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Asymmetry Measurements

Provide precise tests of the standard model
+ SM makes specific predictions on asymmetries
o Test higher order QCD predictions (e.g. top quark charge asymmetry)
¢ Useful in searches for new particles

Allow to measure some parameters of the SM and (new) particle
properties.
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This talk:

- Asymmetries due to interference/higher-order QCD effects.
- Asymmetries in direction, charge, and in angles.



Asymmetries at Hadron Colliders
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Fermilab

Tevatron

= DO Sl
PP collider PP collider

Parity = changes the direction of Parity = changes nothing
proton and anti-proton Charge - Makes LHC an anti-proton
Charge = changes the direction of collider.

proton and ant'i-proton
NOt CP symmetric Gtotal = Gtotal

CP symmetric O,,, =0,,., not C symmetric but P symmetric.
not C and P symmetric separately



Asymmetries at Hadron Colliders

PP collider (Tevatron)

Parity asymmetric
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Allows the definition of a
forward (backward) hemisphere
based on the P direction.

PP collider (LHC)

Parity symmetric
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Does not allow the definition of a
forward (backward) hemisphere based
on the P direction, unless we consider
the Parton Distribution Functions (PDFs.)



Nucleon Structure

= Hadron collider = parton collider

= f.(x,Q?) probability to find a parton to carry the fraction x of
the longitudinal hadron momentum at the energy scale Q2.

+ Intrinsic property of the nucleon = process independent.
o Parametrized by PDF sets.
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The quark sea: 7
Valence quarks emit gluons 0.6
that in turn split into quark- 7
antiquark pairs.
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sea quarks
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Asymmetry from Interference A,
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Asymmetry from Interference A..

" |nterference between virtual photon and Z exchange.
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parity violating

/term

0(5)[%(1+cosz 0")+ Ap (s)cose*]

Lowest order differential cross-section:
da(s)
dcosO

- Forward-backward asymmetry

AFB =

N(COSH* > O)+N(cos0* <0

N(COSH* > 0)—N(COSH* < 0) N,-N,
)



Asymmetry, App
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Asymmetry from Interference Afé
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Asymmetry, App

Asymmetry from Interference A,

Ars(SM) = 0.6 for ~>150 GeV
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Aq; constant for M>>M, (& effectively y=2).

At high dilepton mass, deviations from the SM prediction may indicate the
existence of neutral BSM particles (e.g. Z’).

Arg might be more effective in identifying a broad resonance than using
dilepton mass spectrum. 9
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= AFB - comparable sensitivity to narrow resonance searches using
invariant mass spectrum.
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A" Measurement in CMS
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y = rapidity = Eln

PLB 718 (2013) 752

Ag; VS M shows the
photon Z Boson

interference predicted
by the SM.

No new particles at
high mass. At LHC Run
Il, we will probe much
higher invariant mass
values.

1. E+p,
E-p,

n = pseudo rapidity

= —In|tan Q
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Events /0.1

Events / 0.04

Effective Weak Mixing Angle

— 7 * +_ - PRD 84 (2011) 112002
pp —u,dd = Z[y" — u'u Ay
510‘3‘ _ . (‘:M51.1‘fb?‘a‘t\/‘§=‘7“rex ><1‘()3 “““““ CMS” ﬂ"qa‘t\/;:‘ﬂ-‘ev - Matrix element methOd
£ S R ] + Compare data to LO analytical

® CMS data

Events / 0.8 GeV

— fit projection

40

model (LO EWK + PDFs)

¢ Likelihood fit using the full
event information.

+ Allow only 8 4 and M to be
& B onGy O 100 unconstrained.
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P, (Y, 8, cosb*; 6) = G(Y, §, cosf*)

+ 00
X f dxR (x)P.yos (Y, § — x, cOSO"; 0.).

1 sin’6, =0.2287+0.0020(stat.) £ 0.0025 sys.
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| L sin“0,4Vvs M,, = important in testing

coso*

°5 1 the consistency of the SM including
the Higgs boson. 12



Asymmetry from Interference A,

= A, depends on Vs = M, weak mixing angle, couplings.

+ And through couplings, it depends on the weak isospin, L.

