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ElectroWeak physics at LHC
W Large number of topics --> need to make a (personal) choice :

Outline

nepr-p

* W mass
* Top mass
* Forward Backward asymmetry in Z decay

* Associated production of Gauge Bosons

Current EW theory successfully tested at present energies

Aim @ LHC : deeper understanding in view of :
* tightening indirect constraints (Myy, M,, )
* search for deviations (couplings)

* understanding and calibrating detectors(i.e. see

Each experiment @ LHC: ‘Low’ lumi 10 fb! /y K. Lohwasser talk)

‘High’ lumi 100 fb°! /y
TeVatron has collected so far = 4.5 fb-!
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W &Top masses

nrer-y»

& to Higgs mass:

“* My,: fundamental parameter )(gf the theory linked to M, ,
t H
. _ |
' ' M w = / ?—T& - —
W W+ w= W \/ V2GR sinfw V1 —{A-r

< Need to measure My, & M

top with greatest precision

oo } AM,, TV 1= 59 MeV

DO | 80483 + 84

DELPHI 80336 = 67 |

L3 T 80270 = 55 C AMLLEP = 33 MeV

OPAL " 80416 = 53 w @
ALEPH 80440 - 51|/ World average(ICHEPO08):My, = 80399 25 MeV
OFl M (MeY) 80413 - 48 Great job !! Still LHC could improve it :

80100 80200 80300 80400 80500||80600

% W(&Z) cross-sections an order of magnitude more than TeVatron
Owp, O 14TeV .20 nb  --> 1 fb-! gives ~4 000 000 W events (g_,~20%)

¢ Design peak luminosity ~ an order of magnitude more than TeVatron

sel
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Mass of W boson: analysis steps (ATLAS & CMS)

Isolated lepton p,'¢P > 25 GeV ,

Electron

A
T
L
A
S
1y

Select candidate W’s

Inl <24
(in leptonic channel) E, M > 25 GeV /
No jets with py > 30 GeV s Neutine
Recoil < 20 GeV Hadronic recoil
2) Plot the two main variables sensitive to My, v
Lg °-°5+ No detector ; . 20035? ”pl;lvlvl;tll(l)l Y CMS 2006/061
% - effects: :g 09301) no detector
” pTlep ug o.o4:—g gTz: g\‘ ] éo.nzsfl) detector
% o0a] ! detector % 0.02E effects E complementary
s MTW E 0.02; p:‘?:;ts Eo_m_ _ variables
- ] oot =
\/2 pt Pt V) ( — COs AO) ’01; Tlep(GéV)o.nnsi MTV‘é (GeV)
R T I T~ Dtio""so""en' 68000 100 110" 12;0
3) Build templates (i.e. expected distributions of p;'®? & MW= f(My,))
4) % fit to find the template matching best the data My)

¢ Z events play a crucial role: reduce experimental & theoretical uncertainties
* 7 events ‘modified’ and used to build templates (CMS)

* 7. events used to tune W MC (ATLAS)
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@f Mass of W boson: build templates (CMS)
¢ Method 1: Scaled observable method R’(X) = corr * R(X)
do” M do?
= Tz R;(X)_ ROX) = doV do?
dp'v My dp,"” @)= o
I - d (p,rl M) /d(p, vl M.,)
predicted ~ from theory measured

R(X): calculable using perturbative QCD
corr : W/Z. acceptance and exp. resolution -> understanding detector response

> mainly lepton scale linearity
AM,, = 40 (stat.) ® 40 (exp.) ® 40 (theo.) MeV
, mainly p, Wspectrum

X Method 2 Morphlng (scallng the Z events rathen then the Z observables)

=
w 40 (stat)® ey et

no cuts

B
1.3 E_ n cut on muon(s) J WW

recoil cut

12 all cuts on FAMOS level

k5
= 3
LE o 3 |
= oy |
S % 1_1@%%% ) vy W WW M | ﬂ‘ . /64 (exp.) @ = 20 (theo.) MeV
§ = - *‘”hﬁiﬂw_._ - +{#+ } ! l | mainly EMssscale
2N T HON {} ;+ _.f - } i
5 E . gﬁ_ﬁﬁmm WW *mﬁ 4 W ! W yh ‘ 1 V Data driven methods developed by CMS in
9 S - bbbt H recent cross-section analyses will decrease
% 0.8 ﬁMS |2006/061 L T I((;:e 120 the experimental systematic error
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@ Mass of W boson: build templates (ATLAS)

