Searches for h(125) properties

beyond the Standard Model
at the CMS experiment

Teresa Lenz
DESY
(on behalf of the CMS Collaboration)

ﬁ HELMHOLTZ
|ASSOCIATION

29th Rencontres de Blois
May 31st, 2017




The state h(125) and its known properties

[A Higgs boson was found! ]
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The state h(125) and its known properties

[A Higgs boson was found! ]

But what kind of Higgs boson?

We already know a lot about this state at
125 GeV:

> It is a scalar particle.

> Its mass is 125 GeV.

» Its couplings are compatible with the
SM.

— lts properties are very much SM-like.
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[Still 34% branching ratio for non-SM decays possible (at 95% CL).]
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Beyond the Standard Model

How can new physics affect h(125) properties?

» Additional loop contributions from new particles alter couplings.

> New open decay channels to SM or non-SM particles.

Possible consequences for h(125):
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Beyond the Standard Model

How can new physics affect h(125) properties?

» Additional loop contributions from new particles alter couplings.

> New open decay channels to SM or non-SM particles.

Possible consequences for h(125):
» Lepton flavour violating h(125) decays (CMS-PAS-HIG-17-001 )

» New decays to other light Higgs bosons (1701.02032° ")

» Anomalous couplings of h(125):
» to itself (CMS-PAS-HIG-17-002 , CMS-PAS-HIG-17-006 )

» to vector bosons (CMS-PAS-HIG-17-011 )

[Au 13 TeV results with full 2016 dataset! J
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Search for lepton flavour violating h(125) decays

No flavour-changing Higgs decays possible in the Standard Model.

— Yukawa matrices are flavour diagonal in the SM.
— Not the case in models beyond the SM with two Higgs doublets.
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Search for lepton flavour violating h(125) decays

No flavour-changing Higgs decays possible in the Standard Model.

— Yukawa matrices are flavour diagonal in the SM.
— Not the case in models beyond the SM with two Higgs doublets.

Lessons from 2012 and 2015 data:

» Excess (2.40) in h(125) — pr at 8 TeV at CMS.
» Best fit branching ratio: 0.84 4 0.38%

» Also at ATLAS small excess (10) at 8 TeV.
» Best fit branching ratio: 0.53 4+ 0.51%

» 2015 results did not allow firm conclusion. F A

a0 %o
M), (GeV]
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Search for lepton flavour violating h(125) decays

No flavour-changing Higgs decays possible in the Standard Model.

— Yukawa matrices are flavour diagonal in the SM.
— Not the case in models beyond the SM with two Higgs doublets.

Lessons from 2012 and 2015 data:

» Excess (2.40) in h(125) — pr at 8 TeV at CMS.
» Best fit branching ratio: 0.84 4 0.38%

» Also at ATLAS small excess (1o) at 8 TeV.
» Best fit branching ratio: 0.53 4+ 0.51%

» 2015 results did not allow firm conclusion. F A

a0 %o
M), (GeV]

( But new 2016 result will ... ]
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Search for lepton flavour violating h(125) decays 13 TeV

[ CMS-PAS-HIG-17-001 |

[ Final states: h(125) — 7u and h(125) — Te]

Major challenge: v
€
h(125) T
Vg
yz
2016, 35.9 fb? (13 TeV)
» Discrimination against Z — 77 background & sf cusremay "~ tose Do

Ut , 2 jets VBF-enriched [z - eeiu
5
a0 =

Events/bin

— Done with the help of kinematic quantities

30F e

» Transverse momentum of e and p of 3

10f e

» Missing transverse energy

» Collinear mass SIA* ‘ ++++++H‘++
> Mcol = Mvis(Ta lu/e)/ V X¥is S oot 00 ‘200 - 300

Collinear Mass [GeV]
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Search for lepton flavour violating h(125) decays
[ CMS-PAS-HIG-17-001

Selection steps: o
» Require p(e) and 7 (7h, Te, 7).
> Veto events with additional e, u, 7. o
. . . h(125) T
> 4 different categories for different o2

Higgs production mechanisms.

5

Multivariate analysis technique
» Boosted Decision Tree classifies signal vs. background events.

