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What we know about the Higgs...

125 GeV narrow width resonance

e driven by the two high-resolution decay channels,
L2470 & Yy

e mass has now been determined to be ~.2 GeV!

ATLAS H—yy

CMS H—yy

ATLAS H—ZZ -4l

CMS H—ZZ —4l

ATLAS+CMS yy+4l
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What we know about the Higgs... LS 07 QNP8 TV
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CMS-HIG-14-009

What we know about the Higgs...

19.7 b (8 TeV) + 5.1 fb' (7 TeV)

e 125 GeV narrow width resonance
Combined CMS m, =125 GeV
| | | u=1.00+0.14
e driven by the two high-resolution decay channels, p_ =0.96
77 —4¢ & vy =M
H — yy tagged
e mass has now been determined to be ~.2 GeV! n=1.12+0.24
e constraints from off-shell production suggest H— ZZ tagged
that the width is consistent with the SM prediction u=1.00+0.29
e Branching ratios consistent with SM Higgs boson H— WW tagged
n=0.83+0.21
 Only moderate sensitivity, yet, in the fermionic decay
channels H — 7t tagged
nw=0.91+0.28
e \/arious production modes seen
H — bb tagged
= 0.84t 0.
* overall rates are consistent with SM expectation h=0041044 R U
- " - 0 0.5 1 1.5 2
 still not sensitive to SM strength ttH production :
R Best fit o/c,,

* |n general, couplings to various SM fields (constrained by

lelds) are consistent with SM predictions .
yielas) - . # Fermilab




CMS-HIG-14-009

What we know about the Higgs...

19.7 b7 (8 TeV) + 5.1 fb' (7 TeV)
- 125 GeV
Combined CMS M ©

u=1.00+0.14 _0.24

pSM

Untagged
u=0.87+0.16

VBF tagged
u=1.15+0.27

VH tagged
u=0.83+0.35

e Various production modes seen ttH tagged
N B
w=2.75+0.99

e overall rates are consistent with SM expectation e

. . . 0 1 2 3
still not sensitive to SM strength ttH production Best fit O-/O-S

4

M
 |n general, couplings to various SM fields (constrained by

ields) are consistent with SM predictions ’t .
yields) " . ne Fermilab




CMS Vs =7 (8) TeV, L = 5.1 (12.2) tb™

What we know about the Higgs...

N
o
o
o

e Kinematic used to test various J* signal hypotheses

Pseudoexperiments
— N
O o
o) o
o o

e these measurements use distributions for
characterizing signal models making them :
complementary to coupling fit based on rates S001

1000}

% 20 -0 o0 10 20

e carly analyses focused on hypothesis separation, but -2IntLy Ly
now we are starting to constrain the tensor structure of =~ —~1207%, = 1878 (@ ToV) + 51 87 Tel)
a generic spin-0 resonance decaying to a pair of vector :’%138; ok med |
bosons ilf 60i 0* + 30 S +30
40 *
. v 'll l,[}li*" §
e Anomalous HVV couplings are currently the primary | |ﬁﬁ ] I I 'i I i | I | l
focus since these are the channels that have the most : I I I I
sensitivity to signal events 60/

= t" . ('-C- O\ — o | (’, c r-» % %
+ .
— = ﬁl N ﬁl (‘\l Fl (‘l t\l (‘\l (‘\l N (‘l t\l t\l ﬁl ﬁl ('\l N (*l ﬁl (o |

Qq gg production qq production
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Outline

e CMS & ATLAS 47 analyses

e detalled explanation of observables, model parameters, and methods
o W(ZV)W(£V) analyses & ZZ-WW combination
 vv & Zy couplings

e Prospects for the future

I
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Model Parameters

* Starting from a more generic set of couplings ——— |

* More convenient notation defines parameters which are
functions of couplings squared & cross sections

* anomalous couplings are redefined onto a unit interval:

fa3 = 9]0 $a3 = arg (“_3)
a - ao —
a1 201 + |az 202 + |a3|205 + Gp, / (A1) a1
a3 |07 ap
fa2 — - 4)a2:arg =
a1 |20 + |az|?0 + |az|?03 + oA,/ (/\1)4 a1
or./ (A1)
far = a7 (A1) INE

\611|2(71 + \az\szz + |a3|2(73 +0p,/ (!\1)4

)f*(rYZ)'l“‘V _|_ a3

ai: SM HZZ couplings

ao: higher dim. O+ ZZ coupling
az. 0O+ ZZ coupling

as4v: 0+ Zy coupling

asZv: 0+ Zy coupling

azvv: 0+ yy coupling

azYy: O+ yy coupling

where 0; is the cross section of the process corresponding to a; = 1,a;+; = 0, while 7, is the ef-
tective cross section of the process corresponding to Ay > 0,4;.4, = 0, given in units b - GeV*.

e.q. fas = 1, fa2 = O for pure pseudoscalar

fas = faz = O for SM Higgs (up to higher order corrections) o
3
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Generic Amplitudes vs. Effective Field Theories

denod

m ~
L(HVV) ~ a1—FHZVZ,, - (Al)?_mgsz 2V — SaHZM 2y, — SasHZMZy, :
m?3 1 1 ..
+a¥VWTWHWﬂW,, F ey My HW, OWF — —a HWH W, — EangHW"“W,w
(A7)
| 1 2 Z Z UV S 1 1 -
| (AZT smzHZ,0,F" — ay"HF"Z,, — a5 THF"' 2, — S a3 "HF*'Fyy — Sa]THF" Fy,,
1 Conversion:
L enz2Z, 7" + W WK i
CaKSM |28HZZ Lp EHWW W, fo: = 7 (i = 2,4),
+r

1
—IA [CaKHZZZ,uvZ'uV

11
2 A

[CQKHWWw;VW_”V + SaKAWWw;vW_“V] } X0

iy
SakAzzZyvZ ] OHvy /Osm = 0.349

oavy /Osm = 0.143

~ ) ~ 2

» OmvV [kBVV 5y OAvV [kavv )

ry; = , and ry; = tan“ «.
osm \ ksm osm \ Ksm

e
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47 analyses

(see backup for details)

similar strategy employed by CMS

/+X backgrounds estimated from a loose |

Signal /A tt, Z + jets Observed
% Vs =7 TeV
(5 4u 1.02+0.10  0.65+0.03  0.14+0.06 3
S  2u2e 047+0.05 0.29+0.02 0.53+0.12 |
™M 2e2p 0.64£0.06 0.45:0.02  0.130.05 2
4e 0.45+0.04 0.26+0.02 0.59+0.12 2
:: Total 2.58+0.25 1.65:0.09 1.39+0.26 3
X \s =8 TeV
S 4 5.81+0.58 3.36+0.17 0.97+0.18 13
V. 2u2¢ 3.00+030 1.59+0.10 0.52+0.12 8
O 2e2p 3724037 233:0.11 0.84x0.14 9
— e 291+0.29 1.44+0.09 0.52+0.11 7
Total 154 +1.5 8.72+0.47 2.85+0.39 37

