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“The Higgs boson changes
everything. We're obligated to
understand it using all tools.”

- Chip Brock at “Snowmass on the Mississippi
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We know a Iot about It already
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* These are all measurements of 6,4 X Br(H=>f).

« Besides adding more data and channels, what other
types of measurements might add more information?
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What about its lifetime?

* Most fundamental property of a particle,
after its mass and spin.
 In the Standard Model,
1=0.16 x 10241 s=1/6 zs
ct =5x 102 nm (no displaced vertices)
- Width: 1/t =T = 4 MeV

[ much smaller than typical experimental resolution on
decay products, ~ 1 GeV or more.

* Direct lifetime or width measurements are not feasible at
colliders (except possibly a muon collider).
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Can we use event yields?

* Higgs signal strength in decay channel f:
Gprod(i2H) - Br(H>1) = [M(@i2>H)|> - [M(H>f)]2 /T
= [oBrlgy - C# ¢/ T

If we scale SM couplings of initial and final states i and f to H
by factors of c;;

* Invariant under scaling all ¢;; uniformly,
Cit 2 & Cig
I > &4T
Flat direction (unless one can observe H independently of decay mode)
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Stopping the flat direction

Often said that LHC cannot directly measure the
width of the Higgs boson.

However, using interference with the continuum
packground for gg =2 yy, future LHC data can put
1D, V. Li 1305.3854] a fairly direct upper limit on the
Higgs width, much better than ~ 1-6.9 GeV
nossible directly. cus

t may eventually be possible to get close to the
Standard Model width of 4 MeV.

Similar idea works for gg - ZZ, far from Higgs

resonNancCe Kauer, Passarino, 1206.4803: Caola, Melnikov,
1307.4935; Campbell, Ellis, Williams, 1311.3589
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"Higgs Interferometry”

How to use gquantum superposition
Higgs) + |qq)

to learn something new about the Higgs ,
(its lifetime)

Google Search I'm Feeling Lucky
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Interference effects and I

LD, Y. Li 1305.3854
All non-interference measurements at LHC give
signal strength proportional to  ¢;° ¢/ I’

Invariant under scaling all ¢;; uniformly,
Cit 2 & Cis
r - §4F

* Allow for non-SM, undetectable modes in I

Interference effects go like C; - C; ,
break this degeneracy

« Allow one to measure or bound Higgs width
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[fb/GeV]

Y

do/dM

Mass shift from real part

S. Martin, 1208.1533, 1303.3342; D. de Florian et al, 1303.1397
Smear lineshape with Gaussian with width ¢ = 1.7 GeV
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Diagrams for NLO mass shift

LD, Y. Li, 1305.3854

LO (gg): }H”i (000" LO (qg): ﬁ%

Bern, de Freitas, LD, hep-ph/0109078

wow s T+ et
T
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Mass shift at NLO

 Reduced by 40% from LO b, v.Li 1305.3854

Dawson (1991);

. Higgs Signal @ LO (gg)
. Higgs Signal @ NLO (gg)

Djouadi,Spita,— o

Zerwas (1991)
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 Interference increases, but signal increases more

L. Dixon Higgs interferometry Edinburgh Jan. 8, 2014 13



NLO mass shift vs. lower cut on Higgs p-
20 B - _Also S. Martin 1303.3342
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 Big cancellation between gg and qg channel at large p-
» Allows use of p:> 30 or 40 GeV sample as “control” mass
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“*Control Mass” Critical

* We have no a priori knowledge of the
Higgs boson mass at the 1 GeV level

* The Higgs boson mass must be measured
In two high statistics, high precision
samples that are affected differently by
Interference effects

* Only realistic channels are yy
and ZZ* > I* I+ I
* Low p; versus high p; yv Is one possibility
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Two other possible control masses

