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Questions

e LHC is a discovery machine

Q/

e If resonance is observed on LHC

> T — ._
— significance over background % 20;_ — E
— mass, width, rate (o), branching & [ —

can “see” on the mass plot(s) — = — [ i
— quantum numbers (spin, parity,..)? 5_ E
— couplings to SM fields? : :

— maximum information? 20 250 *77 mass [GeV]
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Higgs Discovery

e Discovery of SM Higgs (J¥ = 07): H — 7, Z7%) WTW-,..
g 2t
{ AV %

g 00000
e However, other color-neutral & charge-neutral X resonances possible
— final states (branchings), rate, width differentiate models

— polarization of X — P} P, = spin & couplings (model-independent)

A(HJ:() — ‘/1‘/2) = U_1€TM€;V (a1gWM)2( + a2 quqy + A3€4003 C]?Q?)

SM H — ZZ, WHW~ tree-level: a; # 0
SM H < ~~, gg, (Z7) loop-induced: a; = —as/2 # 0
Beyond SM: any spin and couplings, e.g. a3 # 0 for J© =0~
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Do we expect such new resonances?

e Spin=0 (Higgs)

B

—JP =0 SM H —~y, ZZ5, WA b

— JP =07 A multi-Higgs models o
e Spin=1 (new gauge boson) —”@ "@"’

. o«
— KK boson, Z/ — ["]~, q¢ dominant
— models when ZZ and W/ dominate
y

e Spin>2 (KK graviton, “hidden glueballs™) 2 /fb At E,, — 14 TeV

— RS Graviton 2% (minimal) O Bthia G > 77 — 4] | e
SM on TeV brane JANCE=NE -
(GGrs — v and [~ discovery 2 10? __ j

— RS G 2" (non-minimal) z 101: :
light fermions in bulk 02f E
Grs — W,/ W, and Z;7; dominate 1k C._.k/MPl OO T

500 %YC])OO[GeV] 1500 2000
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Production of New Resonances

e Consider two dominant production mechanisms

of color-neutral
& charge-neutral X

&€ e Gluon fusion gg— X

J=10or?2
J., =0 or £2
expect to dominate at lower mass

e Quark-antiquark g7 — X

J=1or2
J, = +1 (m, — 0)

assume chiral symmetry is exact
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Decay of New Resonances

e Consider decay back to Standard Model particles

e Decay to fermions

X — 1Tl qq
spin-0 excluded m; — 0

Y, Z,W’ g e Decay to gauge bosons

X -y, WW, ZZ, Z~, gg
yDZ)WJg ' '
spin-1 excluded with v, gg

4, W
Z, W & charge-neutral

again X is color-neutral

Andrei Gritsan, JHU VII May 14, 2010



Cartoon of an Experiment
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t,

wwley,
,
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Kinematics in New Resonances Production

e ab — X polarization < production mechanism and couplings

—

do—ab(xlpla Lap2, Q) |
dYX Yab:%ln%

dO'pp(ﬁ) — zb:/dYX dZCleL’Q fa(ﬂﬁl) fb(ﬂﬁz)

P X 2
¢ & 5

% o ® J, =0 fraction f.

» - G 3’ J., = +1 fraction .4
% ‘ |> 3—» J., =42  fraction f.9

to change f.;: vary LHC energy, sample Yy
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Kinematics in New Resonances Decay

e Only 1 angle 6* for X — ~~, 717, qq, gg (but more for ZZ, WW)

) A
fraction f),\, = ‘;Tf% Jm CK/
P, ¢X9.\,

P X e 0 X .
S&E/E’zfj,m P

Q,A; ‘3‘{

dF(XJ—>P1P2) B 1 . R
I'd cos 0* B (J + 2) A§2 Faix: %:fm (dm,Al—A2(9 ))

: 1 : :
e Note: if f,, = 7 = cos 6* flat = cannot determine spin

requires f,, fine-tuning (breaks if vary LHC energy, sample Yx,..)
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Examples

. * - 2'
o if X — ~~ found and cos6” is flat P /

5 - : . P X 0" Z

(7) spin-0 Higgs < spin-1 excluded b 5

(1) spin-2 not excluded o

cos 0" could be flat (but not with min coupling)

odl 2—2f 6(2 —4 20* +3(6 — 10 5 Lo
T con = ( a1+ fa2) —6(2—4f.0 — f2) cos® 0" +3(6 — 10f.1 — 5f.2) cos