10

two pairs of opposite-sign same flavor leptons (e,u only)

SM Z/Z contributions taken from NLO MC simulation

D control region

80
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Events/ 10 GeV

60 [
50 f

- ATLAS $ Daa

n * Signal (m_ = 125 GeV u = 1.51)
- H—o ZZ" —» 4] -

- Vs=7TeV |Ldt=45f" B :ciorouna 22

56 Tev ‘Ldt 203 - Background Z+jets, tt

[ s= = 20.

| I |

100

| l ! |

. bg ??811 3 ATLAS

....... X B

—— Obs 2011 > 227> 4l
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Observables

e An example of a complete set of observables describing
the higgs decay kinematics -

Invariant masses: my,ms1, mp

powerful background discrimination,
incensitive to CP properties

2(q)

production angles:cos(6*), ®;
sensitive to the spin and polarization of the
X resonance

Xiv:1411.
decay angles: cos(61,2), @ arXiv:1411.3441

sensitive to the CP properties of X

=)

e other variables, pT & n, are sensitive to NLO

effects & insensitive to CP N # Fermilab




Events / 2.5 GeV

Distributions masses

e |n some sense, the power of the 42 channel stems from the ability to reconstruct masses with very

good resolution

e pboth CMS and ATLAS exploi

t the masses to discriminate signal from background

e not much sensitivity different CP quantum numbers

e sensitive to form factors
CMS

19.7 b ' (8 TeV) + 5.1 fb " (7 TeV)

I | 1 | 1 ] 1 1 1 1 ] 1 1 1 I

—

. + Observed

l

Events / 2.5 GeV

10

CMS

19.7 b (8 TeV) + 5.1 fb 7' (7 TeV)

—

| L T 1 T 1 | L L L
I I l I I

PoObserved i 5<m,<130.5GeV |

—— SM :

—e

60

m, (GeV)

30
12

40 50

Events / 4.0 GeV

arxXiv:1411.3441

CMS 19.7 o' (8 TeV) + 5.1 fb ' (7 TeV)
1 | | I | | | I | | | I | | |
P :’asewed 121.5 < m, < 130.5 GeV
- fa3= B
10— ------ f =0.5 -
- ZZ1Zvy* .
- [ Z+X :
5 _
[~ L ] : L —
0 -
40 60 80 100

120

m, (GeV)



arxXiv1208.4018v3

CMS 19.7 b (8 TeV) + 5.1 fb ' (7 TeV)
[ I I I | T T T I T T

. n n " ; 10~ ¢ Observed B
Distributions production angles S T mscmicmsc
B fog=1
§ ------ f =05 i
- ZZ/Zy* :
- [ z+x ]
e Angles describing Z's with respect to Incoming partons il ]
o Sensitive to the spin and polarization of X resonance, but aren’t sensitive |FEEESNRER I ERERENNN N
to various CP quantum numbers = T
2 0 2
(D1
e some help in distinguishing signal from backgrounds L CMS  ereteTwesinigin
S 1O_Lg’3‘°’ewed 121.5<m, <130.5GeV |
PR |
GCJ ------ f,=0.5 1
Lﬁ Z22/Zy* |
SM ZZ* . ~
_ - 12:.,,.,,.,.,,.,1,..”,,..,_: 5 —
: | | |
14 ’ 8_ __ S ) ) T ¢ 9 , ¢ .-
12F = . * * ol , _ =
1of T, AR EENERN AR
2: : SRR PPPPPTE %1 -0.5 0 0.5 1
F 2 : arXiv:1411.3441 cos 6”
0-;“”016“‘101.2““012.“.016”“-1 0-1-016-0120120161 *

CcosSB* v Fermilab



Distributions decay angles

Events/ 0.10

e Angles describing directions of leptons with respect to Z's

e [hese are sensitive to the CP properties!

CMS 19.7 "' (8 TeV) + 5.1 fb ' (7 TeV)
1 | || I l | | 1 | l ] I I | I 1 | I I
10— Observed —
+ SM 121.5<m, <130.5 GeV
o f83= .
------ f =0.5
- ZZ/Zy* .
- [ z+x ]
5 ]
— L ] L ] —
e * * % . |
i S N S S S
0 [, [
-1 -0.5 0 0.5 1

Events / 0.10

CMS 19.7 "' (8 TeV) + 5.1 fb ' (7 TeV)
1 1 1 I I | | | 1 ] ] I I | I | | I |
- Ob d -
toobserved o 5<m, <130.5GeV
- — SM _
101 f83= N
[ e f =0.5 _
ZZ/Zvy*
] z+x
5 —
i . |
. —-—
"'.'-.“-J—;_ :
t 2 | ¢ 1
0-1 -0.5 0 0.5 1
Ccos 0,

Events / 0.31

10

arxXiv:1411.3441

19.7 b (8 TeV) + 5.1 fb ' (7 TeV)

CMS

—

I 1 I

¢ Observed

------------

|

] | 1 1 I 1 I
121.5<m, < 130.5GeV

—

B




ATLAS-CONF-2015-008

ATLAS distributions

ln FT 11 l I | b | b I b | o I L I P | P | T 1]

m _I | L | | L | | | I L I | L L | | | | | L L I_ N 18__ . . . _—
g 25— Data ATLAS Pre"minary_ S - Data . ATLAS Prellmlnary -
I Background ZZ* - — 161l Background ZZ -

~ _ - dCKgrou H ZZ* n _ - - | ) H_)ZZ*_)4| :
o [ I Background Z+jets, tt —LL - o r I Background Z+jets, tt -
= 20~ Sggnal (m,=125.5GeV) (s =7 TeV,4.5fb" — E 14:_ fgg_ngl (m,=125.5GeV) [s=7TeV,4.5f"
Yo d=0 [s=8TeV, 203" - 126 Py [s=8TeV,20.3fb" -
R J =0 : - = 5

150 . 10~ -

I ) 8l | E

10_ — B ¢ -

: i ot ¢t L 4t ] t

N R S N oo - = B S S ! =
5. F—¢— | —F—F— e —t— - B -

i ! - -

®
|
S N

1-0.8-0.6-04-0.2 0 0204 0.6 0.8 1
cos(6,)

iE Fermilab
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Multidimensional fits & modeling data