0 I,-2Qsin’ 0, 0 I,
v o ; s SA T :
JADE Collaboration, 2sin HW COS HW 2sin HW COSBW
Phys. Lett. 146 (1984) 437. |
% R A E ) 1+cos2f (QED) mo mterferetnceé
LCQ 100 = Standard model e'e»bb | ,, 0 asymmetry.
S 264=346GeV | 4 ;
B 80 1 ¢ 2
L / N §(1+cos 0)+AFB COSH} (SM)
a’ -
g o 7
B “Oor <= 1 A, =-228+60+25% (fi
Q ; FB——._._.O(flt)
éj) 20F § l . b-quark
2 o | A, =25% (SM with I =-1/2)
‘10 -7% -5 -2 0 25 5 75 10
cos ©

The first extraction of the weak isospin of the b-quark.
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Asymmetry from Interference A,

Three Generations
of Matter (Fermlons)

|
mass —|2.4 Mevjc* 1.27 GeV/c*
charge ~[24
spin—{34 u
name - up charm

4.8 MeV/c* 104 MeV/c 4.2 GeV/c*
~d
Ya
down
<2.2 eV/c? <0.17 MeV/c?|

Ve

electron muon

neutrino neutrino ‘.
0.511 Mev/c* il [105.7 Mev/c* lif | 1.777 Gev/c*
=1l
% T
electron muon tau

= pb-quark discovered and its iso-
spin is measured.

= To complete the third
generation, find the weak isospin
partner of the b-quark. (left handed b-quark)

= Top quark already predicted

Kobayashi and Maskawa in 1973 Agg to determine the property of an
for CP violation in the SM. already discovered particle and to indirectly

show the existence of another particle.

.. g Schaile, Zerwas 1992, PRD 45, 3262

strange bottom

Quarks

SMin 1978

Gauge Bosons

Leptons

(right handed b-quark)
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Heavy Particle Masses and Asymmetries

Top and Higgs modify tree level SM processes through radiative
corrections = Constraints on m, & m,,.

2
e.g. virtual loops contributing M2 _ Mﬂ’ee—level
to the W mass w P w
H

W w W W
"""\\ | .\!‘v‘v’\_ """‘\"“\"‘"\

b

Y-

2
Ap xm, ApOCIn(mH)
Propagator for fermions Propagator for bosons
(Dirac equation) (Klein-Gordon equation)
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o, & my, variations

mH{=_6‘O_-\IOOOGeV LEP (1995) vs SM predictions
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S 1 i
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100 T S 100 - T — 100 L ———— A
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Z line shape and asymmetries compared to SM measurements vs top mass.
Precursors of the top discovery!
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- .z: gt(by area)h\,(zot‘m.m i = [ allowed by Higgs searches
8045 -0 (by area) M, 2012m N excluded by 1 experiment
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N I o
S 804 4 9
9 ) 4 2
2; - =
8035 80.35
803 [
. Pl TR ET N PR AT SRR | 80.3
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My (GeV) m, [GeV]

17



Electroweak fit before

Higgs discovery:

me P =125.028 0 (stat)') 12 (sys.) GeV

arXiv:1412.8662

The Gfitter Group, M. Baak et al., EPJC 72, 2205 (2012)

M,, [GeV]

mH = 9432 GeV consistent with measured m, within 1.30.

0.2322

gl 805 T T T T T T T T T T T T

C T T T I T T l T T I T i T T ’I,_ - I | T I -
L 68% and 95% CL contours £ m,world comb. £ 1o P 2 T  68% and 95% CL contours _ sin*(0,,) LEP+SLC + 1o -
C . i m, =173.34 GeV — O 80.48 — ; e 5 —
80.5 — [ fitw/o M,, and m, measurements i) - =076 GeV ) — — C direct M,, and sin*(6,,) measuremen ]
C fitw/o M,,, m and M, measurements i —o =076 ®0.50,, Gov 7 E; 80.46 M fitw/o M, sin’(6]) and Z|widths megsurements ]
C direct M, and m, measurements i ’ ] C fitw/o M, sinz(e'e") and M, mea;sure ents -
80.45 — i — 80.44 _\ fit w/o M,,, sin’(6 ), M, and Z widths measurements —
C ) P 80.42 |5 =
80.4 [ 2 — > ;_\ ]
[oce f“.“‘.“\“.““;‘_ 80-4 = -
I M, world comb. + 15 o C. B .
80.35 [— M, =80.385  0.015 GeV 5 = 80.38 — R —
E E 80.36 :_ M,, world comb. + 16 & _:
80.3 - - E
- 3 ] 80.34 [ =
B \b‘oa o — - ]
- oo’ e _ = - . .
80.25 — ‘w‘ e €] fitter|ous 80.32 - 5;
C L i T C 1 P IR T T N L I | 1 L1 1

140 150 160 190 0.2308 0.231 0.2312 0.2314 0.2316 0.2318 0.232
m, [GeV] sin*(6.,)

Analysis assumes that the SM is the fundamental theory with nothing beyond.

