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Standard Model Production Cross Section Measurements
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c(pp— WW) ATLAS (ys=7TeV)
PRD 87, 112001 (2013)

o(pp— WW) CMS (fs=7TeV)
Eur.Phys.J. C73 (2013) 2610

o(pp— WW) CMS (1s=8TeV)
Phys. Lett. B 721 (2013)
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Aside 1

Anonymized comment overheard during this workshop
“Disgusting level of agreement”



Collective mood since the Higgs discovery
Disgusting (yet impressive) level of agreement



Collective mood since the Higgs discovery
Disgusting (yet impressive) level of agreement

Can the SM be right?



Aside 2

2"d Anonymized comment overheard during this workshop

“But we know it's wrong”



.
The SM lives on, but only as an EFT

e Quadratic sensitivity of Higgs mass to new scales
* Fermion masses and mixings

* Dark matter

* Neutrinos

* Baryogenesis

* |nflation

Disgusting (yet impressive) level of agreement
between SM and data,
but a spectacular failure in many regards



Attacking the SM

 Flavor

* Electroweak precision
e Collider

11



e
Attacking the SM

* Flavor
* Electroweak precision
e Collider

Ultimately, precision calculations, discrepant data,
and robust interpretations will spell the downfall of
the SM, no matter which sector breaks through first

12
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The Flavor Attack

o
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15 BurasMainz2014

Three Basic Requirements

Precise CKM parameters from tree
level decays (negligible NP contributions)

Vv

ub

vc b

Main Targets ) Y

Precise Lattice QCD Calculations

Main Targets F, .F, B, B, ,BY®,B{'?

+ formfactors (B —» K*,K)

Significant progress in the last years
(dynamical fermions) but higher precision
needed in order to see small NP effects.

Buras
@ NLO + NNLO QCD Corrections and
NLO Electroweak Corrections to
Wilson Coefficients
|
1988 - 2014 Task completed !! 26 Years !
AJB: 1102.5650 (Update, Sept. 2014)

Most recent

Bobeth, Gorbahn,
Stamou

NLO Electroweak to B, , - p'n
NNLO QCD to B,s > H'H

Hermann, Misiak,
Steinhauser

18 BurasMainz2014



H!e !‘CIVOF gTTCICE — d ‘ 5 step program

Buras

| LFV, EDMs
Charm (9-2), . CKM from
To 1r2) Trees
ne
gle ‘ ! Lattice
\ 9
B 1@ Towards Z' |
AF=2

New SM 3j

Observables

In 12 Steps |
BJ 4' Bsd_)“'+“'_
K — v = T R
1/ ﬁj 5 Bs’d—n: T
BoXIT | B s <ty Also
BoK @I oM " B>Dtv
el B->D*tv

14



Status of OP & NP in b — s transitions

Tensions in b — s transitions, November 2014

Straub

Decay obs. ¢° bin SM pred. measurement pull

B = K*utpu— 107 C;%E [16,19.25]  0.47 +0.05 0.31 £ 0.07 CDF  +1.9
BY — K*Oputpu~ ArB [2,4.3] —0.04 +0.03 —0.20+0.08 LHCb  +1.9
B — K*0utp~ Fi [2,4.3] 0.79 + 0.03 0.26 +0.19  ATLAS 427
BY — K*0utp— Ss [2,4.3] —0.16+0.03  0.124+0.14 LHCb  —2.0
B~ — K*~ptp~ 10" 57 [4, 6] 0.50 + 0.08 026 £0.10  LHCb  +1.9
B~ — K*~utp— 107 C;%E [15, 19] 0.59 = 0.06 0.40£0.08  LHCb +1.8
B® = Koutpu~ 108 %E‘ 0.1, 2] 2.71 4 0.53 1264056  LHCb  +1.9
B — Koutp~ 10° €% [16, 23] 0.93 £ 0.10 0.37 £0.22 CDF 423
Bs — opt 107 %E‘ [1. 6] 0.39 + 0.06 0.23 + 0.05 LHCb  +2.0

= QCD or New Physics or...? [Altmannshofer, DS]

David Straub (Universe Cluster) 15



startfing to cracke

Ps’ “anomaly”

(P(Re[(Hy — HY)HY" + (Hy — Hi)Hy"))

S. Jager

(P5) =

CERN Courier, December 2013

1

SM arXiv:1303.5794

B SM arXiv:1212.2263

—$— LHCb 1fp71
== _+_
=il I | I T
0 5 10 15 20
q(GeVv?/c?)

VP2 + [H2) (32 ([P + [ Hy |2 + [HA 2+ [Hy )

Descotes-Genon, Matias, Virto [DMV]

SJ, J Martin Camalich (4.3..8.68 bin is
actually a private update, not stated in paper)

* Significance of the effect depends strongly on treatment of theory uncertainties!

* The most significant effect occurs in a bin extending well above the perturbative
charm threshold, outside the range of validity of the theory framework

12
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STartTing 10 Crdcke
Reduced Branching Ratios

Altmannshofer
LHCb Collaboration 1305.2168, 1403.8044

B[ CSR Lattice —e-Data
L B A A

B"— K utu~
LHCb 3

dB/dg? [10® x ¢*/GeV?]