* modeling data with either

e.g.:
|HE |¢ = |MHEL+ |2 + |UEy- |? + ER(E * o0+ THE,-)
* discriminants based on LO ME or BDT Do = | MEy. |2 | [\ MEs |2 + |MEs. |7/

e templates based on kinematic discriminants

» 3D templates describing various event cateqories o, .= sz,(ug *,, mE,.) | /| MEp | + |WEy. |77
(one sensitive to signal/background,

one sensitive to CP eigenstates,
one sensitive to interference)

 fully correlated multi-dim likelihood
(including approx. detector effects)

e CMS: 8D

(Mat, My, COSO12, P, COSO™, P1)

ATLAS: 9D
(077, Nat, Mar, M1, COSO12 O, COSE*)

e used to validate discriminant fits

. =g Fermilab



Events / 0.05

Distributions discriminants

CMS 19.7 b (8 TeV) + 5.1 fb ' (7 TeV) CMS
B | | | l | | | ] | | | I | | | l I | | L LO
i ¢ Observed ] < ¢ Observed
-
20— ——sMm n -~ 87 —sm
5 . o :
: ......... fa3=1 : -E I fa3=1
ZZ1Zy* - v ) ZZ|Zvy*
15 - O 6
t| B z+x ) - [ z+x
10— i 4
[ | :
51 - s 2 e
Ml |
[ ‘ : . . :
[ = - LT
0 0
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4

* Dnig used to distinguish signal from background, dominant contribution from masses

e Dy used to distinguish O+ from O- neglecting kinematics from interference

arxXiv:1411.3441

e Dcp used to enhance interference effects, become important at small values of fa3

19.7 b (8 TeV) + 5.1 fb ' (7 TeV)

| | | I | | | I | | | I | | | I | | |

Dpyg > 0.5

TR N TR TR T AN TR MR N N A N SN R

Events / 0.040

CMS 19.7 b ' (8 TeV) + 5.1 fb " (7 TeV)
| | | I | | | I | | ] I | | | |
¢+ Observed Dbkg 505 -
_— — SM j
......... fa3=0.5 |
ZZ/Zv* a
[ z+x .
- $ _
| P e + -
Mo g 1 §

4 -0.2 0 0.2 0.4




ATLAS discriminants

e [hree discriminants are gqualitatively similar to those used

Entries/ 0.6

N

N

-
Qn

10

for the CMS analysis

Entries/ 0.6

N
9]

W
Ol

W
-

N
o

e e e reefrrr
| I | | | | |

I
(ol |
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(s=7TeV,45f" ATLAS Preliminary :
(s =8 TeV, 20.3 fb H—ZZ*—4|

HWV

0
0

(KAW/KSM) * tan(a) = 5 ’ ﬁ

(EAVV/KSM) -tan(at) =-5, EHW=

W

BD T2z trained for signal versus backgrounds
(inputs: ns, b, Maz, cos(8%), @1)
-IllllIllllIllllllllllllllllllll-
el [s=7Tev,45f%" ATLAS Preliminary -
~ (s=8TeV, 20.3fb" H—ZZ*—4|
OF “ Ran/Key) -tan(@)=5,% =0 -
----- (Ran/Kgy) -tan(a) =-5,% =0
5- | L -
bt ¢ }
-3 -2 -1 0 1 2 3
O (Kayy2)

O,(

7
3
2

Entries / 0.25

~N O O
o O O

I lllllllIllllllllllllllllllllll_

LAS-CON

--2015-008

* Data
. Background ZZ*
I Background Z+jets, tt
— SM: kg =1, XKy =0, K,y =0,00=0

Signal (mH = 125.5 GeV)

[s=7TeV,45f" ATLAS Preliminary :
s =8TeV, 20.3 fb” H—Z7*_s4]

0
0

(Ran/ksy) tan(@) =5, % =

(Ran/ksy) -tan(@) =5, & =

—

. 4
llllllllllllllllllllIlllllllllllllllllll
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1D likelihood scans CMS

e |og-likelihood scans for faz show consistency with the SM

e fu3is a direct probe of C

(depending on the assumptions made)

-2 A InL

CMS 19.7 b (8 TeV) + 5.1 fb ' (7 TeV) CMS 19.7 b (8 TeV) + 5.1 fb ' (7 TeV)
I 1 1 I 1 ' I | I I ] | I I 1 I | | T | _CI 20 L— | | | I | | | I I I | I | I I I 1 1 | _L
16~ __ Observed, & =0or m - = b — ¢_, unconstrained E
- a3 i <] 5 .
145 (\nl o F — ¢a3, fa . ¢82 unconstrained
| -
-\ Expected, ¢ =0 - C i
oF xpected, ¢_=0or n / o ¢_.f,p0,, unconstrained
. ‘ :
10— - 121 :
i i} | §
. : 101 —
8% - O .
- : 8- A
6 - » 7
3 . 6~ 4
~95% CL -1 | B
N U A A g 4l - e
C - C §
" o eI ewwdl]
OT | | | I . | | ;.-"?'-. .-'1"‘.1 | | I | | | T 0 "—'-::‘-:::F::~ T---.l---- | l | T
-1 0.5 0 0.5 1 0 0.2 0.4 0.6 0.8 1
f . cos(¢,,) a3
Parameter Observed Expected
fu3 cos(a3) 0.001017 [—0.40,0.43] 0.00133 [—0.70,0.70]
asz/ aq —2.05,2.19] |—3.85, 3.85]

arxXiv:1411.3441

P-violating interactions - 95% C.L. upper limits set as low as fa3<0.2

e

'3
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1D likelihood scans ATLAS

Results consistent with SM expectations (Kavw/ksm=0)

 small deviation from zero observed, only 10 effect

Results similar to CMS

30

21InA

25

20

15

10k=

ATLAS-CONF-2015-008

-

—
p -

qlllllllllllllll|llllll

P &

IIIIIIIII|lll|lll|lll|lll|lll|lllll

ATLAS Preliminary H—o ZZ" — 4l

(s=7TeV,45f'

—— Observed /s =8 TeV, 20.3 b’

) Expected:
signal strength fit to data

------- Expected: SM

1llll‘|llll|llll|lllllllll

s -

. /
N aasannansans s nassunranadianul N Ransnntn AR RsenEanensa RER RSB SR RSN R R RN a RN RENE

