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1. Introdu
tionLHC and ILC will explore intera
tions of the SM 
onstituents at� 
enter-of-mass energies in the TeV range� high luminosity, high pre
isionInterpretation of pre
ision measurements requires loop 
orre
tions(signal and ba
kground pro
esses)Loop e�e
ts needed to rea
h 1% pre
ision (naive estimte):�S � 10%; �2S � 1%| {z }QCD : 1 + 2 loop! ; � � 1%| {z }EW : 1 loop suÆ
ient



One loop ele
troweak 
orre
tions to e+e� ! ZZ

Gounaris, Layssa
, Renard (2002)
Large negative 
orre
tionsat TeV energies� start at ps � 200 GeV� in
rease with energy� -20% at ps � 1TeV !



One loop EW 
orre
tions to pp! Z
 at the LHC
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Large negative 
orre
tions� similar behaviour� �40% at pT � 1 TeV !Questions� pro
ess independent feature?� origin?



Origin of large 
orre
tions: s�M2WAsymptoti
 expansion of 1-loop Feynman diagrams
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Leading EW 
orre
tions at ps � 1 TeV� from bosoni
 vertex and box diagrams� double logarithms: ln2 � sM2W � � 25� general feature of hard s
attering pro
esses



General form of 1 loop EW 
orre
tions for s�M2W

��C2 ln2� sM2W �| {z }LL + C1 ln1� sM2W �| {z }NLL + C0#+O�M2Ws �

How to predi
t C2; C1; C0?Pro
ess-by-pro
ess� expansion of exa
t result� many pro
esses� appli
able only at 1 loop
Pro
ess-independent approa
h� general predi
tions for C2;1� limited to logarithms� appli
able beyond one loop



2. General results at 1 loopThe log(s=M2) terms represent mass singularities!

Origin of mass singularities

� virtual gauge bosons (
; Z;W�)
oupling to on-shell external legs

� soft (q� ! 0) and 
ollinear (q� !xp�) regions


; Z;W

Pro
ess-independent treatment(Ward identities, eikonal/
ollinear 
ouplings, : : : )



Universality and fa
torization of 1-loop EW logarithms

� arbitrary polarized pro
esses(e; �; u; d; t; b; 
; Z;W�; H; g)� Born � external-leg fa
tors M1 =  1 + �4� Xlegs k Æ1EW(k)| {z }soft;
oll:
! M0| {z }g!g(s)

Universal external-leg fa
tors (pro
ess independent)Æ1EW(k) = � 12Cew(k) log2 sM2+Xl 6=k Xa=
;Z;W�Ia(k)I�a(l) log rkls log sM2+
ew(k) log sM2� 12Q2(k)�2 log sm2k log M2�2 �log2 M2m2k �2 log M2�2 �log M2m2k �+Xl 6=kQ(k)Q(l)log rkls log M2�2Denner and P. (2001)



Typi
al size at ps ' 1TeVFor 2! 2 pro
esses:�Æ�1�0 �LL ' � ��s2W log2 sM2 ' �26%�Æ�1�0 �NLL ' + 3��s2W log sM2 ' +16%

One-loop 
orre
tions� O(10%)� important impa
t on LHC and ILC observables!



3. pp ! Z+jet at the LHC K�uhn, Kulesza, P., S
hulze (2005)Motivation to study this pro
ess� high statisti
s and 
lean experimental signature (Z! l�l)� extra
t gluon PDF with pre
ision at 1% levelStudy of weak 
orre
tions at large pT� 
omplete one loop 
al
ulation� high-pT expansion and 
omparison with NLL approximation� dominant logarithmi
 e�e
ts a 2 loops



Analyti
 results: 1 loop weak 
orre
tions to �qq ! Zg

PjM1j2 = 8�2��S(N2
 � 1) X�=R;L
(�IZq��2 �H0 �1 + 2ÆCAq��

+ �2� XV=Z;W� �IV I �V �q� HA1 (M2V )�+ 
Ws3W T 3q�IZq��2H0ÆCNq� + �2� 1s2WHN1 (M2W )�)

Main ingredients: HA=N1 (loop diagrams)� 14 Passarino-Veltman s
alar integrals� nontrivial analyti
 stru
ture� 
oeÆ
ients: rational fun
tions of ^s; ^t; ^u;MZ ;MW) long expressions!