Gen PP or M"Y (My) R
** Templates for p. ' : f ®

* Get the energy/momentum scale & resolution using Z-->ll events:

ner-p

Fit Z-->1l data with Templates = [ f(lept. scale, lept. resolution)] control
. ) of
* Tag and Probe to determine the lepton efficiency(Z-->1l events ) experimental
* Templates for M. " : systematics

* Model missing momentum response by looking at Z-->ll events

¢ Results for PDF effect (CTEQ6.1)
20

W->ev with pl na
AMy, = 120 (stat) @ 114 (exp.) @ 25 (PDF) MeVrwey | | "
%3 5 iﬂ |
W->upuv  with MW :_ AT
AM,, = 57 (stat) @ 230 (exp.) ® 25 (PDF) MeV E| || ||

How to control the theoretical uncertainties? ' | | SN-ATLAS-2008 70

20IIII|IIII|IIIIIIIII|I IIIIIIIIIIII|I
0 5 10 15 20 25 30 35 40

PDF set index
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Mass of W boson: main theoretical uncertainties

. o CSN-ATLAS-2008-70
** Transverse momentum distribution > 22
pp" affects p, P R
—_ 18;
Study p(I*l)) vs M4, in y*/Z events é 16
5 14;
AMy, = 3 MeV 128
10: ' Ml.!.l_(GeV
S ll '.4|F". ;5?]'. .I"-‘f”: | '.'.7|0|| SIO II % II ”l’[’ - ?_LO

** PDF affect rapidity of W(Yy, ) -> My, 2255;—SN_ ATLAS-2008-70 ) * —

Strong correlation between Y, and Yz; == = ) E

when varying PDF S S L E

224 s =

AMy, ~ 1 MeV 2 e ;

223b— ¥ -

- F E

2.23F (different PDF sets) 3

2 225F * | RMS(Y,) |_§

| I2_15II I2|.15|5I | I2.1\‘3 2.165 21? 21?5 II2.15%

Total systematics AM, < 10 MeV (1 analysis)
or equal contribution to My, (indirect) uncertainty :
if AM,< 10 MeV --> AM,, < 1.5 GeV
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@ Top Mass measurement
*Accurate measurement of M, important : * consistency check of SM
* constrain Higgs mass within SM

*Top abundantly produced @ LHC: o 0~ 830 pb=> ~107 {t pairs/y @ 1033cm s

(X 100 TeVatron !! )

gg-> f ~90% qq -> tt ~ 10%

e Br(t->Wb) = 100%). Decays : * Hadronic :
+ high Br
+ possible to reconstruct whole event

- high bkg and combinatorics
eebbvv
tubbvy Leptomc
E——lcptonic LY | |, er bkg & combinatorics

il - low Br,
eqqbbyv - final state difficult to reconstruct

npr-p»

qqqqbb

1qqbbv

Lqqbby

* Semileptonic: good compromise (‘golden’)
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V\? A [ d [ d [ d [ d
@I Top Mass in semileptonic decays: analysis steps
A
. . I €,H
1) Event selection: L
1 isolated high p, lept+E ™5+ = 4 jets of high p; 2 b-jets) %, ¥  ™ng [ Bt
£~5%, S/B=10, & =60% = /9
o/
2) Hadronic W mass reconstruction ij: several methods % E i
Ex: first select jet pairs in a mass range then get M, o, ,: \ ﬁ;ﬁ
PDG B W
Z:_(M;;'_MW ) +(E}.1(l—a1))z +(Ej2(l—a2))z ,t . 4¢
= % xg:
F’;’ 0-12 0-22 Sl ‘.\\‘&&0“\
a,,& 0 ,,=light jet energy scale & resolution T T T
’ ’ 00 ATLAS _ .
3) Top quark reconstruction: several methods SRR CE Musnpu =175 GV 2
Ex: choose b jet closest to W->jj + further cuts o~ Preliminary [ combinatoria cockgrour]
4) Leptonic W mass recostruction M,, ool ."Jg B
Using known W mass and 4-momentum conservation | j ? .
(then select solution such that | My, -M,, | is 2001 1 M .
minimum after step 4) - %
100—
5) Top quark mass i y. b Jb(ev)
Gaussian+polynomial fit M = 175.0 + 0.2, GeV (1flya e 00 320200