—|_f—|-— {(2 -+ 2le _ 7fz2) + 6<2 T 6le + fz2) COS2 Q* _ 5(6 o 1sz1 _ 5fz2) COS4 9*}

o if X — [T~ found and dI" < (1 + cos* 6*)

(7) spin-1 Z' <= spin-0 excluded
(1) spin-2 not excluded
cos 0" could be the same (but not with min coupling):

16 dI’

— _ _ 2 nx . . A nw
10Td cos 6 (for 4 fe2) +3(2 =3[0 — 2[2) cos™ 0" — (6 = 1021 — 522) cos™ 0
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Kinematics of X — ZZ™) and W+W —

e Full information production & decay angles = multivariate analysis

— X — ZZ% & WTW ™ may dominate
— if not, may still be the way
to differentiate models

— full reco: 41F, 2[72jet, 217 1jetly
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Decay X — ZZ

e Experimental goal: measure all polarizations (both Z and 2’)

symmetry in X — ZZ: A)\l)\QZ(-].)JA)\z)\l

if parity is a symmetry: A, ,,=nx(-1)’A_, _\, (do not use)

Ao «

ey
A <—9+ « +9—>
Ao=(-1)7 4. +—@ G»—QH
Ag-=(-1)"7A_, <—g>—0+ -
L e

|JZ| — 01112 :> fZO! le fz2

.

>

J=0or?2
J., =10
J=1or?2
|Jz’|:1
J =2
| J| =2
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Connect “theory” and “experiment”



Amplitude for Spin-0

e Amplitude for X ;_y — ViV5 (compare B — V5 PRD45,193(1992))

A= 1€1M€;V (alg/wM?( T a2 4uqy + A3€0083 Q?qg>
e SM Higgs 0%: ~few (ay) CP ~10710 7 (a3) OP
TSR Ry
€ G @ Uit
J\/\f‘,
(or beyond SM) (or beyond SM)

e 3 amplitudes ( “experiment”) < 3 coupling constants ( “theory”)

M? My M
A ===7 (alx +ay— > 2 (2% — 1)) RV
v M+  M3-ME MY
M? My M =TT T,
Al =44 (alizag Y 5 Va /a2 1)
M

e Below threshold 7, 75: My, < My, but generally a;(Mz,)
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Higgs Examples

e For a general spin-0 H — V; V5, define 4 real parameters:

A ]?

‘ o Apy
f:|::|:_ Z‘A)\lAQ‘Q, ¢ii_arg<Aoo>

note: for H — ~v, Z~, gg: Ayy = 0 = 2 parameters
A & A & a3 & ay = —ay/2, but cannot measure (except Z)

o Assume tree-level SM Higgs decay (J¥ = 07), both ZZ and W "W/~

\ 7z 1 — 5
@"{: az=a3=0 = A++:A:_AOO><1_|_52

Ao dominates for Mx > My (or 3 — 1)
at my = 250 GeV: f_|__|_ — f__ — 0104, ¢++ — Qb__ — T

e Pseudoscalar Higgs A — ZZ or WV (J¥ =07): ag # 0
for=[-—-=0500, (p4+ —¢——)=m
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Amplitude for Spin-1

e Most general amplitude for X, — 27

A = b1 [(€1¢2)(e36x) + (63q1)(€1€x)] + bzGaWﬁG%ﬁ 65" (q1 — q2)"
1- CP
1+ op 1+ OP

Example:

o4

e 2 amplitudes ( “experiment”) < 2 coupling constants ( “theory”)

2
m |
A= —Aopr = gm)z( (01 + i8b2)

2
m )
Ag=—Ay g m;‘-’ (by — i3by)

(compare 7/ — Z 7 by C.P.Buszello et al., Eur.Phys.J.C32,209(2004)
W.Y .Keung, |.Low, J.Shu, PRL101,091802(2008)
but consider b; and b, generally complex and use all angles, see later)
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Amplitude for Spin-2

e*u 6*1/

A= A 2 [Cl L (q1g2) + 2 Gutas(@n — q2)*(q1 — ga2)”
2+ CP _—
2 OF s Goutin (1 — @2)* (@1 — @2)° + 264 (La@1u @5 + toatoud?)

