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Why precision? Why dibosons?

e in the era of precision Higgs physics
e ...but not all EW physics easy to tie to Higgs measurements
» BSM might not be easy to connect either

e non-Higgs precision measurements are the next frontier
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Why precision? Why dibosons?

e in the era of precision Higgs physics

e ...but not all EW physics easy to tie to Higgs measurements
» BSM might not be easy to connect either

e non-Higgs precision measurements are the next frontier

e large part of this effort hinges on precision calculations

q.v. T. Neumann’s talk

but clever choices of observables can also help

c¢f. hadronic or Higgs decay ratios

diboson rates related by SU(2);, x U(1)y relations
also custodial SU(2)

» broken at low energies, but restored above the EW scale
» is there any way to take advantage of this?
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Plan

Leading order

» Structure of partonic cross sections
» Ratio observables

Prospects for measurement

Next-to-leading order

» NLO corrections for o(vv), 0(Zv), 0(ZZ)
» Other higher-order issues
» Photon isolation

Theoretical uncertainties

Summary and outlook
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(Nearly) massless gauge bosons at high /s

expand around unbroken SU (2);, x U(1)y (gauge bosons: w®,b)
e corrections at (my z/E)?
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whs =wb:  {lw*b), Wb, [wb)}
wwy: | ww) + | wwT) — [wiw?)

wws :  {jwrw?) — W), wrw) - lwwt),

ww™) — jww?)}

2/ 24



Amplitudes

(1) (2) 3)

schematically define coupling-stripped amplitudes:
¢ goldstones to unitarize a; 3 once my # 0

a1=(1), az3=(1)+(2), ar=(3)
matrix elements of interest:

aj; ~ M(bb) ~ M(wwy) o t-, u-channel
as ~ M(wws) X 8-, t-, u-channel
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Amplitudes

(1) (2) 3)

schematically define coupling-stripped amplitudes:
¢ goldstones to unitarize a; 3 once my # 0

a1=(1), az3=(1)+(2), ar=(3)
matrix elements of interest:

aj ~ M(bb) ~ M(wb) ~ M(wwy)  ¢-, u-channel
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Amplitudes

at high energies

boson statistics fix amplitudes under ¢ < @
e a1,a; symmetric
e a3 antisymmetric
= a3 vanishes at threshold, Re(a}ag,) vanishes in asymmetries

o_t @
|a1|_ﬁ+i
t—a 1/t a
2Re(alas) = —(=-=
e(@a1as) = =5 +4(i¢ t)
|a|2_ai_1+i E—FE
3 T 42 8 "32\a " i
" = 452
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Amplitudes
with mass corrections
boson statistics fix amplitudes under ¢ < @
e a1,a; symmetric
e a3 antisymmetric
= a3 vanishes at threshold, Re(a{ag) vanishes in asymmetries

. 1 1 23(m?2 4+ m?2
Ay (1 ) 22

tu
in . 1 1
Re(AJ{A3) =P (tu —mim3 —&(m? + m%))) (ﬁ — i‘)

1.. 1 1
+ Z(tu —m2m3) (112 - 2‘2)

Az =

A2 = P2 (i — mim} + 25(m? +m3))

finite m effects have uniform structure
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vy, L, ZZ

Partonic rates

electroweak symmetry breaking

y=cwb+syw?, Z=cyw?—syb

neutral boson pairs built from bb, wb, wwy.
partonic rates all proportional:

dbggs12 _ qu—>12 A2
di

where

1 ra2st
Cogsnyy = 2 ]\3— u (Q4 + Q4)

2.2
Cog 2y = E%?Mﬂ@+mw>

1 wach

qu—>ZZ 2N (L4 + R4)
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vy, Ly, ZZ

PDF convolution

do N do Gg—V1iye
pp VoY Z/dﬂﬁdxzfq x1)fq (%) —— > qq ot £+ (x1 > x2)

change to more natural variables (s,y, mr)
ds da’qq—>V01V§
Opp—Vive = Z S meW dyquq
q

grouping couplings with PDF's into weighted parton luminosities

dog, vive 1 A2
=it 2 fas| 2| B > Coroiys [ i

L12(8)

me
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vy, Ly, 22

Ratio observables

ratios of os determined primarily by parton luminosities

[dgppﬁzv] _ Lz+(8) <1 n my 1. )

dTpp—syy L~(8) 8

L os(ZZ as(Z27) os(Zy) ]
® os@y) Y oosy) " s
¥y 1

] ++++++++ vy
-

e u o o o

[\ w2 4‘> 9 N
3

R, ratios @ LO

"_‘H-"_'“"“-'—O—o—o—o—'—.—_._._._

[

500 750 1000 1250 1500 1750 2000
myy [GeV]