Kinematic fit to the full event (less sensitivity to FinalStateRadiation )
Mtopﬁt(xz=0) =1748 £ 04__GeV

stat
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Top Mass in semileptonic decays: systematics

ner-p

Systematic uncertainty | y* minimization method
Light jet energy scale 0.2 GeV/% Most important systematics :
b jet energy scale (0.7 GeV/% D<—1|jet enegy scale (JES) of
ISR/FSR ~0.3GeV *b-jet (1 fb"! AM,,,(b-JES)~1-3.5 GeV
b quark fragmentation < 0.1 GeV depending on b-JES = 1-5%)
Background negligible
Method 0.1 to 0.2 GeV
@LHC (1 fb’!, 1 analysis) : M,,,=175.0 £ 0.2, 1.0, GeV
Current value (TeV ICHEP2008): M, = 1724 + 0.7, + 1.0, GeV
> Y p
* If no use of b-tag (‘early data’) gsooj ATLAS mEs
* higher combinatorics oo 1 fb7 I
---> additional cuts * 400k e -
g =~1.6%, purity =50 % 300 - no b.-tag preliminargé
* jssue: constraint bkg shape with data 200§ semilept. -
Mt0p=172.4 +1.5,, GeV 1005_ _§
Systematics = as above except from : -
AMtOp(bkg) which goes to ~1 GeV %~"50 100 150 200 250 300 350 400 450 500

M;pn-M+ME* [GeV]
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@IA Top Mass fully hadronic & Top Mass di-leptonic decays

A
Starting S/B <106 Starting S/B = 5%10-3
Selection S/B =1/9 €=2.7%
Likelihood on masses and angles Kinematical reconstruction of event
to perform the pairing + top choice pairing with likelihood
S/B=12 e=1.2%
220 ||||||||||| T T T T T "Mehn T 7 7 " T T 439410 = LI U LN RN AL L N L
- CMS 2006/077 v w8 | 100/CMS 2006/077
200 Integral 2200 T4 =] B -1
C 1fb! Constant 1985+ 6.7 |1 @ r 11b
1801 1":'11 175+ 06 | 2
NO160;_ t 18.24+0.68 | % Bl]_ .
; 140 :_ Mt,inp t _175 Ge‘z = : . ttbar non dilepton
(5120 = i M, input =175 GeV.
©100¢ . 7
o C
~ 80cr 40— _|
* C -
60¢ i ]
40; 20— _
20f I GeV)]
00 50 100 150 200 250 300 35 fo0 120 140 160 180 200 220 240 260 280 A

M,,,=175.0 £ 0.6(stat) + 4.2(syst) GeV M,,,=178.5 £ 1.5 (stat) £ 2.9(syst) GeV
Systematics: JES & ISR/FSR Main systematics: JES, ISR/FSR

QCD background
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Top Mass : additional methods

% Final states with JAp (100 fb'l) : N§ 75
J O
. S 74
JA%W‘ ; W 4 Ty (e*) 5
b~ b g 73
/ 8 72
I =) ©
* Correlation between M, ;,, and M, *g /1
--> No systematics on b-jet scale ! é 70
69

* ~1000 evts/100 fb' --> AM,, ~1 GeV
(main syst. b-fragmentation)

My =am,

T Trrrryprrrr[yrrrr[rrrr[rrrrprrorrJrid
I | | I | |

a =0.56 +/- 0.05
b = (-25.3 +/- 8.3) GeV/c?

