral) quarks+leptons

AT & v

Higgs sector:
.< Yukawa interactions _ | spontaneous symmetry breaking
CKM mixing, small GP via self-interactions
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Structure and elementary interactions of the Standard Model

Test of the model

< Exp. reconstruction of the elementary couplings

Feynman rules
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Structure and elementary interactions of the Standard Model

- e

Test of the model
< Exp. reconstruction of the elementary couplings

/ Feynman rules

Building blocks for particle reactions {: {:
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Structure and elementary interactions of the Standard Model

Test of the model

< Exp. reconstruction of the elementary couplings

/ Feynman rules

Building blocks for particle reactions {: {;

Standard Model extensions — more fields, more particles, more interactions, ...
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Feynman rules derived from SM Lagrangian:
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GRAFISCHE KOOPERATIVE

— Recapitulate EW gauge interactions !
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Gauge-boson couplings to fermions

— induced by “minimal substitution” in free Lagrangian Lo ferm = ) _; i) Py

. a a . Y
O = D, = 0, —ig2IT W), +ign EB“

o®/2 for left-handed f

17" = weak isopsin =
0 for right-handed f

Y = weak hypercharge, fixed by Gell-Mann—Nishijima relation Q = T} + Y/2

|dentification of photon after “Weinberg rotation” about weak mixing angle 6w:

Z w; .
( M ) _ ( Cw SW) < M ) Wlth go = i, g1 = i; Sw = Sin QW
Au —Sw Cw B,u Sw Cw

= |nteraction vertices:

f . f
f/ >tNM W, mvui(l — ¥5) ) >www A, —iQrevyy,

! 7 Sw Ty Ty
_ woleyu(gvy —gagvs),  gvs = _EQf + dewsw | AT
f

QCWsW
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Effective Zf f couplings from ete™ — Z/y* — ff @ LEP1

f
ZM

f

Leptonic couplings from LEP1
asymmetry measurements, e.g.:

0 0
OrF —0rB
0 0
Orrpt0rp

3
0,
AFé = = 4Ae~'4f

(F /B = For/Backward hemisphere)
29vFgAf

=2 =2

9y ¢ + Jaf

with Af =

Good agreement with SM
* lepton universality confirmed
e constraints on m¢ and Mg
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Translation of effective couplings into effective weak mixing angle

sin Hlept ! (1 — Re {%}>
4 gAl

Important features:
* high sensitivity to My

* combination of
very different observables

* ~ 3o difference between
AYZ(LEP) and A} (SLD)

with the initial-state pol. asymmetry
401 UE — 01% 1

or, + or (IPel)

= Precise LHC result on sin? §'°P*
highly desirable !
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A(P;)
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0.23099 + 0.00053
0.23159 + 0.00041

0.23221 + 0.00029
* 0.23220 + 0.00081
X 0.2324 + 0.0012

Ry 0.23153 £ 0.00016
x?/d.0.f.:11.8/5

zz o) = 0.02758 + 0.00035
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Gauge-boson self-interactions

— induced by gauge-invariant Yang—Mills Lagrangian

Lym = —iW[}VW“"“’ — iBWBW,
with the field-strength tensors
W, = 0,Wg — 0, Wi+ goe™WiW,, By, = 8,B, —0,B,
= Feynman rules for gauge-boson self-interactions: (fields and momenta incoming)
W,
v, €Cwwy [gu (ke — kYo + gup(h — kv )+ goulhy — ko) ]
W, with Cww~, =1, Cwwz = —%
— testable in di-boson production ee/pp — V'V

Wi Yoo ieCwwyv [2gw/9p0 — GupGov — guagup]
W v With Cyz 2= — 1, Cpp, y=%, Oz o= — %,CW4=$

— testable in tri-boson production ee/pp — VVV
and vector-boson scattering pp(VV =V V) — VV+2jets
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) Gaemers, Gounaris '79; Hagiwara, Hikasa, Peccei, Zeppenfeld '87;
(Non )Standard TGCs Bilenky, Kneur, Renard, Schildknecht 93; etc.