- One of the most critical tests of the standard model!
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Asymmetry from Interference - tt

Interference: tree-level + box diagrams

(positive asymmetry)

2 n
t q—>—rwr:g_rnu-—>—t .
Y At .
N,
t t|°
g q
g ' NG
¢ q {

Interference: ISR+FSR
(negative asymmetry)

No asymmetry at LO
No asymmetry from gluon fusion

At NLO: Interferences between qq
diagrams

Kihn & Rodrigo PRL 81 (1998) 49

n
(5]
[

A (cos 0) (%)
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Asymmetry from Interference - tt

Kuhn & Rodrigo,
PRD 59 (1999) 054017

10 -q | 1 | l | 1 1 1 l | 1 | 1
5 10

= Only small contributions Vs (GeV)

from quark-gluon scattering

Hollik & Pagani

PRD 84 (2011) 093003

! -
q 5 " q

/‘

1 q

y q9 ~ 1 q v "
E g 9 - "q 9 1

; qa g t q "
Parm\ K q
E qg 7t g v !

= Significant (~¥25%) contributions
from QCD-electroweak
interference terms.
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Asymmetry from Interference - tt

= First calculation of asymmetry by Halzen et al. 1987 (PLB 195, 74) for m, = 45 GeV!
= Making analogy to QED.

L LI I L L LR RN B LR R LA B

u i icqi [ ]
But considered only real gluon emission. oo | LLLLLLLLI 1
[ Neutrino Limits
g 1] @m0
_ 175 | % %¢- 2 g
a —> & : 0 112
qq QQg §1 50 — o P—Pbar measurements — § 0%’
(05’ [ ONeutral current determinations | 1 = a
Nt [ RN 1 © =
e M g))125 %- 2
Y 100 F | ] @ )
L b >
+ L e ;_8.- : W Br. Ratio w@“\ ] ~|—\ =
75 4w 1 w>s
€ T : <— P=Pbar Limits] | X
H 50 Py . 1 5
Ee e~ Limits Jf | \\\\\\ §
(O) 25 _\L _ —
Y 5578287 86 B8 90 92 94 96
Year
e T 3 . iy Example predictions of m,:
: > 5:65GeV 1984 UAI
measurement
9"“’"'""5“‘< + + (1. Ellis, et. al. NPB 131 (1977) 285) _ 40+/-10 GeV.
Q > 16-19 GeV m, = 4U+/-10GeV.
n (T. Yanagida, PRD 20 (1979) 2986)
(b) > ~148 GeV

qg — QQq (H. Terazawa, PRD 22 (1980) 2921) 21



Asymmetry from Interference - tt

Tevatrond top

@ . gem anti-top
O——0
@ a
Tevatron: annihilation of >
two valence quarks (PDF Y
symmetric). Forward-backward asymmetry (Ag;)
@ @ LHC A top
@ @ | > h @ anti-top
LHC: annihilation of one valence and a v
sea anti-quark (PDF asymmetric) and
quark ( y ic) Charge asymmetry (A.)

moreover gluon fusion dominates.

> much smaller asymmetry. On average, P(valence quark) > P(sea anti-quark)

- top quark rapidity broader than the anti-quark
rapidity
= any large asymmetry will indicate

the existence of new physics.