+b

CMS 2006/058 1

to

| ‘ I ‘ I ‘ I | I | I L1 | 1

|||II|II\I|IIII‘\Illlllllll

(Ge\H

170 172

174 176

178

180

top IrOM the measured tt production cross o
section
* Uncertainty AM

. tOp g‘ [ o{param)/o(refy ~— =~
calculation ¥ 890 |~ Solid: param=(NLO+NLL A=g)
° R - Dots: param= {NLO+NLL A—O)l
¢ Can be reduced Wlth computatlon 700 - Dashes: param=(NLQ)

=
> 2 GeV from theory £™ | iover iset

| Upper: u=m,/2

of higher order, resummation of NLL g | tover s-2m,

T ‘ T T T T
Pp - tt, vS=14 TeV

o (pb) (0r) at NLO + NLL QCD
MRST, a,(M;)=0.1175, k;=0.4 GeV -

A=0, =y

ém/m=0.21 da/0

. = — I_l_l__l_l_}_\_I_I__‘J,,,, E
corrections, PDF measurement. v E
3-' é‘gg %: |v ................................... top (GeV)—
A lot of theoretical activity. Many recent results (‘08),9_-’ os0 -~ —— -
0.85 E S—

165
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, e
q 8§ 1.do _
f/" o dcosO

* Parity violation in neutral current --> asymmetry in the angular distribution

of leptons |

Arp (s) = E[D’(CDSQ >0)—0o(cos6 < 0)]
| | .............. "I--l.-l.- | | -]
* App(s) depends on g %', 2,4, Q, | 02 ‘ _:
--> probes V-A 4&‘2 Zx
extraction weak mixing angle sin0 o, A
 Exchange of new particles would alter A, ull — eve- o A
s z, | -
[ | Mlee(GeY) | o
100 - 200 L‘:‘-UCII - -:'Ll’.]ICI'I - IE'DDI &0

* @ TeVatron : statistics dominated.
Major uncertainties : PDF, detector resolution

LDC, Physics at LHC - Split 2008
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Forward-backward Asymmetry in Z decay@LHC

A
L
A
S
e @ LHC : the quark direction is not known

12000 ——— — —— ——

£ cut ATLAS 3
S 10000 ]
--> take the Z direction = [ .l events preliminary
cut on Y, improves this assumption ~ *F™] B
C: central electron(Inl<2.5) 6000 3 E
F: fw electron (Inl<4.9) a000 "] C(.)rrec.t quar ]
agF T T T n direction ]
CATLAS 3 - ]
4t preliminary = 200 E
35 e CF = oL - Y e b -
E o ccC = 0 1 2 3 4 y 5
S E (e*e)
;és? _;<Q> Forward electron identification important !!
o T
= = — —_ -4
ook ——— E (Eryere~ 0% Ryey =100 -->AApg(stat) = 1.5 10*)
1E 3
0st ——— 1 ¢ Electron channel favoured wrt to u channel
=t ..oiiniiiinn..d  due to higher angular acceptance

(=)
o
[3,]
=y
iy
[3)]
N
N
[3,]
w
w
15,

(I 1<49)

(e'e)

* Extraction of weak mixing angle sin>?3 around the Z pole (85 <M_< 97 GeV) :

Ap=b{a-sin?9 et}  withaandb from MC (a=023+0.03 b=1820.3)
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A
L sin2d et @ LHC
A
S
- ATLAS preliminary : 100 fb-!
Uncertainties 0 sin? P Y
Energy scale 1.5x10°° Main uncertainty PDF.
Reco. Efficiency 1.9x10- Conversely can be used to constrain PDF
Energy resolution 1.1x10¢
Charge ID 1.4x10°° The weak mixing angle very well measured
Bkg. subtraction <107 at LEP & SLD
L «——— Average
4
q2.4x104 P
3x10° A - 0.23099 + 0.00053
A(P) —aE— 0.23159 + 0.00041
Statistical error 1.5x10*
A, (SLD) —a— 0.23098 + D.00026
3.2 o A —@— 0.23221+ 0.00029
A 1 o« 0.23220 + 0.00081
Qe N . 0.2324 + 0.0012
A, (DO) e 0.2326 + 0.0019
| Sinz‘ﬂ‘,\ppl‘ﬁpt

| 1
0.23 0.232 0.234 0.236
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Associated production of Gauge Bosons : dibosons

nrer-y»

q VQ q Vz
Diboson LO SM diagrams: A TGC vertex
(} Vl @ Vl

TGC = Triple Gauge Coupling = Self interaction among 3 gauge bosons (V)

e Direct test of non-Abelian structure of SM -
(demonstrated @ LEP) at the highest energy| ¢g '— WY oWy WWy

