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Overview & Outline

The ATLAS and CMS collaborations have
inequivocally discovered a new particle with mass
126 GeV. The measurements of its properties will be
much of the physics program at LHC in the future.
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Coupling compatibility tests

Purpose: assess whether the couplings of the newly discovered ~ 125 GeV
resonance are compatible with the SM and quantify deviations (if any).

Assumptions

® 1 single resonance

® SM Tensor Structure (JF = 071)
® Zero-width approximation

UiiXBR(ii—>H—> ff)z
H

Introduce coupling scale factors k; to accomodate deviations from SM:

Fg=kzx M
g,-:g,.SMXk,'i{ff f r

gjj = ki2 X O'SM

ii

SM Higgs boson = all k =1 (and = 1)



Framework to explore coupling structure

e Based on the recomendations from the LHC Higgs Cross Section
WG (arXiv:1209.0040)
e Dress cross sections and decay widths with scale factors k;:

o SM Tree-level amplitude — trivial coupling
ex.: Tzz =k xT3¥

o SM Loop-level amplitude — decompose loops , ,
into trivial coupling . w
ex.: Ty o¢ K2(ky, ke) x TSM T T

e Test BSM contributions in loops leaving kg, k, as independent
parameters or introducing [ gsy:

Fror = Ti+Tssm

e Several benchmark parameterization used, motivated by BSM
scenarios
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Ingredients for the combination

5 decay channels: v, ZZ®), WW®) 77, bb

Events /3 GeV

H decay production tags
untagged
o7’ VBF-tag
VH-tag
Njer <2
zZ — 4L Njet >2
Njet < 2
WW — bvlv VBF-tag
WH-tag
Njet <2
VBF-tag
WH-tag
ZH-tag
VH-tag
ttH-tag

S/B Weighted dN/dm,, [1/GeV]

0 120 130 140 150 160 170 1o
m, [GeV]

TT

bb

m(Gevic]

Parameter fits take as input the measured
mass in the vy and ZZ(*) channels:

my = 125.740.3(stat.)£0.3(syst.) GeV 1000

L
Mg le\
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Signal strength

Different sub-combinations:

E=7Tev,Ls51 b (§=8TeV LS 196" E=7Tev,Ls51m" (5=8Tev, L<1061" Y= 7TeV,L<51 b (s=BTeV, L1961
Combined
h=080:014| CMS Preliminary m,, = 125.7 GeV. Combined CMS Preliminary m, = 125.7 GeV Combined CMS Preliminary m, = 125.7 GeV
H ~ bb (VH tag)| p,,, =0.94 R $=080:014| p =065 0802 0.4 | Pgy= 052
H - bb (tH tag)| ~—————m—
H ~ yy (untagged) -+ H- bb S S
W=1152 062 Untagged
H - yy (VBF tag) - W=078£0.16
H ~ yy (VH tag) —.— H- 1 -
H=110+0.41} A
H - WW (071 jet) - VBF tagged -
H - WW (VBF tag) ] =102£034
H-w ——
H — WW (VH tag) —— W=077£027
H - T (071 jet) . VH tagged Ja
H — Tt (VBF tag) | = H ruV:Vg\éwa —ml n=1.02£049
H — Tt (VH tag) RN —
H tagged
H — 2Z (011 jet) - H. 2z ttH tagg [
H=092+028 - p=-015+286
H- 22 (2jets) . R Aird . . . , \ \
-4 2 [ 2 4 05 15 2 25 - 2 0 2 4
Best fit o/og,, Best fit o/og,, Best fit o/c,

No significant deviation from SM (u = 1) neither from the overall
combination fit:

p=0.80+0.14
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Custodial symmetry

SU(2)14+r symmetry in the Higgs sector protects the ratio g /gz from large radiative
corrections. Two different approaches to test the compatibility with SM through