> Input variables:
> Pt P PT
> Mo, Mr(e,ffr), Mr(p,Bv), Mr(7h,#1)
> Ad(e,lBr), Ad(u,fr), Ap(Th,fr)

» Second non-BDT approach: using M. as final discriminator
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Search for lepton flavour violating h(125) decays

13 TeV

Results:

2016, 35.9 fb* (13 TeV)
£ 700F T T T ——
o E CMS Preliminary ~+-Observed[]z-tt
@ 500 Eowr,2 jets VBF-enriched [z - ee/uy [ tit+ets
S [oiboson [JReducible E
I.|>.I 500:— MISM H - 1 = H_ it (B= 5%7—

00 E_ [ekg. unc. E
300 f_ j _f
200f L E
oE L " 3
[}
Z1s
L it |
. Tk
oo
-0.4 -0.2 0 0.2

BDT discriminator

— Result is compatible with

Standard Model expectation.

w0 Jets

0.51% (0.43%)

ur 13t
nad
0.53% (0.56%)

w2 Jets

0.56% (0.94%)

ut . VBF
had
0.51% (0.58%)

0 Jets
1.30% (0.83%)

w1 Jet

1.34% (1.19%)

W, 2 Jets
2.27% (1.98%)

wt,, VBF
1.79% (1.62%)

s
0.25% (0.25%)

— Best fit: B(h — p7) = 0.00 £+ 0.12%.
— Upper 95% CL limit: B(h — u7)< 0.25%.

[ CMS-PAS-HIG-17-001 |

CMS preliminary 35.9 fb! (13 TeV)

L e L
| h—pt: BDT Fit
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X Median expected
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[ 95% expected
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Search for h(125) decays to light Higgs bosons 8 TeV

1701.02032

[ Even lighter Higgs bosons possible in many models beyond the SM. ]

» E.g. Next-to-Minimal Supersymmetric Standard Model

—>afterSSB—>

> A light pseudoscalar Higgs (a1) possible.

» Search for h(125) — aja; in various final states performed:
» h— aja1 — 4u
» h— aja1 — 47
» h— aja; — 2/1,27'
» h— aja; — 2/1,2b
> Target different mass ranges of aj.

[Various searches — various chaIIenges]
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Search for h(125) decays to light Higgs bosons 8 TeV

1701.02032
h— aia; — 4r

T
1}

» Targets mass range between 5 — 15 GeV. a '<
h(125) ‘,.1" T

— Large Lorentz boost of a; —

~

decay products can overlap. N
— Special tau reconstruction techniques. * \TX

Approach:
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Search for h(125) decays to light Higgs bosons 8 TeV

1701.02032

[h—>3131—>47']

» Targets mass range between 5 — 15 GeV.

1,°
— Large Lorentz boost of a; — h(12s5) .- 1
decay products can overlap. ’“g‘\
— Special tau reconstruction techniques. ! \TX
T
1}
Approach:

» Require 1 isolated muon for triggering.
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Search for h(125) decays to light Higgs bosons 8 TeV

1701.02032
h— aia; — 4r

T
1}

» Targets mass range between 5 — 15 GeV. a '<
hazs) .-+ T

— Large Lorentz boost of a; —
decay products can overlap. el

— Special tau reconstruction techniques.

Approach:
» Require 1 isolated muon for triggering.

» Require 1 7, - 7x boosted object:
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Search for h(125) decays to light Higgs bosons

1701.02032
h— aia; — 4r

T
1}

» Targets mass range between 5 — 15 GeV. a '<
h(125) ‘,.5‘ T

— Large Lorentz boost of a; —
decay products can overlap. el
— Special tau reconstruction techniques.

Approach:
» Require 1 isolated muon for triggering.
» Require 1 7, - 7x boosted object:
» Reconstruction seeded by jets with
muons.
» Muon from jet removed.
» Tau reconstruction performed on jet.
» Successful reconstruction of a tau
— Successful 7, - Tx reconstruction.
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Search for h(125) decays to light Higgs bosons 8 TeV

1701.02032

[h—>3131—>47']

T
1}
» Targets mass range between 5 — 15 GeV. .
1,*
— Large Lorentz boost of a; — h(12s5) .- 1
decay products can overlap. ’“g‘\
— Special tau reconstruction techniques. YOS
Approach:
> Requ!re 1 isolated muon for tl.'|gger|ng. . ooy
» Require 1 7, - 7x boosted object: oMS 4 om o

Misid. jet bkg.