C5t0€ « o o

+ Mf (01 — 02)* (01 — 02)  €upedV G5 + ¢t (@1 — 42) 3€pwap?”
2t OF X
2_ CP C7taﬁ

_’_

VE (1 — 42)5 (€appe?” (@1 — 42)° Qv + €avped” (1 — 612)0%)]
X

e 6 amplitudes ( “experiment”) < 6 combinations of coupl. const.

o= oz [0+ (5 - ) - (39 -

A, = ﬁ{)/{\ [Cl (1 i ﬁ2) + 2c03°%i8(c5 3% — 206)]

Ao = Apx = M‘]/\{;A [Cl( +5>+ — B*F 5(C6+C7ﬁ)]
_ M 2

A=A =T (1+ %)

Andrei Gritsan, JHU XVIII May 14, 2010



Note about Graviton couplings

e Minimal Grg coupling: 1 D)
l pv tahe
Aot

— energy-mom tensor — SM field-strength tensor [ & ¢

T —F:é)Fyé)go‘ﬁervel“ & PR — gy — gt

e Consequence: ¢y = %4 ~ —% (as 6 — 1) = A, &A . dominate
g«

%@ = gg— X only J, ==x2 = [0 =0 = polarized X

g«
X — ZZ at mg = 250 GeV: f._+ f_, =0.56, fo = 0.11
at mg = 1000 GeV: f._ + f . = 0.89, fyo = 0.11

e Non-minimal coupling (e.g. SM in the bulk)

generally Agyy o ]\%A dominates, foo — 1.0 for large Mx

e Notation later: 27 minimal G; 27 longitudinal, like Higgs (!)
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Coupling to fermions

e For completeness X — g, also to describe qqg — X:

AJ:O — — Ug, (pé ) + :051 )’75> Vo

L,
Ajmg = "0, (%Aqy (p1+ pys) + 5 TUNG A, (ps+ pm)) Vgo

e 4 amplitudes (“experiment”) < 4 coupling constants ( “theory”)

2
Ags = 2\@75/]\\%{6 (iﬂl + 52]\/{5( (ps F P?ﬁ))
M2
Arg = j\(ﬁ (Fp1 — Bp2)

o Consequence of m, (chiral symmetry)

G = A=A _=0atm, —0
:>A”,A”:> J.,==x1 Inqqg — X
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How to measure polarization



How to Measure Polarization

e Deduce all A),,, from angular distributions for any .J, but need:

(1) detector (ATLAS/CMS)

(2) full MC with all spin correlations
(none before)

(3) full analytical angular distribution
(none before)

(4) likelihood fit
(learn from B's)

Andrei Gritsan, JHU XXII May 14, 2010



Monte Carlo Simulation

e MC program, open access: http://www.pha.jhu.edu/spin/
— complete kinematic chain (BW) ab — X — ZZ — (f1f1)(fof2)
— calculate matrix element |M|? (narrow-width approximation)
— weigh or accept/discard events

e Important features:
— most general couplings for J =0, 1,2

e.g. Higgs radiative corrections
e.g. non-minimal G couplings, Z'—Z7 °

— any angular distribution from QM
— interface to detector simulation (Pythia)

e Background

— MadGraph: ¢ — 27  (gg— 27 ~ 15%)
— others negligible: Zbb, tt, W W bb, WW Z, ttZ, 4b
[~ isolation, 4] vertex, 2] mass, (no missing energy)...
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Simulation Examples

e Higgs 0" (SM tree-level, a;) and 0~ (a3) at my = 250 GeV
— lines from derived distributions (independent, next slides)

L L B 6000 ~— T T "~ T T~ T T T O T T
. - PN T Y 8- -. & r'Y mrs 8-
r -.-3'...v..'-'.‘. '''''' t i'. '..."...v. .'." .v'-'i ] 6000 =
6000®' _ Dol @@@ ‘KD@T o) ®‘m® ®®w @@ (0]0) m\w [ola ®® 80007 o
[e0] — [e0] L — L
o ™ 4000 . o ~
S T 1 o | o 8000] S 400017 g
4000 . = = = o q
[%2] N 7 [%2] [%2] r [%2] L
£ 2 £ 4000 i<
g £ 2000 . g g ol |
W2000[- . w i (11 2000 -
cos 0" d ’ b ]
N N B B I I L L R R B I
07 0.5 0 0.5 1 0 2 0 2 07 0.5 0 0.5 1 0 2 0 2
cos 6* o, cos6, or cos8, ()

e Background q¢ — ZZ
— lines empirical shape

A —— N —— A —
i 1 4000, _ o ® 40 o0 -
4000 N a ‘:‘. 3.._' PUASY ) 0....'.-.3.
10000 ; : | | * ¢
= o e ¢ =~ . | —3000F ]
K 13000 . % 4000/~ . S 1
S S | { s I 1
g 5000’ gzooof - g i gzoooj 7
i 1000~ - I 1 1000~ .