Kauer, Passarino, 1206.4803

1. ZZ* - 4 leptons L
Great theoretically (6M,;, <<oM ) - -
But experiments differ

20 +

(I’(T,-"(J'ﬂlrzz [ﬂ).‘;"(}(\\"}

myy —me? = 423708 + 0.6 GeV (ATLAS)
0 ‘ : : : '
— _{]_J: :|: {]T :|: {]b G{:;\_..-" ((:1h_[51) 124.99 124995 125 125.005 125.01

Mz [G c_‘\q

2. Mass in yy In VBF enhanced sample

In general, comparing two yy masses might
reduce systematic uncertainties associated with
e = y energy calibration
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Mass shift in VBF

LD, HG6che, Li, in progress

q ’ , \ N

I
V fi,;;::
4 I

q >
\\’)}

V=W orZ

W channel should dominate mass shift because background
photons can be more central when radiated off of charged
W line in t channel
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« About 1/3 of effect in gluon fusion, and same sign
» Also declines as cut on minimum Higgs p IS raised
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Mass shift iIncreases with I

* Non-interference measurements at LHC give
signal proportionalto ¢ ¢4/ I’

 Hold this fixed.
» Interference effects go like c.-c. ~~ T
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Coupling vs. width

(Vs L« o h
_CQbQGa,p_UGH an _C’Yb’YF,Lu/F'u —

L= {
8 ! 8 v

» Coupling product ¢, c,=c,, determined
by requiring that event yield is unaffected:

2
cc. S S
g
Cond = T I fmyy
mul T Cgry (anF%u T ) Py -
* Ignoring I, Coy = \/ﬂ'quH TSM
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Mass shift vs. width in gg =2 yy
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* Measurement of AM statistically limited now, ~ 800 MeV

« Systematically limited in HL-LHC era, ~ 100-200 MeV

L. Dixon

Higgs interferometry

Edinburgh Jan. 8, 2014

21



Interference In gg > H>ZZ

0.025
99— H = 27 — (lvgy, My=125GeV 3
| . 5 =8TeV |}¥|2+ﬂcontF a0
= 0.02 + |H+c0nt\ -
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Kauer, Passarino, 1206.4803

ZZ production
at high mass
dominated by qgQ,

not gg

Still, if interference effect is increased enough, by
c, C; ~ VI, would get too much depletion of

observed ZZ signal caola, Melnikov, 1307.4935;

Campbell, Ellis, Williams, 1311.3589
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Bound on I" from high mass ZZ

« Caola, Melnikov suggest ', < 2040 Iy,
already with present LHC data. g T

F 4—lepton production, CMS cuts, Vs=8 TeV E
. e 10-1_ q?l—; ailt—!Etm_:J - 5
« Campbell, Ellis, Willlams : e
. . . 107% gg - 4leptons(total) 3:
~ confirm, use kinematic 5 .
<
dl [ ] [ ] t t “l ,’ Il lt . ? o
ISCriminants to Improve 1Imits. g 10
N (mye > 130 GeV) = 2 T*( ~ ) —5.95 L y
Nopplmy = L T8V | i ﬁﬁ- ””\.'I ﬁﬁ- -
Tor [ T 4 I ! ! Lo |
N2 (mge > 300 GeV) = 2.02 (LT) ~ '~-~-“\.-"]F—:’rr ° 100 o 0002000
H |t e

} a0 1rSM -0 ; —qs T i)
[y < 43279 at 95% cl.. (may > 130 GeV analysis)

- o ~ S AT = N - £ s | T S

) [y < 252757 at 95% cl., (my > 300 GeV analysis)

Still only LO analysis of interference, and gg component of
background. Will be systematically limited at some point.

Similar recent results in WW channel: CEW, 1312.1628

L. Dixon Higgs interferometry Edinburgh Jan. 8, 2014 23



From real part to Imaginary part

shifts peak
B Agyﬂ'H An —YY position
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L. Dixon

What if it's spin 27
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What about spin 2?

LD, Hoche, Li, to appear

* Rejection of spin 2 hypothesis vs. spin 0 uses
distribution in cosé& for gg =2 .