Awz = kw /kz:
CMS Preliminary ys=7TeV,L<511f" (s=8TeV,L<19.6f" CMS Preliminary (s=7TeV,L<5.11fb" {s=8TeV,L<19.6 "
1 5.0¢ e : - i 5.0¢ ‘ : 4
£ 45 Ho W (OLjet) Observed | S 458 Mkak — observed |
i Az Kz K q -OF ! El
< E wz Bz ----Exp.forSMH < £ --- Exp.for SMH |d
~ 4.0E ‘ | ~ 4.0F 1
35 ] 3s; E
3.0F E 3.0F E
1.0F : 1.0p :
0.5F s E 05F E
£ | A | E £ | e | E
O'OO 0.5 1 15 2 O'OO 0.5 1 15 2
Az (K= 1) Az
® fom inclusive H — zZ(*) and untagged ®  from combination of all channels: model dependent
H — WW®): (nearly) model independent ® 4, and k¢ profiled, A}y scanned
® 4, profiled, A7 scanned, (ks = 1)
® Az €[0.62,1.19] @ 95% CL
® )z € [0.60,1.40] @ 95% CL

, Awz = 1 in the following



Couplings to fermions and vector bosons

Coupling to Higgs field has different origin in bosons and fermions =
introduce ky/, kr
I, scales as |aky + Bk¢|> = sensitive to relative sign of parameters

CMS Preliminary {s=7TeV,L<5.1fb" /s=8TeV,L<196f"
< 20T
Ky, Ky

CMS Preliminary V5=7TeV,L<51b" /5=8TeV,L<19.6fb"
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® ky €[0.74,1.06] @ 95% CL (kf = 1)
* ks €[0.61,1.33] @ 95% CL (ky =1)
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Asymmetry in fermion couplings

In 2HDM s Higgs couplings to fermions can be modified:
® split up-type and down-type fermions (MSSM): fit to Ay = ka/ku
® split leptons and quarks: fit to A\ = ki/kq

Up-down fermion asymmetry Lepton-quark asymmetry
- C?A?fre‘lv‘w?a‘ry‘i"‘ 7‘T‘sv‘ %ﬁs‘l‘m‘ y’ ‘B‘Te‘\/‘Lf ‘19‘s‘m‘1 - 2. GCMS Preliminary {s=7TeV,L<5.11b" F 8TeV,L<19.61b"
X C ] X E ]
1.4; A Kun Ky E 1 8;7 7;
12F ] 16F, E
100 ] Lap E
r ] 1.2 *;
0'8§ B 1.0F E
0.6F 4 0.8F E
0.4 4 0.6 E
s ] 0.4f E
02 E 0.2F E
0,00 Lo L ] 0.0b—e L L :
0 1 2 3 0 1 2 3
)\du Alq
kv and k, profiled, A4, scanned: kv and kq profiled, \/; scanned:
Adu € [0.74,1.95] @ 95% CL ) Mg € [0.57,2.05] @ 95% CL )
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BSM in loops

BSM can appear as additional contributions in
loop-processes (gg — H, H — ~7y) even if Higgs
sector remains unaltered = fit data to kg, k,
with all other k; =1

Best fit: (k, k) = (0.97,0.83)
k, € [0.59,1.30] @ 95% CL
kg € [0.63,1.05] @ 95% CL

Fit directly BSM contributions to the total
width: BRBSM = FBSM/FLoL

BRpgm < 0.52 @ 95% CL

CMS Preliminary f5=7TeV,L<51
T

“““““““““““““““““““




C6 benchmark model

(s=7TeV,L<5.1f" (s=8TeV,L<19.6 "

CMS Preliminary

i 68% CL
== 95% CL
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0051152253354455
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parameter value

Proposed
by LHCHXS WG, 6 independent
parameters: (ky., ke, kp, ke, kg, k).

® for each k, 95% CL interval contains
unity = no significant deviation from SM

® ooodness-of-fit:

asymptotic p — value pgy = 0.79

(with pseudo-experiments pgy = 0.65)
Extended to include BSM contributions
via BRpgy (with ky < 1 constraint)

Profiling all other
parameters: BRpgy < 0.64 @ 95% CL



LHC roadmap

Phase 1 upgrade NN

13-14 TeV colision energy

injector
upgrade

splice
consolidation

cryolimit HLLHC
nteraction

installation

cryogenics
Point 4

dispersion
suppression
collimation,
R2E project

button collimators,
R2E project

1x 10* cm%s!
25 ns, (PU)~25

2x 10* cm%s™!