Events /0.5

Deviation

700

tt Asymmetry at the Tevatron

TevatronA top
anti-top

LLJ LLLLI LA LLLL LLLL LA LU LLLU

—— CDF data - Bkg, 9.4 fb"
A, =0.087 + 0.026

tt prediction
A, =0.033 +0.011

2 = - —— CDF data, 9.4 fb"'
sk 8 25F  A,=0.16410.047
- - — ti predicti
o; i g@ 2 A,‘;L 0.066 * 0.020
of- 15 i— =‘=i‘:1:
05 é ;
- 1 :— +
15 -
05— :
23 -1‘.5 El -d,s 6 0.5 '1 1.‘5 2 L
Measured Ay - h— i i L i i I
c 02fF } |
2 of , e
1 8 02
Unfolding to correct £ o1
06~ | ] ! ] ! ! |

< Requires reconstruction
of the top quarks.

arXiv:1211.1003
PRD 87, 092002 (2013)

for detector and 2 s 05 o o5 1 s 2
Parton-level Ay
acceptance effects.
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tt Asymmetry at the Tevatron

Atf

0.4 =

0.2

m
LL
_o [t parton -level ‘ <

CDF data 5.3 fb™

1 NLOQCD l

€00¢TT (1TOZ) €8 “14d

0.2

|

450 GeV/c? M

Inclusive Ag;: ~20 deviation

Ar(m,>450 GeV): ~30

Statistical fluctuation?

+ results dominated by statistical uncertainties

Missing theory effect?

+ calculations only at the lowest order

Analysis method?
Missing uncertainties?

0.6

0.4

0.2

- —e— CDF Data, 9.4 fb™
ay = (15.5 = 4.8)x10™ (GeV/c?)
Mtt

| — tt Prediction

2 S
/ ® ?
m .o
e . 4 2y-1 N =
oy, = (3.4 = 1.2)x10* (GeV/c?) P e
/ o =
N
© o
/ S S

/ ~

o

=

=

| I I '

—_——

0
350 400 450 500

550 600 650 700 750

Parton-Level M, (GeV/c?)

DO measured somewhat higher

asymmetry than NLO predictions.

—

PRD 84 (2011) 112005

=> If none, may be new
physics, but even so, no

=~ precursor (contrary to

W, Z, Top, Higgs, ...
discoveries) 24



New tt Asymmetry Results

>
E, 06 DY, 9.7b
I Fermilab-Pub-14-116-E
> 0-4r
= oo —i [ arXiv:1405:0421
o o
E B S
< .02 ¢ Data —MC@NLO
S | —PRD86 034026 ¢ CDF Data
04 L = DO datais consistent with SM and CDF.
300 350 400 450 500 550 600 650 700 750 - CDF data in agreement Wlth SM Within
m [GeV] ~20.
"
5 o6 D@, 9.7
g o5 ¢ Data |
8 [ —MC@NLO
S t { CDFData +
o 0.3
Q. B
@]
o]
g. 0.1— =
8 0—_._’: ] i ] i ] |
0 0.5 1 15 2 -
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(a) Asymmetry results employing fully reconstructed top quarks

Summary of A, Measurements at the
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(b)Asymmetry results employing only the leptons of the top quark decays
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" |nclusive and differential measurements of A.
¢ VS Y(E)I pT(t_t)l m(t_t)

AC at the LHC tve &

= All measurements consistent with SM predictions.

+ true for leptonic A. as well (not covered).

Requiring no top quark reconstruction

” CMS Simulation

0.03

% - CMS Pr'elimi'nary' L ,'Data ' 1
i T " ]
< r E;Sfb at s=8TeV ___ ooue simuiaion
.02 .
0.01F ‘\‘ R
[ N
- N X
i MM
N N\ o0 o
By —
AN \NRN
N N
-0.01F :
s | 1 L | L
400 600 800
miee [GeV/c?]

CMS-PAS-TOP-12-033

top
anti-top
i
Y

Charge asymmetry (A.)

EAG: effective axial-vector

£ o coupling to gluons.
[%2]
[=
k) 0.15 T T T T T
© <o - CMS Preliminary —— Data
T8 00 [ 19.7fb'at \s=8TeV  EAG1.0TeV
= ' - l+jets —— EAG 1.5TeV
5 0.1~ —— NLO prediction 1 |
2 —— NLO prediction2 |
Qo
555555555555555555555555 0
bins of Alyl,, in 3 bins of my 0.05— ]
a - [
CMS Simulation
= 5 o .
< g L
S -
®
.§ N L. L . . . I . 1 .
g 0.05" 200 600 800
3 m; [GeV/c?]