8/ 24



vy, Ly, 22

Ratio observables

ratios of os determined primarily by parton luminosities
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vy, Ly, 22

Ratio observables

ratios of os determined primarily by parton luminosities
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W=y, W=Z at LO

W+~ and W*Z built from wb and wws =—> Need A; and As.
Also Ay, for ¢+ ¢3 component of WEZ.

dt N.s?
A Vu 2 2 Y2
dbyawiz  T|Vual"og ( L |A1|2 ¢stYLRe(A 143)

dé - 2 2
Cuirs _ Va0 (Yo, ovimetafag) + 47

dt N s?

1
+ 4ciy|As|® + 2|AL2>
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W=y, W=Z at LO

W+~ and W*Z built from wb and wws =—> Need A; and As.
Also Ay, for ¢+ ¢3 component of WEZ.

da’u8—>Wi'y T(‘Vud|2ags%V YI% 2
Wty ) “LIA? & 21 RetAlAy) + |As[?
di N2 1] 143) + |As3]
Dugowsy _ TVadPoF (SWYE 05 o0 v peatas)
WEZ 2
di N.§2 wml/ﬂF s 143)

1
+ 4c2|Ag)? +2JAL/I2>

numerically small
— W~/WZ ~ tan® by
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W=y, W=Z at LO

W+~ and W*Z built from wb and wws =—> Need A; and As.

Also Ay, for ¢+ ¢3 component of WEZ.

da’u[i—>W¢’y _ 7T|Vud| ast Y?
dit N_ 52

dé—ufi—>WiZ _ 7T|Vud|2a% YL |A
dt N, s2 2c%,

LlA |2i

MJFM)

|2:F SwYL f

1
s Jat

- T T

0.5
0.4
numerically small S
E W’Y/WZ ~ tan2 9W ”@é 0.3
rad. zero at threshold 202
= W~/WZ ~ 0.19 o1
0.0

+

as(W oW~y |
e osW*2) Y os(W-2)
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Wy, W:Z
ratio observables

CP symmetry controls W~ V? rates:

dog(ud — WHV°) =dég(du — W-V?)
doa(ud — WHV0) = —dés(da — W-V0)

3.0 T - : : : 0 -
L e _1t o Wy |
3 25 +f++++ 3 ! * (WY
2.0 o 1 -2y w7
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ratios roughly ~ f, /f4
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WW-

partonic rate

W+W~ built from ww., wws, ¢T¢~.

Very similar to W++.

25

oA(WHW-)

A A
Lua — Lga

aca(WH9) +boa(W=7) ~ 4[V,al?s3, Yz (LA —bLA,)
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Aj ratios @ LO
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Full family of ratio observables

Ry, — os(Zv) ) os(ZZ) ) os(ZZ)
7 as(vy)’ as(77) ‘" os(Zy)’
os(Wy) _os(W*Z)
L4 CZa = O'S(W—'Y ) CZb - O'S(W_Z)’
_oa(Wtr) _oa(WtZ)
D2a = UA(W7’7)7 D2b - O'A(W7Z),
+_ Js(WiZ) At O’A(WiZ)
2 os(Why)? 72 ou(Why)
os(WHW-) oa(WHW-)
Ry=—2___"~ A
ST s (VOvD) BT T (W)

For rest of the talk focus on R; family
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Plan

Leading order

» Structure of partonic cross sections
» Ratio observables
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Summary and outlook
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Experimental issues

some issues cancel...
e luminosity
e jet energy scale

dominant part of exp. systematics

...some don’t
e Z — leptons = Z need additional cuts
or Z — viv — has it’s own issues

» some Zs lost when leptons escape detection
> losses decrease at higher pr

e Finite mz window: |my — mz| < 25 GeV

» some admixture of v* in Z sample
» small effect

e small O(5%) shift, calculable with negligible uncertainties
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Variable bin widths

problem: very few Z decays to leptons

[ ViVs [Ny +N, [Ny — N, |

o 12000 0
Zy 2000 0
zZZ 220 0

W+~ | 3300 —500
W=y | 2100 220
W+Z 790 33
W-Z 520 ~16

W-W+ | 9500 —430

choose bin widths for 5% statistical uncertainty.