...................................................... "‘r ]a—i
4_1-'1111!111!111,1

|I|11|11|||11r;1\

8 6 -4 2 0 2 4 6 8
(KAW/KSM)-tana

Coupling ratio Best fit value

95% CL Exclusion Regions

e

H—Z7Z" - 4¢ Expected Observed Expected Observed

KHVV | KSM 0.0 —-0.2 (=00, —0.75] [ J[6.95,0) (—00,—-0.75]J[2.45, o0)

(Kavv/KksMm) * tan @ 0.0 —0.8 (=00, —2.95] J[2.95,00) (—00,—-2.85](J[0.95, 00)
20

Fermilab
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arxXiv:1411.3441

2D likelihood scans CMS

o [or completeness: 2D scan of fa2, Ta1 VErsus faz are shown

0.8

0.6

0.4

0.2

B | | W14 , = 1T T —
—'95% CL - q_< _95% CL _ -
--68% CL " L= -..68% CL - =
< Bestfit 12 C?l & Bestfit <
¢ SM ' 0.8 ¢ SM i N
10 1 {12
8 0-6 110
18
6 0.4 _
1 —16
4 ]
0.2 N
2 ] 5
0 0.2 0.4 0.6 0.8 1 0 00 0.2 0.4 0.6 0.8 1 0

fa3 21 fa3



WW analysis

opposite sign e-y events selected

Main backgrounds, WW, ttbar/tW, and Z/W+|ets are extrapolated from data

control regions

—vents classified based on the exclusive numbers of jets (O or 1 jet)

Events / 8.0 GeV

CMS: 2D distribution of mll and mT distributions are used to describe events
ATLAS: 2D distributions of BDT discriminants are used

Channel O-jet 1-et
Energy 7 TeV 8 TeV 7 TeV 8 TeV
WW 861 £ 12 4185t 63 2499140 1268 =21
WZ+ZZ+2Z/y* 227+12 1783+95 264114 193 =11
tt -+ tW 91 £ 20 500 £ 96 226 =14 1443 + 46
W+jets 150 439 620 £ 160 60 £ 16 283 £ 72
Wy (%) 68 + 20 282+76  10.1+2.8 55 + 14
Background 1193 =50 5760 = 210 573 22 3242 190
Signal gg — H 50+ 10 227 + 46 171 £5.5 88 1 28
Signal VBF+VH 044 +£0.03 1027041 2.09=x0.12 19.83L£0.81
Observed 1207 5747 589 3281
22

Events / 7.3 GeV

600

400

200

CMS

19.4fb ' (8 TeV) + 4.9 fb ' (7 TeV)

eun O-jet

-

-
}_LF
i Al
ey
L

L )
e
M

:i-.—l

| 1 | 1 ] 1 | 1 1 ] 1 1 1 1 ]

I I I I

¢ Observed

B Top

T Wiz+jets

LYPE L LY L AIXIE

200

0 50 100 150
m, (GeV)
CMS 19.4 b (8 TeV) + 4.9 fb ' (7 TeV)
1 | l | 1 | | l | 1 | | I | | | | I | |

800 — , ]
ep O-jet ¢ Observed
— SM .

------ fo'=-0.4
600 WV -
i B Top ]
" } ] WiZ+jets |

400

200

100

150

200 250

m. (GeV)
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CMS

ATLAS

anel
[ [ | -
1D likelihood scans W\ <
N
Parameter Observed Expected
faWcos(pp?) 021733 [-1.00,1.00]  0.00035 [~1.00,0.41]
U[0.49, 1.00]
YW cos(pw™V)  —0.021 592 [—1.00, —0.54]  0.001 575 [—1.00, —0.58]
U[—0.29, 1.00] J[—0.22,1.00]
faAW cos(pV)  —0.03*597 [—1.00,1.00] 0. 00+1% [~1.00, 1.00]
Coupling ratio Best fit value 95% CL Exclusion Regions
H —> WW* - evuv Expected Observed  Expected Observed
Ravv/Ksm 0.0 —-1.3 [-1.2,-0.7] (—o00,-2.2] U[-1,-0.85] J[0.4, o)
(Kavy/ksMm) * tan @ 0.0 -0.2 — (—o0, =6] J[3, o0)

23

30]11] Ty rry
y

25

20

15

10

19.4 " (8 TeV) + 4.9 fb' (7 TeV)

— Observed

----- Expected

I I 1 1 | I

I I J 1

68%

]
_

—

—

_ ATLAS Preliminary

y

. Observed
H - WW* - evuv

H - WW* - evuv
s =8TeV, 20.3 fi5*

L YYE L Ly LIAXIE

800-910c-dNOO-5V 1LV
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Combined fits (ZZ&WW) CMS

e [he combination of ZZ & WW channels involves twice

as many degrees of freedom

 \WWe can constrain the size of the SM couplings (a1)

to be the same — custodial symmetry

e fits are done both and without this
assumption

* The relative strange of as/ai can also be fixed

raiIrai|
1+72

ai”“/alWw

Vai = , Or R, =

a;/ ai

e custodial symmetry & Raz = 0.5 implies that
a1WW = a1 & az¥W = a3

arxXiv:1411.3441 24

19.7 b7 (8 TeV) + 5.1 fb ' (7 TeV)

O
1=
=77

_| 25 |_ 1 IR L L Y B _|
E B —H->ZZ .
< i — H->WW,R_=0.5 i
C\.l 20— — H—>ZZ+WW, R _=0.5 ]
N H-ZZ+WW,R_=0.5,a""=aZZ 7
15
10— —
5 _
0 T=_I | I I | 1 i \ | I | I T I I I
-1 -0.5 0 0.5 1
f, cOS((,5)
Parameter Observed Expected
farcos(¢ar)  0.217717 [—0.42,0.38]  0.007g 50 [—1,0.27] U [0.95,1]
fa2cos(¢pz2)  —0.01 i8;§§ [—0.11,0.17] 0.00i§;§§ [—0.07,0.51]
fazcos(¢gz)  0.00700e [—0.27,0.28] 0.007053 [—0.53,0.53]

e
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- - (<30l_lllll|lll|l|l|l|l|lll|lll|lll|lllIl
' - s=7TeV,451" .
25__ — Combined /s =8 TeV, 20.3 fb' B
- Observed H—> WW* - evuv -
20— H — WW* - evuv (s =8 TeV, 20.3 f5' ]
- —— Observed 7
i H— Z2Z* - 4l -
e Assuming ai/az = a1"WW/ asWW (Ra3 = 0.5) or ~
e Deviation slightly reduced when combining ZZ & WwW  10[ ~
e e S s i e e e
8 6 -4 -2 0 2 4 6 8
( Kan/Xgy ) - tan o
Coupling ratio Best fit value 95% CL Exclusion Regions
Combined Expected Observed Expected Observed
KHVV | KSM 0.0 —-0.48 (—00,—0.55] J[4.80,00) (—00,—-0.73]J[0.63, c0)
(Kavv/ksm) - tan 0.0 —0.68 (—o0,—2.33]1J[2.30,00) (—00,—-2.18]J[0.83, c0)

e
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arxiv:1411.3441
Combined fits (ZZ&WW) CMS

e This combination takes advantage of the relationship between the expected yields in the
two channels, significantly enhancing the overall sensitivity.