600 800
m; [GeV/c?]
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A at the LHC

-~ 015 — ' T
> L CMS Preliminary —— Data 1
] : 19.7 fb1 at \[g =8TeV EAG 1.0 TeV :
£ L I+jets —— EAG15TeV -
> 01 — —— NLO prediction 1 |
;" —— NLO prediction2 |
= i ]
o a s
O
o 0.05( .
_8 - o
= i
c | [ i
fIU ]
5 of { .
-l _l l ~ . L L l i
0.05" 200 600 800
m, [GeV/c?]

CMS-PAS-TOP-12-033

g4 xmy /A

at high m,.,. with m, = /A

EAG = Effective Axial-Vector coupling
of the Gluon.

- g, strongly constrained by o(qq—>tt)
- When new physics scale ~ 1.3 TeV
EAG can explain Tevatron results.

E. Gabrielli, A. Giammanco,
A. Racioppi, M. Raidal
arXiv:1203.1488 [hep-ph]

= No deviation from SM predictions at the LHC.
= Not enough events to eliminate physics models with

typical scales > 1.5 TeV.
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A — LHC Combination

ATLAS+CMS,\“S = 7 TeV Ppreliminary

tt asymmetry
ATLAS l+jets | ® |

[JHEP 1402 (2014) 107]

CMS l+jets F o H
[PLB 717 (2012) 129]

ATLAS+CMS l+jets I e

Preliminary

ATLAS dilepton F ° 4

[ATLAS Preliminary]

CMS dilepton P e |

[JHEP 1404 (2014) 191]

Theory (NLO+EW)

[PRD 86, 034026 (2012)

TOPLHCWG, September 2014

=== stat. uncertainty
— e = total uncertainty

(stat) (syst)

0.006 + 0.010 = 0.005
0.004 £0.010+ 0.011
0.005 = 0.007 + 0.006
0.021+ 0.025+ 0.017
-0.010 £ 0.017 £ 0.008
0.0123 £ 0.0005

lepton asymmetry
ATLAS dilepton Fe |

[ATLAS Preliminary]

CMS dilepton e |

[JHEP 1404 (2014) 191]

Theory (NLO+EW)

[PRD 86, 034026 (2012)

0.024 + 0.015+ 0.009
0.009+ 0.010+ 0.006
0.0070 = 0.0003

I

-0.1 0

0.1
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Ags/c(bb)

= Validate q@ asymmetry at low M(qqg). =2 i.e. Validate the analysis method for top quark
pair asymmetries using low mass particles where you expect no new physics.

R

q Q
¢ ( >
100, ST 00600003
0000001 > 0000G0¢ ' | —> I
q Q |

——0000000 1
LHCb
w _ N(Ay>0)-N(Ay<0) .
© = N(Ay>0)+ N(Ay<0) Also measured in three M, ranges.
Avzly ||y Measured at DO, and CDF as well.
y_|yb| |yb|
b 06
= LHCb data(syst) . . ..
05 = Esveo All results consistent with SM predictions.
T 04- - =
= . —
= 03 = = —> Analysis method used for A(tt) can
02 be considered successfully validated.
01 arXiv:1406.4789
% 1 0 1 2
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Improved Calculations

NNLO
O 25 | ! . J ! ! 0.5 F ‘_’*E‘ —:_.
Data =—e— i Al Lo
PUTeJOCH), ==t f Wiy’
0.2 F QCD+EW »—e— 3 Ve 2 11',,*:‘.73.3' GeV i ]
: £  _ [MSTW2008NNLO(68cl)
< 1 = 202
o 0.15 } l 5 5 8 2008 2 L Ao
> Qi 2t e T aty AR Ty
o iy Tol B A ol R AR o
=}
— 0.1 :
: I A e i
= 5 o o
0.05 DI el i : i : e
B PPbar — tt+X
i m,=173.3 GeV
0 i i iMSTW20i08 pdf;
0 2 4 6 8 10 -5
Scenarios 0.4
Mitov CERN TOPLHCWG Open @ . ©.2 |
B Vi s atan Al . < ‘
How to read the above plot: Meeting 12 Jan 2015 of
,C'Z I i
€ NLO, NNLO : exact numerator and denominator (see previous slide) Meop '21370-‘-8‘ paoey): :
@ nlo, nnlo : expanded in powers of ag L e

350 400 450 500 550 600 650 700 750

M., [GeV]

Only scale errors.
= Still ¥20 deviation w.r.t. CDF.
= Perfect agreement with DO 31

= Agreement between NNLO .
and Tevatron asymmetry
measurements.