I
g2 [GeV¥ 4]

B— Ky pu,B— Ku u~ and Bs — out i~ branching ratio
measurements seem systematically below SM predictions

17

Wolfgang Altmannshofer (Pl) Effective Z/ Bosons in Rare B Decays November 11, 2014 4/28



starfing to crac e

ion

Determmatlon of Vub from excluswe decays

Mannel

(] Determination of | V|

fit of LCSR with the combined BaBar/Belle data at 0 < g* < 12 GeV?

(2010): | Vil = (3.4375%) - 10-3

4+0.2 ==
2013 \Vub‘ (332 %;;)_103 4.00
3.50 .
L 3.00F -
blue lines: 68%, 95%, 99% prob. contours for 2010 data g
red area: 68%, 95%, 99% prob. contours for 2013 data ~x 92850k i
) ]
green line/area - inclusive determination: 2.00 F ' -
central value / 68% CL interval for GGOU/HFAG | ]
1 50 1 1 1 1

225 285 345 405 465 525

T. Mannel, Siegen University Some Recent Results ...

18



startfing to cracke
|Vcb| Summary Ricciardi

Ezxclusive decay Ven| = 10°

B—D*lp —

FNAL/MILC (Lattice unquenched 2014) 39.04 = 0,49, = 0.53gcp = 1’]@
HFAG (Lattice ungquenched 2012) %T}Q.."j—l j:_ﬂT:T-T],:t—[LHm

Rome (Lattice quenched w # 1 2008) 374 £ 0.0pp £ 0.8y

HFAG (Sum Rules 2012) 41.6 £ 0.6pyp £ 1.9

B—=Dlp

FNAL/MILC (Lattice unquenched w # 1 2013) 38.50 £ 1.9xpt1ae = 026D

PDG (HQE + BPS 2012) 40.6 £ 1.5, = 0.8,

Rome (Lattice quenched w # 1 2009) 4161814 0T pp

Inclusive decays

HFAG (5, — X.v constraint) 41.94 + 0.434, £+ 0.59,,
HFAG (m,. constraint) 41.88 + 0.44, + 0.59,,

- " —
Gambino, Schwanda 2014 < 42 .42 + 0.86 2

30 disagreement

O CLEO —=50-70 more stat B factories —=50 more stat Belle I
4 LHCb: about 5 million B = D* v decay no prospects for
|V.,| measurement 19



Hurth

Signs for lepton non-universality ?

_B(BT = K'u'u™)

Ry =3 B S Kee) 0.745%0:074 (stat) £ 0.036 (syst) LHCb; arXiv:1406.6482

2.60 deviation from SM Hiller, Schmaltz: Ghosh et al.; Biswas et al.;
Straub et al.;Hurth et al.;Glashow et al.

Global fits to the b — s// data Hurth, Mahmoudi,Neshatpour,arXiv:1410.4545

Fit results for two operators
0dp T 7

3 ot : et
: 66%CL - o o Deewer  ~
0.2 | = g | ]
a | - C 3
=o F | - = r 1
v~ E - 0o L ]
S . O 02f .
g 3 Qo z
02 S g 3
| : 04 -

0.4+ | — 04' |
E i I | i | | | | | I ] i | I T | "J R .
-0.4 -0.2 0 -2 -1 0 1



L
From hints to discovery

 Many checks and tests remain
— Power corrections
— Long-distance QCD
— Charm threshold

* More data
— Belle II: 50-75 ab™ luminosity anticipated by 2021

e About 100x luminosity of Belle or BaBar

21



more data-mining

S. Jager

“Clean” angular observables

Useful to consider functions of the angular coefficients for which form
factors drop out in the heavy quark limit if perturbative QCD corrections

neglected. Becirevic, Schneider 2011
neglecting strong phase differences Matias, Mescia, Ramon, Virto 2012
E.g [tiny; take into account in numerics] Descotes-Genon et al 2012
~ ¢ (also Krueger,Matias 2005; Egede et al 2008)
I I_ —9 + pr—=* + py—=* f N
P = R IR B . RC(HHHV +f:{A Hi )_ = 0.y (Melikhov 1998)
2(Ias + 1) \Hy |2+ |Hy |2+ [Hy |12+ | H |2 Krueger, Matias 2002
B Lunghi, Matias 2006
pep—_ do—1Iy I (P Hy S+ HH ) _ ), ) Becirevic, Schneider 2011
VT Bt L) T THFP AP A AP+ HRP T
,___ Rel(Hy — HE)HY + (3~ HE)HY] _ G (Cor+Cy)
5 — — ¥ 1
VPP + [HIP (I P + [Hy 2+ [H3 P+ [H 1) \/(C-§,| +C)(C5 L+ Co)
. y,

in SM, neglecting power corrections

where Co. . :Cgff(q2)+ 2 m(?sz C%ff and pert. QCD corrections

2 E
Co, || =C3" (4 )+ = 3= "

C7 and Coopposite sign

destructive interference enhances vulnerability to

anything that violates the large-energy form factor relations
much more relevant to Ps’ (and others)

than to P4 or P3CP

22



Latest improvements of inclusive B — Xl Hurth

Beyond existing NNLL QCD precision electromagnetic corrections
were calculated: Huber,Hurth,Lunghi,Nucl.Phys.B802(2008)40 and work in progress

Corrections to matrix elements lead to large collinear Log(my/my)