[ | 1 L R B A 1‘ 2‘ L I R R |

0 0 2 0 2 07 05 0 0.5 1 0 2 0 2

P, cos6, or cos6, o}
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Angular Distributions

e Connect amplitudes and angular distributions
forany J =0,1,2,3,4,... (to cover any “hidden glueball” etc...)

Ay X DJ* (Q*)BM)@ X DJ* g (Q)A)\l)\Q

X1—Xz2,m m,A1—
X DY ()T (1, o) X D27 (Q2) W (71, 7o)
do o< Y | Y Aa({Q}))

XoHsT  Xom

ab— X, Q= (P,0%, —P1), {x1x2}
X — 2728 0 =1(0,0,0), {A\ 1A} P
Zy — fifi, 2 =(0,61,0), {p1, po}

2y = fofa, Qo = (®,6y, —®), {71, 7}

r=cafcy = Rio=2r15/(1+7r12%)=0.15 (I*), 0.67 (u), 0.94 (d)
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More Distribution Examples

e Vector 1 (by) and 17 (by) at my = 250 GeV
— lines from derived distributions, points from MC

3000

~ ~2000

(o] o]

S | S

S 2000 e

@ 2 |
& | & 1000

> >

1 1000 it}

— * — — [ —~
g COS (9 d B &4000 S
o o 4 o r o
N 2000 = =
~ L ~ = ~ ~
2 2 2 k 2 L
< 5000 c c c i
g | g L 2 2000 e CanerrrrsiRoesiiareilotein con o o O g +
w W1o00 w " © w
e b e b e b e | I I | I I | 7\ | I I | I I |
1 0.5 0 05 1 0 2 0 2 ° -0. 0 . 0 -2 0 2
cos 6* ®, cos6, or cos6, o}
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Explicit Distributions for any J

o dl(ab — X; — 2127 — (Ff)(f2]2)) ox
F5h(6%) x {4 foo sin® @1 sin® O + (4 + f-—) (1 + cos® 61)(1 + cos® O2) + 4R Ry cos 01 cos 02)
—2(fq — f-—) (R1 cos (1 + cos® 62) + Ro(1 + cos” 6;) cos 02

+ 4/ [+ foo (R1 — cosBy)sin By (Ry — cos bs) sin O cos(P + ¢ 1)
+ 4/ f—_ foo (R1 + cosfy)sin 0y (Rs + cos 6s) sin 6 cos(® — ¢ )

+ 24/ fi4 f—_sin® B, sin? B; cos(2® + ¢ —gb__)} spin=0 & > 2
+4FY (6) x {(f+0 + fo—)(1 — cos? 01 cos? 03) — (f+0 — fo—)(R1 cos by sin® 65 + Ry sin® 0 cos 6-)
+ 2\/msin 01 sin 05 (R Ry — cos 1 cosO3) cos(® + ¢ o — ¢0_)}
+4F7 (0%) x (=1)7 x {(f+0 + fo—)(R1Ra + cos by cosz) — (fro — fo—)(R1cosfy + Ry cosb)
+ 2/ 1o fo_ sin 6, sin 6y cos(® + ¢ o — qbo_)} sin 67 sin 05 cos(2W) spin=1 & > 2
+2F5, (%) x f+_{(1 + cos? 61)(1 + cos® fy) — 4R, Ry cos 0y cos 92}
+2F_J22(9*) X (—1)‘] X fi_ sin? 0y sin? 65 cos(4W) spin > 2 unique
+ other 26 interference terms for spin > 2

where U =&y +®/2 and Fj(0°)= Y fnd(07)ds,;(67)
m=0,4+1,4+2
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Detector Effects

e Detector effects shape angular distributions (CMS as a reference):