General parametrization (C- and P-conserving):

W-l—
Lvww = —1engw{ o (WEW VY — W= mWHY,)
D o
V=7 + RV W, VR 4 M‘; WEW Rvre

W

Meaning for static W* bosons:

Qw = eqg; = electric charge (= e by charge conservation)
€ ~ . .
pw = (97 + k~ + A\,) = magnetic dipole moment
2 My
qw = —MQQ (kv — Ay) = electric quadrupole moment
A%

Standard Model values:

g}/:I{\/Il, )\V:O

Restriction to SU(2) xU(1)-symmetric dim-6 operators:

kz = g7 — (k- — 1) tan® Oy, Az = Ay

! i I i A N . . N
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LEP2 constraints on charged TGCs from ete™ — WW — 4f . \\vooo,
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Generic features of
electroweak corrections
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Relevance of EW corrections @ LHC

* 2015: LHC restarts @ 13—14 TeV
— energy reach extends deeper into TeV range
— drw ~ some 10%
* integrated LHC luminosity will reach some 100 fb~!
<— many measurements at several-% level
— typical size of dpw

* planned high-precision measurements: XS ratios, Myy, sin” 0.5

— Jdgw IS crucial ingredient

Spirit of this lecture

* describe salient features of EW corrections,
in particular enhancement effects

* prepare the ground for the discussion of W/Z production processes
coming in the follow-up lectures

* give some recommendations from a theorist’s point of view

Physikalisches Institut ANE:,..—-\
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Features of and issues in EW precision calculations

Relevance and size of EW corrections

generic size O(a) ~ O(aZ) suggests NLO EW ~ NNLO QCD
but systematic enhancements possible, e.g.

* by photon emission
— kinematical effects, mass-singular log’s « « In(m, /Q) for bare muons, etc.

* at high energies
— EW Sudakov log’s o (a/s% ) In*(Mw /Q) and subleading log’s

EW corrections to PDFs at hadron colliders
induced by factorization of collinear initial-state singularities, new: photon PDF

Instability of W and Z bosons
* realistic observables have to be defined via decay products (leptons, +’s, jets)
e off-shell effects ~ O(I'/M) ~ O(«) are part of the NLO EW corrections
Combining QCD and EW corrections in predictions

* how to merge results from different calculations
* reweighting procedures in MC’s
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Input parameter schemes
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SM input parameters:  (natural choice)
Qs, (&, MW; MZ: MH! mg, VCKM

Issues:

* Setting of a:  process-specific choice to

¢ avoid sensitivity to non-preturbative light-quark masses
¢ minimize universal EW corrections

Schemes: fix Mw, Mz and «

¢ «(0)-scheme: relevant for external photon
* a(Mz)-scheme: relevant for internal photons at high energies (v*)
© G,,-scheme: ac, = V2G, My (1 — My /M3)/x, relevant for W, Z

* Warnings / pitfalls:

¢ o must not be set diagram by diagram,

but global factors like «(0)™ ¢, in gauge-invariant contributions mandatory !
¢ weak mixing angle: s\ # free parameter if My and My are fixed !
¢ Yukawa couplings are uniquely fixed by fermion masses !

Physikalisches Institut o~
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The universal radiative corrections A and Ap
Running electromagnetic coupling a(s):
d becomes sensitive to unphysical quark masses m,
Ml@m for |s| in GeV range and below (non-perturbative regime)
J — charge-renormalization constant § Z. sensitive to m,

Solution: _ A
fit hadronic part of Aa(s) = —Re{¥7%..(s)/s} and thus of §Z.
o(ete” — hadrons)

via dispersion relations to R(s) = (o= o it pi-)
o prp

Jegerlehner et al.
a(0)
1— ACkferm;étop(s)

= Running elmg. coupling: «a(s) =

Leading correction to the p-parameter:

mass differences in fermion doublets break custodial SU(2) symmetry

— large effects from bottom—top loops in W self-energy Veltman *77
b

W W A 227(0)  2Y(0) 3G . m3
prop M; M 8v/2m2

t
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Fermi constant G n @s input parameter — the quantity Ar

1 decay including higher-order corrections

vy vy
K G © + QED corrections e H © + EW corrections
" W
Ve Ve

— Relation between G, «(0), Mw, and Mz including corrections:

V2

s

aGu =

G, My (1 v ) = a(0)(1+ Ar)

Ar comprises quantum corrections to i decay

(beyond electromagnetic corrections in Fermi model) Sirlin ’80, Marciano, Sirlin ’80
C2
A7al—loop = ACY(M%) - %Aptop + Af'ﬂ]rem(]\4H)
~ 6% ~ 3% ~ 1%
aln(my/Mz) G.m; aln(Mwu/Mz)
f b
f t
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Input-parameter schemes including electroweak NLO corrections
Cross section: ONLO = aNALo (1 -+ 5EW> ; dEwW = (’)(a)

° o(0)-scheme: oo = a(0)Y Ao

o(My)-scheme: oro = a(Mz)NAvo, dpw™ = 0w + NAa(Mz) + ...