1 CMS 19.7 o™ (8 TeV) + 5.1 fb " (7 TeV) 1 CMS 19.7 o™ (8 TeV) + 5.1 fb! (7 TeV)
O | Zegiw | I35 N B
059/ = E E
— 23 -- RE ] 30 < <
AN N
© 0.5 ! )
1 25
> DS
= : S 3
Q¥ O S S_ %
b 15 -
S S S
S 05 10 < O
' ~-
% o &
& 5 v S
_1 ol A | b 0l 0 -1
08 -06 -04 -02 0 02 04 06 08 -08 -06 -04-02 0 02 04 06 0.8
. R
reminder: Ras a3
WW ;, -WW
a. a Y oi |70
1 = 1 / 1 ,orRai: az‘ azlo *

1472 o ne Fermilab



YY & Zy couplings

e (Can even start to probe Zy and yy couplings with 47 events

e Different discriminants used in order to be sensitive to these

couplings

Measurement

Observables X

e note, sensitivity to these events Is much weaker with 42 events than

search with on-shell photons

e direct searches with on-she
different CP states (only to t

arxiv:1411.3441

- YY YY
Dbkg DaB DCP

- Zy Zy
Dbkg DaB Dav

| photons are not sensitive to

ne total cross section)

27

Events / 0.05

Events / 0.05

CMS Unpublished
| I

| I | | I ] | | | ] | | | ] |
¢+ Observed
! Dbkg >0.5
— SM
10 o f§§=1
ZZ21Zy*
- [ z+x
- ’ﬁ
5 L 4—
- L
0O
' ] 1 | I IIIII ] | '_
* Observed -
- Dyyg > 0.5 |
15| S »
I f;§=1 i
'_ ZZ/Zy _
] z+x .
10— *

19.7 b (8 TeV) + 5.1 fb ' (7 TeV)
T |

—




YY & Zy couplings

e (Qverall sensitivity still far from SM expectation

e orders of magnitude small than searches with on-shell photons

e 95% C.L. upper limit on p&v (pvw) ~ 170 (730) with 47 events

e 95% (68%) C.L upper Iimit on pyév¥ = 9.5 with 2¢+y events

Parameter Observed Expected =1
fecos(¢p%))  —0.27793%[-1.00,1.00]  0.0079€3 [—1.00,1.00 26% (16%)
folcos(¢5)  0.00%014[-0.49,046]  0.007931 [-0.78,079]  <0.01% (0.01%)
faY cos(¢p) 0021921 [—0.40,051]  0.007931 [—0.75,0.75]  <0.01% (<0.01%)

eos(¢pr)) 012792 [—0.04,+051]  0.007011 [—0.32,0.34]  <0.01% (<0.01%)

TVcos(¢)y)  —0.0272%[-035032]  0.00101° [-0.37,040] <0.01% (<0.01%)

arxXiv:1411.3441 28

-2A InL

-2 A InL

CMS 19.7 b (8 TeV) + 5.1 fb ' (7 TeV)
1 I T

'_F 1 T ] T T T | I T | I I [ | | 1 I I
45 - Ty =
- ——Observed, ¢ =0ornt -
= a3 ]
40 - -
71 U Expected, ¢:;=0 or
305 .
L ‘-‘ -
25t :
E o .
o .
20— =
- : -
C
151
C
-
10 'E
5 Nz sswOL:
E ________ . et bewlL
0 rt_ | 1 1 ] -1_ 1 | 1 o Vet
-1 -0.5 0 0.5 1
YY YY
fo3 COS(9,,)
CMS 19.7fb" (8 TeV) + 5.1 fb ' (7 TeV)
| | | | | | | | [ | | | | I | | | | +
- 2y 7
35 — Observed, ¢a 3—0 orm
301 Expected, ¢:3’=0 or




Prospects for the LHC CMS

Projections out to 300/fb & 3000/fb

e fits are performed with templates in which events are

described by 2D distributions of kinematic discriminants:

‘@ll;i(ng(mzl ’ m22 ’ Q|m4f) X ‘@g;(ags(m4f)

- —1

Dikg = |1

o - g’km(mzl ; mzzaé|m4f)

9JP: 1'

ki -
P n(mzl,mzz,g

L@ms

dg (1

m4f)

4¢|mo+ )

k o 4
P m(l'rlzl mzz, Q

e signals model with LO MC

e scaling up all background predictions

e all systematic uncertainties are assumed to be the same:

still dominated by statistical uncertainties

e canreach 95% C.L. upper limits of

faz < 0.13 (0.04)

Myp).

4 —1

29

2 » A(NLL)

CMS Projection

llllllllllllillllllllllIlllllllllllll_]ll
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..................................................................
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----- Ys=14 TeV, L= 300 fb" (Scenario 1)

- fs=14 TeV, L= 3000 fb" (Scenario 1)
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Prospects for the LHC ATLAS >
I\
Observable Sensitivity >
» Exploring sensitivity to couplings @ 300 & 3000/fb - ,, 2
In ME@9:1=1,95=0,g4=0) 94l/ g1 ‘ID
. ME(g;=0,9,=0,g4=1)|?