2

" 2.0%) low ¢* - { (+5.2%)  low
dBR(B — X" _ i+ : SBR(B = X.e* = q
( e {(—6-8%) high ¢? ( €€) =\ (<17.6%) high &

~n

o &
1.5 P =p_
o
1 1t | rp2 -
S \ PL=p+
x 0.5} A P2
% o
<
-0.5
-1t
b s

s (GeV?)



till more precision calculations
Asymptotic behaviour (Ap) [Bell/TF/Wang/Yip]

@ Asymptotically, for 1« > 1o, the dependence on dual momentum

fraction v’ (approximately) approaches functional form Feldmann
palwp ) "o to(wp ) (W' )P

@ Dependence on reduced momentum w, factorizes in that limit.

o
w
o

different levels of Gegenbauer truncation:
@ n = 0 (thin dotted)

o
B
a1

0.20
@ n = 2 (thin dashed)
@ n = 4 (thick dotted)
0.10 @ n = 6 (thick dashed)
@ n = 8 (solid)

py(w,',u") / folw,") [asymp.]
(]
o

gray band o (u/(1 — u'))'/3.

[see also Braun/Derkachov/Manashov '14]

Th. Feldmann LCDAs in HQET 24/29

24



e
Thinking of new physics

* Will discriminate NP models by patterns of

deviations in observables
Two Simplest General Frameworks @ Buras

MFV (CMFV) U(3)? U(2)? Flavour Symmetry

(symmetry between 3 generations) (symmetry between two light
generations)

Stringent Correlations between Stringent Correlations between
K, B, Bq4 B, and B,

Correlations K « B, ; absent

No new sources of flavour ] ]
and CP violation New sources of CP violation

in B,, B, but

=sin2f , S, =S ' =small

yK,
SwKs e Sw

anticorrelated

No Right-handed currents

Right-handed currents
strongly suppressed

25

28 BurasMainz2014



Ratio fo BRs of K mode and K* mode
with transversely polarized K*

. B(B — K vi)
KK = B(B=Kj__,vw)+B(B— Kj_,,v9)

Transverse asymmetry

_ B(B— Kj__,v#)—B(B - Kj_,,v0)

M= BBoK;_,w) BBk, )’

Fulvia De Fazio




!cl’r’rern recognition

 Correlations alleviate uncomfortable flat directions
between NP effects and theory errors

Status of OP & NP in b — s transitions

Theory uncertainties SM vs. data NP vs. data Conclusions

Underestimated hadronic effectsin B — K*putp—2

Straub
:I 0.3jl"“\""\"“I"“I"“\"“I_
of i
= o 02fF
o I [
~ ~ [ e
“= | “= 0-‘{ AT
2o B of /LoD
'-‘:5'_ I g—_ I~ ]
'k i N T-00F;
S -1r N ﬁ E
= - @ -02f} |
-of Fi
. 0301\ N . ‘ J
-03 -02 -0 00 0.1 02 03

. . i . .
-1.0 -0.5 0.0 0.5 1.0

B-K "uu low ql, A=— B-K "pu high qz, A=—

= 2 can be reduced by ~9 in the presence of simultaneous huge hadronic

effects in the — and 0 helicity amplitudes in B* — Ku™* ™ at low ¢°

27

David Straub (Universe Cluster)



attern recognition

 Correlations alleviate uncomfortable flat directions

between NP effects and theory errors

Theory uncertainties SM vs. data NP vs. data Conclusions Status of OP & NP in b — s transitions

Future tests of LFU

Spectacular deviations in B — K*u 1~ vs B — K*ete™ angular Straub

observables and others can distinguish between different scenarios!

Observable Ratio of muon vs. electron mode
cP=-15 —15 —-07 —1.3

Coy=0 0.8 0 0
chP=o 0 0.7 0.3
107 Z(B® — K*UH 0 )1 g 0.83 077 079 0.81
107 dBR(BO K*0H 0 )15 29) 0.76 0.69 0.76 0.75
AFB(BO — KU )y g 0.18 0.10 0.75 0.27
S5(B° — K*UT 07 ) g 0.66 0.66 093 0.71
10° S5 (BT = KT )1 g 0.75 0.82 077 0.74
108 dBF‘(B+ — K0 ) ys.19) 0.75 0.83 0.77 0.75

David Straub (Universe Cluster) 28



attern recognition

* Concrete models allow full exploration of

observables beiond tiiical QFV measurements

U’ 8y 7
7,

0.3
2 (®)°
mg,

MY o (Yab Yas)

B. mixing leads to an upper bound
on the U(1)’ breaking vev,
if the Z’ is to explain
the b — su " = anomalies

0.1}

.sco
P
§

%%

PR B T T T T
S mz (GeV)
might be possible to probe (parts of) the

open parameter space with neutrino WA, Gori, Pospelov, Yavin 1403.1269

tridents at LBNE
(WA, Gori, Pospelov, Yavin 1406.2332) Altmannshofer

29

Wolfgang Altmannshofer (Pl) Effective Z/ Bosons in Rare B Decays November 11, 2014 27/28



Pattern recognition

* Concrete models allow full exploration of
observables beyond typical QFV measurements

* Flavor is intimately intertwined with collider physics
and electroweak physics in the SM

30



Higgs couplings:

Production: VBF,VH FSM

y Oprod I x h, tot
X = 7SM T7SM
9prod ]‘_‘h—)»X Ph: tot

- Preliminary Plots-




avor modadei d e

Bauer

Slightly tuned Yukawa couplings and including heavy

Higgses

3.0F

2.5} €K within 30

UTHt online

2.0r
£ 1]
—

1.0t

<

0.0L, , . | _ | . o )
0002 07 06 05 10 Preliminary Plot

Sina 37




H!e nggs as d !‘CIVOF !nc“or

19.7 b (8 TeV) + 5.1 b (7 Tev)

_Qo:]‘ | I T L III| T T I T T II|
> [CMS :
QN Preliminary .
2 1 o
_ - 7 _..-i" .
6 [ |=68%CL V\;r* :
< | |—e5%cCL ]
107F e E
I b ..o~ I

T

107 5— ' Y E
i | 1 ] 1 1 III| 1 | 1 1 1 II| |
1 2 345 10 20 100 200
mass (GeV)

CMS-PAS-HIG-14-009 33



¥ 2l

-

‘Our LHC Imit -
L(ATEAS 7-TeV., 4.7 fb V)

Joachim Kopp

LHC constraintson h — rpand h — e

Our LHC limit
(ATLAS 7 TeV, 4.7 b~

- -EF

Harnik JK Zupan, arXiv:1209.1397

Flavor and GP Violation in Higgs Decays



e
The Higgs as a flavor violation probe

CMS preliminary 19.7 fb7, (s=8 TeV

1
T 3
t.)
>
10’
1 0-2 ---------------------------
observed :
Y ~
3 h—ut :
[ S W
w ' o
iR A:
LA 4y
3 =
o2 %
1 0_4 4 | -3 l-2 1
10 10 10 10 1

CMS-PAS-HIG-14-005 LT 35



e Higgs as a pro

Sensitivity to CPV in FCNC Higgs decays @ HL-LHC

Kopp 10!

Yukawa coupling Y,
o
o

;=190 GeV/ [
|| M3 =200 GeV ...
10~ 1= :

— . 1077
0. 0.002 0.004 0.006 0.008 001
Higgs mixing angle #,,=015

@ Best discovery potential in small Higgs mixing regime
@ CP violation visible only at high-luminosity LHC
@ Would require a detection of h — 71 or h — 7e very soon.
JK Nardecchia, arXiv:1406.5303

Joachim Kopp Flavor and CP Violation in Higgs Decays

27
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e Higgs as @ probe

Sensitivity to CPV in FCNC Higgs decays @ HL-LHC

Kopp 10! g

2
PR A .
o N N e Tl
£ e e
N -
ob TN DIV, e e 1O
3 10
S B T T
% -
2 B~ 102
g o Lo u
a | mpe=190 Gev/ [ [T
|| M3 =200 GeV ...

P v s 1077
0. 0.002 0.004 0.006 0.008 001
Higgs mixing angle #,,=015

@ Best discovery potential in small Higgs mixing regime CPV Sensitivity in h e
@ CP violation visible only at high-luminosity LHC

@ Would require a detection of h — 71 or h — 7e very soon.

7, efficiency 50% 70%

JK Nardecchia, 30 L = 550 fbfl L = 300 fbfl

50 L = 1500 fb~ 1! L = 700 fb—t
Accuracy(L = 3 ab™1) 11.5° 8.0°

TABLE III: The luminosity required for distinguishing the
scalar and pseudoscalar couplings and the accuracy in mea-
suring A with 3 ab™! of luminosity at the 14 TeV LHC.

Harnik, Martin, Okui, Primulando, FY
PRD 88 (2013) 7, 076009 [arXiv:1308.1094]



e

iggs as a probe

Combined constraints on top coupling

Ky,d,e= 1

Brod

Ku,d,e=1

Hg EDM

Hig'gs prod. ‘

neutr. EDM

210 =05 0.0
Ky

05 1.0

@ Assume SM couplings to electron and light quarks

@ Future projection for 3000fb™! @ high-luminosity LHC

[J. Olsen, talk at Snowmass Energy Frontier workshop]

@ Factor 90 (300) improvement on electron (neutron) EDM
[Fundamental Physics at the Energy Frontier, arXiv:1205.2671]

Joachim Brod (University of Mainz)

Precision Constraints on Higgs and Z couplings

14 / 38
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I
Combined constraints on bottom couplings

Brod

@ Set couplings to electron and light quarks to zero

@ Contribution of Weinberg operator will lead to competitive constraints in the
future scenario

210 205 00 05 1.0
Kp Kp

39

Joachim Brod (University of Mainz) Precision Constraints on Higgs and Z couplings 21/ 38



‘He nggs as ’rHe !H gnc!or

e Central role of the SM Higgs

— Unitarize longitudinal gauge boson scattering

Effects of unitarity on couplings

1 El Hedri
ReT; < =
2
Dimensionless Unitarity Dimensionful Unitarity
P1 b2
. A?
R )\2 b3 ox —23
"‘o ‘,\ s — mqb%
P2 $1

Bounds on quartic couplings
Lee, Quigg, Thacker [Phys. Rev. D 16,
1519 (1977)]

Bounds on mass ratios
Schuessler, Zeppenfeld [arXiv:0710.5175]

40
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Uni’rdrizq’rion ana HH!!H aqrE maftter

Results: Dark Matter
El Hedri

0.7 --- R=10% ||
° — 12 TeV

0 5 10 15 20 25
le\r‘I (TeV)

2mpy — My |
mpy; 34 /40 41

» Fine Tuning Factor R = min;



The Higgs as the SM Anchor

* Central role of the Higgs
— Unitarize longitudinal gauge boson scattering

— Breaks chiral SU(2), symmetry, gives masses to charged
fermion masses

— Not yet determined to be the SM Higgs

* To move forward, either compute in concrete models,
simplified models, or an EFT

42



The Higgs as the SM Anchor

e Crucially important for the EFT to be precise and
complete for data interpretation

The fundamental Higgs EFT is...