- VBFm,=9Gev

Zhm,=9Gev

Events / bin
g,

» Reconstruction seeded by jets with
muons. 10

Low my Beg. syt unc

w255

Counting exp

» Muon from jet removed. 107
» Tau reconstruction performed on jet. 1

» Successful reconstruction of a tau -

— Successful 7, - Tx reconstruction.
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Search for h(125) decays to light Higgs bosons 8 TeV

1701.02032
[ h— aja; — 47 ] All searches

19.7 fb1(8 TeV)
T TR

108 19.7 fo (8 TeV) < W —r
= ML e e e e e e el E il E
7 F CMS —— Observed 1o [ CMS il ]
3 o e Expected = E A
o 10°¢ [ +10 Expected o o =
'r-‘g‘ F []+20 Expected x 10F
! 2 ; . — = = F i ]
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Q E 3 ™
2= s E A 3
© : iy
2 10¢ S w0 h-aa -y [47] -
° F ®) E_/ — h-aa-Trrt [48]
E [ X 10%F h-aa -1ttt I
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S R NN BN RS N 100 M | b
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m V
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» All measurements are compatible with SM expectations.

» Upper 95% CL limits on B(h — aja1) go down to 17, 16, 4% for

different decay modes.
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Search for anomalous self-coupling of h(125)
| CMS-PAS-HIG-17-002

» Pair production of h(125): many possible final states
» Today: h — hh — 77bb

» Non-resonant pair production of

g b
SM Higgs bosons possible in the
L B Standard Model (but very small).
n(125) /b
h(125§‘(\h(125) » SM: Destructive interference of
\ - tree-level (Appp) and fermionic loop
r contributions.
8 T » SM prediction: o = 33fb.

[ Measurement sensitive to anomalous contributions to y; and Appp ]

Please see talk by Pietro Vischia for resonant X — hh production.
Searches for h(125) BSM properties at the CMS experiment 11
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Search for anomalous self-coupling of h(125)

13 TeV

| CMS-PAS-HIG-17-002 |

Pecularities: ¢
» Mass reconstruction of m,z and mz.
» Separation from tt background. 11‘(12‘5)'
— The “stransverse mass” M5 is used
as final discriminator. o

35.9 b (13 TeV)

[ Drell-Yan

[ Other bkg.
[ SM Higgs

\\\\\ bkg uncertainty
== (k= 1, SM) x 100

— (x =20)x10

0 50 100 150 200 250 300 350 400 450 500
My, [GeV]

» For tt - bbWW — bbrv,Tv;:

upper bound at m;.

» Signal can have larger values.

Teresa Lenz
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Search for anomalous self-coupling of h(125) 13 TeV

| CMS-PAS-HIG-17-002 |

Results:
» Deviations from SM parametrized with: k) = )\hhh/)\%m,
_ SM
ke = v/ v
100 CMS preliminary 35.9 fb* (13 TeV)
e Observed bb pt, + bb ety + bb 1,1,
900F o CLs

Combined channers:
I Expected + 1o

Expected + 20

800 i
W8 Theory prediction o

700
600
500
400
300
200
100

95% CL on ¢ x B(HH- bbrtr) [fb]

o
T R ARRAARNRARANRARAN ARSI RARANRARL)

— Observed upper limit on o - B(hh — bb77) is 28 times larger than in
the SM.

— No sign for new physics.
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Search for anomalous h(125) couplings to VV

[ CMS-PAS-HIG-17-011 |

» J =0 nature of h(125) established in Runl.
> Still: Non-SM like couplings of the Higgs to vector bosons possible.

— 4 different anomalous couplings tested.

» New to 8 TeV: Anomalous couplings also tested via production.

Approach:
» Full kinematic information is extracted with

—

» Up to 13 observables as input per event ({2):

» Decay products: M

, angles

> Angles between decay frame
and production axis, ...

» Matrix element likelihood approach.

— Reduced set of informative observables
(discriminants)
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Search for anomalous h(125) couplings to VV 13 TeV

[ CMS-PAS-HIG-17-011 |

CMS Preliminary 35.9 07 (13 Tev)
- o~ T T T
. . . PSM (_Q) bl ¢+ Observed
» Discriminants: e.g Dpyg = — =0l S | — ousm
& Tbke T P (D)4 Pug(D) g o men ]
[
>
w

» Event observables (2 compared to
theoretical hypothesis a: P (Q|a).