Asymptoti
 expansion: ^s; ^t; ^u�M2WHA=N1 (M2V ) = Re hgA=N0 (M2V ) ^t2+^u2^t^u +gA=N1 (M2V ) ^t2�^u2^t^u +gA=N2 (M2V ) i;gN0 (M2W ) = 2� 24�D�
E+log� 4��2M2Z ��+log2� �^sM2W ��log2� �^tM2W ��log2� �^uM2W �log2( ^t^u )� 32 [log2( ^t^s )+log2( ^u^s )℄� 20�29 � �p3+2;gA0 (M2V ) = �log2� �^sM2V �+3log� �^sM2V �+ 32 [log2( ^t^s)+log2( ^u^s )+log( ^t^s)+log( ^u^s )℄+ 7�23 � 52 ;gN1 (M2V ) = �gA1 (M2V )+ 32 [log( ^u^s )�log( ^t^s)℄= 12 [log2( ^u^s )�log2( ^t^s )℄;gN2 (M2V ) = �gA2 (M2V )=�2[log2( ^t^s )+log2( ^u^s )+log( ^t^s )+log( ^u^s )℄�4�2:Simple and 
ompa
t expressions (easy to implement!)� NLL predi
ted by pro
ess-independent formula� remainder: �2; log(^t=^u); : : : not growing with energy



Corre
tions to the pT distribution for pp! Z + jet at LHC
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Large negative 
orre
tions� in
rease with pT� -25% at pT � 1 TeVQuality of high-energy approximations� 2� 10�3 � NLL=NLO� 1 � 10�2� NNLL=NLO� 1 � 2� 10�3) very pre
ise!



4. Status and open problems at 2 loopsHigher-order leading logarithms (LL) in QED vertex (Q2 � �2)

+ � + �� + �� + : : :

= ie �u(p1)
� v(p2)(1� �4� ln2�Q2�2 �+ 12! � �4� ln2�Q2�2 ��2 + : : :)| {z }exp h� �4� ln2 �Q2�2 �iExponentiation! Sudakov (1956)



Typi
al size of 2 loop EW logarithms at ps ' 1TeVAssuming exponentiationexp�Æ�1�0 � = 1 + �Æ�1�0 � + 12�Æ�1�0 �2 + : : :

1 loop: O(10%) 
orre
tions� Æ�1�0 �LL ' � ��s2W log2 sM2W ' �26%� Æ�1�0 �NLL ' + 3��s2W log sM2W ' +16%
2 loop: O(1%) 
orre
tions� Æ�2�0 �LL ' + �22�2s4W log4 sM2W ' 3:5%� Æ�2�0 �NLL ' � 3�2�2s4W log3 sM2W ' �4:1%

) important for pre
ision measurements at ILC (!) and LHC (?)



Asymptoti
 expansion of 2-loop EW 
orre
tionsGeneral form for s=M2W � 1

�2 �C4 ln4� sM2W �| {z }LL + C3 ln3� sM2W �| {z }NLL + : : :#

Hierar
hy at ps � 1TeV� ln4 � sM2W �� ln3 � sM2W �� : : :� start to investigate the leding terms C4; C3; : : :



Resummations of ele
troweak logarithms

arbitrary pro
esses f �f ! f 0 �f 0 (massless)� LLFadin, Lipatov, Martin, Melles (2000)� LL + NLLMelles (2001,2002,2003)

� LL + NLL + NNLLK�uhn, Mo
h, Penin, Smirnov (2000,2001)

Pres
riptions based on QCD/QED resummation te
hniques� in the high-energy limit of the EW theory spontaneoussymmetry breaking negle
ted (mixing, mass-gaps, 
ouplingswith mass dimension, : : : )� need to be proven!