® NONLINEAR. Even when the Higgs mechanism and doublet is present.
Trott

® The right EFT has to reproduce the IR of the UV theory, and gravity introduces
nonlinearities due to the singlet higgs field mixing with a scalar gravity
component proportional to

X
3L

® The question is not is the Higgs doublet or mechanism present.
The question is “do we have interactions in the UV that force us to use a
nonlinear formalism to reproduce the IR”.

@ Note that convergence on SM values of couplings implies the cut off scale is
parametrically separated from the ew vev scale, not a linear EFT.

Michael Trott, , Nov 10th 2014

Monday, November 10, 14
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The Higgs as the SM Anchor

e Crucially important for the EFT to be precise and
complete for data interpretation

Consistency in bounding the SMEFT

® We need to bound the SMEFT consistently and precisely and look at
patterns of deviations (if any found) and relations between observables Trott
ro

to even know the right EFT formalism.

® Linear EFT H > h  and relations
between measurements that follow
from this hold

Linear realization ® Non-Linear EFT, singlet h. Broader
range of relations between

+higher D
measurements.
® Non-Linear EFT not equivalent and
more general arXiv:0704.1505
Grinstein Trott

® Non linear EFT developed Alonso,et al. arXiv:
1212.3305,arXiv:1409.1589 Contino et al. arXiv:

1202.3415 Buchalla et al. arxiv:1203.6510,

arXiv:1307.5017
T — T
. Nov 10th 2014

Michael Trott,

Monday, November 10, 14
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S
The Higgs as the SM Anchor

e SM-EFT to dimension 6 covers flavor, EW
observables, Higgs physics

D-i_mens-i_on 6 Lag r'ang'i_an (a// /Ie// érea,(’s /oo&e)

\

o ®

interactions 2-fermion

interactions with gauge Yukawa 4-fermion

D=6 _ D=6 D=6 D=6 1 cm + L3 + Lopp + L

Self- 2-fermion 2-fermion
interactions of Yame . dipole o
gauge bosons corrections operators

eg. I
i e.g.

Opg = H'G,,Le°B,

O, =o', IH o' D H

0, = H'HHqY, u°

Oy = eijkwjvwgpwjﬂ

= (€0pVe)(Ppopit)

D =BuwW H o' H 45




The Higgs as the SM Anchor

* Interplay with EW observables must be self-
consistent!

“Functional redundancy”

® An observable in a collider environment is non trivial. Same lesson holds.
Consider TGC bounds:
Trott

W constructed
observable(s)

*
T 877, 6K7, EAZ

® Naively one can “extract” combinations of parameters such as
Puw + Pw Paw + Pus
from TGC measurements - but the defining condition sets these contributions to 0.

® Taking into account the defining conditions restores the basis independence.
T — T

Michael Trott, , Nov 10th 2014 25
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The Higgs as the SM Anchor

* Interplay with EW observables must be self-
consistent! But still promising attack of the SM-EFT

VV production constraints

@ 11 parameters affecting WW and WZ production at linear level (previous 10 plus
O3W which affects only TGCs)

@ However, 8 combinations of these 11 parameters are already constrained by pole
measurements

@ Precision of WW measurements is only O(1)% in LEP and O(10%) in LHC,
compared with O(0.1%) precision of LEP measurement of leptonic vertex
corrections and oblique corrections

@ Thus, these 8 EFT directions constrained by pole measurements are hardly
relevant for WW and WZ measurements, given existing constraints

@ We can use a simplified treatment of WW and WZ production, with only 3 free
parameters

Falkowski



The Higgs as the SM Anchor

* Interplay with EW observables must be self-
consistent! But still promising attack of the SM-EFT

VV produc To take away
: gﬁ,f,'ﬂ?j:ﬁr:ﬂf::?:,',?yv}’c_\?’cs‘;"d @ There are strong constraints on certain combinations

of dimension-6 operators from the pole observables
measured at LEP-1 and other colliders

® However, 8 combinations of these
measurements

o Precision of WW measurements it @ WW production process is extremely important,

compAiSE IR because it lifts flat directions of the pole observables
corrections and oblique correctiot

o Thus, these 8 EFT directions cons @ Current model independent LEP-2 constrain are weak,

relevanisorven (ol ERE S due to an accidental flat directions
® We can use a simplified treatmen : A :
paramerers ® Better probes of dimension-6 operators in WW

production should be designed for future e+e-

Falkowski colliders



Higgs Collider physics

e Central program of LHC Run 2
— Experimental data thus far is disgustingly impressive

— Must test Higgs via its decays, production modes,
couplings, width, mass, branching fractions