25 ns, (PU)~50 25 ns, (H
oty experiment beam : experiment X " y experiment
2 nominal luminosity pgrade upgrade
luminosity pipe o .
70%

phase 1

Long Shutdown 1 -

(LS1):2013 - 2014

MBS e )
radiation
damage

LS2: 2018 LS3: 2022 - 2023
Data: 2015 - 2017 (Complete Phase 1) Data: 2019-2021 (phage 2 Upgrade) Data

LHC

® | uminosity peak:

HL-LHC

1— 2% 10% cm-2s-1 ® [uminosity pea.k: 5 x 10 cm_js_1
e Integrated luminosity: 300 fb™ ® |Integrated luminosity: 3000 fb
e < PU >~ 50— 100 * <PU>~140

Big challenge for ATLAS and CMS phase Il upgrade: radiation
damage, pile-up, trigger system...
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Projections of the signal strength measurements (CMS only)

Projections of Higgs coupling measurements with 2 different scenarios on
systematic uncertainties:

® Scenario 1: same as now (conservative)

® Scenario 2: theory error halved, rest scaling with 1/+/£ (optimistic)

L =2300fb! L =3000fb!

CMS Projection CMS Projection
T T

T T T T T
Expected uncertainties on 1 300 at s =14 TeV Scenario 1 Expected uncertainties on F—1 3000 fbtat {5 =14 TeV Scenario 1

Higgs boson signal strength 1 300fb"at Vs =14 TeV Scenario 2 Higgs boson signal strength 1 3000 fb*at {5=14 TeV Scenario 2
Hoyy 1 Hoyy p——t——
H-ww i H- WW p——————————
H- 2z | (L 7 S
H - bb Hobb o
H-tt e S A—
K B XS T R ¥ TR B T R X -R X T R Ok R
expected uncertainty expected uncertainty
L(fb™) Hoyy H-WW H—-2ZZ H—-bb H—o7r H—Zy H-—inv.
300 [6.12] [6,11] [7.11] [11,14]  [8.14] 62,62 [17,28]
3000 [4.8] [4.7] [4.7] [5.7] [5.9] 20,24 [6.17]
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Projections of Higgs coupling measurements (CMS only)

CMS Projection

L =300fb!

Ky

K,

T
Expected uncertaintie:
Higgs boson couplings

e —
Kw

Kz

9

s on

T
i 300fb"at s =14 TeV Scenario 1
i 300fb"at s =14 TeV Scenario 2

Ky

CMS Projection

L =3000fb!

T T
Expected uncertainties on
Higgs boson couplings

Ky

Kw

Kz
]
K, p——

K

1 3000 b at {5=14 TeV Scenario 1
i 3000 fb* at 15 =14 TeV Scenario 2

PR R
0.10

0.00 0.05 CECRS 0.00 0.05 )
expected uncertainty expected uncertainty
L(tb~Y) &, kw  kz kg Ky ke k- kz., BRiny
300 5,7 4,6 4,6 6,8 [10,13] [14,15] 6,8 41,41 [14,18]
3000 2,5 2,5 2,4 3,5 [4,7] [7,10] 2,5 10,12 [7,11]

HL-LHC provides an excellent opportunity for Higgs coupling measurements:

® coupling precision down to 2-10 % precision

® measurement of trilinear Higgs self-coupling via double-Higgs production
(preliminary study)
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Effect of theory uncertanties on the couplings

Higgs XS and BR affected by QCD scale, PDF and as uncertainties.
This effect has been studied by removing them in the projections

CMS Projection CMS Projection

T T T T T T
Expected uncertainties on 3000 at (3= 14Tev Scenaro Expected uncertainties on —
Higgs boson couplings b 00w = Higgs boson couplings K

p—— p———
Ky Ky
Ky f—+— Ky f—+—H
Ky fp—t—ro K, f—t—o
Ky f——t—o Ky fp——t—ro
L . Sa— Ky f——"4——
K f— S e —)
Ky p—t— Ky et

| L L | | L
0.00 0.05 0.10 015 0.00 0.05 0.10 0.15
expected uncertainty expected uncertainty

Accuracy limited by theory uncertainty in some channels (same for precision
physics and new physics searches).

PDFs have a crucial role — possible improvements:

® theory calculations (EW effects, heavy quarks, ...)

® methodological framework (parameterization, fit, ...)