* pbackground: assuming qg->ZZ background Mggi___l,g‘;zo,gii':_)zlw),z gf)
scaled up to account for irreducible backgrouna In ME(g,=1,9,=0,g:=2+20) R(g4)/91 JD
ME(g; =1,g2=0,g4=2-20)" -
e signal: LO MC - reweighing to morph signal hypothesis In ME(g1=1,92=0,94=2+2i)|2 J(94)/91 ﬁ\.é
In NIE(gl=l,gz=0,g4=0)|2 | |/ Q
* Fitting either ME(g1=1,92=1,94=0) : J2lI91 R
- templates based on ME-based kinematic discriminants In ﬁiq; =11’£,];:=_11;,1£4=-—6(;|)2| R(g92)/91 é
- fully correlated 8D likelihood ME(g; =1,gy=1—i,g4=0) o

(including approx. detector effects) In IME(g1=1,g>=1+i,94=0i)|? 5(92) / gl

g1(qg4) is effectively the same as (a1) as

e Systematics uncertainties approximated to be: 3% iuminosity,

5% signal and background yields (lepton reco €), and 9.4% (7.4%) for Final State | Signal | Background
300/fb (3000/fb) for background yield 4e 871 474
du 1186 641
2e2u 1035 574
2ule 867 431

e
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Constraints on CP violating interactions

e Likelihood scan in real and imaginary projection of g4/g1

« KD fits show that phase of anomalous couplings can play an important role - note this can also be parameterized by
extending templates’ dimensionality a la CMS

BN
e 8D - correlation less between the real and imaginary projections - simultaneously parameterizes kinematics in term of |:|
magnitude & phase of anomalous cou,o//ngs (:‘f)

o [ ' T N S AR A AN S AR SN AR - |
o> 1 ATLAS Sim inary I L =3000 fb™ - =, - ATLAS Simulation Prelummary ] iy
& | - 5 ‘5;‘ 8D Fit: g,/g. L
: ] 1= = 6)

0.5= —: - |
: : 0.5} - s
i : : 5 C

O - O =

: : : 5 L
. - -0.5 E N
-0.51 ~ ®Standard Model — u . )
3 —~Modulus sensitive ] "1-_ -
) -3R(g,)/g, sensitive . CA)

i 3(g,)ig, sensitive -1.5E 3000 fb™": 68%-95%CL = .

mg = » o e : : 68% CL — - o o - )
ME sensitive fits | | Ao ] ewer _2[[;“?09?’1“‘?? #95%CL 18D fits N
x G 0 0.5 1 2 -15 -1 -05 0 05 1 15 2 W
%Mo), R(9,)/9

Luminosity | |gal/g1  R(g4)/g1 Iga)/g1  lgallgr  R(g2)/g 3(g2)/91 Luminosity | |gal/g1  R(g4)/g1 J(a)/g1  lg2llgr  R(g2)/9: J(92)/91

300 fb~! 1.03 (-1.01,1.01) (-1.02,1.02) 139 (-0.88,0.38) (-1.13,1.13) | 300 1.20 (-0.88,0.91) (-1.02,1.05) 1.02 (-0.84,044) (-1.19,1.18)
3000 fb! | 049 (-0.34,0.26) (-0.34,0.48) 0.81 (-0.33,0.11) (-0.73,0.75) | 3000 0.60 (-0.30,0.33) (-0.39,0.42) 0.60 (-0.30,0.11) (-0.71, 0.68)

ATLAS-PHYS-PUB-2013-013 3 =9 Fermilab



Comparison

Compact Muon Solenoid

* ATLAS analysis also produced likelihood scan as a function of fa & ®

e fa3 = fga — comparable results between ATLAS and CMS
(faz < 0.04 @ 95% C.L.)

CMS Projection o;t 3 LI B : | A I L B B FrrrrlrJ
— LT 1T [ LI I LU ] T L I LI ] LI l L I LI l LI ] L ]J LI ]_ o,'-‘ 3 ’, - 2 L] L] —L _e_ - ! .

— n : : ) : : : : : ; 7] n TL -
3 - ] T S Simulation Preliminary _[ L = 3000 7o : ATLAS Simulation - :
= - = 5 i Preliminary )
1 SERS VAR TR SRS SN SRS SO RN S S - - Q... = . 20 ~
< 8 :_ .............................................................................................................................. _.; 2 - =, _-‘ : :
X . I ¥s=14 TeV, L= 300 fb" (Scenario 1) : - — - -
Al :_ .................................................... : 7 e - - B
A R R B EEEETT T fs=14 TeV, L= 3000 fb" (Scenario 1)| 7] 1 P 7 ] 1 i -
- i 3000 fo": 68%-95% CL
5 s e s A S S S _: 0 % — 0_ 300 fb-‘l: 68%-95% CL-
4 it';‘;';':_';‘;';';';';;;';';‘;';';';';';‘;';';';_‘;';';';‘;‘;'_;';';‘;';';';".';'_;“.';‘;;'.".‘;‘;‘;';';';';';';”.';j';';';';‘;';;;';‘;';';';‘é f% i - i i
- - -1 // m - -1 =
3__. .................................................................................................................................... _.: : L ZETTT - _..Standam Model = - ]
- ] i —;;odulus sensitive = - .
n ] . - Cvuw. ==Ji(g g sensitive .| - -
2 R S e e L e i s s += -2 ” 1-. 3(9:1"9"sensitive - _2 -__ ,_-
- . ' — -68% CL 5 N o
1F . _ —95% CL _ - BD Fit -
- : - : ~95% CL-superimposed = _ - _

0—4”111-}"'['..1“'!‘.!lllllllIIII’IIIIIIIIIIIIIIIIII| l_ -31 i l ] L 3lllll lllllllllllllllllllllllll

N PR SR T SR S
0.1 0.15
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NOTE: the parameterization used in CMS is equivalent ] _
to the ATLAS modulus sensitive variable 35 ne Fermilab




Summary of results

Parameter Observed Expected

H—-= WW—-evuv
cos(pV)  —0.03*;9> [~1.00,1.00]  0.0077 gy [—1.00,1.00]

H—ZZ— 4¢
fa3 cOS(Pa3) 0.001717 [—0.40,043]  0.00%533 [—0.70,0.70]

Combined H—=ZZ—=4¢ & H—= WW—evuv
fazcos(¢gz)  0.007098 [—0.27,0.28] 0.00+923 [—0.53,0.53]

Observed 95% C.L Limits

H—- WW* - evuy

fga <0.78 for ¢pos =0 and fea <0.84 for pga = m
H—Z7Z" - 4¢

fea <0.11for ¢4 =0 and fea <0.54for pog =

A

) g Combinationof H - ZZ* - 4€ and H > WW™ — evuy
fga <0.090 for ¢y =0 and fea <0.41 for pga =m

L, 1 :
ne Fermilab




Conclusions

e CMS & ATLAS have mature programs for constraining the tensor structure of HVV interactions
(HZZ, HWW, Hyy, and HZy)

e advanced technigues used to exploit all of the decay kinematics of the 4-body final states
e measurements still limited by statistical uncertainties
e constraining azv (az¥y) from as?v (as2v) couplings with high integrated luminosity is possible

* Projections show that ZZ anomalous couping constraints can be improved by a factor of 10 with the
full HL-LHC integrated luminosity

I
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41 analyses CMS

e 2 pairs of opposite-sign same flavor leptons (e or )