* |deal marketplace for crosstalk between theory and
experiment

49



recision calculations of Higgs xsecs

o SusHi
« Changelog
« Manual
o Examples
« Contact
» Download li~rtian in FhAa NMCCRAA
i i e full MSSM @ NLO
i e SM @ NNLO Haralander
= e 2HDM
Follow @sushidphysics
* bbh

Version 1.4.1 (05.11 .
Manual for Version 1 ® various ren. schemes
After providing the cf . 3

fans of the MSSM: e link to Feyn Hi ggs
to link SusHi to Feyr

to link SusHi to Hi o | HB" or "HS"!
to ik Susti o Hiog link to LHAPDF

to link SusHi to 2HD ¢ link to 2ZHDMC

More features/add-o| ®

RH, Liebler, Mantler ’12

» New code MoF )
transverse momentum distributions!

- . N . - el
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!reclslon ca‘cu‘ah‘ons o! Hl‘ggs XSecs

Higgs production in VBF @ NLO EW 0. Jager

Ciccolini, Denner, Dittmaier (2007):
NLO EW corrections to inclusive cross sections and distributions

= NLO EW corrections non-negligible, modify K factors and
distort distributions by up to 10%

ol — 1% pp—Hj+X
10 T T T T T 1
sk EW+QCD _

' EW -

QCD e ] publicly available
parton-level Monte Carlo:
HAWK
[Denner, Dittmaier, Muck]

My = 200 GeV

—40 ] ] 1 | | 1 ]
0 50 100 150 200 250 300 350 400

Pj1, T [GeV]

Barbara Jager University of Tubingen Mainz, November 2014 5§19



!recmon CCI‘CU‘CH'IOI’]S O‘ !!! XSeC s

V'V 57 matched with parton showers & NLO-QCD
B. Jager

so far only implementation of EW- and
QCD-induced V'V 33 production processes
available in the POWHEG-BOX:

http://powhegbox.mib.infn.it/

4 QCD WTW 44 production [Melia, Nason, Rontsch, Zanderighi (2011)]
¢ EW WTWT 54 production [Zanderighi, B.J. (2011)]

¢ EW WTW 33 production [Zanderighi, B.J. (2013)]

% EW Z Z 3y production [Karlberg, Zanderighi, B.J. (2013)]

Barbara Jager University of Tubingen Mainz, November 2014 §?



TI enwo
g

‘ ]1/m{‘ [pb]

NLO
=1jet

(o

Top-Expansion

O(1 /m?)
+ 0(1 /m?)

<+ 0(1 /mf)

matched
Js =13TeV

T T
30 50

T
100

T
150
jet
pT,min

2(|)0 250
[GeV]

T
300

Haralander

Maonday, November 10, 2014




El||eren’r|d| !ISfI’IEUfIOhS power|u‘ H! pro!e

Normalized MET distributions

0.08 | Wh,W - lv ]
_ Zh, 7 - vy |
% 0.06 i Model A ]
= Model B |
_g 0.04 In all cases, h & vy |
Té L .
- _
S 0.02 i
Z
0.00 — '

0 50 100 150 200 250 300
FY, PRD 90, 015009 (2014)

[arXiv:1404.2924] MET (GeV) 54



The stakes: the fate of the universe

Introduction

Goertz

Very important test:
Higgs potential

self couplings

1
V(h) = Smj I’ Jr})\hhh}uh + = )\hhhhh

Abih can be measured in * L
f --=<
Higgs -pair production . N,

HH in D=6 5M Flovian Goertz 55



The stakes: the fate of the universe
Cross Section in D=6 EFT

Goertz 2 ) L | e { |
m’:qﬁi' \\\\ ot . Izj::. _____
K{e‘-- AN h y, FF . .
dé(gg — hh G2
( > ) :2561(?—27:)3 ‘C‘AFA(I —2cpg + ¢+ c) +3FA (3¢, —eg) +2¢,Cha
EFT
2 2
+ CoFo(1 —cg + 2¢) + QCQCD‘ + ‘CDGD‘ }
%)D ,’/” C‘*—
2 @3‘395'-) e \Qt\:;ffs\’;‘":ﬁ:
Ch = Agmhg, Co=1 —
2 oy 2 Ny '
Fa = +0(/my), Fo=— +0G/md), 1
Gy = O(3/m3) (!mp{emented in MC generator Herwfg++}

See Plehn, Spira, Zerwas ph/ 2603205 Normalize to NNLO: de Florian, Mazzitelli, 1309.6594

HH in D=6 SM

Flovian Goertz 56



The stakes: the fate of the universe

Final Results

Goertz

[Expected 10 constraints at the 14 TeV LHC, assuming fy, = 30%

model L = 600 fb~L L = 3000 b1
cg-only cg € (—0.5,0.8) ce € (—0.4,0.4)
full ce > —1.3 ce € (—1.2,2.4)

HH in D=6 sm Florian Goertz 57



e stakes: gauge

Leptons can even be the main source of the Higgs mass, allowing for the
most minimal quark model g, ~5_5/3,tp ~1_5/3

lerarcny resoiurtion
mMCHMIII_> Carmona

1.0
140 A
1
1
4 120 0.8 1
|
e "% & 100 1
te % Tl i
_.3p - -“’ 0.6 1
> S
E " . 80 g £ I
53 . . & 1
S ot ~ e 50 0.4 :
ERDRIEE 1
e 3 02D
3 %;\:;; ----- 40 1
(e 0.2 1
1~‘§ . .'!f. o t
20 1
l‘ \—
o ) 0.0 Y -
50 100 150 200 250 0 1 2
my [GeV]