(1) track parameter resolution

(2) loss of tracks at O, < Gmin (Mmax = 2.5)
(along the beampipe)

= 40.01 rad angles

+3.5 GeV mass at 250 GeV

- 1j |

E spin-0

& || generated flat

z || myg =250 GeV |

g | myg = 1000 GeV
N

1

fraction of tracks/4 pm

0.08f

0.06

0.04

0.02

- —— design (MC)

——— T
[ ] afteralignmenarxl

rms = 31.1pm

o before alignment )
rms = 312.2 um

rms = 30.6 pm

g L0 i
1 n [aﬂgl 8 it
C T M I e et

v:0910.2505]

100 200
Ad,, /N2 [um]

Relative efficiency
o
—7

%5

— major effect to account for in analysis
acceptance function G(®4, 0%, 64,05, P; Yx)

e Fast MC: reject tracks and smear track parameters
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Data Analysis (shown with MC)



Analysis Goals

e Analysis depends on how we ask the question:
(0) hypothesis h1 fit self-consistency, goodness-of-fit, x* test, etc...

(1) compare hypotheses hl and h2: confidence in one vs the other

20F

example (A): hl: signal + background
h2: only background

15}

N events/2 GeV

example (B): h1l: signal 0" (4 background) .
h2: signal 0~ (+ background)

00 250 300 350
ZZ mass [GeV]

(2) determine all parameters at once (ultimately the best one can do)
yield, mass, width
spin (/)
coupling constants (amplitudes A ,,)
production mechanism (initial polarization f,,,)
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Multivariate Maximum Likelihood Fit

e Maximize likelihood £ (RooFit/MINUIT, from B — V1)
(BaBar PRD78,092008(2008))

N 3 .
= exp ( Z ny — nbkg> 11 ( > ny X Py Cr; &) + Nibig X Pokg (L3 €)>

i\ J=1
5} = (/a0 Oriroy fom; mx, 'x), float ny, fix or float my, 'y
= (0", ®1,01,05,D; myy,..)
e Probability P: (a) template (fixed multi-D histogram)
(b) Py=P(mzz,...) X Pigear (0", @1, 01,05, P)xG(0*, Py, 01,05, D; Yx)

e Our choice (b) <= both approaches (1) and (2) possible:

(1) compare £ vs Lo with parameters fixed (), Oxnos [om)

(2) fit for all parameters (f)q)\za ¢)\1)\27 fzm)
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Distribution Examples (8%, ®4, 6, 05, )

L L B 6000 ~ T T~ T T~ T T T O
,...-3-..0-.0"-.‘.v--o-'.: ’.=..'...".0.=.-..=."...='-=6 6000
6000124 ) . @@@ S o ®‘m® ol @@ (olo] ol i 8000
[e0] L B - [e0] -
] — ™ 4000+ s ] N
S O + O 1 S | | o 6000 S 4000
40001 7 g g g
0 r 1 0 [ 1 0 0 L J
c - 1 c F 1 4000 =
g | ] £ 20001 7 : £ 20001 |
W 2000~ - W | il (11 2000~ -
L 1 | | 2000 r ]
L | 1 | L P ) P Y P ) L L | 1 |
0 0 -2 0 2 01 0.5 0 0.5 1 0 -2 0 2
o, cos6, or cos8, ()
L I ) B L L B
ZOOOé 6. % o o]
3000 ]
IPORLE
—~~ —~~ —~2 —~ L 9
[e0] — [e0] 000 — 1500, B
S N S N ]
© 2000 e ] S s | 1
2 £ 10001 1 2 | g1000- ]
c c r q c c L 4
¢ 1 CE ] 1000 ¢ I ]
(1 1000 . w r ] w 1 w B 1
- 1 500(- . 1 5001 7
[ Ll Ll Ll ] L ! ! ! 1 ‘ Ll Ll Ll ‘7 L. ! ! ! 1
01 -0.5 0 0.5 1 0 -2 0 2 01 0.5 0 0.5 1 0 -2 0 2
cos 6* ®, cos6, or cos8, ()
T T T T T T T T T T T T T
n B
10000 2 + 2 + 2 - 3000 30001 : .
= N “m “L - 2 ol . |
< 1 N <} NP
o L ] o o o Le ° o9 ° il
= 2000 = 20008 SoweE wwteTEt eetttygareet
000 18 | .- 5 | ]
> L B > r b > > L il
w L d w1000 N 7 w w 1000~ -
L P ) P Y P ) L 7\ | | ] L P ) P Y P ) L 7\ | | ]
01 -0.5 0 0.5 1 0 -2 2 01 0.5 0 0.5 1 0 -2 2