(sub)leading lepton pT>20 (10 GeV)
mll >= 4 GeV (all combinations)

40 < m1 (closest to Z mass) < 120 GeV
12 <m2 < 120 GeV

o SM ZZ contributions taken from NLO MC sim.

e /+X backgrounds estimated from a loose
ID control region

105.6< my < 140.6 GeV

Channel 4e 4u 2e2u
Energy 7 TeV 8 TeV 7 TeV 8 TeV 7 TeV 8 TeV
qq—Z42Z 084+0.10 294+033 1.80+0.11 7.65+049 2241028 8.86+* 0.68
gg —+2Z 0.03=x0.01 020=x=0.05 0.060.02 041010 0.07=x=0.02 0.50=x=0.13
Z+ X 062+014 277 +0.62 022+0.09 119+048 1.06 029 4.29+1.10
Bkg. 149 £0.17 591 +£0.71 208 +0.14 925+0.69 3371040 13.65+ 1.30
Signal 070+ 0.11 3.09+047 124+0.14 595+0.71 1.67 026 7.68 1 0.98
Observed 1 9 3 15 6 16

36

CMS \s=7TeV,L=5.1fb";Vs=8TeV,L=19.7 fb'
> e Data
® 35
O m,=126 GeV
VAR ¥ 4
CY) 30 Y s
~ s [ Z+X
i
c 25
)
>
L 20
15
10
5 ol |!|'|| e
L L A
O _,.u' li:llu‘ill”i".l-T -1_ |‘ INIAre
80 100 200 300 400 600 800
CMS \s=7TeV,L=51fb";{s=8TeV,L=19.7b"
q, 1 | [ ] r171r 8 b € 8 d B 11 E BN I¥xr[ m4[ (GeV)
310" |
J; f
Q10F
§ 1 0-5 = — Observed C:'D ’ -
O. .70 — Observed £, | X
10 B — Observed £, ! ; RX
10°° - - - Expected ' \
10 L .
107° =
10-15 : ! E
~17Tlllllllllllll‘:;‘l\l\\lllllllll"ll:llllll'111‘_—-
107""490 120 130 140 150 160 170 180 L, 3

. (GeV) Fermilab

e



80

> LA BLALELE B R B B
4] analyses ATLAS S o ATAS L :
y o 70 :_ H— Z7* — 4] Signal (mH=1ZSGeVu=1.51)_:
% 60 - \5=7TeV -.Ldt=4.5 b’ B secoounazz -
e two pairs of opposite-sign same flavor leptons E [ oo fuamaw Zg 5
. - - 7, Systematic uncertainty ]
three leading leptons pT>20, 15, 10 GeV o 0F :
50 < m12 (closest to Z mass) < 106 GeV 0F | T =
12 <m34 < 115 GeV a0b ol i -
- | 20 F | -
o SM ZZ contributions taken from NLO MC sim. : :
10 - Ml sl s T ]
: YR :
e /+X backgrounds estimated from a loose |D control region 0300 200 300 400 500 600
E'o S bsl 2012 | ATLAIQS | My, [GeV]
Signal ZZ*  ti,Z+jets Observed S | oo i 227 4l
> T A = | IO sombination Y57 TeV JLat =45
(3 4u 1022010 065:003 014006 3 | 7 Exp combination - s-g TeV [Ldt 203
S  2u2e 047£0.05 0.29+0.02 0.53x0.12 1 i
™ 2e2u  0.64£0.06 045002 0.13+0.05 2 109}
4e 0.45+0.04 0.26+0.02 0.59+0.12 2 ,
V' Total 2.58+025 1.65:0.09 139+026 8 10°) .
X Vs = 8 TeV NN T
S 4, 5812058 3.36£0.17 097=0.18 13 1077
V. 2u2e 3.00+0.30 1.59+0.10 0.52+0.12 8 e D
O 2e2p 372037 233:0.11 0.84x0.14 9 N T T
— de  291+029 1.44+0.09 0.52+0.11 7 1075
Total 154 +1.5 8724047 2.85+0.39 37 : | 1 | 1 .3
120 122 124 126 128 130 Fermilab
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Observables

e An example of a complete set of observables describing
the higgs decay kinematics f

ma1 = (quitqi2tqz1+g2)? *
mz1 = (q11+q12)?
mz> = (qa21+tq22)?
cos(0*) = (qll+ql2)-z/|q11+ql2]

g, - (7:7,1 X ’flz) x cos L (= - ) g(q)

b —
‘(h ‘ (nl X ’nz)\
(11 X T
b, = 91 (’?1 ?SC) X COS 1 (21 - Tegc)

g1 - (To1 X Tagc)]
9, = cos™! ( (R )
q2]|q11)
0, — cos~] ( g, - 4 )
q4|g21)

e other variables, pT & n, are sensitive to NLO
effects & insensitive to CP

=)

o :
ne Fermilab
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ATLAS distributions

> _lllIIllllllllllllllllllllllll_ >25Lllllllllllllllll'lllllllll_ ln18,_l'lllllll'llll'Illlllllllllll'llllllll'
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19.7fb' (8 TeV) + 5.1 fb' (7 TeV)

O h d - d Combined CMS M = 125 GeV 2
ther production modes >
Untagged Sg

un=0.87+0.16
e As sensitivity to other production mechanisms become sensitive, new opportunities arise p
VBF tagged I
u=1.14+0.27 ~—
« O-like events have an enhancement at large +/s - leading to increased sensitivity in C.D
associated production and VBF production channels VH 19900 oo N
agged IQ
1=2.76+£0.99 - . .l o %

V 0 1 2 4

3
Best fit G/GSM

H—o//, H=>WW assoclated prod.