Arz and New Particles

Westhoff, arXiv:1108.3341

= [nterference of new particles in s,t or u channels with the SM process.

\//t
/\\t

- Axi- gluon

9

- Flavor-changing Z’ boso
¢ (color-singlet scalar doublet)

- No same-sign top
= No discrepancy in tt
cross-section.

W’ exchanged in dd->1t

- B physics constraints
2> ..

arXiv:1107.0841

Aguilar-Saavedra, Perez-Victoria,

UNGs gsA't
T

e |

n\

- Charge 4/3 w?, Q4
- constraints from

dijet production.
-2 ..

New particles giving rise to
large asymmetries with other
SM observables remain unaffected.

32



Ag VS Ac

= Tevatron Ag; and A can be compared in a model-dependent way.

CMS Preliminary, 12.1 fb™ at ys = 8 TeV

O-15_||||||||||| I|IIII|III|IIII_
ATLAS i
B Gu N
5 4 ‘ 4
— 0.10+ 2o Models from:  _|
> I “ “_ 4 PRD 84 115013,
® - O arxiv:1107.0841 -
Q) i |
S 005 o -~ i
© v O
A
E-l—'
~ 0
O
<C

-0.05

0

0.1

02 03 04 05 06 07
A, (m_> 450 GeV)

Some new physics models
already disfavored.

l:l F I T T T l T T T | T T T I T T T | T T T | T T T :
> - e/u + Jets Combined * Data ]
& 102k —— MadGraph |
e E -== MC@NLO 3
3 £ ----POWHEG A
<l 10°® =
10 E
10° - =
10-6 I 111 [ 11 | | 11 1 ] 111 | 11 1 | 11 |

400 600 800 1000 1200 1400 1600
mt [GeV]

A precise measurement of m; tail would

provide significant constraints.

A precise measurement of asymmetry
at the tail will show the (in-)existence of a
new particle in a model indepenpent way. 33



Resolved topology:
Each parton matched to
A single jet.

Events / 100 GeV

New Particles

CMS, 19.7 fb’, s =8 TeV

-
[}
>

—

o
w
I

—

o
N
I

107

0

M others E
—2Z'2TeV

PRL 111 (2014) 211804

Boosted topology:

Each top quark is highly
lorentz boosted

—> Decay products collimated

t

; 500 1000 1500 2000 2500 3000 3500

(b) M, [GeV]

“fat jet”

= |f the resonance is broad, then the new particle may show itself in Ag.

= Conversely, if a particle is discovered using the mass spectrum, some of
its properties can be determined by the asymmetries

+ Same mass range can be scanned using both Drell-Yan and top quark

asymmetries.

= Asymmetries in boosted top quarks haven’t been studied in detail yet.
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Asymmetry in tt + jet(s)

= Huge gluon gluon background in measurements until now.

= AtVs=14TeV, high parton luminosity for qg production
¢+ 20% of top pair events are from qg production.

+ Significant asymmetry in tt + g-jet

S. Westhoff,
arXiv:1501.07477

‘ taEt
AE = Et — E? in partonic CM frame.

A
A, = O~ (AE>O)—05(AE<O)

O (AE > O) +0,; (AE < O)

L

S. Berge, S. Westhoff,

JHEP07(2013)179

-
-
ST AR

;—-’—’-

) ) due to momentum
Gtt(COSHq <0)“’n(0036q >O) Conservation.

o (cos Héﬁ) < 0) +0. (cos 657) > O) !

Ag; of quark-jet in top pair rest frame.

the beam.

L
3

100 |
IAEImin

N
(=]
u"

=

Highest asymmetry for boosted ttj
events and when the jet is perp. to
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Asymmetry in ¢t +W

q t g W% ¢
F. Maltoni et al.
g g arXiv:1406.3262

t _
W 7 f

= At LO QCD, ttW production can only occur through qg _
arnihilation. Gluon fusion

ly at NNLO
= At NLO = gg scattering. o

=  Asymmetry arises at NLO due to interference but since no
gluon fusion, the asymmetry is considerably larger w.r.t.
tt production. The observable: rapidity asymmetry

= Emission of the W boson polarizes the top quarks

=  Decay products asymmetrical in rapidity even at LO. —— Also sensitive

to new physics.