.y () )
If no Higgs found -> dibosons importantin | 949 44 | —WZzZ : WWZ
understanding EWSB qq = ZI1y" > WW: WWy, , WWZ

* Background for Higgs & New Physics qqg = ZIy" —Zy |\ ZZy.Zyy
qq —Z1y" —»27Z |72y, 777

Not permitted in SM

* ‘Anomalies’ appear as enhanced rates
at high p,"Y or M; (VV) & changes in angular distributions

* All diboson processes already measured @ TeVatron (in leptonic channels),
improvements expected @ LHC:
1) cross-sections a factor ~ 10 higher
2) higher energy allows to explore the most favorable kinematic region
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Associated production of Gauge Bosons : WZ

npr-p»

o(SM)NLO = 55 pb 1 =e, E 14 - EEwz 300 pb- 1 .
§ :3 i3 - Z+iets EWK-2008-00§
W g 10: zy E
‘ = c,u ) : = Z]?
~ 6 tthar+jets -
® Eirigger = 98 % Ao = WHjets
* > 3 high p,isolated leptons (e, pn) + 25_
cuts on MZ candidate and on MTW candidate .

MC
* --> 300 pbl: NSlgnal—349+()5K s, uf |S|||||.
N51gnal/ kag =2.6 \ 12 -95% C1§s1gnal
¢ 727.&7y bkg (31% of bkg) N B 68% C.L
tt,W-+jets bkg(20% of bkg)[ from MC ~

e Data driven method to estimate
Z+jet (main bkg) N =330 +35 ~ |

signal CMS
* Main syst.: lumi (10%), M cut (10%) 04 o4 o

Lumlnomty (fb~ l)
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@ Charged TGC extraction

* 14 possible WWZ and WWYy couplings; usually use S independent, CP
conserving, EM gauge invariance preserving couplings: g,k , k;, A,, A,

npr-p»

* 5 ‘Anomalous Couplings’ (AC) :

@1 -1 @) oD D

in SM : Ag,#=0, Aky: Ak, =0, )L),: A,=0
A
Ay grow as § ( = invariant diboson mass) --> enhanced sensitivity @ LHC

WW more sensitive to Ak, (grows as $ ) than WZ & Wy (grows as Vs )
WZ more sensitive to Ag,#? than WW --> complementarity

* To avoid unitarity violation @ high energy --> introduce a cutoff scale A
A _ — Ao Z
— n=2 (a=A4g/7 Ak, A, ;)
(1+s/A)

replacing o —

* To extract AC :
fits to total cross-sections and differential distributions (i.e. E;Y, p;Z, M"Y,

sensitivity at high values)

W Angular distribution have additional resolving power - not used here
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(/ p 3

i Neutral TGC

? V=~2Zy

I >« —u VIP)Zo(9%Zp) ”ch )ZHB 7).
t- channel ?  s-channel

* Unitarity : | f, — /i) i=4.5

1+ 5/A%)°

77 : oNO(SM) ~ 20 pb [t-channel, s-channel suppressed O(10-4)]

c‘% 505. cMs TDR || zz" |
o [10fb Etzt L ZZ : clean signal: 4 isolated leptons
@ B2’ |
£ oo | ATLAS(1fb) N =17+05
nof E Np= 2+0.2
B e =7.7%
10

: S=68

B = L
’ 100 110 12 N}/ ‘irreducible’ bkg for H->d]
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Summary: dibosons @ LHC (ATLAS)

e @LHC with 0.1 fb-! and 20% systematic uncertainties, SM signal of WW, WZ,
Wy, Zy established with significance S (=N/\/B) better than 5o (1 fb™! for ZZ)

7

nepr-p

* Systematics (lumi, ¢,.,,, PDF, factorization scale) will start to dominate the
cross-sections uncertainties from 5-30 fb-!