3 4
mI [Tev]

Y =07, Y?=07.

fr=08TeV, gy,~44

Adrian Carmona Bermidez — Flavor, Minimality and Naturalness in Composite Higgs Models — ERC Workshop, Mainz
Slide 17/30
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e stakes: gauge hierarchy resolution

Pa

Carmona

Comparison of Tuning

Lo g
\“. mm= MCHMy4_;

0.8 “ == MMCHM}",

e mMHCM! allows to reconcile
06 minimal tuning with absence of

ultra-light partners

0.4

o mMCHI\/I'5“_>1 features least dof
0 of all SO(5)/S0O(4) models
0.0

fr=08TeV, g,~44 mpi>1TeV

Adrian Carmona Bermidez — Flavor, Minimality and Naturalness in Composite Higgs Models — ERC Workshop, Mainz

Slide 18/30 59




to discover
Searching for p — Vh

Kaminska

here assumed m, = g,f = g,Vew/ /€

1.00 1.
0.70 05
_3
0.50 1.5x10
0.2 5:;-1-4#
0.30 0.1 g
020 £ 00s
CLIC Double Higgs
0.15 -0
0.02 Yz\\_'ﬂ BT
0.10 001 |
0.005
10
mp(TeV) m,in TeV
M.Hoffmann, AK, R.Nikolaidou, S.Paganis Contino, Grojean, Pappadopulo, Rattazzi,

Thamm

Anna Kaminska Naturalness vs. the LHC
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to discover
Impact of composite fermions

. . . Kaminska
spin-1 resonances may couple directly to fermion resonances

_ilzgp”f“ Tapﬁ. /
partial compositeness — mass mixing with SM fermions —

modified BR of spin-1 resonances

@ 3 gen. resonances only,
mr 2 2TeV (left) and mt ~ 0.8 TeV (right)

BR p¢ BR p
10, © . 10, ©

i =01, g, =8, smmf =0.2 —
0.8} 08 1Y, U, U,
0.6} 0.6

i §=0.1, g,=38,sinf =02
04f 0.4
02 w*rw- 02 qq

I T ‘ my(TeV m,(TeV

°9% 1.2 14 16 1.8 20 22 o1V 295 1.2 14 16 1.8 20 22 p(et)

Anna Kaminiska Naturalness vs. the LHC 61



° / 4 4

new tool of boosted techniques

Motivation

Partially composite quarks

Bounds on quark partners from run |

Prospects for composite quark partners at LHC run Il
Conclusions and Outlook

Prospects for composite quark partners at LHC run |l

Search for top partners in the gttW final state with semi-leptonic decay of tW.
Flacke

Xs/3 + X553 production
T T

single production f=800GeV
= = = pair production M, =1.5TeV

Bon
8]
oot /5 = 14TeV \:" 3 g
(no top partner decay) N N
T e RES——
M, (GeV)
The final state is characterized by We use this by
- a high energy forward jet — Uused as a tag
- two b’s = demand two b-tags
- a highly boosted tW system with:
— one hard lepton, —  pr > 100GeV cut
— missing energy,
— “fat jets”, —  reconstruct boosted ¢/ W
using Template Overlap Method (TOM) 62

==



new tool of boosted techniques

Bounds on qua
Prospects for composite qu

My, p—2.0TeV Flacke

--------------- ;nMadGraph-+-Pythia4l---
1 (Nu) =50
TV STV ]
1 b-tag

1 fwd. jettag. .

—_—-— — — = =

o

L(th=h

10t

0,8 (h)

M. Backovi¢, TF, S. J. Lee, G. Perez [arXiv: 1409.0409] 63
19/22



g‘SO nee! !!!! N ’r“e EOOSTG! regime

QCD CORRECTIONS IN BOOSTED TOP PRODUCTION

. . . . - 2
Consider very large pair invariant mass where 7 = M= /s — 1
Pecjak

do doj
tht S My, tt Z/ _flj T/Z /—Lf) dM:E(Z:mIJMtfzﬂf)

dx
ﬂtb‘()’: [if) :/ f/hl(X 1) j/hg(y/x 1oF)
y

Two kinds of large logarithms appear:
@ soft logs: [In(1—2)/(1—2)]y (z=MZ%/8)

@ small-mass (collinear) logs: Inm;/M,;

Goal: set up a framework which can factorize cross sections and resum
both types of logs, i.e. understand factorization in double soft and
small-mass limit

64
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.
SM also entering unbroken SU(2) regime

n Analysis of the Contributions
Application to gg — tt, bb Numerics and Discussion

Results for Massless Quarks

" Real (7=3) ] Turczyk
0.6F m Real (=1) ]
* Total (77=3) - "
0.4r = ] 1
+ Total (7=1)
] |
® Virtual ] ]
0.2+ [ n
H 3 * . . . .
! * * * L 4 * * *
0.0
[® ® J
® ]
L ]
—0.2¢ o i
* ]
® J
—04L o
1 2 5 10 20
Ecm(TeV)