® experimental data (LHC, LHeC, ...)
15



Summary & Conclusions

® Couplings of the recently discovered Higgs-like
boson have been studied in CMS s Peimner

=7TeV,L<51fb" /s=8TeV,L=196 "
T T e

. 1; === 68% CL E

° Phenomenol_og_|cal framework u.sed (LHCXSWG): S 17 ¢

look for deviation from properties predicted by SM 5 W,),Z E

< -

® Effective couplings (k;) introduced for different ol ]
particles b

® All couplings have been found to be compatible ok T ]

with SM ' E

® Upper limits have been set on BSM contributions T 234590 2 1007300

mass (GeV)

to Higgs width
It really looks like a Higgs boson!

® Potential of Higgs coupling measurement has been studied in the context of
HL-LHC

® Possibility to reach < 10% precision in the most sensitive channels

Exciting times ahead for Higgs physics!
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Channels in the combination

Analyses No. of my Lumi (fbT)
H decay Prod. tag | Exclusive final states channels resolution 7TeV 8TeV
untagged | 77y (4 diphoton classes) 4+4 1-2% 5.1 19.6
Y VBF-tag | 77 + (jj)ver (two dijet classes for 8 TeV) 1+2 <1.5% 5.1 19.6
VH-tag | 7y + (e, y, MET) 3 <1.5% 19.6
Nit <2 3+3 o
ZZ -4 N}e‘ >2 de, 4y, 2e2pu 343 1-2% 5.1 19.6
0/1-jets | (DF or SF dileptons) x (0 or 1 jets) 4+4 20% 49 19.5
WW — fvév | VBF-tag | fvfv + (jj)ver (DF or SF dileptons for 8 TeV) 1+2 20% 49 121
WH-tag | 3¢3v (same-sign SF and otherwise) 2+2 49 19.5
0/1-jet | (ew, py, ep, ppu)x (low or high pT) 16 + 16
et | mm 1+1 15% 49 196
T VBF-tag | (e, pth, ey, pp, ) + (jj)ver 5+5
ZH-tag | (ee, up) X (T, €Ty, T, et) 8+8 50 195
WH-tag | mupp, Tiep, €00, ponth 4+4 i .
VH-tag [ (vv, ee, up, ev, pv with 2 b-jets) x (low or high pr(V) or loose b-tag) [ 10 +13 10% 50 121
bb HH-ta (¢with 4,5 or >6jets) x (3 or >4 b-tags); 6+6 50 51
8 (¢ with 6 jets with 2 b-tags); (¢£ with 2 or >3 b-tagged jets) 3+3 ) )




Mass measurement

Use only channels with excellent mass resolution (v, ZZ*))

10 CMS Prehmmary F 7TeV,L<51f" (s=8TeV,L<196f" CMS Prehmmary F T Tev. L<51fb Vs=8TeV,L<19.6fb"
_Cl FH- Yy + H 77 |~ Combined bﬁ L H - Yy + H ZZ + Combined
3 9 “zz' b, (GOHtH), —H-w B 250 + Hoyy
~N 8 u, (VBFVH) —H-z i L # H.zz
75 E 2.0r i
6 E : 1
sE E 1.5 .
4 E L b
E ] 1.0 b
3E = L ]
2 E 05 ]
15 . [ R ]
%HHHHH T e v v v e e 1
0 124 126 128 0.0 124 126 128
m, (GeV) m, (GeV)

myx = 125.7 4 0.3(stat.) 4= 0.3(syst.)

(statistical uncertanty assessed by setting all the nuisance parameters to their best

fit value)
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Test statistic for parameter extraction

Model parameters (a) are obtained with a scan of the profile
likelihood ratio

~

L(obs | s(a) + b, 6,)
L(obs | s(3) + b, 0)

g(a) = —2In

e s(a) is the number of signal events expected (eventually scaled by
signal strength modifier p)

e b is the number of background events expected
e 3 and § maximes the likelihood globally

e 0, maximes the likelihood with fixed a (conditional ML estimators)
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Signal strength by production mechanism

GCMS Preliminary {S=7TeV, L<5.1 b {S=8TeV, L<19.6f"
T T

z + hon
Signal strength modifiers can be grouped = T
into fermion and boson induced ar e
processes: [iggH ttH: [LVBF VH- [
Scan has been done separately for each T ]
decay mode not to make assumptions on I
. . . o -
relative branching fractions. ]
-1 0 1 ‘2 3
pggH,uM