* 95% CL limit on AC (A=2 TeV) 10 fb-! (~ 10 x better than present CDF 2 fb1)

Diboson, Az AKy Ag-;lz AK;, Ay
WZ.,(Mr) [-0.015, 0.013] [-0.011, 0.034]

W7y, (ph) [-0.05.0.02]
WW, (M7) [-0.035,0.073] [-0.088, 0.089]
WW ., (LEP) [-0.051,0.034] [-0.1050.069] [-0.059.,0.026]

* 95% CL limit on AC (A=2 TeV) 10 fb!

72N fi f f A

ZZ — vy [-0.009, 0.009] [-0.009,0909; [-0.010,0.010] [-0.011,0.010]
LEP Limit [—0.30, 0.30] [—-0.34,0.38] [-0.17,0.19] [-0.32,0.36]

LHC improves wrt TeVatron and LEP
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@f Conclusions
A
S

* LHC will be a W, Z, top factory. LHC goals:

°* AMy, <10 MeV} SM M, constraint to < 15%
e AM, <1GeV

top
* Asin?9 lert=~ 104
* EW dibosons signals are expected to be established @ ATLAS & CMS
with ~100 pb-'to 1 fb-!

e Anomalous Gauge boson Couplings improved with = 10 fb-! data

Main issues: understand detector response, measure soft QCD

++* Even after finding a Higgs signal, (precision)EW measurements important:
* A Higgs is not necessarily a SM Higgs --> indirect constraints will help interpretation

¢ Ultimately understanding systematics will be our main concern. This will
come from data driven method and especially from the use of independent
analysis methods

---> LHC will play a major role in establishing a coherent picture

of the (EW) theory

Thanks to the organizers, the ATLAS&CMS Collaborations
and in particular to Juan Alcaraz, TomLeCompte, Sridhara Dasu
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Fit results

Here only m,, and not m, is used:

Altarelli <2008

shows m, from rad. corr.s March ‘08
only my, / only m, My, M,

m(GeV) 178.7+12-9 172.6x1.4 172.8+1.4
my(GeV) 143+236-80 1114+56-39 87+36-27
log[my(GeV)] 2.16+0.39 2.05+0.18 1.94+0.16
o (m,) 0.1190(28) 0.1190 (27) 0.1185 (26)
y?/dof 16.8/12 16.0/11 17.2/13
my(MeV) 80385(19) 80363(20) 80377(15)

WA: m,=80398(25)

Rad. corr.'s predict m, and my, very well. May be also m!

LDC, Physics at LHC - Split 2008
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July 2008
I I 1 I I T |

{1 —LEP2 and Tevatron (prel.)
80.54 - LEP1and SLD

689% CL

S
)]
804 | 1z
=
-
s03d
150 175 200
m, [GeV]
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A
T
L
A

Mass of W boson : longer term perspectives

)

Systematics on the result of the method based on pTlep (1 experiment)

Source effect dm,, (MeV)
Theoretical model Iy 0.5
Yw 1
Prw 3
QED radiation <1
Lepton measurement linearity and scale 4
resolution 1
efficiency 4.5 (e); <1 (n)
Backgrounds W — v 2.0
Z—1(l) 0.3
L —11T 0.1
jet events 0.5
Pile-up and UE <1 (e); ~0 ()
Beam crossing angle <01
total N.Besson et al. : gl\TI(K 1&&@-2008-70

* For equal contribution to My (indirect) uncertainty :

if AMy< 10 MeV --> AM,, <15 GeV
LDC, Physics at LHC - Split 2008
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@; Anomalous Quartic Couplings

Signature : three bosons in the final state

, | ,W_ 4 » \\\_\\ \\L\ ...... W )

* Small yields, not an early measurement :

SM: 100 fb! in leptonic channels
(p> 20 GeV, Inl< 3) hep-ph/0003275

Migiges (GEV) 200 400 600 800
WHW-W- 68 28 25 25
WHW+W— 112 49 44 44

=y
|

WHw-Zz 32 17 15 15

wW-zZ 1.0 051 046 045

w+zz 1.7 088 079 0.79

224 0.62 0.18 0.13 0.12  -->limits on AQC probably difficult

e Useful cross-check:
if something new seen in the trilinears, one might need the quartics to sort

things out.
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