* G,-scheme: oo = a(G)N Aro, 55{,@ = 50‘(0>+NA7~+

* Mixed scheme: N =n+n,, n, =# external photons
oro = a(G)"a(0) Aro, OE = 600 4 nAr 4.
© absorbs all Aa terms in LO to all orders
¢ absorbs Ap terms in LO (all for Ws up to 2 loops, parts for Zs)

¢ factor a in dgw can still be adjusted appropriately
(e.9. a—«a(0) if v radiation dominates, a—ag,, if weak corrections dominate)

o example: q¢ - W~, n=mn,=1

M‘fw be: Stefan Dittmaier, Electroweak Physics at the LHC — Lecture 1 Freiburg, Oct 2015 —19




Example: weak corrections to Z production

v/Z
q I+

S.D., Huber '09

—_
S
—
S

T T T T T T T T T T T T T T T T T T
Svirt |0‘(0) virt a(0)
12 +- uil,weak E 12 - dd,weak
gvirt o(Mz) virt a(Mz)
10 + ut,weak 10 + dd,weak

virt Gp
dd,weak

gvirt Gy
ut,weak

X X
= T
£g E8
sz zZ

10 -10

T T T LE— T L T T
] | 1 |

o O BN O N e
T T T LI T LR T

50 I I I I 100 I I I I 150 I I I I 200 50 I I I I 1(I)0 I I I I 15IO I I I I 200
V3 GeV] V3] GeV]
o off-sets between NLO EW corrections in different schemes

* dashed lines include leading 2-loop effects from Aa and Ap
— highest stability against h.o. corrections in G, scheme here

g ! i i i /1' > . . . .
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Photon radiation off leptons
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Collinear final-state radiation (FSR) off leptons

zky

Leading logarithmic effect is universal: ky ~

1
LO LL 2
OLL,FSR = /da (k1) / dz 1,(2,Q7) Ocut(zk)
\ 7 O . _J/
hard scattering leading-log structure
function, @Q = typ. scale

-~

e ['//(z,Q%) known to O(a”) + soft exponentiation,
equivalent description by QED parton showers

* O(a) approximation:  1';°' (2, Q%) = @[ (Q—Z> - 1} (1 +22>+

2T my 11—z

* Alternative approach: QED parton shower
— advantage: photons described with finite pr and definite multiplicity
Impact on predictions:
* |og-enhanced corrections for “bare” leptons (muons) — large radiative tails

* KLN theorem: mass-singular FSR effects cancel if (/) system is inclusive
(full integration over z)

* full FSR not universal, in general not even separable from other EW corrections

Physikalisches Institut /‘NE"A
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Radiative tail from final-state radiation

results if resonances reconstructed from decay products

Typical situations: eTe™ — WW /ZZ — 4f,

pp = Z = ff+X -
100 |
Final-state radiation: Z
g 10 |
resonance for Z
3 _
M? = (k1+k2)2 < (k1+k2+k'y)2 ~ M% N 1
— radiative tail in distribution £ M
of reconstructed invariant mass M "5 w0 70 80 90 100 10 120 130 140 15
Mu[GeV]
for M < My S.D., Huber '09
10 . . . . . . — .
Example: Single-Z production | T
Oqq,weak
* radiative tail with corrections up to ~ 80% 6r facn/100 1
* FSR effect drastically reduced <
by photon recombination (“rec”): gl
~ I P
If R;, < 0.1then (lv) — [ with p; = p; + p5. b g

50 60 70 8 90 100 110 120 130 140 15
M”[GQV]
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Comparison with radiative tail from initial-state radiation

appeatrs if initial state is fixed

Typical situations: ete™ — Z — ff,
M+M__>Z7H7?_>ff_ e f
< scan over s-channel resonance in o (s) by changing CM energy +/s