J. A. Aguilar-
Saavedra et al.
arXiv:1402.3598

It + )/ enchances the asymmetry by increasing the qq/gg fraction.
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The Higgs Boson and Asymmetries

= | HC observed a resonance with M~125 GeV

+ Most of its properties are measured but to understand
whether it is the SM Higgs boson,

* measure its properties precisely

_ : : Two examples
CP properties and spin for which asymmetries
— Couplings to fermions, gauge bosons are useful.

— and self-couplings

* understand whether the Higgs boson fully unitarizes the
longitudinal vector boson scattering.

37



Asymmetries and Higgs-top Coupling

me . - _
‘Chff:_g Tfhf(af—l—zbf\%)f
f

SM: Scalar Higgs: a,~=1, b=0
Pseudo-scalar Higgs: a;=1, b0 |

] F. Boudjema et al.,
Mixed CP: ai#0, b0 arXiv:1501.03157

CP-odd component

Constraints from Higgs boson rates
|a,| =[-0.6,1.2] (ATLAS, CMS)

No significant constraints on b, yet.
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Asymmetries and Higgs-top Coupling

m = :
Ehff = — Z Tfhf(af + ibsys) f
f
ola x AO(IT 07) > 0) — o(a x AT, 07) < 0)

J. Ellisetal., A — _ _
arXiv:1312.5736 t olax AGH(I+ 07) > 0) 4+ o(a x AGH(+,0—) < 0)

Lab frame quantities,

o (B x A0, 0%) > 0) — o (8 x AOP(E~,01) < 0) o
no top reconstruction

F.Boudjemaetal.,, 4, =—' o : Iy —
A rYiv:1501.03157 o(B x AQR(0= 1+) > 0) 4 o (B x AG(6—, (1) < 0)

a, 3 —= CP-odd observables

A

A .
Top Higgs
> >

tt C.M. frame lab frame
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Asymmetries and Higgs-top Coupling

J. Ellis et al.,
arXiv:1312.5736

F. Boudjema et al.,
arXiv:1501.03157

Ligi ==

A{[

f'hab —

f
o(a x AQ* (e

“Lnflag+ibpys) f

(%

o(a x AGHE((+

a(B x AG™ (-,

(7)) > 0) — o(a x AGH(LH 67) < 0)
(=) > 0) + oo x A1+, 1) < 0)

(+) > 0) — o (8 x AB™R (6, 0F) < ())?Lab frame quantities,

a(B x AG (1~

(+) > 0) + (8 x A0 (1~ ¢+) <0) o top reconstruction

a, 3 —= CP-odd observables

0.07

0.065
\

»
-—

c

o

>

w

°

) o\
N 006/ |
©
=
P
o
=

B A6™(I",N)

ttH, dilepton

A
T 0.04F
£ F
£ 0.03F
u>) o
<0.02}
0.01F
oF
-0.01f
-0.02}
-0.03}
-0.04f

CP-odd component
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Asymmetries and Higgs-VV Couplmg

= deviations in the HVV vertex = study the
angle between forward jets in VBF.

Additional CP-even and CP-odd scalars:

1 1
o reb var—1_ f
Ls=—HW/N HWw-
ile 5 o5
- /oy, do/dADy; (HWW) " .. 100 fb!  do/da; H-) [fb]
m,=160 GeV N =120GeV - ----
| my= P odd ) 0.006 |- . my eV .
0.01 y - ’
C T 0.004 B
0.005 — RS
0 I /I// [ \\_I"|/ I P \I 0 [ R B [T B [
0 50 100 150 o

No interference

N(Ag; <7/2)-N(Ag; >m/2)
N(Ag; <7/2)+N(Ag, >m/2)

Interference effects cause an asymmetry 2> 4, =

Plehn et al. PRL 88 (2002) 051801 41




Summary, Conclusions, and Future

= Asymmetries at Tevatron and LHC providing precision
tests of the SM.

Asymmetries were highly useful in the construction/testing of
the SM and predicting and measuring particle properties.

So far all measurements consistent with the SM predictions at
the Tevatron (except CDF top pair asymmetry).
= Tevatron discrepancy =2

= better understanding of top quark properties, improved expertise
in asymmetry measurements

= Measurements pushed for higher order QCD calculations.