Ry, = 05(Zv)/0s(v7) not statistics limited with 300 fb—!
Cyy, Doy, R3 too, but wait for next paper. ..

others will have to wait until 3000 fb—!
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NLO corrections to diboson production

EW processes at LHC typically have large O(«s) corrections
qg — V1Vsq appears at O(as), and fz > f;
large uncertainties if do “effectively LO” somewhere in PS

1
mr = Q(mm +mry) = min. E at ey = /2
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NLO corrections to diboson production

EW processes at LHC typically have large O(«s) corrections
qg — V1Vsq appears at O(as), and fz > f;
large uncertainties if do “effectively LO” somewhere in PS
1
mr = 5(”1«7‘1 + mype) = min. E at ¢y = 7/2
radiation can never reduce this variable
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NLO corrections to diboson production

EW processes at LHC typically have large O(«s) corrections
qg — V1Vsq appears at O(as), and fz > f;
Choose cuts to avoid measurements with large kinematic logs
1 1
Hr < §p¥,minv p;{,min > §p¥,max

Fixed order calculation reliable

2.0

g
—a— g
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Photon IR divergences

fozsmma—ﬁﬂ

—" VNV V'V

divergence in qg process when g+ are collinear
without photon isolation, configuration will dominate
will introduce sensitivity to NP IR physics if not careful
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Smooth-cone isolation

The theorist’s solution

eliminate collinear singularity using “smooth cone” isolation
[Frixione, 1998]
choose parameters € and ¢ and require

1—cosf
Z pT < epT 1—cosé
he(0<9)

no partons allowed with § = 0 = no collinear singularity

but, enhancement at small 6 for v, “dead cone” around Z: 03, ~ I;”—VZV

..and requires infinite resolution
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oNLo/ 0o

Collinear qV region
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Staircase isolation

“practical” smooth-come isolation:
e stairs of width AR = 0.1
e heights match smooth cone at midpoint
e never take heights below 25 GeV (pileup/resolution)

minimize sensitivity to frag. functions & large log(e)
experimentally viable

0.5 T T T T
/ 0.10f
0.4F ] g (stain)—¢ (smooth)
A o (smooth)
- / & 005
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) S 000 e
2 0sf yd AL ST
7 &= —o—
e 5 -0.05]
0.1F _~
N ~0.10¢ ‘ ‘ ‘ ]
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R iy [GeV]
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gg initial states at NNLO

88 —

ViVs

e formally NNLO

e numerically important because of large f;

e finite, so can be included without full O(a?) correction

smaller enhancement for gg — Z~ due to vanishing of gg — w3b

gg — v at 2-loop publicly available
can be used to set scales in gg — Z~,ZZ
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Z 0.15¢ g g—
5 © 5l ——
501055 £l .
) S e o
0.05, —a— R < A4 +W
——
0.0 T Yy e ‘ ‘
0900200 600 800 1000 00 400 600 800 1000
mr [GeV] mr [GeV]

20/ 24



Predicted ratios

0s(Zy)[os(yy)
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Predicted ratios

os(ZZ)[os(yy) N os(ZZ)|os(Zy)
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Uncertainty budget

Effect Ry, Ry Ry Comments
@y /[vy) | ZZ)yy) | (ZZ]Zy)
qq — VVqq 2-3% 3-3.5% 1.5-2.5% | extrapolatingp}, .= — 0
1R, 1 (88) 0.5-1% 1% 1-2% uses NLO gg — v
ur, up (NLO) 0.5-1% 1.5-2.5% 1-1.5% varied independently
PDF 0.5% 1-1.5% 0.5-1% MSTW2008 using MCFM
~ isolation < 0.1% < 0.1% < 0.1% Uncertainty in frag. fun.
QQED 7% 14% 7% Fully correlated
EW (LL) t?z/;‘; t?g‘; tzl?/‘; EFT scale uncertainty
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Summary & outlook

SU(2);, x U(1)y structure of diboson rates at LO suggests
organizing data in cross section ratios

observables based on this structure:
low uncertainties, small QCD corrections
candidates for (even) high(er)-precision calculation

certainly useful as check that we understand SM backgrounds
how to best use this for new physics?
reliable characterization of new resonances?

increased sensitivity to non-resonant effects?
can anything be done with less luminosity?
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Thank you!