Initial-state radiation:
7 can become resonant for s = (p++p_)> > (p++p——ky)> ~ M7
— radiative tail for s > M7 due to “radiative return”

Final-state radiation:
s = ki, ~ M7 for FSR oy S.D., Kaiser 02

— only rescaling of resonance 10000 : E

corrected 7
-- -- -- corrected, Myp,q cut A

***** Born

Example:
1000 E

cross section for u~ T — bb in lowest order
and including photonic and QCD corrections, [
with and without invariant-mass cut 100 PR I N
/5 — M(bb) < 10 GeV s e,

L1 l l l l L
8 & 90 95 100 105 110 115 120 125

Vs[GeV]

\\
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Recommendations to experimentalists:
* no unfolding or subtraction of FSR effects !
— would introduce untransparent conventions for non-universal EW corrections

* use concept of “dressed leptons” if reduction of large FSR effects is desirable
(recombination of collinear £~ configurations, analogous to QCD jet algorithms)
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Electroweak corrections at high energies
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Electroweak corrections at high energies

Sudakov logarithms induced by soft gauge-boson exchange

J
a=~vy,W,Z

k etc.
+ sub-leading logarithms from collinear singularities

Typical impact on 2 — 2 reactions at /s ~ 1 TeV:

« 3 S
gi-toor ln2( ) ~ —26%,  olTloop o m( ) ~ 16%
LL Ws%v M\%V ’ NLL 775%\/ \2/\/ )
2 2
2—loop o 4 S ~ 2—loop 3a 3 S ~
S A g ()2 3% B~ -’ () 2%

=- Corrections still relevant at 2-loop level

Note: differences to QED / QCD where Sudakov log’s cancel

®* massive gauge bosons W, Z can be reconstructed
— no need to add “real W, Z radiation”

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

Extensive theoretical studies at fixed perturbative (1-/2-loop) order and

: - : i Beccaria et al.; Beenakker, Werthenbach;
suggested resummations via evolution equations Ciafaloni, Comelli; Denner, Pozzorini; Fadin et al.;

Hori et al.; Melles; Kiihn et al., Denner et al. '00-"08
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High-energy limit — Sudakow versus Regge regime
Sudakov regime:  all invariants k; - k; > Mg, !

Example: e fa s f ¥ 7
(] 1
2 — 2 particle process N\ 7 et

k1 ks
/k; k3\‘f = \f

Kinematic variables in centre-of-mass frame in high-energy limit (k? — 0):

)

s = (k1 +k2)® ~ 4E?, E = beam energy,
t = (ki —k3)® ~ —4F’sin(0/2), 6 = scattering angle,
Msy = /5 ~ 2,
kr = kst ~ Esinf

High-energy limits in distributions:

d L
. dka . kr>Mw = s |t|> M3 = Sudakov domination
T
. dj/f[j . Mss > Mw = small |t| possible = in general no Sudakov domination
34

(i.e. typically smaller corrections)

Physikalisches Institut A~ —~
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Example: Drell-Yan production

Neutral current:  pp — £7¢~ at /s = 14TeV  (based on S.D./Huber arXiv:0911.2329)

My /GeV | 50—o0 100—co  200—o0 500— oo 1000— o0 2000— 00
oo/pb | 738.733(6) 32.7236(3) 1.48479(1) 0.0809420(6) 0.00679953(3) 0.000303744(1)

0L ot/ % | —1.81 —4.71 —2.92 —3.36 —4.24 —5.66

Sqq.weak/% | —0.71 ~1.02 —0.14 —2.38 —5.87 —11.12

s /% | 0.27 0.54 —1.43 —7.93 —15.52 —25.50

58 /% | —0.00046 —0.0067  —0.035 0.23 1.14 3.38

no Sudakov domination!

