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Higgs at the LLHC: a success story
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The Higgs: what we already know

A narrow resonance, most likely 0*

Mass known to 0.2% accuracy,
mu = 125.09 + 0.21 (stat) £ 0.11 (syst) GeV

[t decays into vector bosons (y,Z,W)
[t decays into fermions (t,b)
[t is produced both in gluon fusion and in VBF

Its couplings agree with SM predictions, within ~10%,
u=1.09+0Tg4q

Coherent picture emerging at 13 TeV

A SM-LIKE HIGGS BOSON



Higgs couplings: a closer look
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Higgs couplings: a closer look
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Formally, the Higgs cross-section is
invariant under the rescaling

g— &g, FH%§4FH — O sH-—f 70, H-f

Any measurement on the mass peak only determines
a family of o degenerate solutions for g, I'n

To uniquely determine Higgs boson properties, the
width /couplings need to be measured independently
from each other
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The SM width: a blessing and a curse
In the SM for myg ~ 125 GeV, I'y ~ 4 MeV
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Almost impossible to measure directly
(with possible exception of muon collider)
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['1: direct constraints at the 1LHC

Proﬁlmg the resonance limited by detector resolution
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TO BE SENSITIVE TO SM WIDTH,

| WOULD NEED X1000 IMPROVEMENT |



['h: direct constraints at the 1LHC
We know the Higgs decays — 11> 0

More in general, the Higgs cannot be too narrow —
long lived particle — displaced vertex

Lower bound can be obtained by
LIFETIME M EASUREMENTS

In the Higgs rest frame:
m 1

At = — (A7 - D At) = -
m( L PL) (At) = Tg T

In the SM: 111 ~ 4.8 10 um / ¢, well below
experimental sensitivity
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Higgs couplings: a closer look

O is invariant under
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To avoid imposing SM behavior, we
must break this degeneracy

A direct measurement of the Higgs width is not feasible
o LHC sensitivity ~ 107 MeV < Iy <1 GeV
e SM width ~ 4 MeV

MUST OBTAIN INDIRECT CONSTRAINTS
Key point: search for observables which are width-

independent, or with different coupling /width dependence




A first example:

H—vyy interference

[Martin; Dixon, Li (2013)]



Typical interference scaling: g vs o

Consider the full pp —vy process:
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Interference: the imagimary part

> <

2 o * *
A2 = S|P miy 1- 2(s mH)%<B ) | QFH§<B )} +|BJ?

(5 — mH) T FHmH m%f

e Symmetric around the peak — contribute to o

e Naively: loop enhanced (5—2 loop,B— 1 loop)

5 gZe® m% . g2e?  Cint N CQFH (47rv)? ~ 0.1

e In reality: interference starts at two=loop (optical theorem,
no ++ cut for the background amplitude)

e Small effect in the SM (different for BSM)



Interference: the real part
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Interference: the real part and the mass shift
[Martin (2012); Dixon and Li; de Florian et al (2013)]

Higgs mass:

e ~ first moment of the invariant mass distribution

 extraction affected by real part of interference

e independent on I'y, dependent on environmental
parameters (energy resolution)

[GeV]

AM
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Simple analysis: shift ~ 50-100 MeV
Shift proportional to [ ~ g; ¢r




Interference: the real part and the mass shift
[Martin (2012); Dixon and Li; de Florian et al (2013)]

e compare measurement in H—vyy with control mass

e shift gives access to real part of interference

e LHC: Higgs peak cross-section is SM-like

92-29?: 99y I'g
'y (gig+)sm I'm sm

OH ~ OH SM ™
e This implies

5mH - (5mH)SM X \/

'y

I'm sm

'y

I'm sm

~ —[50 : 100] MeV x \/

Mass shift measurement gives access to I'y —

BREAK WIDTH / COUPLING DEGENERACY



I'rom the mass shift to the Higgs width

[Martin (2012); Dixon and Li; de Florian et al (2013), Coradeschi et al (2015)]

~100 -

—120 L

e interference theoretically under control (NLO+PS)

e several options for the control mass, i.e. H—=ZZ or VBF
(where interference small)

e the interference is strongly pi-dependent — control mass
in the vy channel to reduce systematics

REALISTIC ATLAS ESTIMATE
FOR THE MASS SHIFT:

-35 + 9 MeV
|ATL-PHYS-PUB-2016-009]

/

__ H+g/q @ Oag)/O0(as?)

10 H+ara e Ofa Experimentally tough




/ MeV

AMy,

['i from the mass-shift: prospects

T
Smpy ~ —35+9 MeV x \/ H
I'g sm

The mass sensitivity right now:
my = 125.09 + 0.21 (stat) £ 0.11 (syst) GeV
ultimate LHC reach
S N - ATLAS projections @95 cl

[ATL-PHYS-PUB-2013-014]
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SENSITIVITY TO I'ti < [10-40] I'ti,sm ACHIEVABLE |