@ Tree level: gg — ut and gg — dd

@ Real radiation: gg — uiZ, g9 — ddZ, gg — udW~ and gg — duW™

@ SU(2): o(ul) =o(dd), c(udW~) = o(duW™) = 20(utiZ) = 20(ddZ2)

e Cancellation 3c(udW) + 2vyo(ull) — 0

@ No full cancellation for experimental observables!
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Sascha Turczyk Non-Cancellation of Electroweak Logarithms in High-Energy Scattering



.
SM also entering unbroken SU(2) regime

n Analysis of the Contributions
Application to gg — tt, bb Numerics and Discussion

Numerical Results for Physical Top Quark Case

_ Turczyk
m)
0.2 . i
n ] T T
0.1 u ] B Real (g=1) ]
' - " " 0.6}
. = ] + Total (n=1) =
= 5 [ i
|
0.0Hm . m = = = . - _ ® Virtual o
¢ : . % . . 0.4} .
0.1 ° - [
] L n > *-
— *
mhW n - * -
_02 ~ o .
vz 008
w bhbZ L L]
1 ®
—0.3¢ tiH ] i °®
_ [ ] 4 —()2 r o
® hbH ]
-04f o v . ] *
irtual (Higgs) . 04 °
® Virtual (Gauge) ' °
03 i ) 5 0 20 1 2 5 10 20
Ecm(TeV) Ecm(TeV)

@ Same as before, Yukawa coupling for bottom much smaller
@ Used $t tag for MadGraph5_.aMCGONLO
= Excludes a region of width 15I'; around the on-shell t-quark

@ No full cancellation for experimental observables!
66
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physics calculations

o AN

] RS

=]
=]

. Hoang
Fully Massive Thrust
P P
/ / — fully massless « Full N3LL' (u.t. 4-loop cusp)+ 3-loop non-singular
« Gap scheme for soft function
Only SCET authors: Becher, Schwariz,
Fleming, AH, Mantry, Stewart
\ \ Bauer, Fleming, Lee, Sterman
P P
P P
/ / — secondary massive « Full N2LL/N3LL
» New: In detail in this talk.
gi .
/ — primary massive « bHQET: full N2LL/N3LL El
— valid for: Amy <<m e |

« NLL/N2LL for other cases [

- - ‘ o 100 200 300 400
— primary massive \ M, (GeV)
secondary massive e ew: complete and

systematic description
> Only briefly in this talk.

EFT ERC Workshop Mainz, November 10-13, 2014 67



SM: magic still possible

The Structure Of The Small z Limit

Magic Connection To The Bare q¢ Soft Function

Surprisingly, we find that one can produce the bare
qq soft function for all non-trivial color structures
to all orders in ¢ by making simple replacements!

For example, if we take In"(x) — 0 for all n > 1 and

In(x) — 5= in St (2 — 0,\, ) , we reproduce
€ .L‘ ' CrnyTr
Belitsky, Phys. Lett. B442, 307 (1998) SChabinger
. S\2 w16 80 448 5677
S99 (N, — (&) I B R _

bare (A 11 CpnsTr A/ Abtde | 3e? * Oe * 27 9
2624  280m?  992((3) )
_ — — O (e

6( 81 27 o) to)

We conjecture that, for all non-trivial color structures, we can obtain
the massless result via In"(x) — 0 for all n > 1 and In(z) — - at L
loop order by expanding to one order higher in € than normal.
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Holomorphy Manohar

(X*)® (XH)2H2 «2X+H (LR)(LR)

(XT)3 y -0 0 0
(XT)2H? | b 0
CEXTH | b b bF

(LR)(IR)| —0 F F

(LR)(RL)
JJ
vRH
o

H*D?




S
Next chapter of our story

e Struggle between the SM and the data continues

* More data will come in LHC Run 2, HL-LHC, Belle 2,
 [BNF, Muon g-2, Mu2e, Xenon 1T, lceCube, Fermi-
AT, Planck, BICEP-II, ILC, FCC/CEPC/SPPC, LSST,
DESI, ...

70



e
Next chapter of our story

“May you live in interesting times”

 The questions are huge

71



e
Next chapter of our story

“May you live in interesting times”

 The questions are huge
* The questions are patient
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.
Next chapter of our story

“May you live in interesting times”

* The questions are huge
* The questions are patient

* The gquestions are very patient

73






—

Feb204 CMS Preliminary

¢ 7 TeV CMS measurement (L < 5.0 fb™)

f 8 TeV CMS measurement (L < 19.6 fb™)
-7 TeV Theory prediction

{"“

10°

b

. njet(is) ; — 8 TeV Theory prediction
; P Ze CMS 95%CL limit

I TTH
v

—
o
™
o]
e
=
-
':Tb;"

IIIIIIII IIIIIIIII IIIIIII|] IIIIIIII| IIIIIII|1 IIIIIII']

Production Cross Section, ¢ [pb]

| IIIIIIII | IIIIII|] ] IIIIIII| ] IIIIII[I ] IIIIII|| ] IIIIIII| L1l

10"

LT

| IIIIIII

P Tz Ty 1y lwwlwzlzzlwv_v’lgc‘:}"lwwl tt llt_chItW lts_chltty |z IggHIVE’ﬁIVHlnHl
Th. Aoy, in exp. Ac

ATLAS https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
Also CMS https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined 75