All measurements consistent with the SM at the LHC
including the Higgs boson.
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Summary, Conclusions, and Future

= LHCRun I: SM is “completed” with the Higgs boson

discovery

= LHCRun II:

= Discovery and/or properties measurements through asymmetries.
= Test SM at high center of mass values (> 1 TeV)

Drell-Yan forward-backward asymmetry
Top-pair asymmetries

Alternative/complementary asymmetry variables to better

understand the Tevatron asymmetry and for more through tests
of QCD.

Asymmetries using boosted objects.

Higgs boson properties (Higgs-top couplings, Higgs-Vector boson
couplings, CP properties, ..)

" |mprove theory calculations and Monte Carlo generators.
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Backup

44



Unfolding

reconstructed ,
el @ @ € & x

05

1
- ]
0._
|
“2 145 4 05 0 05 1 15 2
level Measured Ay

Proton/ Colliding Stable Measured
(anti-)proton partons Final state particles event

Lepton
neutrino

Lepton
Neutrino

Processes

Hadronization
b Gen-Jet detector
* . g
Z+JEts b showering Gen-jet
u Gen-Jet
d Gen-jet
N ey /




Defining Forward/Backward: Collins-Soper Frame

N ,
' Boost into dilepton rest frame. ]
" |
0. * 5 -gbar g is not collinear with g~’s momentum
> 7 ->» z axis: bisector of q and -q~ directions.

In the Collins-Soper frame
' > The angle B¢s* is measured w.r.t. the axis bisecting the q and -q~
| vectors. If there is no pT boost B¢s* in CS frame reduces to 6*.
->» X axis along pr direction of the dilepton system in the lab frame.
S : — e
'Using the Collins-Soper frame reduces the uncertainties due to the unknown and finite
| transverse momentum of the incoming quarks.

| -

gbar

0* is calculated using lab-frame quantities
+ - -+

2(B'F -FP)

Jo*(0*+0})

Q: four-momentum of the di-lepton system.
Pi(P~) represent the 4-momenta of the lepton (anti-lepton).

\
cosO . =

P =(P" =P’} /N2



Summary of the Effective Weak Mixing
Angle Measurements

ATLAS, e CC —O—— _—
ATLAS, 6 CF | —oi  ATLASPreliminary
ATLAS.w | T [Ldt=4sm’@ys=7Tev.
ATLAS combined —— |
ows | ———(11fb)
DO —0+
CDF Lo
LEP AO,b b EO ............................................................ —-—
S5 T RN S S SR
SLD, A ol
B g
PDG Fit 1 ! 1 1
0.22 0.225 0.23 0.235 0.24 0.245
sin?e)

ATLAS-CONF-2013-043

SJ9pI||02 UoJpeH

SJ19p1]|0d uoida

;‘ 80.5 [ T T T ] T T T l T T T T T T I T T T I T T T
8 C  68% and 95% CL contours ; sin*(e],} LEP+SLC + 1o
o, 80.48 :_ direct M,, and sin?(¢' ) mpasuremen
Z - B fitw/o M, sin?(6' ) and Z|width's medsurements
= 80.46 W eft :
C fitw/o M,,, sin’(e] ) and M, measurements
80.44 = fitw/o M,,, sin’(6],), M, and Z widths measurements
80.42 \/A
x |

0.2308

|, —

My, world comb. * 1o

X

| |

fitter|su ;E

0.231 0.2312

=  With ~6x better precision = World average

+ Possible with ~20 fb™* at 14 TeV LHC but also PDF and lepton energy scales
need to be improved.

= Full DO+CDF would yield a precision similar to LEP or SLD.

o Currently (9.7 fb'!) DO= 0.23146+/-0.00047
o (LEP+SLD =0.23153+/-0.00016)

arXiv:1408.5016

0.2314 0.2316

0.2318

0.232

0.2322
sin®(6.,)
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do’/dx ds (pb GeV?)

10
10 ~
10 ~
10
10

10

tt+g Asymmetry

PP

_IHHI‘ I\I\Hw T TTII Hllm H]IIHT| \HIIII| |

-
-~

-
L S~

Use the invariant mass of the 7 +g system

and its longitudinal momentum to obtain a
preferred direction for the quark-antiquark
process.

Kiihn & Rodrigo PRL 81 (1998) 49

2P, (17g) /s
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