Separate scan for gluon fu5|on VBF and VH:

CMS preminay (5= 710, L 5 1’ V3 8Tov, L 105 1

CMS Preiminary (5=7Tev, Ls 51" V=8TeV, L5106 "
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Summary of couplings fit in benchmark models

f5=7Tev.Ls51h" (5=8TeV,L<196 "

CMS Preliminary
Ky - . .
. Summary of the best fit and CL intervals for
Pou=
M —— the parameters tested in the benchmark
" ——
N models.
a —————— 0t . .
k " Asymptotic p — value for the SM Higgs
K B .. .
v — uz02 hypothesis is also given.
BR sy ‘ ‘ 041
0 0.5 1 15 2 25
parameter value
Model parameters Assessed scaling factors Comments
(68% and 95% CL intervals)
Awz, Kz Awz 0.75,1.13] 0.60,1.40] | Ratio of couplings to W and Z; ZZ and WW (0/1jet) channels only
Awz, Kz, K¢ Awz 0.73,1.00] [0.62,1.19] | Ratio of couplings to W and Z
Xvr Kt v 0.81,097] [0.73,1.05] | Couplings to W/ Z-bosons (V)
K¢ [071,1.11]  [0.55,1.31] | Couplings to fermions (f)
Ky, Kg Ky [0.79,1.14]  [0.59,1.30] | Couplings to photons (7) and gluons (g)
Kg 0.73,0.94] [0.63,1.05] | (loop-induced couplings)
B(H = BSM), &, &5 B(H — BSM) [0.00,0.24] [0.00,0.52] | Branching ratio for decays to BSM particles
Adus KV, Ky Adu 1.00,1.60] 0.74,1.95] | Ratio of couplings to down and up-type fermions
Aggs KV, Kg Aeg 0.89,1.62] [0.57,2.05] | Ratio of couplings to leptons and quarks'
Ky 0.84,1.23]  [0.60,1.39] | Couplings to W/Z-bosons (V)
Kb [0.61,1.69] [0.00,2.63] | Couplings to down-type quarks (b)
KV, Ky, Kz, Kt, Kg, Ky Kr [0.82,1.45] [0.53,1.81] | Couplings to charged leptons (7)
Kt [0.00,2.03]  [0.00,4.20] | Couplings to top-type quarks (t)
Kg [0.65,1.15] [0.49,1.77] | Effective couplings to gluons (g)
Ky [0.77,1.27] [0.55,1.55] | Effective couplings to photons ()
as above + B(H — BSM), butxy <1 | B(H — BSM) [0.00,0.30] [0.00,0.64] | Branching ratio for decays to BSM particles
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Trilinear Higgs self-coupling and double Higgs production

Trilinear Higgs self-coupling Ayyy can

be studied with the double Higgs

production process. Higher order QCD

o
corrections included with K-factors (J. p I
g TTEO “H g TTTTT ----H

Baglio et al. arXiv:1212.5581).
Challenging channel:
a(pp — HH) ~ 10730 (pp — H)

o(pp — HH + X)) [fb]
1000 My =125 GeV. gg - HH
100 qq’ — HHqq’
qq/gg — ttHH
10 -
_—qq - WHH
0888 qq — ZHH
1
0.1
8 25 50 75 100

Vs [TeV]

The sensitivity for the different
production modes has been studied as
well as the most promising final
states: bby~ and bb7T could be
sensitive to Ayyy with (’)(abfl)




Status of theory uncertainties

For a 125 GeV SM Higgs boson: 'y = 4.07 MeV (4% unc.)

Process Cross section [pb] at /s = 8 TeV  Uncertainty
gluon-gluon fusion 19.27 14.7%
vector boson fusion 1.578 3%

WH 0.7046 3.3%
ZH 0.4153 5.6%
ttH 0.1293 17.4%
Decay Branching fraction [%] Uncertainty
bb 57.7 3.3%
T 6.32 5.7%
cc 2.91 12.2%
o 0.022 6.0%
ww 215 4.3%
gg 8.57 10.2%
zz 2.64 4.3%
Ny 0.23 5.0%
7y 0.15 9.0%
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