40 # Fermilab




VH & VBF

o Kinematic distribution for O+ (red), O- (blue), 50-50 mixture (green & magenta)
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Prospects other production modes

» Projections out to 300/fb & 3000/fb show strong sensitivity to 1
CP-violating HVV interactions

10
* Associated production: assuming only Z—=Z(l)H(lbb)

1072

* VBF production: assuming H(yy) + H(ZZ)
O
2107

—dominant sensitivity from 10
assoclated and VBF production
mechanisms! 1078

2 H—ZZ
CP — Sla; |2 T—ZZ 10
' [}

H—ZZ

a.
€.g. i=zz ~ 0.160 arXiv:1310.8361v2

42

Summary of projections for discovery
potential @ LHC & ete collider

I S E— IS SN SN R
Sp— VV—}H ......... V—}VH ................ ....... 4 ....... .............. =
| i | | [ |
Pp Pp Ge Se e Ce
4 Tey 3074 Tey 3350 Gey, 350 Gel, S OGG[/ ! Ty, 100
O Oofbf ’ 250)‘277 350)‘271 ’ soofbr 0o
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ATLAS monte carlo

e signals modeled using Powheg-Box Monte Carlo
- Includes bot

- P

1 99

spectrum

reweighted to NNLO and NNLL predictions

- and V

3

- up to NLO in QC

D

43

o-B
Process MC generator (pb)
Signal
ggF' H—->WW* POWHEG+PYTHIAS 0.435
VBF H—->WW* POWHEG+PYTHIAS 0.0356
VH H-WW~ PYTHIA8 0.0253
WW
qq > WW and qg - WW POWHEG+PYTHIAG 0.68
gg—>WW GG2VV-+HERWIG 0.196
(qg—=>W)+(gqg— W) PYTHIAS8 0.480
qqg > WW SHERPA 5.68
9 VBS WW+ 2 jets SHERPA 0.0397
~— Top quarks
; tt POWHEG+PYTHIA6  26.6
— Wt POWHEG+PYTHIAG 2.35
> tqb ACERMC+PYTHIAG 28.4
. tb POWHEG-+PYTHIA6 1.82
; Other dibosons (VV)
T Wy (pr>8GeV) ALPGEN+HERWIG 369
W™ (e <7GeV) SHERPA 12.2
T WZ (mge>T7GeV) POWHEG-+PYTHIAS 12.7
o VBS WZ + 2 jets SHERPA 0.0126
(mef >7 GeV)
Zy  (pr>8GeV) SHERPA 163
Z~" (min. mee <4GeV) SHERPA 7.31
ZZ (mee>4GeV) POWHEG-+PYTHIAS8 0.733
ZZ — lvv (mg >4GeV) POWHEGHPYTHIAS 0.504
Drell-Yan
Z  (mge>10GeV) ALPGEN+HERWIG 16500
VBF Z + 2 jets SHERPA 5.36

(mee > 7 GeV)
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CMS discriminant details

Psm ZPé(iﬁ (my, mp, Q|myg) X P;?ga > (myg|my),

Pyp =P}<gn(m1,m2,(j Mygp) X Psig *(myg|my),

Pt = (Péqﬂﬂl) (m1,ma, Qfmag) — P53 (my, ma, Qlmag) — Pé‘ﬁ‘(ml,mz,ﬁlmu)) /

pintl — (péﬁﬂpl(ml,mz, Qfmyg) — P (m1, my, Q|myg) — Psig (mllmz,ﬁ\mu)) ,
quzz — (%%Z(mllmZIﬁ m4€) X anqai"%(m4€)/

ngZZ :Péqénzz(ml, mz,ﬁ m4£) X éngazsg(m4€)l

- : = -1
Do Par _ |4 P(l](%nZZ(mll My, ()| myyp) X (%EIZS%(mM)
e = Dot e x Pz | ) X pin o Q) prmas ’
q9 1 SM 1, M3, m4€) X sig (m4€|mH)_
) . S -1
D.p = PSM — |14 P}%n(mll 2,1 m4g)
J PSM -+ P]P ] /Pé(&?(ml, oy, () m4g) ] ,
0, P}Il}t(mll my, () m4£)
int — kin kin

e
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ATLAS discriminant details

2R(ME (ksm#0; kavvV,.kaAvy =0; @=0)"-M E(kgvv #0; ksm,kavy =0; @=0))

Orlkrvy) = ME (ksm#0; kavv,.kavy =0; @=0)|? ’
0> (k ) = ME (kgvv #0; ksm.kavv =0; @=0)|°
SATHVY ME (ksm#0; kgvv,kavy =0; @=0)|?’
01 (k @) = 2R(ME (ksm#0; kavv,.kavy =0; a=0)"-M E (kavv #0; ksm, kv v =0; af—ﬂ/z))
LAEAVY: |M E (ksm#0; kavv,kavy =0; @=0)|?
_ IME (kavy #0; ksm,krvy =0; a=n/2) |
O2(Kavy, @) = |M E (ksm#0; kgvv,.kavy =0; @=0)|?

e
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CMS summary

Parameter Observed Expected V=1
fa1cos(Par) 0.22701 [—0.25, 0.37] 0.005-26 [—1.00,0.27] 11% (16%)
J[0.92, 1.00]
foocos(¢2)  0.00793 [—0.66, —o.?7] 0.0019-28 [—0.18,1.00] 5.2% (5.0%)
J[—0.15,1.00
13 CoS(Pu3 0.007014 1040, 0.43 0.0072-3% 1—0.70,0.70 0.02% (0.41%)
—0.11 . —0.33 L .
W cos(pWWV)  0.21197% [—-1.00,1.00 0.00*7"50 [—1.00, o.z]nj 78% (67%)
J[0.49, 1.00
YW cos(¢pWW)  —0.021592 [-1.00, —0.54]  0.00F59) [—1.00, —0.58] 42% (46%)
J[—0.29,1.00] J[—0.22,1.00]
;g’ZW cos(qygzgw) —0.031595 [—1.00, 1. 00] 0 0019 [—1.00, 1. 00 34% (49%)
filcos(¢al)  —0.27+93%1-1.00,1.00]  0.007%% [—1.00,1.00 26% (16%)
fa? cos(gba? ) 0.00%03 [~049,046]  0.00%p% [-0.78,0.79]  <0.01% (0.01%)
foo cos(¢yy) 0027473 [-0.40,051]  0.00%03 [-0.75,0.75]  <0.01% (<0.01%)
T cos(¢pl)) 0127929 [—0.04, +0.51 0.0070"55 —0.32,0.34]  <0.01% (<0.01%)
Heos(ply)  —0.02%57%5 [-0.35,0.32]  0.00707; [-0.37,0.40]  <0.01% (<0.01%)
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Cross sections for fai Conversion

Interaction Anomalous Coupling Effective Translation
Coupling Phase  Fraction Constant
Aq PA1 fAl 01/0A1 = 1.45 X 104 TevV—*
HZZ /%) 4’a2 fa2 01 /0’2 = 2.68
as Pa3 fa3 01/ 03 = 6.36
AW WwW WW "W /5\WW = 1.87 x 10* TevV—*
o AW A I 0
ol aw W oW/ = 301
AT7 o7 ! 0] /51 =5.76 x 103 TeV*
o as" £y o o /ol =22.4 x 107
! a5 &y rl o /i =272 x 1074
. g ™ o o /0T = 282 x 10~
T al" Y Ty o} /)" = 28.8 x 10~
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