Diagrammati
 
al
ulations at 2 loops

arbitrary pro
esses gf �f vertex� LLMelles (2000); Hori et. al. (2000);Beenakker and Werthenba
h (2000,2002)� LL + ang-dep NLLDenner, Melles and P. (2003)

� LL + NLLP. (2004)

Based on the ele
troweak Feynman rules (symmetry breaking!)� Present results: resummation pres
riptions 
on�rmed� Next important goal: 
omplete set of NLL for arbitrarypro
esses



Next-to-leading logarithms in the gf �f vertex at 2 loops

a1a2 a1a2 a1a3a2 a1a2 a1=
;Z;W�a2

a1a2a3 a4 a1 a2a3 a1a2a3 a4 a1a4fi=e;�e;:::;b;tfj

a1�i2�i3 a4 a1�i2a3 a4 a1 �i2=H;��;�a3

Cal
ulation of 2-loop integrals� in the logarithmi
 approximation� automatized algorithm



Algorithm for the high-energy expansion of multi-loop diagrams� based on Feynman parametrization, se
tor de
omposition� UV and mass singularities (
; f) in D = 4� 2�� diagrams with various energy and mass parameters in the limits � t � � � � � u�M2W �M2Z �M2t �M2H� for arbitrary multi-loop topologies extra
t�1��r0 lnr1 � sM2W �� automatized up to next-to-leading level(r0 + r1 = 4; 3 at two loops)� subleading terms in the future (r0 + r1 � 2 at two loops)Denner and P. (2005)



Mathemati
a implementation

(q2p1)(q2p2) � s 000 000 MM (16+0:1)= ���2s �2� � 116� log2 � sM2 �+ 124 log3 � sM2 ��

s 000 000 MM (7+32)= ���2s �2� 712s2 log4 � sM2 �

(q2p1) � s 000 000 MMM (4+20)= ��2s �2� 1s � 124 log4 � sM2 �� 112 log3 � sM2 ��

(q2p1) � s 000 000 0MM (3+17)= ���2s �2� 1s � 548 log4 � sM2 �+ 112� log3 � sM2 �+ 1�2
E12 log3 � sM2 ��

(tsd+tint)= 
omputing time in se
onds



5. Two-loop e�e
ts for pp ! Z+jet at the LHCTwo-loop 
ontributions for �qq ! ZgPjM2j2 = PjM1j2 + 2�3�S(N2
 � 1) ^t2+^u2^t^u X�=L;R
( 12 �IZq�Cewq� + 
Ws3W T 3q��

� "IZq�Cewq� X1 + 
Ws3W T 3q�X2#� T 3q�Yq�8s4W X2

+ 16IVq�"IZq� � b1
2W �Yq�2 �2 + b2s2WCq��+ 
Ws3W T 3q�b2#X3)with LL and NLL terms K�uhn, Kulesza, P., S
hulze (2005)X1 = ln4 � ^sM2W �� 6 ln3 � ^sM2W � ; X2 = ln4 � ^tM2W �+ ln4 � ^uM2W �� ln4 � ^sM2W � ;X3 = ln3 � ^sM2W �



Predi
tions for pp ! Z+jet at the LHC
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Size of 
orre
tions at pT � 1TeV� 1-loop: -26%� 1+2-loop: -26% + 4% = -22%Comparison with statisti
al error� L = 300 fb�1, Z ! leptons) (��=�)stat � 2% at 1 TeV



SummaryAt TeV energies EW 
orre
tions are enhan
ed by large logarithmsAt 1 loop� O(10%) 
orre
tions� well understood� good approximation

At 2 loops� O(1%) 
orre
tions� LL well understood� ansatz for NLL resummation

New tool to study 2-loop logarithms� algorithm to extra
t logarithms from multi-loop diagramsImportant for interpretation of pre
ision measurements ofmany rea
tions at LHC and ILC