_ (direct sensitivity: Tu<1GeV) |




A second example:

off-shell Higgs measurements



Decoupling I'i/g: the off-shell region

THE GOAL: break the 9 = €9, T'm = &§'T' degeneracy

| OFF THE MASS SHELL, 0 DOES NOT DEPEND ON I'yy |



The off-shell region for narrow resonances

The Higgs is a very narrow resonance
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The off-shell region for narrow resonances

The Higgs is a very narrow resonance

|

[ N dUi—>H—>f 97;29]20
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In general, ~no cross-section i

e off-shell region

| IS THERE A MECHANISM TO COMPENSATE THE SHARP FALL? |



Yes, look at VV decay modes

[Kauer, Passarino (2012)]
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Yes, look at VV decay modes

[Kauer, Passarino (2012)]
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Large plateau, eventually
washed away by parton
luminosities

Above the VV threshold:
enhanced decay into
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C()nstl‘aining [ from O, fshell
[FC, Melnikov (2013)]

LHC on-peak results: SM-like Higgs boson

9:9%  9ism9Fsm

'y I'g sm

s g = Egsm, I = T g .sm

Off-shell cross section I'u- independent: oo ~ g? g]%

AsSsSUMING Qpeak = Soff-shell:

| ff 2 2 42 2 4 aroff H ff |
Nops X g; oy =¢ 9i sMYf sMm X E" NG\ = T 7 o N |
f
o Nobs o DIRECT ACCESS TO 'y,
H g - H,SM

NS linear sensitivity




I from oO,sherr: LLHC results

CMS H—41,212v
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['u < 13 (26) MeV obs(exp)

ATLAS H—41,212v

14_III|III|III|III|III|IIIII

-2InA

1oL ATLAS Preliminary

| H — 77 — 4l
10l Vs =8 TeV: fLdt=20.3 fo"

6 .

4:— --------------------------------------------------------------------- ~
B - = 4] expected with syst. |
Y 2 A EE L 4| expected no syst.

2 L — 4| observed N

O_ L) I v v b b P Iy

0O 2 4 6 8 10 12 14 16 18 20

Moff-shell
[EPJC (2015) 75:335]

I'n <23 (33) MeV obs(exp)

(direct sensitivity: [n<1 GeV)



Events / 4 GeV

'ty from oOorshen: Run 11
CMS H—4], MCFM + JHUGEN + HNNLO with MELA
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'y <41 MeV
(already better than RI 41 alone)



fb/GeV

Ooff-shell analysis: opportunities
Allow to study energy dependence of Higgs couplings
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Ooft-shell analysis: challenges

Off-shell analysis require GOOD CONTROL OF 4L PROCESSES

In particular: SIGNAL /BACKGROUND INTERFERENCE which
makes SIGNAL DISENTANGLING HIGHLY NON TRIVIAL

> <

[Kauer, Passarino (2012); Campbell, Ellis, Williams (2013)]

In the SM: large O(50-100% ) destructive interference —
UNITARITY RESTORATION
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4-lepton spectrum at the LLHC

Dominated by qq background (known at NNLO)
Can be efficiently separated with MEM (angular correlations...)
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[Campbell, Ellis, Williams (2013)]

Very tricky gg
background and

interference

qu—>ZZ ~ Niot

Nyg ~ 107" x Nyt
Ng ~5x 1072 X Nt
Not ~ 1077 Nyt
Nint ~ —2 x 1072 Ny



The gge—=VV background/interference

e right now, we have NNLO for the qq channel and ~
NBLO for the signal, but LO only for the full GG—=VV
BACKGROUND AND INTERFERENCE

* cluon initiated process — expect large QCD
corrections

e the problem: loop-induced process, NLO INVOLVES
(VERY) COMPLICATED 2-LOOP AMPLITUDES

VERY HARD
[important in the off-shell region]




oo—VV@NL.O: massless quark

/ 2-loop amplitude for

2NI2
new ideas 6
for FI
at work
O f = €Ay
f= 6(;( T, Y, 2 b oa
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0
C, Henn, Melnikov, Smirnov, Smirnov (2014-15);
Gehrmann, Manteuffel, Tancredi (2014-15)]
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massive loop, interference only
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Conclusion

e the LHC is pointing towards a SM-like Higgs
e standard analysis can only constrain o x BR

e interesting observables / regime can give further
constraints

o Heyy
e signal /background interference gives access to I'n
e largely model-independent, but exp. tough

e off-shell Higgs:
e under certain assumptions, strong bounds on I'y
e more in general, allows to study kinematics
dependence of Higgs couplings
e very delicate signal /background interference
effects, quite complicated to properly model



Outlook

A lot of work still needs to be done

o for experimentalists (better handle on vy interference,
qq/gg — 4l separation, discriminants...)

e for BSM phenomenologists (BSM constraints for the off-

shell width analysis, anomalous couplings, interplay off-
shell vs boosted...)

e for SM theorists/ phenomenologists (massive loops for
the gg—VV signal /background interference: new insight,
numerical methods...)

| INTERESTING TIMES AHEAD! |



Thank you for

your attention!