» Ratios reduce systematic uncertainties.

CMS Preliminary 35.9fb? (13 Tev)
T e
£ 8o ___ Observed, ¢p_=0Oorm |
g L a2 1
& I L Expected, @ _=0orm | .
sl - ] » foo = 0: CP-even Higgs boson
I » f,» = 1. CP-odd Higgs boson
40— —
i — All observations are consistent with
o ] Standard Model expectations.
95% CLoﬁﬁgtﬁ#**ﬁ P
-1 -0.5 0 0.5 1

f.2 cos(@,,)
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Conclusion

v

BSM properties of h(125) can be tested in many different ways.
— Non-SM decays (lepton flavour violating decays, h — aja1).
— Anomalous couplings to itself and other particles.

v

Excess in LFV Higgs decays disappeared in full 2016 dataset.
Upper limit of B(h — p7) < 0.25% is set.

v

v

No hint for h — aja; decays.

v

Updates with 13 TeV data are expected soon.

v

No hint for anomalous couplings of h(125) to itself or vector bosons.

[No non-SM properties of h(125) found, so far.]
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Thank you

Teresa Lenz
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Backup

Teresa Lenz
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Search for LFV h(125) decays: h — er results

CMSPvenmmary 35.9 fb (13 Te! CMSPrenmmary 35.9 fb! (13 Te!
A T T R e BEammaas
€100 0 Jets €1,y 0 Jets
s 52 h-.et: Mass Fit 073 (079%) h-.et: BDT Fit
ety 106t . o Observed ety 106t l * Observed
207% (1.93%) X Median expected 081% (1.13%) X Median expected
e 20605 - [ 68% expected e 20605 . [ 68% expected
23650 (3.55%) [] 95% expected 1.94% (159%) [ 95% expected
€T VBF L €10y VBF ]
3.39% (176%) Lg% (0.74%)
er,, 0 Jets l er,, 0 Jets l
1.27% (0.94%) 1.22% (0.90%)

er,, 13t er, 13t
L26% (1219 L% (1.59%)

ex,, 2 Jets ety 2 Jets
3.90% (3.73%) 225% (254%)

e, VBF - e, VBF ..
1.78% (2.76%) 1.10% (1.84%)

He et He et
0.729 (0.56%) 0,619 (0.37%)
b b b b b b b | ot b b b b b L |

0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
95% CL Limit on Br(H- et), % 95% CL Limit on Br(H- et), %

» Best fit: 0.30 +0.18%
» Upper 95% CL limit: B(h — e7)< 0.61%
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Search for anomalous h(125) self-coupling: M

Definition of Mt5:

Mz = _ min {max(mlT,m2T)}
prlpl2=p

with:

mr = \[m} + i, + 2EEx — phpf)
p_IZ_] —_ p¥ST1 + pV|s7'2 +p1r[1|ss

— Minimization over various pJ' and p7? hypotheses.
.\ q
w v, g’

t b
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Search for anomalous h(125) self-coupling: hh — bblviv

[ CMS-PAS-HIG-17-006 |

CMS Preliminary 36 fb™! (13 TeV)

—— Observed 95% upper limit SM (k=1 K =1)
- Expected 95% upper limit
15t deviation
2:std. deviation

—— Theory

\‘.‘a

10° .

95% C.L. limit on o(pp — hh) x BR(hh — bbVV — bbiviv) (fb)

-20 <15  -10 -5 4 5 10 15 20
Kn/ Kt

» Observed upper limit on o - B(hh — bbfvlv) is 79 times larger than
in the SM.
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Search for anomalous h(125) couplings to VV: Results

Parameter Observed Expected

faz cOS(¢a3) 0.30219 [-0.45,0.66] 0.000"0.917 [—0.32,0.32]
farcos(Pa2)  0.047047 [—0.69, —0.64] U [—0.04,0.64] 0.00070013 [—0.08,0.29]
fA1 cos(¢a1) 0.007595 [—0.92,0.15] 0.00070:91% [—0.79,0.15]
2T cos(PT) 0.16753¢ [—0.43,0.80] 0.000" 0023 [—0.49,0.80]

> All observed values in agreement with the Standard Model.
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