Charged current:  pp — £Tvp at /s = 14TeV  (based on Brensing et al. arXiv:0710.3309)

Mr,,,e/GeV | 50—co  100—co  200—co  500—oo 1000—o00 2000— o0
0/pb 4495.7(2) 27.589(2) 1.7906(1) 0.084697(4) 0.0065222(4) 0.00027322(1)
T

sh % —2.9(1)  —5.2(1) —8.1(1)  —14.8(1) —22.6(1) —33.2(1)
5 /% —~1.8(1)  —3.5(1) —6.5(1)  —12.7(1) —20.0(1) —29.6(1)
)
58 /% | 0.0005 0.5 ~1.9 ~9.5 ~18.5 —29.7
58 /% | —0.0002  —0.023  —0.082 0.21 1.3 3.8

Sudakov domination!

z Physikalisches Institut A~ —~
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Electroweak corrections at high energies (continued)
* NLO EW high-energy logs — an approximation for full NLO EW ?
— miss finite contributions of O(«) and photonic radiation effects

+ simple approximation in Sudakov regime:
s and |t| large for2 — 2 = large pr or M~ !

— fail in non-Sudakov regime:
e.g. s large, but |t| NOT large for2 — 2 = e.g. large M;; in Drell-Yan !

+ generically included in ALPGEN Chiesa, Montagna, Piccinini et al. 13

* Real W and Z emission processes

¢ not fully separable from underlying process
(e.g. hadronically decaying W/Z’s in jet environment)

¢ partially compensate negative virtual EW corrections
— strongly dependent on W/Z reconstruction / separation
Recommendations:

* full NLO EW corrections whenever possible
* careful validations of logarithmic approximations against full results
* real W/Z emission: full ME calculations via multipurpose LO MC’s

Physikalisches Institut o~
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Electroweak corrections in PDFs
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Electroweak effects in PDFs
Analogy to QCD-improved parton model:
Collinear splittings ¢ — ¢, v — qg lead to quark mass singularities
* absorption of «ln m, singularities via factorization into redefined PDFs

* O(a) corrections to all PDFs & new photon PDF

2004: MRST2004QED = first PDF set with O(«) corrections
Martin, Roberts, Stirling, Thorne '04

* typical impact on PDFs: A(PDF) < 0.3% (1%) for 2 S 0.1 (0.4), prace ~ Mw
* photon PDF from analytical ansatz; uncertainty ~ O(20%) or more

e additional real corrections from photons in initial state
— typically O(1%), but with large uncertainties

* included QED corrections are not full NLO EW
(missing corrections in PDF fit, EW evolution in LO)
— small uncertainties of O(«)

(DIS fact. scheme for QED corrections recommended,
but scheme choice is part of intrinsic uncertainty) picner S.D.. Hollik '05
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Electroweak effects in PDFs
Analogy to QCD-improved parton model:

Collinear splittings ¢ — ¢, v — qg lead to quark mass singularities
* absorption of «ln m, singularities via factorization into redefined PDFs

* O(a) corrections to all PDFs & new photon PDF

2004: MRST2004QED = first PDF set with O(«) corrections
Martin, Roberts, Stirling, Thorne '04

2013: NNPDF2.3QED = NNPDF set with O(«) corrections
Ball et al. [NNPDF collaboration] 13

* currently best PDF prediction at (N)NLO QCD + NLO EW
* PDF samples for error estimate provided
e photon PDF fitted to DIS and Drell-Yan data (107™° <z < 1071)

* small O(a) ambiguity still remains

sikalisches Institut _A—_~
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Electroweak effects in PDFs (continued)
NNPDF2.3QED PDF set

QED corrections to PDFs, Q2 = 1000 GeV?

Photon PDF comparison at 10* GeV?
0.2 0.16 -

l T L III T T T T TT1TT T T IIIIIII T T IIIIIII T T T 1T II_

B i = \ I —— MRST2004QED .

L - 0.14, NN N NNPDF2.3QED average —

(0] — -\ NNPDF2.3QED replicas

i . 0.12F "\ NNPDF 1o i

B i E\ \ NNPDF 68% c.l. ]

-0.21— - . 0'1; \\’\.’ IE

- - « - . -

< L - c0.08— s, -

S 0.4 - % F W .

e - —J ] ><>0.06_— . 7

0.6 - u ] 0.04F .
I d ] 0.02F
-0.8— bm -
Coe s | i 0

C IIIII 11 IIII IIIII IIIII 1 1 I‘:J III_ _0.02; 1 1 IIIIIII IIIII IIIII 11 11111 1 11 1 VIl
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Photon PDF:

* agreement with old yvrst(z) for z 2 0.03,
but ynnepr () < ymrsT () for smaller x

* |lack of experimental information for z 2 0.1

< constrained via vy — pt T, WHW—
for larger x in the future ?
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