[Recent ZZ analysis CMS 1312.5353 prefers spin 0.]
« Without interference, distribution iIs unambiguous:
= 1 spin O

~ 1+ 6 cos?é + cos*é 2. "

« How much distortion from interference effects
[Im part]?

« SM Higgs: < few % LD, Siu, hep-ph/0302233
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Spin 0 (SM) cosé distortion

C)Includlng typical acceptance cuts LD, Siu, hep-ph/0302233 :
S 5 LD, H6che, Li, to appear
~ ol
oy
Q.
~ 1.5
o
S 1 5 Spin 2 distortion
2 -Im(int) x 100 '
- - — sig+Im(int) could be much bigger,
J A because:

s 1 + Im part anomalously
-(% ” small in spin 0 channel.
. * Spin 2 width unknown

I— —

| — e,
0.98 -

-1 -0.8-06-04-02 0 0.2 0.4 06 0.8 .1
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Strong helicity dependence of Im part
of background 1-loop amplitude

SPINO - 4 +
Im Ab.q, ... = O(mqZImHZ) ~ 0
+ I  Dicus, Willenbrock (1988)
Non-minimal
Spin 2 7 - spin 2 can
T+ o0 T Interfere with
other helicity
Im Ab,q ... — O(l) amplitudes,
+ but only this
- = helicity config.
has Im part
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(spin 2) - 1-loop interference simple
Gg X Gy = Ggy

q \l/ \l/ g

‘ G — [ fo(e) + TEMEF(c) 1

g X | | 956 U.f-_J g d I'..L_J I-'.:J . 'I”I'?]l + M2z
)

. §— M*?
+&frlc) (§— M2)2 + M2r2°

where C = COS 9

fale) = 14+ 62 4+,

. 2
—34c

. (1—¢)? 2 (1+¢) 2
Ac) = 2 + - Ll
file) ‘[(_1 1 )lu(L—{:) " (L 1 )111(”{_‘)

L I_rl—{:_]2 5f 2 (1+¢)(3—c) 2
frle) = (l_ 4 )hl (l—f.') B 2 hl(l—{:)

(1+c)®\, 57 2 (1—¢)(3+¢ 2
+(L+‘ o) )111'1(—_.)—' 1'!}‘ +f]111(l+f_)+l—e::9.

and

L. Dixon Higgs interferometry Edinburgh Jan. 8, 2014



Im part remarkably flat in coso

Spin 2 [nterference Angular Dependence — Imaginary Part
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Size of interference
as function of width I

« Eventyield ~ 01G§7 T c2Ggyl

 Normalize to SM Higgs
at photon p;®t = 40 GeV.

« Quadratic equation for Ggy ="

e Constructive,
destructive solutions

 Completely model
iIndependent with respect
to coupling strengths,
other channels.
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ATLAS likes spin 0
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CMS actually likes spin 2 (in )

s=8TeV,L=196f5'

CMS Preliminary ys=8TeV,L=19.6fb"
s 3.5¢ -
w = X—=yy 0
-g FE—— Xy 2" (100%gg)
E —¥— X—yy 2/ (100%qq)
2.5+ X—vr 2 (50%99,50%qq)
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2E
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e
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o]
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Spin 2 yield might be strongly affected
— even If cosO* distribution Is not

Interference Correction to Event Rate
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Conclusions

* Interference effects, in particular the mass shift in
vy, should allow bounding the Higgs width to well
under the direct experimental resolution, maybe
eventually approaching the SM width.

Now under study experimentally.

* At least 3 possible control masses.

* In principle, interference effects also important for
testing non-SM hypotheses — e.g. spin 2 in yy.
In practice, distortion of the cos & distribution is
very small — where it iIs measurable.
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Spin-2 mass shift from real part

Smear lineshape with Gaussian with width o = 1.7 GeV.
Do least squares fit to Gaussian at mass M + oM.

Apparent Mass Shift
500_ T T I|IIII| I I I|IIII|
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NLO mass shift vs. jet veto p+
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