cos 6* cgl cos6, or cos8, ' c(;))
cos 0% 0N cos 01 o )
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Analysis Approach (1)

e Pick a test scenario with Higgs mx = 250 GeV
— signal soon after discovery = 30 events (SM Higgs rate)
— 24 background (mzz = 250 + 20 GeV, L = 5/fb, E,, = 14 TeV)

— significance 5.70 signal /background; ~ 20% gain with angles

e Generate experiments 1000 times

— plot 2In(L/Ls) for h1 and h2
— S effective separation of peaks (Gaussian o)

100[~

Experiments
Experiments

2In(L/L,) 2In(L/L,)
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Analysis Approach (1): Results

e Example of separation at myx = 250 GeV

— with 30 events ~ 2 - 40 separation

(similar at 1000 GeV)

— full event info (production+decay) = ultimate precision

1D (6") / 3D (61,605, ®) / 5D (D1,0%,6,0,,)

0~ 1+ 1- 2+ 2F 2
0" 0.0/3.9/41 0.8/1.8/2.3 0.9/25/2.6 0.8/2.4/2.8 2.6/0.0/2.6 1.6/2.4/3.3
0~ - 0.8/2.8/3.1 0.9/2.5/3.0 0.8/1.7/2.4 2.9/41/48 1.6/2.0/2.9
1+ - - 0.0/1.1/2.2 0.1/1.3/2.6 2.8/1.9/3.6 2.5/1.2/2.9
1- - - - 0.1/1.3/1.8 2.8/25/3.8 2.5/0.6/3.4
2+ - - - - 2.9/2.6/3.8 2.3/0.5/3.2
2t - - - - - 3.6/2.5/4.3
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Analysis Approach (2)

e More general approach: fit all parameters (spin-0: Higgs 250 GeV)
— x5 more events (150 signal & 120 background)

150

Experiments
=
6 @)
(@) @]

1501

Experiments
a
7

100/ 00 — STA 2

generated | w/o detector | with detector
Ngio 150 150 £13 153 £ 15
Joo 0.792 0.79 £0.07 | 0.77 x£0.08
fir—f--)/2 ] 0.000 | 0.00£0.07 | 0.01+£0.07
Prtr +O__)/2 s 3.15x£0.73 | 3.20x0.77
G —P__)/2 0 0.00 £0.53 | 0.01 =0.55

e Tested all 7 hypotheses at m y = 250 and 1000 GeV

Andrei Gritsan, JHU
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Higgs or not Higgs?

e Three steps in analysis (include mass, yield):
100

(1) hypothesis h1l fit self-consistency —

"x*"'=-2In(L;) from background & signal

(2) compare hyp. h1 and h2 with 21n(£;/L,)

0

Xperiments

A
o

(>2) determine all parameters for all hypotheses... 2L

e |f found resonance is not truly SM Higgs
and parameters are rather different = exclude SM Higgs
= quote “range” of allowed hypotheses

e |f true SM Higgs is found
can we exclude all other hypotheses?

= only very fine-tuned hypotheses cannot be ruled out “easily”
e.g. unpolarized “graviton” with Higgs-like couplings, rate, width...

= quote level of consistency and “range” of excluded hypotheses
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Conclusion



Conclusion

e Resonances at LHC: either within (Higgs) or beyond SM
— maximum info = spin, quantum numbers, couplings
— powerful angular technique, example X; — ZZ /W W

— combine production and decay angles
— MC, angular distributions, ML fit — 3-40 soon after discovery

— helicity formalism ("exp.”) < quantum n. & couplings (" theory”)

— model-independent approach (!)
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X — Z Z polarization notation

e Polarization notation:

eh (M =0) = (Q%X’O 0, 2]\5[;;) L ¢ = (%70707 %)
6'%()\1 = :|:) = T(O, :Fl, —’L,O)
M (Jy = 42) = ey (+)e (+), etc...

e Amplitude with field strength tensor F'*¥ (e.g. graviton couplings):
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